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Abstract 
The project was developed within the “Beyond GDP Growth: Scenarios for sustainable building and planning", a 

joint program developed by a consortium of Swedish research centers and managed at KTH. The aim of the 

program is to explore future scenarios that could allow Sweden to achieve both environmental and social goals by 

2050. With this goal, ambitious targets were set and four backcasting scenarios that could allow for their fulfilment 

were defined. In this context, the thesis objective was to focus on the energy sector, that had not been previously 

studied in detail, and to create a model for the energy demand and for the electricity supply in the four scenarios. 

To accomplish that, the narratives of the four scenarios were deepened with a specific reference to some 

parameters affecting the energy model evolution, including the international political and institutional framework 

and the role of technology in the society. The current Swedish energy demand of electricity, heat and vehicle fuels 

was used as starting point; then, projections on the evolution of the same throughout the analysed period were 

made for each scenario, considering the different societal and industrial pathways deriving from the narratives and 

the energy policies that would be implemented. 

Additionally, the supply-side model was defined for the electricity system through the adaptation of the Swedish 

OSeMOSYS model (from OSEMBE model) to the specific scenarios. The obtained technology mix and average 

LCOEs appear to be significantly different; however, all the systems are fossil free and based on onshore wind, 

hydropower and waste incineration. In order to validate the results a sensitivity analysis was performed, evaluating 

the reaction of the four systems to external factors: the presence or not of a minimum imposed hydropower 

capacity and the increased cost of onshore wind (taking into account the related costs for ensuring the stability of 

the grid and the matching of demand and supply). For each case, the evolution trend of every scenario was analysed 

and the optimal technology mix was defined, allowing to identify the most competitive and favourable technologies 

to be installed. 
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Sammanfattning 
Projektet utvecklades inom ramen för "BNP-tillväxt: Scenarier för ett hållbart samhällsbyggande", ett gemensamt 

program som utvecklats av ett konsortium av svenska forskningscentra och förvaltas vid KTH. Syftet med 

programmet är att undersöka framtida scenarier som skulle möjliggöra för Sverige att uppnå både miljömässiga 

och sociala mål före 2050. Med detta mål fastställdes ambitiösa mål, och fyra backcasting-scenarier som kunde 

möjliggöra deras uppfyllande definierades. I detta sammanhang var uppsatsens mål att fokusera på energisektorn, 

som inte tidigare varit studerat i detalj och att skapa en modell för energibehovet och elförsörjningen i de fyra 

scenarierna. 

För att uppnå detta fördjupades de fyra scenarierna, med en specifik hänvisning till vissa parametrar som påverkar 

utvecklingen av energimodellen, inklusive den internationella politiska och institutionella ramen och rollen som 

teknik i samhället. Det nuvarande svenska energibehovet för el, värme och fordonsbränsle användes som 

utgångspunkt. Därefter genomfördes prognoser för utvecklingen av samma energibärare under hela den 

analyserade perioden för varje scenario, med tanke på de olika samhälls- och industrivägar som härrör från 

berättelserna och energipolitiken som skulle genomföras. 

Dessutom har modellens utbudssida definierats för elsystemet genom anpassning av den svenska OSeMOSYS-

modellen (från OSEMBE-modellen) till de specifika scenarierna. Den erhållna teknikens mix och genomsnittliga 

LCOEs verkar vara betydligt olika; alla system är dock fossilfria och baserade på vindkraft, vattenkraft och 

avfallsförbränning. För att validera resultaten genomfördes en känslighetsanalys, där de fyra systemens reaktion på 

externa faktorer utvärderades; när- eller frånvaron av ett minimum av vattenkraftkapacitet och den ökade 

kostnaden för landvind (med hänsyn tagen till kostnaderna för att säkerställa nätets stabilitet och matchning av 

efterfrågan och utbudet). För varje fall analyserades utvecklingen av varje scenario och den optimala tekniken 

mixades, vilket möjliggör identifiering av de mest konkurrenskraftiga och gynnsamma teknologier som ska 

installeras. 
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1.  Introduction 
In the present chapter, the context in which the thesis was ideated is illustrated, together with the scope and 

objective of the project and the methodology followed for the development of the same. 

1.1 Project Context 
It is nowadays evident how the environmental issues are becoming urgent, and how they are constraining the 

human society to respect the natural boundaries of the ecosystem. International agreements have been stipulated 

throughout the last decades with the aim of reducing the environmental impact of human activity and limiting 

climate change. In 2015, on the occasion of the Conference of Parties held in Paris (COP 21), there was a 

commitment for “holding the increase in the global average temperature to well below 2°C above pre-industrial 

levels, and pursuing efforts to limit the temperature increase to 1.5°C above pre-industrial levels, recognizing that 

this would significantly reduce the risks and impacts of climate change” [1]. 

In the current framework, the focus when evaluating the performances of a country is mainly devoted to the 

national economic activity, through the quantification of the Gross Domestic Product (GDP) growth. In this 

perspective, the social and environmental effects of the choices undertaken are often neglected. However, during 

the last years, the sensitivity towards the necessity of alternative indicators able to measure the development, well-

being and sustainability of a society has been increasing [2]. In this context was ideated “Beyond GDP Growth − 

Scenarios for sustainable building and planning”, a joint program developed by a consortium of Swedish research 

centres (KTH, IVL - Swedish Environmental Research Institute, VTI, Lund University and Södertörn University) 

[3]. The aim of the programme is to explore a reality in which the Swedish national target shifts from the continuous 

GDP growth towards more sustainable goals. In this sense, four long term targets were defined (two social and 

two environmental ones), to be fulfilled by 2050. Since the process for reaching them is not univocal, four different 

scenarios allowing for the satisfaction of the targets were delineated (illustrated in chapter 2). The goal is to evaluate 

how the Swedish society, thus each of its sub-sectors, should evolve to be able to achieve sustainability from both 

an environmental and social point of view. In order to assess this, it is crucial to interconnect the different aspects 

of sustainability in a multi-target study, and to decouple them from the concept of GDP growth. The scenarios 

are not to be considered predictive but explorative evaluations. 

The four targets selected for the Swedish context were inspired by the “doughnut model” striving for a “safe and 

just space for humanity” [4]; the targets, to be achieved by 2050, are reported in Table 1 [5]. 

Table 1 – ”Beyond GDP growth” multiple targets. 

Environmental Goals Social Goals 
 

Climate 
 

Land use 
 

Distribution of power 
Welfare and resource 

security 

• Max 0.82 tons of 

equivalent 𝑪𝑶𝟐  
emissions per capita for 
Swedish consumption; 

• Sweden is to be 
fossil-free by 2050, i.e., 
no fossil fuels are used 
as fuels or in industrial 
processes. 

Max per capita land area 
used for final 
consumption of 1.24 
global hectares. 

All residents in Sweden 
should be entitled to 
participate in and 
influence political choices 
and decision-making that 
affect their lives. This, 
regardless of, for 
example, gender, gender 
expression, 
sexual orientation, 
ethnicity and religious 
affiliation, age, disability, 
class and income level. 
 

• Residents in 
Sweden should have 
sufficient access to 
resources and services 
that can create 
opportunities for 
housing, education, 
social care and social 
security, as well as 
favourable 
conditions for good 
health; 

• The distribution 
of the same resources 
and services should be 
made according to some 
fairness principle. 
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The two social goals were employed for the definition of narratives of the four scenarios, as discussed in chapter 

2. The climate goal was set according to the international commitment to limit the temperature raise to 1.5°C, as 

stated in the Paris Agreement [1]. Considering the current GHG emission rate and the forecasted population 

growth by 2050, the per capita amount of equivalent 𝐶𝑂2 emissions allowing to respect the mentioned pledge was 

calculated. The obtained value is evaluated on a consumptive basis, including the emissions due to the use of goods 

and services in Sweden, irrespective of where the production phase occurs. Therefore, the emissions related to the 

products imported from other countries are to be accounted in the evaluation as well [5]. For what concerns the 

land use, a similar procedure was adopted. It was considered that the overall land use should not exceed the global 

biocapacity; in this sense, the global land availability, use and distribution is to be evaluated by assessing the share 

of land associated to the per capita consumptions, regardless where a good is produced but with a focus on where 

it is consumed [5]. 

In this sense, being the chosen targets evaluated with a global perspective, they could be considered as generic 

guidelines for the intended evaluation; the “beyond GDP growth” programme applied them to a specific country, 

namely Sweden, but the same approach and the same goals could be potentially adapted and used for other 

countries. 

1.2 Project Scope 
“Beyond GDP Growth” is an interdisciplinary research project focusing on whole Sweden, developed in a time 

frame of 5 years and expected to be concluded by the end of 2018. In its framework, the main sub-sectors of the 

Swedish society are to be modelled in detail according to the four defined scenarios. 

The aim of the programme is to provide policymakers with guidelines on how the selected multiple targets could 

be reached without contrasts. Moreover, it aspires to identify the actions that, if undertaken, could have a decisive 

role in achieving the targets and the ones that would not cause important consequences. This will allow for the 

identification of the most effective strategies to be pursued in order to mature towards a sustainable Swedish 

society, and for their combination in a comprehensive model involving all the relevant aspects. 

The present thesis project, developed within the mentioned programme, aims to model the evolution of the 

Swedish energy demand and the electricity supply sector in all the encompassed scenarios, by means of the same 

approach used in the programme. As for the whole project, the spatial boundaries of the study are limited to 

Sweden. For what concerns the time horizon of the work, the period under assessment goes from 2019 to 2050. 

Of the four defined targets, only the climate one is encompassed in the present project; the 𝐶𝑂2 emissions and the 

fossil fuels use were addressed from an energy system point of view. 

The main stakeholder involved in the project is the “Beyond GDP growth” programme, since the thesis work is 

part of the same and aims to widen the encompassed fields of research. Furthermore, other affected actors are 

KTH, being responsible of the technical supervision of the study, and InnoEnergy, engaged by means of SELECT 

Programme, in which the student is enrolled. 

1.3 Methodology 
All the studies developed within “Beyond GDP growth” are based on a backcasting approach, where the target is 

fixed a priori and the model is built in order to satisfy it. The present project has been developed consistently with 

this methodology; however, the backcasting method appears in this case to be applied indirectly. In fact, the 

scenarios description was formerly deepened based on the backcasting methodology, as well as the development 

of all the previously created models. The outcomes of these studies, together with new (but coherent) specifically 

introduced assumptions, were used as inputs for the definition of the energy demand and electricity supply system 

models. The aim was in fact to shift from qualitative to quantitative descriptions, by translating the constraints 

previously introduced into two consistent models. In this sense, the present work originates from the backcasting 

approach, but develops in parallel to it. 

Figure 1 summarizes the methodology employed during the project development. As a first step, the background 

of the “Beyond GDP growth” programme had to be thoroughly analysed. All the studies performed within the 

programme were examined so that all the useful data could be gathered, and an exhaustive knowledge of the 
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characteristics of each scenario was necessary in order to be able to originate consistent assumptions from them. 

The narratives were deepened and re-shaped according to the information required for the modelling phase. 

Moreover, a detailed study of the energy policy framework forecasted for each scenario was performed to complete 

the background characterization. All the assumptions on which the models are based aim to take to the extreme 

some of the explored aspects; this type of approach allows for a strong characterization and differentiation of the 

scenarios, representing highly different situations. 

Once the context of each scenario was defined in detail, the modelling of the related energy demand and energy 

supply system was performed accordingly. The main parameters affecting the evolution of the sectors were 

identified and future trends were forecasted. The reliability of the assumptions was validated through a 

comprehensive literature review. The energy demand evaluation was performed by means of Microsoft Excel, 

while the electricity sector was characterized by means of OSeMOSYS system. In this regard, the models were 

built by modifying the existing Swedish model from OSEMBE (Chapter 5). Finally, the obtained results were 

analysed and compared; a sensitivity analysis was performed in order to validate the results and to overcome the 

model limitations. 

The definition of the detailed models was therefore functional to a further qualitative evaluation, relying on a solid 

and valid quantitative analysis. 

 

Figure 1 – Thesis methodology.

Translation of qualitative descriptions into quantitative data

• Scenarios narratives review and reformulation;

• Data from previous studies;

• Energy policy framework;

• New assumptions.

Energy Demand Modelling

• Subdivision of the Swedish society into crucial sub-sectors;

• Literature review;

• Identification of affecting parameters and trends forecasts;

• Evaluation through Microsoft Excel.

Electricity Supply System Modelling

• Markets and technologies' state of the art overview;

• Literature review;

• Power plants parameters variation (from OSEMBE model);

• Simulations through OSeMOSYS.

Analysis of results and sustainability assessment: translation 
of quantitative values into qualitative considerations

• Simulations outcomes analysis;

• Comparison between scenarios;

• Sensitivity analysis.
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2.  Scenarios Narratives 
The purpose of the “Beyond GDP Growth” programme is to explore sustainable pathways allowing for the 

achievement of the previously described targets. The itinerary leading to this goal, however, is not univocal. An 

almost infinite number of directions, if undertaken, could lead to it, but with completely different types of solutions 

implemented, timings and resulting societies. 

For this reason, it was decided to include more than one scenario in the analysis, in order to have a more complete 

view of the strategies Sweden could embrace. The backcasting approach was adopted, where the targets to be 

fulfilled are set a priori and the scenarios allowing for the achievement of the goals are delineated accordingly. As 

a consequence, the definition of the four described targets was crucial for the depiction and characterization of the 

scenarios. 

During the initial phase of the “Beyond GDP programme” interdisciplinary workshops were held, where experts 

from very different sectors participated to the discussions. The purpose was to outline possible scenarios to be 

deepened within the programme, and to select the most appropriate ones. All the scenarios ideated and discussed 

during the workshops were based on the prerequisite imposed by the two social targets defined within the 

programme (Table 1). The outcome was the definition of four scenarios, deeply characterized and significantly 

differentiated. 

The first aspect addressed during the present thesis work was the analysis of the background of the scenarios from 

an energy system analysis point of view, through the identification of the most influent parameters affecting the 

evolution of the energy sector. Successively, the narratives of the four scenarios were described according to the 

selected parameters, and supplementary details were coherently integrated if no previous information was specified. 

The following sections report the main aspects of the four narratives, outlined with the mentioned perspective [6], 

[7], [8], [9]. Additional aspects, crucial for the development of the thesis project but not explicitly described during 

the former studies, were introduced in the narrative descriptions. . More specific information, together with all the 

identified and analysed parameters, is reported in Table 5, Annex I. 

2.1 Automation for quality of life 
The scenario is developed on the premise of a strong automation and digitalization of society, and of important 

improvements in technological developments, ICT, robotization of processes. Consequently, the required human 

labour is significantly reduced, limited to the social contacts and to advanced and creative tasks. On average, people 

dedicate 10 hours per week to the paid work; this allows for an increase in the quality of life, where the available 

free time is devoted to leisure activities with families and friends, and to not paid work (as activities with non-

profit organizations, focusing on social and welfare issues). There is a high sensitivity towards sustainability, and 

one of the main social values is the respect of the natural boundaries of the planet. 

The consumption of goods is thus slightly reduced if compared to the current levels. The industrial production is 

highly specialized; as a consequence, there are significant movements (either internal and imports/exports) of raw 

materials and semi-finished products. The energy demand of both industry and society is high, but it is 

counterbalanced by improved efficiencies. All the subsectors of society undergo a significant electrification. 

The population mostly lives in new big urban centres, scattered throughout Sweden. People are expected to travel 

considerably, due to the available leisure time; passenger transport is highly electrified, and is based on rails and 

private electric vehicles. 

The international institutions, as the European Union, are well-structured and have a strong influence in the 

political decisions of all the member states, which follow similar development pathways. Binding agreements define 

common strategies and regulations for the achievement of climate goals. 

In Sweden, the regional governance has the primary role in the management of society and in the implementation 

of the national and international policies. Welfare basic services are provided to the citizens and are mainly 

supported by the same civil society, who is actively engaged thanks to the significant available free time. 

Consequently, the tax revenues (structured in the form of a highly progressive system) are mainly devoted to the 

http://www.thesaurus.com/browse/considerably
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support of advanced research programmes. The level of technological advancements and innovation is thus very 

high, and the implementation of ambitious research programmes is made possible. These programmes, executed 

at a regional level depending on the availability of resources and researchers, are then coordinated at a national 

level; this allows for the redistribution of the benefits at a national level, in order to make them even for all the 

Swedish society. Consequently, extreme wealth and social differences are reduced. 

2.2 Circular economy in the welfare state 
According to the circular economy concept, the philosophy of this scenario is that materials and energy flows 

should be limited as much as possible, by reducing, re-using and recirculating them. The available resources are 

used with a long term vision; the extraction of raw materials and the production of new components is significantly 

curtailed. For what concerns the social values, the welfare state assumes a crucial role in the society; an increased 

sensitivity makes social services, cultural activities and respect of nature priorities. 

The economy is based on service consumption (that are less energy and material intensive) instead of good 

consumptions. The jobs requiring the most intensive knowledge are the ones in the services and leisure sector, as 

well as in the recycling one. The working week is on average of 40 hours, and the average incomes are higher than 

in the other scenarios. However, social disparities are noticeable within the society, mainly depending on the 

occupation. 

The Swedish territory is highly urbanized, and people mainly live in large cities. Passenger transport mainly occurs 

by means of electrified public transport, in particular trains. The car ownership is reduced, while electric bicycles 

represent an interesting solution. Energy is mainly supplied to the urban centres from large scale plants. 

The national State plays a strong central role, takes the majority of the decisions and has an influence on people’s 

lifestyles and consumption patterns. In parallel, big companies managing the recycling of resources have a relevant 

authority in the social structure. The national government is responsible for investing and incentivizing circular 

economy schemes, as well as financing a comprehensive welfare state. The latter, together with the pension system, 

is guaranteed thanks to a progressive taxation. Consequently, not many funds are devoted to the research sector. 

This is reflected on lower advancements and innovation level of technology, where the main improvements occur 

in the recycling field. 

The centrality of the national government is also related to a lower influence of the international framework. In 

particular, this is reflected on a partial closure of the international goods market. The international institutions, 

however, are still present and have coordination functions. Common directives and regulations are defined and 

implemented, but the national governments have the responsibility of the practical execution. Although a general 

trend towards more sustainable societies is noticeable, Sweden is one of the countries leading the transition. 

2.3 Collaborative economy 
The philosophy on which the scenario is based is the collective administration of the commons. A crucial emphasis 

is devoted to enable the access to resources, instead of the ownership of goods. In this context, the assets are not 

privately used but shared, rented, exchanged in creative and innovative ways. The exchanges occur both between 

members of close communities and via digital tools; the society is thus expected to congregate in cooperatives or 

other types of networks, while a tremendous development of ICT favours the sharing. The crucial values are 

represented by well-being and proper quality of life, which are commonly pursued within the networks. 

The consumptions are significantly reduced and based on actual needs. The production of goods and energy is 

mainly managed by collectives, but imports from abroad still represent an important provision. Citizens become 

prosumers, being both producers and consumers. The working time is not fixed and depends on the period of life 

of each individual; to facilitate this, time banks are created, allowing for a higher flexibility. Additionally, in many 

occasions paid work is replaced by unpaid occupations within the communities. Consequently, as for the 

automation scenario, the common commitment partially supports the welfare state, and consequently  tax revenues 

can be devoted to scientific research. Because of the described configuration of society, the social disparities within 

the communities are significantly reduced. 
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Cities, scattered throughout Sweden, are mainly medium sized. People are always connected tanks to the digital 

tools; this also allows for the reduction of business trips (either national and international ones). Local transport 

principally occurs by bike, walking or public transport, mainly represented by road electrified traffic. 

Although the presence of public authorities, many decisions are in the hands of citizens and are taken through 

digital platforms and networks. Bottom up initiatives, oriented towards collaborative, informal and communitarian 

solutions, are present. In parallel, international agreements define common guidelines and ambitious targets to be 

achieved through the local coordination. This integrated system of coordination at community and international 

level is possible thanks to the open knowledge and communication networks characterizing this scenario. Because 

of the freedom of action that the communities have, not all the countries happen to move to the same extent 

towards the targets; Sweden, in this sense, is one of the leading nations, either in regards of the targets ambition 

and of the technological advancements. 

The public investments coming from the central government are low, mainly coming from tax revenues (managed 

at community level). On the contrary, the private ones are usually performed as collaborations within communities. 

One of the mainly subsidized sector is the one of digital technology. Thanks to this aspect and to the openness of 

knowledge at an international level, the degree of innovation and improvements of technology is significant. As a 

consequence of the massive digitalization of society, a strong electrification of all the sectors is to be highlighted. 

2.4 Local self-sufficiency 
In this scenario the society is expected to be organized in small, self-managed communities living with a perspective 

of resilience, sufficiency and voluntary simplicity. The main activities aim to satisfy the community necessities in 

terms of food, basic needs and maintenance of existing goods. There is thus an increase of the unpaid work hours, 

which are devoted to subsistence and welfare activities, managed by local civil associations. The resource security 

and sustainability are between the main goals to be strived. 

Production and consumptions are mainly local, and the imports/exports from other regions are significantly 

reduced. Production, mainly agricultural, is essential and based on simple technologies; consequently, the 

productivity is low and very labour intensive. A high level of manual skills characterizes the population; the food 

consumed is directly grown by congregation of citizens, and the needed goods are fabricated or fixed within the 

same communities. The average incomes of the population are low, but this is not in contrast with the voluntary 

sufficiency. Social differences are noticeable within the communities, especially due to the different manual skills 

of the members. Nevertheless, the disparities are partially levelled out thanks to the community spirit. 

The majority of the population lives in rural areas or small towns surrounded by cultivations. The transport is 

based on simple means as bikes, electric bikes, motorbikes fuelled by locally produced biofuels or walking. Long 

trips are not frequent. Energy demand is significantly reduced, according to the low consumptions trends and to 

the low automation of society. 

The communities are locally governed; the municipalities have a strong independence, and the population is 

actively involved in the decisions. Civil society organizations as families, cooperatives and associations are key 

actors in the society. Local communities are self-organized, and thus very different types of governances can be 

established. As a consequence, different frameworks of customized tax and incentive systems can be encountered, 

as well as welfare state configurations. In general, tax revenues are not huge; consequently, they are not enough to 

cover the costs of the welfare state, that is supported by the active engagement of the citizens. The public sector 

is almost not present, and the private investments are focused on agriculture and farming. Because of the small 

grants devoted to research and to the voluntary simplicity of the communities, the level of technology is 

significantly lower than in the other scenarios; this is reflected in low efficiencies, technical improvements and 

innovation. 

The political entities, both national and international ones, are extremely weak if compared to the present situation. 

The European regulations and policies are downscaled; the existing common strategies are not extended (neither 

in spatial or temporal terms), and the new common policies are less ambitious than in the other scenarios. 

Nevertheless, although a strong international coordination is not present, sustainability is achieved by the single 

communities, who are able to self-regulate themselves. Because of the small communication between communities, 
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the strategies and solutions implemented are very diverse; Sweden, in this perspective, represents one of the most 

sensitive and efficient countries. 

Figure 2 offers a visual representation and comparison of the four scenarios. Three main fields were reported in 

order to give a comprehensive picture of the scenarios differences: first of all the geopolitical background, including 

the international politics, exchanges of products and knowledge, and relationship between countries. Then the 

social context, assessing the values on which the society is based, behavioural and cultural habits, citizens’ rights 

and relationships within community members. Finally, the focus is oriented to the technological sphere, taking 

into account the extent of funding to Research and Development (R&D) sector, innovation and efficiency of 

machinery, levels of production of goods or services [10]. The diagrams were created by assigning grades between 

1 and 10 to each parameter, based on the detailed narratives described in Annex I. 

Figure 2.a – Scenarios narratives: geopolitical parameters. 

 

Figure 2.b – Scenarios narratives: social parameters. 

International common
views and agreements

EU similar
development pathways

International open
markets

Shared knowledge

Central state role

Political and institutional framework

Automation

Circular

Collaborative

Local

Living centres size

Income level

Social disparities

Leisure time
Environmental

awareness

Public transport
systems

Non-motorized
movements

Society

Automation

Circular

Collaborative

Local



8 
 

 

Figure 2.c – Scenarios narratives: technology parameters. 
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3.  Policy Framework 
As previously illustrated, one of the three main categories of parameters that were recognized as mainly impactful 

on the energy system evolution is related to geopolitics and national/international regulations. In this context, a 

crucial role is represented by the implemented energy policies and common schemes; the focus of the present 

chapter is devoted to a deeper analysis of these aspects.  

The main energy policies currently active in Sweden were identified and analyzed; successively, according to the 

previously described narratives, assumptions and forecasts on their future evolution in each scenarios were made. 

The outcomes of the evaluation, described in the next sections, were then used as a base for the subsequent energy 

demand and electricity system configuration modelling. 

The reported information in regards of energy and carbon tax can be referred to the following sources: [11], [12], 

[13], [14], [15], [16], [17], [18], [19]. 

3.1 Energy Tax 
Sweden is one of the leading countries towards a fossil free energy system, with the ambitious target of 100% 

renewable energy in the energy mix, and no net Greenhouse Gas (GHG) emission by 2045 [20], [21]. From the 

early 20th century, policy means have been employed in order to limit the use of fossil fuels: fuel taxes were 

introduced throughout the century, (a first tax on gasoline was imposed in 1924), and a tax on the energy use was 

introduced in 1951. Nowadays, the energy tax is applied with different excises to the different sectors. For 

simplicity and relevance, the discussion is deepened in regards of three main sectors: residential and services, 

industry, and transport. 

In general, the energy tax is levied on direct use of fuels in engines and on heating supply from fossil fuels, and the 

excises depend on the type of fuel used. Huge rebates are applied to the industrial sector and to the CHP plants. 

The electricity use is taxed based on the European Energy Tax Directive (2003/96/EC) [22]. All the CHP plants 

covered by the European Emission Trading System (ETS) are subjected to the energy tax, but they are subjected 

to significant rebates. Biomass, biogas and biofuels with more than 98% from biomass (in volume) are considered 

emission free fuels, and are not subjected to the energy and carbon tax. 

Scenarios 

For what concerns coal and oil products, the policies of all the scenarios are likely to go in the same direction. In 

fact, the goal is to phase out the use of these fuels; huge increases in the energy taxes are expected (on a higher 

extent on the use of coal), and the rebates for energy use in industry are eliminated (in 2020 for coal, and in 2030 

for oil products). 

The tax increase for the use of natural gas is assumed to be the same in percentage for industrial and non-industrial 

use; automation and collaborative are the scenarios where the increases are higher, since the focus of policies is 

more oriented towards the electrification of processes. In circular and local scenarios, instead, natural gas is seen 

as the transitional fuel between heavy fuels and electricity and biofuels; consequently, the increase of the tax excises 

occurs with a slower pace. 

For what concerns electricity, the present European tax scheme is assumed to be maintained in all the scenarios. 

However, the reductions applied for the industry sector are nowadays very high; the rebated excises are expected 

to be slightly increased (with lower tariffs in automation and collaborative scenario, and slightly higher in circular 

and local for the same reasons previously illustrated). 

For the transport sector, finally, the taxes are expected to significantly increase for all the fossil fuel based 

combustibles. The highest excises characterize automation and collaborative scenarios where, as already 

mentioned, electrification of vehicle is pursued. Coherently, the tax on energy use is likely to be reduced. In circular 

scenario, transitional means as hybrid vehicles are expected to be used in a large extent during the next decades. 

Accordingly, a certain amount of fossil fuels is going to be needed, and the taxes on it are expected to be less 

aggressive than in the previously mentioned scenarios; at the same time, a small reduction of the excises on the 

electricity use is going to occur. Finally, local scenario undergoes the smallest tax increase; this is due to the low 
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political cohesion at a national level, that is reflected in a lower effectiveness of the Swedish policies. However, the 

closure of interregional and international markets entails a reduced employment of fossil fuels in favour of locally 

produced biofuels. The electricity tax is supposed to remain constant. 

In all the scenarios, a new tax is introduced on the use of natural gas, that nowadays is not implemented; according 

to the previously reported considerations, the highest excises are likely to be imposed in automation and 

collaborative scenarios, followed by circular scenario and, with the lowest tariffs, local scenario. 

In all the scenarios, biofuels and biomass undergo a total exemption from the energy tax. However, the use of 

virgin wood for energy purposes is not incentivized, in particular in automation scenario where the energy demand 

is significant and the sensitivity towards the respect of natural boundaries is well rooted in the public opinion. The 

exemption for CHP plants is assumed to be removed for all the fossil fuels but natural gas; in this regard, the same 

considerations previously reported are expected to affect the policies by involving lower shares of tax exemptions. 

Table 6 illustrates the numerical assumptions in which the reported considerations were translated; the presented 

values represent the percentage increase or decrease of each excise, applied in steps (and not gradually). If not 

specified, the variations are expected to occur with a ten-year frequency, starting from 2020. For what concerns 

the tax exemptions, the table reports the share of dispensation allowed to special fuels and technologies. 

3.2 Carbon Tax 
A carbon tax was introduced in Sweden in 1991. The tax was initially differentiated between two main categories: 

higher excises were set for motor fuels and heating fuels used in the residential and service sectors, and lower ones 

for heating fuels in industry. Throughout the decades, the carbon tax was continuously raised becoming the highest 

one implemented worldwide [23], and the differences between the two categories were progressively levelled out; 

nowadays, the excises are the same for the two groups, around 1150 SEK/tonne (or 120 €/tonne) [18]. The tax, 

however, does not affect the fuels used for electricity production and to a certain extent CHP plants, that are 

covered by the European ETS regulation [24]. The high carbon tax was a successful mean to reduce the use of 

fossil fuels in Sweden, and it is assumed to become higher and higher in the next decades. 

The excises of the carbon tax are differentiated depending on the fossil fuel considered: they are set based on the 

carbon content of each fuel, in a way that allows for a coherent pricing of the actual emissions. Exemptions to the 

tax are provided for biofuels, biomass and CHP plants. 

Scenarios 

In Sweden, the carbon tax demonstrated to be extremely successful for the reduction of 𝐶𝑂2 emissions. As 

previously illustrated the environmental goal, common to all the scenarios, aims to the removal of fossil fuels from 

the energy mix. For this reason, the tax is assumed to be maintained and to be furtherly increased during the next 

decades in all the scenarios. The extent of the increase is the same for automation, circular and collaborative 

scenarios, where the policies can be more ambitious. In local scenario the increase of the excises is occurring with 

a slower pace, but it is still present. 

Also in this case tax exemptions are provided: biofuels and biomass undergo a total exemption. CHP plants, that 

nowadays are completely exempted from the tax, are assumed to be subjected to less important reductions; the 

excises are likely to be higher in automation and collaborative scenarios, while in circular and local ones the taxes 

are expected to be lower on these technologies. This is due to the fact that cogeneration is seen as a mean to re-

use energy streams, and to recover energy waste. 

In Table 8, the mentioned evaluations are reported under the form of numerical assumptions. The same logic 

described for the energy tax is used for the representation of the values. 

3.3 Emission Trading System 
The European Emission Trading system (EU ETS) was instituted in 2005 and currently includes 28 European 

countries [25], [26]. It involves companies from the energy sector, the energy intensive industry and commercial 

aviation. The system consists in the definition of a cap for the total emissions of 𝐶𝑂2, 𝑁2𝑂 and PFCs; yearly, a 

limited number of emission allowances is made available through auctioning to all the companies participating the 



11 
 

system. Every year, each business is expected to own enough allowances to cover its emissions; the possibility for 

a company are therefore to reduce the actual emissions or to buy additional allowances in the created market. 

Regularly, the emission cap is reduced in order to achieve the common climate targets: the current goals are set for 

2020 and 2030 and consist in the curtailment of the number of allowances by, respectively, 21% and 43% if 

compared to 2005. 

The EU ETS appears to be an effective manner for the reduction of GHG emissions; in fact, it allows for the 

achievement of the goals in a cost effective manner, allowing the most advantageous measures to be implemented 

in the most favourable locations and sectors; moreover, the revenues of the auctions can be recirculated for the 

implementation of additional measures in the same direction. 

Scenarios 

The described system operates on a European level and is based on the trade of allowances between companies in 

different nations. Consequently, the main parameters affecting the development of this system are the intensity of 

relationships between countries, international agreements, common views and the level of advancement of all the 

nations. 

Automation scenario is the one with the highest level of international coordination; the EU ETS system is thus 

expected to grow and get more ambitious. In this case, the timeframe of implementation of the system is expected 

to be extended, and the annual growth rate planned currently for the period 2021-2030 (-3.21%) is maintained 

until 2050. The total reduction of allowances is thus expected to be around 60% in 2040 and 70% in 2050. The 

assumption is considered plausible according to the European climate targets, aiming for an 80% of GHG emission 

reduction by 2050 [27]. The similar development pathway of the European countries makes the huge reduction of 

emission possible, given that all the countries are expected to be moving in the same direction. 

Circular scenario is assumed to undergo a similar path, but the strength of the agreements does not reach the same 

intensity as in the automation scenario: the reduction is expected to be 55% by 2040 and 65% by 2050. The same 

reductions are assumed for collaborative scenario. However, the development pathways of the European countries 

are here more differentiated; consequently, Sweden is assumed to undergo a higher commitment for the emissions 

reduction in order to sell to foreign companies the exceeding allowances. Finally, local scenario is the one that goes 

through the smallest increase. The emissions are supposed to be reduced by 35% in 2030, 40% in 2040, 45% in 

2050. This is due to the fact that the European Union does not have the central role that has in the other scenarios; 

therefore, the common projects are supposed to have a lower impact on the national energy policy. Here, locally 

defined regulations will drive the transition towards a low emission society, instead of the European schemes. The 

numerical values that were assumed are reported in Table 10. 

3.4 Electricity Certificates System 
The Electricity Certificate System was introduced in Sweden in 2003, and it was successively enlarged in 2012 when 

it became a common system including Sweden and Norway. The scheme aims to increase the generation of 

electricity from renewable sources by regulating the demand side.  

The electricity suppliers and some categories of end users are required to fulfil quota obligations, evaluated on a 

yearly basis and proportional to the amount of electricity acquired during the year. The obligations can be met by 

purchasing electricity certificates on the created market. One certificate is released to the electricity producers for 

each MWh generated from renewable sources; they are then able to sell them to the suppliers and the users who 

need to fulfil their quota. The price of the certificates is not imposed and is determined by the open market. 

This scheme allows for an effective promotion of the generation from renewables in a cost effective manner. In 

fact, the generation is free to happen in the regions and with the technologies that appear to be more favourable. 

Moreover, the producers investing in renewable technologies are provided with the additional revenue streams 

coming from the selling of the certificates. The goal of the system is to increase the generation from renewable 

sources in Sweden and Norway by 28.4 TWh by 2020, and additional 18 TWh by 2030. The scheme is expected 

to be in force until 2035 [28], [29]. 
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Initially, the decision to include Norway in the market provoked an increase in the price volatility of the certificates 

due to the uncertainty that was introduced. However, it was successively assessed that the enlargement of the 

system contributed to stabilize the prices. As a consequence, an additional future extension to other countries can 

be assumed to be beneficial for the stabilization of the system. Other factors allowing for a reinforcement of the 

scheme are the instauration of a more transparent policy and non-complex price schemes, together with a long-

term strategy allowing investors to make reliable predictions [30]. 

Scenarios 

The Electricity Certificate Scheme can be expected to be well-founded where the international relationships and 

agreements are better established. For this reason in automation, circular and collaborative scenarios the scheme 

is expected to be extended to 2050, and to be expanded to other Nordic countries as Denmark, Finland, Germany, 

United Kingdom and Netherlands. On the other hand, in local scenario it is assumed to operate only between 

Sweden and Norway until 2035, according to the current agenda. 

The described assumptions are reported in Table 10. For what concerns the EU ETS, the reduction of allowances 

forecasted in each scenario is reported. The values report the comparison with the amount of allowances released 

in 2005. In regards of the electricity certificate system, the table reports the timeframe and the countries 

encompassed in each scenario. 

3.5 Other Policies 
In addition to the reported measures, other policies able to influence the energy system were identified and are 

presented in this section. 

Nuclear Capacity Tax 

In Sweden, the political management of nuclear power was very controversial [31], [32], [33]. From the 1960s, 

nuclear energy is at the base of the Swedish energy politics. A referendum in 1980 decreed that a nuclear phase out 

had to be accomplished by 2010. To support this, at the end of the 20th century a significant capacity tax was 

imposed on these type of plants, doubled in 2010. However, in 2010 there was a change of course in regards of 

this issue and the regulations were slackened: the ban for the construction of new reactors was abolished, with the 

restriction that it was only allowed to replace the existing plants. In 2015 the capacity tax was furtherly increased. 

In parallel, the permanent closure of some reactors was decided as a consequence of the declining profitability of 

this type of plants. However, in 2016 a ley was approved to repeal the capacity tax by 2019, and the construction 

of up to 10 new reactors was still allowed. An additional change of opinion occurred, since in the same occasion 

the government announced that by 2050 all the operating nuclear plants are envisioned to be phased out. However, 

a real commitment was not demonstrated in this regard. 

Due to the high level of uncertainty that surrounds this topic, extreme assumptions were not introduced in the 

models. For all the scenarios, the nuclear capacity tax is considered to be phased out in 2019, as currently 

forecasted. 

Household Waste and Incineration Tax 

In Sweden the sensitivity towards waste management is deep. The recycling system is highly efficient: in 2014, 36% 

of municipal waste was recycled, 16% used for biogenic treatment (including either compost and/or biogas 

production), 47% incinerated and less than 1% was sent to landfill. Considering both the biogas and the 

incineration, more than half of the waste was used for  production of energy carriers; the first application is for 

heating, followed by a lower amount for electricity generation (2 TWh out of 14.5 TWh) and a marginal amount 

for transport [34]. In 2016, the electricity produced from waste and biofuels was around 7% of the mix [35]. This 

share has been increasing during the past years, although the commitment of the government for a reduction of 

the production of waste through an increase of the recycling [36], [37]. This is supported by the fact that Sweden 

is an importer of waste from many European countries, as Norway, United Kingdom, Ireland and Italy [38], [39]. 

Because of the important role that waste plays in the Swedish energy scenario, a focus is to be devoted to the 

policies regulating it. Currently, taxes on household waste are implemented with the aim of encouraging the 
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differentiation of waste and the recycling rate. The tariffs are different according to the type of waste and to the 

treatment they are expected to incur. Lower taxes are expected for waste that undergoes energy recovery, followed 

by anaerobic digestion and composting. A strong disincentive is noticeable in regards of landfilling. In fact, a 

significantly higher tariff is set for waste sent to landfill. Additionally, the amount of waste that can be subjected 

to this tax is reduced; in fact, the sending of organic and combustible material to landfills is prohibited. 

Also in this case, the variation that the mentioned taxes are supposed to experience in the four scenarios are 

determined by the narratives. First of all, the excises on waste to be used for energy recovery are assumed to remain 

constant in automation and local scenarios, and to slightly increase in circular and collaborative ones. In fact, in 

these scenarios, the focus is on the reduction of the waste production and the incentives are oriented to the 

recycling of the materials, more than their incineration. However, the tax increase is small: the portion of waste 

that cannot be recycled in other ways is in fact assumed to be used for energy recovery. The excise on waste to be 

used for composting and bio-digestion is likely to decrease in all the scenarios: with a smaller extent in automation 

scenario and more intensely in circular and collaborative scenarios, for the same reasons previously described; in 

local scenario, as well, the reductions are important since the local dimension of the communities and of the energy 

production makes the boosting of these practices more interesting. Finally, the tax on waste to landfill is expected 

to furtherly increase in all the scenarios in order to disincentivize the practise. Table 11 reports the numerical 

assumptions previously described. The methodology to illustrate them is the same used for the tables reported in 

the previous sections. 

Another regulation that is worth mentioning in this context is the incineration tax. As the nuclear capacity tax, this 

regulation has been a controversial topic in Sweden and its implementation was highly influenced by political 

decisions more than technical factors. It was initially introduced in 2006 with the aim of boosting recycling, but it 

did not obtain the expected effects and in 2010 it was repealed. In 2016 some attempts to reintroduce the tax were 

made, but the effectiveness of the incineration tax is still on debate [40], [41], [42]. 

Some assumptions were introduced on the future of this tax in the four scenarios. Because of the high level of 

uncertainty, of the ambiguous practical effects and of the numerous external factors affecting it numerical 

assumptions were not provided, while the possible future trends were evaluated. 

In circular and collaborative scenarios the reintroduction of the tax is expected to occur, in order to boost the 

recycling and reusing systems. Although the possibility of obtaining low or null effects is debated, the decision is 

supposed to be meaningful at a social and political level, by sensitizing the public opinion and the industry. On the 

contrary, the tax is not likely to be implemented in automation and local scenarios. 

Coal Plants Operation Ban 

It was previously mentioned how Sweden is one of the leading countries in the transition towards a low carbon 

economy. Nevertheless, nowadays fossil fuels are still present in the energy mix (on a yearly base, around 127 TWh 

from oil, 21 TWh from coal and coke, and 11 TWh from natural gas) [43]. Although the recent announcement of 

a coal phasing out, the behaviour of the largest state-owned Swedish energy company, Vattenfall, is controversial. 

In fact, it still owns coal power plants operating out of Sweden, and its German lignite business was recently sold 

to EPH, the Czech energy company, instead of being phased out [44] [45], [46]. 

For what concerns the four scenarios under study, the future decisions in this direction are expected to be clearer: 

the use of coal for energy purposes is assumed to be banned from 2020 in automation, circular and collaborative 

scenarios, and from 2025 in local scenario. This delay is due to the fact that, in the latter narrative, the national 

cohesion is lower and the decisions need more time to be approved. 

Table 7, Table 9 and Table 12 report the excises of the energy tax, carbon tax and waste tax in 2050 in each of 

the four scenarios, as they were evaluated from the coefficients discussed in the present chapter. 
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4.  Energy Demand Evaluation 
In the present chapter the energy demand of the Swedish society is analyzed. The current demand was evaluated 

as a starting point. Successively, the energy demand of each subsector was modelled for the four scenarios, 

considering the narrative and the policy framework formerly discussed. 

4.1 Current Scenario 
The evaluation of the current Swedish energy demand was performed by analyzing the data provided by the 

Swedish Energy Agency [43]. The data were then organized in a structure that was considered to be the most 

suitable to support the definition of the energy demand trends in the studied scenarios. 

First of all, five main subsectors were identified as relevant to highlight and take into account the differences 

between the four scenarios. The mentioned sectors are built environment and services, industry, mobility, leisure, 

and finally agriculture, fishing and forestry. Some assumptions needed to be introduced in order to identify the 

specific demand of the reported categories. In fact, the data were provided as divided in only three categories (built 

environment and services, industry, mobility), and they had to be redistributed to the identified subsectors. 

Additionally, the energy demand of each sector was diversified according to the demanded type of energy form. 

The three categories of electricity, heat and engine fuels are accounted in the present study. 

Table 2 and Table 3 schematically report the different divisions of the subsectors. 

Table 2 – Division of the subsectors in the data sources [43]. 

BUILT ENVIRONMENT AND SERVICES 

INDUSTRY 

TRANSPORT Households 

Commercial Buildings 

Public Administration 
Passenger Transport 

Other Services 

Constructions 
Freight Transport 

Agriculture, forestry, fishing 

 

Table 3 – Division of the subsectors in the present study. 

BUILT 
ENVIRONMENT AND 

SERVICES 
INDUSTRY TRANSPORT 

LEISURE 
AGRICULTURE, 

FORESTRY, 
FISHING 

Households 
Industry Passenger Transport 

Commercial Buildings 

Public Administration 
Constructions Freight Transport 

Other services 

 

The mobility sector is the only one that was not affected by the different division. In this regard, two main sub 

categories were identified: private transport and freight traffic. The energy demand in the two was thus evaluated 

[43], [47]. For what concerns the industry sector, the new configuration includes goods production and processing 

(as furniture, technology, clothes, food, raw materials etc.) and the construction or renovation of buildings and 

infrastructures [48]. The current shares of electricity, heat and fuel were obtained with a crossed reference of 

various sources [43], [48], [49], [50]. 

The highly different available free time in the scenarios, that is invested in diverse activities, led to the introduction 

of the leisure category. A study evaluating the energy demand for this type of activities in Norway was used as 

model and adapted to the Swedish context [51]. The reported values were slightly reduced, considering that some 

consumptions had been partially included in other sectors (mobility, built environment and services, industry), as 

presented in Table 20. The shares of electricity, heat and fuel demand for this sector were evaluated from Eurostat 

statistics [49], and engine fuels were assumed to be only used for gardening activities. 
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Agriculture, forestry and fishing are accounted together as an additional sector [48], [52], [53], [54]; this choice is 

due to the diversification forecasted on the future evolution of these activities between the scenarios. Finally, the 

built environment and services sector includes all the residential buildings, offices, business premises, activities 

related to the provision of services and all the remaining activities not included in the other categories. The energy 

demand for this subsector was evaluated by combining the information provided by the main source and the data 

used for the previously mentioned other sectors. 

While evaluating this differentiation of the energy demand, another important assumption was introduced. The 

electricity used for heating purposes (either for direct electric heaters or for heat pumps) was accounted as “heat”, 

instead of “electricity”. The electricity and heat definitions were thus made on a conceptual basis, considering the 

type of application and not the physical vector responsible of satisfying it. This choice was made because the 

evolution of the heating sector is likely to occur differently in each scenario; a deep analysis would be necessary to 

determine the detailed future configurations and the technologies implemented, by analyzing the numerous 

external parameters that could affect them. Nevertheless, the modelling of the heating sector is out of the scope 

of the present thesis. The possibility to add gross assumptions regarding the future share of electricity used for 

heating in each scenarios was contemplated. However, it was considered that it would introduce significant 

uncertainty to both the energy demand and electricity supply models, since the electricity in this case would 

represent the fuel to other technologies for the heat supply. The idea was thus discarded. On the other side, the 

electricity demanded for the electric vehicles is accounted as electricity. This was assumed to be sufficiently 

accurate, since in this case the electricity represents a final demand and not an intermediate step of the energy 

supply chain. 

Figure 3 depicts the resulting energy demand of each subsector, subdivided by type of energy. Nowadays, the 

majority of the energy demand is due to the industry sector. Overall, around 46.74% of the energy is used under 

the form of heat, 27.65% of electricity, and around 25.61% comes from engine fuels. 

 

Figure 3 – Current Energy Demand. 

4.2 Built Environment 
Within the Beyond GDP Growth programme, a work package was devoted to the analysis and modelling of the 

built environment sector. The modelling of the energy demand in this regard was deeply performed, and the results 

were integrated in the present work [55]. The assumptions on which the study was based are comparable to the 

ones at the basis of the present thesis. The only parameter that had to be adapted was the forecasted Swedish 

population. In fact, the values assumed in the two studies were slightly different: in the present work, the 

population in 2050 is assumed to be of 13 million of inhabitants, according to the most updated documents 

redacted within the programme [9]. The values reported by the studies on the built environment were thus scaled 

on the different population. For what concerns the other data provided, they were assumed to be uncontrollable 

factors for the scope of the present thesis. Figure 4 shows the energy demand for the sector as reported in the 
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mentioned sources, and Figure 5 the shares of electricity and heat demand for each scenario. The specific values 

are reported in Table 13 in Annex III – Built Environment. 

 

Figure 4 – Built Environment energy demand in 2050. 

 

Figure 5 – Built Environment energy demand shares in 2050. 

It can be noticed that all the scenarios are expected to undergo a demand reduction. Various parameters affect this 

result, often driving the demand towards opposite trends. Moreover, it has to be taken into account that the sector 

includes either the residential and business buildings, together with the service sector. The results need thus to be 

read with a comprehensive perspective. 

The highest energy demand is noticeable in the local scenario. Here, the energy needs of the service and business 

sector are expected to be significantly lower than today. The energy priority is represented by the building heating, 

that on the contrary is supposed to remain constant or to slightly increase. This can be related to the low 

implementation of energy efficiency measures if compared with the other three scenarios. In fact, the current 

European directives on energy efficiencies [56], [57] are expected to be very strict in automation, circular and 

collaborative scenario. Consequently, automation scenario is likely to see a strong reduction of the demand because 

of high efficiencies and smart devices, and a high level of electrification, according to its narrative. Collaborative 

scenario undergoes the same level of reduction of consumptions, but in this case thanks to the widespread use of 

sharing buildings within the communities. Finally, in circular scenario the increased efficiency of buildings is 

expected to be slightly counterbalanced by a higher energy demand of the services sector, represented by a 

comprehensive welfare state. The final demand is thus expected to be higher than in automation and collaborative 

scenarios. 
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4.3 Industry 
The evolution trends of each subsector are influenced by various factors, that can be driving the transition towards 

opposite directions. For this reason, first of all the main factors affecting the analyzed sectors were selected, and 

divided between the ones that were controllable and uncontrollable under the scope of the thesis. Then, a linear 

annual growth rate was assumed for each parameter, over the period between 2019 and 2050. The rates were 

evaluated based on different considerations, including current and historical trends (either concerning Sweden, 

Europe and global), hypothesis on the future implementation level of existing pilot projects and innovative 

technologies, and on the coordination of international projects. The different trends were then combined in the 

model, so that the diverse boosts and effects could be encompassed. The coherency of the forecasted trends and 

of the combination of the different factors were always checked by comparing them with other studies encountered 

in the literature. The main formulas used were two: one to evaluate the value in a certain year based on the annual 

growth/degrowth coefficients (Eq. 1), and one to extrapolate the annual variation if the initial and final values are 

known (Eq. 2). 

 𝑣 = 𝑣𝑖 ∗ (1 + % )(𝑦−𝑦𝑖) (Eq. 1) 
 
 

  

 
% = (

𝑣𝑓

𝑣𝑖
)

1
∆𝑦 − 1 

 
(Eq. 2) 

   
Where 𝑣 represents the value of the parameter to be evaluated in a certain year, 𝑦 the year in which it is evaluated 

and 𝑖 and 𝑓 the initial and final years of the period. 

For what concerns the industry sector, five main parameters were identified as crucial: the population growth, the 

production level, the asset intensity, the energy intensity and the use of raw materials against recycled ones. Details 

on the considerations that led to these assumptions are described in Annex III – Industry, and Table 14 reports 

the annual rate of increase or decrease that was assumed for each parameter in every scenario. 

The total reduction was evaluated through a combination of all the parameters, according to Eq. 3. 

𝑇𝑜𝑡% = 𝑃𝑜𝑝% ∗ 𝐴𝑠𝑠𝑒𝑡% ∗ 𝑃𝑟𝑜𝑑% ∗ [ (𝑁𝑜𝑛 𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑% ∗ 𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦) + (𝑅𝑒𝑐𝑦𝑐𝑙𝑒𝑑% ∗  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

2
) ]             (Eq. 3) 

In Figure 6 and Figure 7 in the obtained energy demand is depicted, together with the shares of electricity, heat 

and biofuels required by the sector. Table 15 in Annex III – Industry illustrates the obtained values. 

 

Figure 6 – Industry energy demand in 2050. 
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Figure 7 – Industry energy demand shares in 2050. 

The most significant reduction is noticeable for the local scenario. Here, the parameter that mostly affects it is the 

low intensity of machinery, substituted by more manual processes. This is followed by a reduced demand of good 

and by the increase of the recycling rate. These effects are slightly compensated by the increase of population, as 

in all the other scenarios, and by the lower energy efficiency of the used equipment, but with a smaller extent. 

Circular and collaborative scenarios present similar reductions, but the drivers of the variation are very different. 

For what concerns circular scenario, the highest contribute is represented by the huge circularity of materials; 

moreover, there is a high increase of efficiencies and a reduction of demand of new products (and thus of 

production). The counterbalancing effect is given by a modest growth of the equipment intensity. Collaborative 

scenario, instead, faces a strong reduction of goods demand and a slight increase in material circularity and in 

energy efficiency. Also in this case the machinery employed in the industry sector increases from the current levels, 

but with a very slow pace. Finally, automation scenario is the one where the strongest energy demand increase 

occurs. This trend is mainly due to the transformation of industry, where an important robotization and automation 

means an increased presence of machinery. This effect is mainly counterbalanced by high improvements in the 

efficiencies. The circularity of materials and reduction of demand, as well, act in the direction of an energy demand 

reduction, but with a smaller influence. 

Another aspect to be taken into account is the share of the different types of energy demanded. First of all, in all 

the scenarios the vehicle fuel share is assumed to be the same as in the current scenario, reduced by the same 

percentage of electrification of vehicles. It is important to specify that, in the present work, in all the subsectors 

and in all the scenarios the reported demand for “fuel” refers to biofuels, while the demand for fossil fuels is 

supposed to be null. For what concerns the electrification of processes, details regarding the potentials identified 

in the Swedish industry are illustrated in Annex III – Industry. 

According to the narratives, automation scenario appears to be the most electrified one, with an assumption of 

60% electrification: innovative technologies are implemented, ambitious pilot projects enter into force and large 

data centres require high amounts of electricity. Following the same trend, collaborative scenario is expected to 

achieve 55% of electrification, especially because of a strong development of IoT and large data centres. This value 

is lower than in the automation scenario because the national funded programs are lower; the communities 

promote initiatives, but their application is not as widespread and comprehensive as in a nationally-coordinated 

context. Circular scenario sees a lower level of innovation and funding to research, thus the assumed share is 

slightly lower. However, technical improvements and an open knowledge allow for an electrification share higher 

than today. Finally, local scenario is the one that undergoes the lowest electrification. The level of research, 

technological advancements and innovation, and the local markets make the described improvements more 

unlikely to happen. The electric share is thus assumed to be the same as today, following the trend of the last 

decades. 
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4.4 Transport 
In the Beyond GDP Growth programme, a work package was devoted to the analysis of the mobility sector. 

Consequently, the structure of the transport energy demand was based on the available information, and further 

studies and assumptions were performed in order to complete the analysis [9], [55]. Four main parameters were 

identified as crucial: the transport activity, the vehicles shares, the energy intensity and the electrification of the 

fleet. 

For what concerns the activity and vehicle shares, a crucial differentiation is present between passenger and freight 

transport. In fact, detailed information were available regarding the passenger transport and were used as a starting 

point for the construction of the model [8]. The information concerning the freight transport, together with the 

variation of energy intensity and the shares of electrification for both the categories, were assumed according to 

the literature and the narrative of each scenario. In Annex III – Transport, details on the parameters variations and 

on the considerations that led to their definition are reported. 

The general trends show how in automation scenario the passenger trips are expected to increase, and the majority 

of them to occur by public rail. In circular scenario the same behaviour for both the aspects is observed, but to a 

higher extent. The opposite behaviour is forecasted for the other two scenarios, characterized by a more local 

mindset. In collaborative scenario, the citizens are likely to reduce the trips made and their length. The movements 

mostly happen by walking, or employing small vehicles as bicycles and motorbikes. Public road transport and 

shared vehicles are also highly used. Finally, in local scenario this trend is more extreme, where the local dimension 

makes the trips significantly short and rare, and allows transport through bikes, motorbikes and walking to be 

achievable on a larger scale, while the use of cars is abruptly substituted. The low national cohesion and the small 

and scattered living clusters make the public transport difficult to be implemented. 

The energy intensity of the vehicles is assumed to evolve towards very different pathways. In automation scenario, 

a huge improvement is expected for all the vehicles, especially the electric ones. The most interesting achievements 

are forecasted for motorbikes, rail transport and busses; a slower pace is instead expected for cars, that are not 

massively employed. The same trend is for circular scenario, where the use of trains is even higher, and 

consequently the related efficiencies. The other categories of vehicles are assumed to have lower rates than 

automation scenario, because of the lower level of innovation. Collaborative scenario sees the highest efficiencies 

for electric motorbikes, cars, busses and trucks, while trains undergo a small improvement because of the limited 

use. Finally, local scenario sees the same energy intensity as today for the majority of the means, with small 

improvements in motorbikes, trucks and busses. 

The last factor to be discussed is the electrification level of the vehicles. In this regard, automation, circular and 

collaborative scenarios undergo an important shift towards electric fleets. In automation and circular scenarios, 

the political strategy aims to promote and support the establishment of the necessary infrastructure, and provides 

the necessary large-scale coordination. Moreover, the implementation of ambitious projects is supported at an 

international an interregional level. However, the percentages in circular scenario are slightly lower because of the 

expected higher presence of hybrid vehicles. Collaborative scenario experiments a lower interregional coordination 

and national strategy; even though the legislation strives to promote the electrification at local level, large projects 

are not supported with the same intensity as in the other scenarios. Consequently, means that need a large 

interregional infrastructure as electric trucks are expected to be present in small percentages. On the other side, an 

increase of locally managed vehicles as electric busses is forecasted. The implementation of innovative technologies 

and the strong development of IoT make the local management of electric means fast and more efficient. The 

vehicles are rarely owned by single citizens and are instead shared; this allows the communities to easily take on 

the initial investment costs of EVs. Finally, in local scenario the electric vehicles are expected to be present in very 

small percentages. It is important to highlight that in the model, all the non-electric vehicles are expected to be 

fuelled by biofuels, according to the Swedish target of 100% fossil fuels free fleet [58]. 

The energy demand for this sector was thus evaluated by combining the effects of the mentioned parameters. Eq.4 

illustrates how the electricity demand was evaluated, where 𝑖 indicates the different vehicles reported in the analysis. 

The same approach was utilized for the evaluation of the energy demand under the form of biofuels, where the 

factor “electricity share” is substituted by the complementary percentage. 
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𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 = ∑ 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖 ∗ 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑠ℎ𝑎𝑟𝑒 𝑖 ∗  𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑖 ∗ 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑠ℎ𝑎𝑟𝑒 𝑖

𝑖

 
 

(Eq. 4) 

 

 

Figure 8 – Transport energy demand in 2050. 

 

Figure 9 – Transport energy demand shares in 2050. 

The resulting energy demand is depicted in Figure 8 and Figure 9. It can be observed that the total energy demand 

is significantly reduced in all the scenarios; as discussed, this is due to various reasons, but it is important to notice 

that nowadays the main transport mean used in Sweden is car, with a vehicle share of 76%. In the four scenarios 

under analysis, instead, vehicles with a higher occupancy are the majority, and when cars are used they are shared 

(as for the collaborative scenario). Moreover, significant improvement in technology reduces significantly the 

energy consumption per km of the vehicles. The highest energy demand reduction is expected in the local scenario, 

and is mainly due to the movements decrease of both people and goods. The demand in the other three scenarios 

is instead quite similar, but as previously discussed the reasons leading to these results are diametrically different. 

The electrification level is very high for automation and circular scenarios; it is lower for collaborative scenario, 

mainly because of the low electrification of the freight transport. In local scenario the electrification rate is very 

low. The share is expected to be higher than today, but the absolute value of the electricity demand is lower than 

the current amount (1 TWh versus the current 2.6 TWh). This relatively high share is due to local small scale 

projects and to an increasing use of electric bicycles. 

Finally, it is interesting to notice how in the four scenarios the ratio between passenger and freight transport is 

very different (Figure 24). In automation and circular scenarios, passenger transport is responsible for the majority 

of the demand (72.1% and 79.4% respectively); this is proportioned to the huge increase in personal movements 

that was assumed. In collaborative scenario the role of freight transport is higher, and the two categories require 

about the same amount of energy. This is related to the fact that the passenger kilometres are expected to decrease, 
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and in parallel the freight sector is expected to be based on the road vehicles with a low electrification, that appeared 

to be the less efficient. In local scenario freight transport is the most intensive one, responsible of almost 65% of 

the total demand. The main reason is that the passenger traffic occurs by means of bicycles, small motorbikes and 

walking, making the needed energy very low. On the other side, although the raw materials and goods transport is 

usually limited, it happens by means of less efficient vehicles. The specific values supporting the present discussion 

can be encountered in Table 19 in Annex III – Transport. 

4.5 Leisure 
Three main parameters were identified as crucial to describe the evolution of this sector: the demand variation, 

the energy intensity and the electrification rate. 

The demand variation evaluates the extent to which these activities are practised, and it is strictly related to the use 

of time and the behaviour of people in each scenario. In automation scenario an important amount of free time is 

available to people; it is supposed to be invested partially in welfare activities and partially in leisure activities; thus, 

the demand of leisure activities is expected to be high. Circular scenario, as well, sees a huge increase of the demand: 

the free time is in general dedicated to these activities, that are also allowed by the high incomes. According to the 

narrative, a special focus is assumed to be devoted to cultural activities. In collaborative scenario the trend is the 

most similar to the current one. A significant free time is invested in community activities, included leisure ones, 

in particular the social ones where friends, families and the community gather together. Local scenario sees a huge 

reduction of demand, because of the few available time to be invested in leisure activities. 

For what concerns the electricity share, the same percentages implemented in the evaluations of the other 

subsectors were used, when the type of service could be referred to them (Table 21). Biofuels are assumed to be 

only utilized for gardening activities. 

The third parameter includes the energy efficiency improvements, divided between the demand of electricity and 

heat. Automation, collaborative and circular scenarios, respectively, are expected to undergo a significant 

improvement of efficiencies; in automation and collaborative scenarios these improvements occur especially for 

what concerns electricity. Local scenario do not undergo efficiencies variations (Table 22). 

Annex III – Leisure reports the detailed assumptions regarding each of the mentioned parameters. The obtained 

final energy demand obtained through the combination of the parameters, together with the shares of electricity, 

heat and biofuels demanded, are reported in Figure 10 and Figure 11. In Annex III – Leisure, Table 23 reports the 

specific results. 

 

Figure 10 – Leisure energy demand in 2050. 
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Figure 11 – Leisure energy demand shares in 2050. 

According to what was discussed in the present section, in automation and circular scenarios the energy demand 

is forecasted to increase if compared to the current levels; circular scenario is the one where the highest increase 

occurs, while the increase in automation scenario is more contained. With an opposite trend, collaborative and 

local scenarios undergo a reduction of the total energy demand; here, the available free time to be devoted to purely 

leisure activity is reduced, while more focus is devoted on welfare and community tasks. While the energy demand 

of collaborative scenario is close to the current one, an important variation is expected to occur in local one due 

to the more extreme narrative that characterizes it. The electrification shares are coherent with the trends already 

discussed for other subsectors. 

4.6 Agriculture, Forestry and Fishing 
The parameters identified as mostly affecting the energy demand in this subsector are similar to the ones reported 

for the industry one: the population growth, the production level, the asset and energy intensity, and the use of 

fertilizers. In Annex III – Agriculture, Forestry and Fishing, specific details about each parameter are reported. 

The evaluation of the energy demand was performed by applying to the current demand of each subsector the 

corresponding production coefficient. The other coefficients of population growth, asset and energy intensity were 

then applied to the total obtained demand, and eventually the forecast of energy needed because of the fertilizers 

was added to the total. 

The forecasts of the energy demand in the four scenarios are depicted in Figure 12 and Figure 13. 

 

Figure 12 – Agriculture, forestry, fishing energy demand in 2050. 
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Figure 13 – Agriculture, forestry, fishing energy demand shares in 2050. 

The most energy intensive scenario is automation, requiring almost 130% of the energy currently used. This is 

mainly due to the small reduction of production levels, combined with important asset intensity and population 

growth. The high efficiency of the equipment implemented in the processes partially counterbalances the high 

demand. The other three scenarios present an opposite trend, with a huge reduction of the demand. In circular 

scenario, the decrease is driven by a huge diminution of the production, together with high efficiencies and a low 

usage of fertilizers. Collaborative scenario undergoes a similar trend, but a slightly higher production level and 

lower efficiencies are in part balanced by a lower asset intensity. As expected, local scenario presents the most 

interesting energy demand decline. 

Also in this case, the electrification of the sector follows the trend already observed in the other sectors. More 

details are shown in Table 25 in Annex III – Agriculture, Forestry and Fishing. 

4.7 Results 
The combination of the results described in the previous sections led to the definition of the total energy demand 

of each subsector (Figure 14), that appears to be highly different in magnitude for the four scenarios. It can be 

noticed that in all the scenarios the total energy demand is lower than the current one: to a small extent in 

automation scenario and more significantly for circular, collaborative and local scenarios respectively. 

A huge variation between the scenarios is also observed for what concerns the allocation of the energy demand to 

the different subsectors. In automation scenario, for example, the industry sector is the one in which the majority 

of the energy is used, followed by leisure activities and, with a huge reduction from the current levels, the built 

environment. In circular scenario, leisure activities have a significant role, more than doubled if compared with 

current levels. Industry and built environment are the following energy intensive sectors, but in these cases the 

reduction from the current consumptions is huge. In collaborative scenario the most demanding sector is the 

industry one, responsible of almost half of the total demand. Nevertheless, the actual energy needed falls 

tremendously;. the requirements of built environment appear to be highly downsized, and the same is noticed for 

the leisure activities, with an opposite trend respect to the two previously discussed scenarios. In local scenario, 

finally, all the sectors are expected to be less energy intensive than nowadays. The highest demand is represented 

by industry, utilizing almost half of the total energy demanded, but with an impressive curtailment from the current 

levels. In parallel, the built environment undergoes a reduction of the demand mainly due to the simple lifestyles, 

but remains one of the most intensive sectors. As expected, the demand of leisure activities is in this case 

significantly low. 

As already noticed, the energy demand of the mobility sector is forecasted to drop in all the scenarios. The most 

abrupt decrease occurs in local scenario (83.7% lower than today), while the other three scenarios undergo less 

intense trends, with reductions between 58% and 64%. To conclude, the agriculture, forestry and fishing sector 

appears to be the less intensive one; in all the scenarios its demand remains below 4% of the total demand. Only 

in automation scenario its energy intensity is assumed to slightly increase. 
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Figure 14 – Energy demand in the 4 scenarios in 2050, divided by subsector. 

Another interesting perspective that can be employed to assess the obtained result is the evaluation of the form of 

energy demanded in each scenario, as displayed in Figure 15 and Figure 25. As extensively discussed, automation 

scenario is the one where the highest electrification of society occurs. This is reflected in the high demand for 

electricity, more than doubled from the current one. In circular and collaborative scenarios the electricity share is 

lower, but increased from today’s levels. In local scenario, on the contrary, the share of electricity is similar to the 

current one. However, the share of heat is significantly higher than in the current scenario. An interesting aspect 

to be highlighted is in fact the significant reduction of engine fuels usage occurring in all the scenarios. Although 

the energy demand, in absolute values, is extraordinarily similar in all the scenarios, the corresponding share of the 

total energy demand varies: the highest one is encountered in local and collaborative scenarios, while the other two 

scenarios present reduced shares (the smallest one characterizing automation scenario, with only 5.5% of the total 

energy coming from biofuels). 

 

Figure 15 – Energy demand in the 4 scenarios in 2050, divided by energy form. 

The reported considerations refer to the values summarized in Table 4, pertaining to the year 2050. 
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Table 4 – Energy demand in the four scenarios in 2050. 

 Unit CURRENT AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

ENERGY DEMAND      

Total energy [TWh] 375.32 359.18 253.26 217.94 195.33 

Electricity [TWh] 103.76 229.38 131.28 114.25 58.12 

Heat [TWh] 175.43 110.22 103.20 83.37 118.04 

Biofuels [TWh] 96.13 19.58 18.77 20.31 19.17 

SHARES       

Electricity [%] 27.65% 63.86% 51.84% 52.42% 29.76% 

Heat [%] 46.74% 30.69% 40.75% 38.26% 60.43% 

Biofuels [%] 25.61% 5.45% 7.41% 9.32% 9.81% 

REDUCTION FROM CURRENT LEVELS    

Total energy [%] – 95.70% 67.48% 58.07% 52.04% 

Electricity [%] – 221.06% 126.52% 110.11% 56.01% 

Heat [%] – 62.83% 58.83% 47.53% 67.28% 

Biofuels [%] – 20.37% 19.53% 21.13% 19.94% 

 

Additional considerations were introduced, concerning the trends leading to the described results and the evolution 

throughout the period of the energy demand, and are reported in Annex III – Results, together with an evaluation 

of the cumulative energy demanded throughout the period. 

To complete the analysis of the results, a comparison between the outcomes of the presented study and the 

assumptions that were previously made within the Beyond GDP Growth programme had to be performed [59]. 

An evaluation of the energy demand in the four scenarios was made within a different work package of the 

programme and was based on the IPAT identity methodology, that aims to evaluate the Environmental Impact (I) 

of a society as a product of the Population (P), affluence level (A) and technology (T). The energy demand values 

assumed in the study are reported in Figure 16. 

 

Figure 16 – Energy Demand in IPAT model and in the present model. 

As illustrated in the diagram, similar behaviors are forecasted by the two studies for circular, collaborative and local 

scenarios. The demand evaluated in the present analysis is slightly lower than the one in the IPAT model (around 

90%), but the ratio between the three is the same and the difference between the proposed values is not extreme 

(less than 30 TWh/year). The main difference is noticeable for what concerns automation scenario. In the present 

model, the scenario is the most energy intensive of the four, while the IPAT analysis assumes it to be slightly less 
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intensive than circular scenario. The demand estimated in the present study appears to be significantly higher than 

the one from the IPAT model, with a difference of almost 100 TWh/year. 

The methodology on which the two models are based is similar; both of them aim to evaluate the demand through 

the combination of different crucial parameters, that are variated according to the scenario narratives. However, 

in the present model the analysis was performed sector by sector, while the IPAT structure adopted a single 

structure to be applied to the total energy demand. Moreover, the interpretation of the narratives in form of 

numerical assumptions is often subjective and depends on the information available at the moment and on the 

perspective with the analysis is performed. It is thus comprehensible that some aspects of the two evaluations do 

not perfectly match. 
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5.  Electricity Supply System 
In the present chapter, contrarily to the previous one, the focus of the analysis is on the energy supply system. The 

same approach that was used for the energy demand evaluation was applied: the current framework was studied 

and used as a basis, on which the models assessing the future state in the four scenarios were structured. 

Accordingly, the first step to be performed was the definition of the Swedish Reference Energy System (RES), a 

schematic recapitulation of the current energy supply system (Figure 17). The scheme illustrates the fuels that are 

nowadays used in the energy supply system and the main technologies employed for power and heat generation, 

either at a centralized and distributed level. Moreover, the different energy carriers connecting the various steps of 

the chain are illustrated, together with the type of energy demanded by the different users. The scope of the present 

thesis encompasses the modelling of the electricity supply system in the four scenarios. 

The analysis was performed by means of the Open Source Energy Modelling System (OSeMOSYS), more 

specifically the Model Management Infrastructure (MoManI) online interface [60]. 

OSeMOSYS is an open source tool designed to assist and support the development of long term energy strategies 

at different levels (from continental to regional scale). It is a deterministic linear optimization model, based on the 

minimization of the total discounted costs. Perfect foresight and competition on energy markets are assumed. 

The energy generation mix able to satisfy a specific demand (externally evaluated) is modelled based on the costs 

of the encompassed energy technologies. The natural resources these technologies are drawing on are defined by 

their potentials, performance indicators and costs. Technical, geographical, economic and environmental 

constraints, together with policy targets and limitations, can be accounted during the evaluation. 

Under the European REEEM project, a comprehensive model aiming to include all the European countries has 

been developed. The model is referred as OSEMBE (the Open Source Energy Model Base for the European 

Union) [61]. From the OSEMBE framework, the specific model of Sweden was extracted and used as a basis for 

the analysis performed in the present thesis [62]. Small modifications were introduced on the Swedish model from 

OSEMBE, described in the following sections and in Annex IV. The obtained model is referred as Business As 

Usual (BAU) scenario and is extensively employed to perform comparisons between the scenarios. According to 

the narrative of the four scenarios under study, the values of the relevant parameters that are expected to vary were 

modified and new results were obtained from the simulations. 

First of all, the main parameters to be manipulated were identified: together with the already discussed electricity 

demand, the most important ones are the costs and efficiencies of technologies, the costs of fuels, and the 

availability of resources (as waste). Moreover, the limitations and guidelines introduced by the policy framework 

were taken into account and included in the model definition. As it was described in the section concerning the 

energy demand evaluation, also in this case the considerations regarding the evolution of each parameter are strictly 

related to the scenario narratives and to the assumptions on which the models are based. 

A crucial consideration that had to be included in the analysis involved a deeper focus on the technology producers. 

In fact, in order to evaluate the variations of costs and technological advancement, it is fundamental to understand 

the international trade context of each type of technology. If the manufacturers of a certain technology are mainly 

Swedish, the logic developed for each scenario can be easily applied to the related research and energy technology 

production. However, in some cases Sweden imports the technologies from foreign companies (as it was observed 

for wind power, for example). In this case, it is crucial to broaden the study to the international framework 

characterizing each scenario, and to understand to which extent the development that are expected to occur in 

Sweden are happening in the countries that represent the major exporter of each technology to Sweden. In parallel, 

the closure of the markets has to be taken into account, in order to evaluate the opportunity of importing the 

technologies from other countries. Another important aspect to be analysed is associated to the levels of subsidizes 

devoted to R&D in each scenario, and the consequent role played by innovation. The definition of this framework 

is crucial, because from this depends the state of the art of technology; according to this, for each scenario the 

level of efficiency improvements, the extent of the implementation of a technology and the consequent decreases 

of costs can be forecasted. At the same time, the mentioned parameters are conditioned by the current maturity 

level of each technology. In order to avoid overestimations of efficiencies and cost reductions, a literature review 
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regarding the maturity of the technologies under analysis was performed, and for each of them the room for 

improvements was assessed together with the forecasted future trends. Finally, the national and international policy 

context has a crucial role on the evolution of the mentioned parameters. The framework of regulations, limitations, 

incentives and international energy markets described in chapter 3 was encompassed in the analysis, and the 

consequences of the same on the mentioned parameters were assessed and included in the study. The details of 

the reported considerations with a focus on the specific case are presented in Annex IV – Technology Market.
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Figure 17 – Reference Energy System.
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Some assumptions on which the models were built were introduced. According to the energy demand evaluation, 

also in this case the electricity used for heating was not accounted in the evaluation. The reasons that led to the 

decision are the same formerly expressed. 

Another assumption to be remarked concerns the hydropower capacity: a constraint on the minimum installed 

capacity was introduced in all the scenarios, BAU included. The values implemented correspond to the current 

capacities extrapolated from the OSEMBE model (16.62 GW). Different considerations led to the decision of 

introducing the mentioned constraint. First of all it was considered that, in a fossil-free electricity mix, an excessive 

presence of wind power can attack the stability of the grid by introducing important frequency fluctuations; in this 

regard, the presence of a hydropower base load has a positive effect in the instant balancing of the frequency. 

Moreover, since wind is an undispatchable source, it is very important to guarantee alternative strategies to assure 

the real time demand satisfaction. In order to do this, either a huge storage capacity or a base load of dispatchable 

sources are needed. Nevertheless, the employed model did not include storage systems, and the additional measures 

to be enforced to counterbalance the negative effect of an exaggerate installation of wind power are not 

contemplated. In the same way, the costs related to the measures to be implemented to balance the effects of the 

high presence of wind are not accounted in the evaluation, overestimating the potentiality of the technology. This 

concern was verified by running the simulations without the hydropower capacity limitation: the outcomes 

appeared to favor the installation of onshore wind to an exaggerate extent, leading it to cover almost all the 

technology mix in all the scenarios. Additionally, the lifetime of hydropower plants in the model is set to be 

significantly longer than the period under assessment. For this reason, the selection of the technology can be 

discouraged during the simulations since its potentialities are only partially valued. Moreover, the possibility to 

refurbish the existing plants is highly convenient from an environmental point of view, since it allows to partially 

recover the sunk environmental impact due to the old installations. Further discussions regarding this assumption 

are reported in chapter 6.1. 

5.1 System Modelling 
The modelling of the electricity supply system, as previously introduced, was performed starting from the identified 

RES (reported in Figure 17) and taking into account the factors described in the previous section. In Annex IV – 

Technology Market, additional details that were analyzed to conduct the evaluation are reported. In the present 

section the considerations regarding the mentioned parameters are presented. 

Fossil Fuels 

In general, the technologies implemented in the fossil fuels based plants are considered conventional; consequently, 

for all the fuels considered in the model the capital cost variations are not assumed to be diversified between the 

scenarios, and the same values implemented in OSEMBE are maintained. 

The approach towards coal is, in all the scenarios, disincentivizing. The operation of coal based plants is banned 

in 2020 (automation, circular, collaborative scenarios) and in 2025 (local scenario). The operating costs are 

significantly increased in the model, according to the trend of disincentivising that is assumed to characterize it. In 

the same manner, huge fuel price increases are assumed to occur. Nevertheless, the ban is expected to be the 

determining factor and to lead to the phasing out the use of coal. 

Currently, oil based plants for electricity production are marginal in Sweden. The technology is conventional, and 

the performances are assumed to increase only slightly (lower than in OSEMBE forecasts). The fuel cost is 

expected to increase, with a faster pace than in OSEMBE model. 

The last fossil fuel considered is natural gas. Although in Sweden the power generation from natural gas is small, 

limited to industrial CHP and district heating [43], this is not the case for other countries, which still significantly 

rely on fossil fuels. For this reason, and being natural gas considered the transitional fuel, the international market 

for this kind of technologies and the international research are likely to be active in the next decades. In scenarios 

where the international markets of goods and knowledge are open, and where the international commitment for a 

transition towards a low carbon future are serious, improvements are expected to occur in regards of these 

technologies. This is assumed to happen in automation and collaborative scenarios, especially for more innovative 

technologies as natural gas fuel cells and advanced gas turbines. In circular scenario advancements are expected to 
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occur with a slightly slower pace, especially in the field of CHP plants. Local scenario is characterized by very small 

efficiency improvements, lower than the ones forecasted in OSEMBE. In any case, the advancements forecasted 

are relatively small, since technologies are mature and the improvements can regard very specific aspects (as the 

development of materials for the turbine able to bear very high temperatures, or of efficient cooling system for the 

turbine blades) [63]. The capital costs are assumed to remain similar to the ones reported in OSEMBE, with the 

exception of local scenario, where slightly higher cost reductions can be noticed, because of the widespread 

implementation of the technologies (especially in countries that nowadays are characterized by a huge presence of 

coal and oil based plants). 

The technology presenting important room for advancements is represented by fuel cells. In automation and 

collaborative scenarios, strong research and investments in innovation are expected to occur, together with the 

continuation of European research programmes. Huge improvements in the technological performances and in 

the cost reduction are thus forecasted. Less optimal conditions are expected in the circular scenario, where the 

grants to R&D, and especially to innovative technologies, are low, and where the international markets are not as 

open as in the other two scenarios. Local scenario does not see an important improvement of this sector; small 

enhancements are assumed to occur following the current trends, but no future commitment is supporting it. 

Additional considerations need to be introduced in regards of fuel prices. As formerly extensively discussed, the 

policies in all the narratives are addressed to the disincentive of fossil fuels usage. Accordingly, the prices of coal 

and oil products was assumed to significantly increase in all the scenarios, with a higher rate for coal. The cost of 

natural gas is assumed to increase as well, but with a less extreme pace in the four scenarios. The highest increases 

are in automation and collaborative scenarios, while circular ad local ones are assumed to take advantage from 

natural gas as transitional fuel and to follow the same pace as in OSEMBE. However, local scenario is characterized 

by higher imports expenses; consequently, considering the double effect, the raw material price in local scenario is 

assumed to be the highest between the four. 

Wind Power 

For onshore wind, automation and collaborative are the scenarios where the highest cost reduction is expected to 

occur. In the latter scenario, the level of technological development could be different according to the context of 

each nation; however, the countries leading the wind market are the same where the most important advancements 

are expected to occur, thus a strong reduction of costs and improvements of performances can be expected (Annex 

IV). Circular economy, on the other side, undergoes a reduction of costs comparable to the one modelled in 

OSEMBE. In fact, there are less incentives to R&D, even though the international trade is similar all over the 

countries. In local scenario the costs reduction is small if compared with the current figures, and no technological 

advancements are expected. In fact, no important funding is assumed to be allocated to R&D; additionally, since 

the international market is partially closed the costs of importing the machinery is expected to be significant. 

With regards to offshore wind, circular scenario is the one where the most interesting technological improvements 

happen, as well as important decrease of the costs. This is due to the interest of the central state in pursuing large 

scale projects coordinated at a national level. In automation scenario an increasing interest is devoted to this 

technology, since research is very sensitive to innovative and efficient solutions. As a consequence, this scenario 

as well presents huge efficiency improvements and cost reductions. The same trend is noticeable in collaborative 

scenario, but to a lower extent. The interest in the technology is important, but the improvements are lower than 

in the other scenarios due to the fact that investments in large scale plants are not easily obtained. Finally, in local 

scenario offshore wind undergoes very small cost reductions, while noticeable efficiency increases are not 

forecasted. 

Hydropower 

For what concerns large plants (> 100 MW) costs and efficiencies are assumed to remain constant throughout the 

period, as in all the consulted references. In all the four scenarios, the values are assumed to be the same as in 

OSEMBE model. For the mid and small size plants (< 100 MW), the costs in OSEMBE model increase during 

the first decade and eventually stabilizes around a constant value, while the efficiencies are expected to remain 

constant. As mentioned, this is due to the fact that the most convenient sites has already been exploited, and the 
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potential for new capacity mainly lies in less accessible and performing sites. The costs and efficiencies 

implemented in the models of the four scenarios were not modified from the OSEMBE model. 

Waste to Electricity 

Circular scenario is the narrative where these technologies are expected to undergo the highest improvements. In 

fact, the society efforts are focussed on the prevention of the waste creation; nevertheless, the same philosophy is 

applied to the remaining waste, and the technologies for the incineration of the non-recyclable waste are enhanced. 

Consequently, the performances of the waste plants are expected to improve, and the costs of the equipment to 

decrease. Collaborative and automation scenarios present a similar cost reduction trend, but to a slightly lower 

extent, respectively, while the efficiencies of the systems are expected to be as in OSEMBE. In fact, the 

technological focus on these scenarios is oriented to different directions. Local scenario, as well, sees a strong 

improvement of the technology, higher than in OSEMBE for the CHP machinery. It is in fact conventional and 

easily implementable locally, and as an additional advantage it allows for the disposal of all the community waste. 

A discussion on the resource availability needs to be made. In fact, in all the narratives the waste available for 

incineration are expected to decrease throughout the period; the same considerations led to implement a reduced 

availability in OSEMBE model as well. The narrative of circular scenario is based on the philosophy of reducing 

the waste production; for this reason, a very small availability of waste is expected to be present. Moreover, the 

international markets are not likely to be as open as today; consequently, lower amounts of waste are going to be 

imported. Nevertheless, it is important to highlight that the totality of the non-recyclable waste produced are 

expected to be efficiently collected and employed in waste to energy plants. Collaborative narrative is based on a 

strong reduction of consumptions and production. As a result, the waste generation is significantly reduced, but 

less intensively than in circular scenario. However, many European countries are expected to reduce their waste 

production with slow paces if compared with Sweden, and the international goods exchanges occur more freely 

and openly. The waste imports are likely to be massive, and an important availability of waste is expected to 

counterbalance the mentioned decrease of generated waste. In local scenario the same rates characterizing 

collaborative scenario are assumed. In this narrative, waste imports from other countries are not likely to happen. 

Moreover, the simplicity of life leads to significantly reduction of waste production. Finally, in automation scenario 

the same reduction trend as in BAU is assumed. In fact, a specific focus in the recycling direction is not forecasted. 

A reduction of waste production is assumed to occur, because of the higher sensitivity of the population; however, 

the imports of waste from other countries, where incineration technology is not implemented, is assumed to 

furtherly increase. 

An additional remark has to be specified in regards to the fuel price. In OSEMBE model, no price was implemented 

for this source, considering that it is a waste and that foreign countries currently pay Sweden to treat their waste. 

In the models describing the four scenarios the same assumption was made; a discussion on the impact of waste 

prices on the resulting electricity systems is deepened in chapter 6.1. 

Biofuels and Biomass 

Noticeable advancements are expected for the biomass based technologies in OSEMBE. The same values were 

considered to be adaptable to automation, circular and collaborative scenarios. Local scenario is characterized by 

slightly less important evolution trends, but the same pathway is followed. In regards of biofuels, the same behavior 

was assumed for automation and collaborative scenarios, presenting small cost reduction and a constant efficiency. 

In fact, in these scenarios the biofuel production is addressed to the vehicle use, and not for electricity generation, 

where more efficient technologies can be implemented. In circular and local scenarios, a deeper focus is present 

towards biofuels technologies implementation; more important advancements and are thus expected to occur, and 

the technologies are assumed to become more competitive. The trend is likely to be more accentuate in local 

scenario, where the self-production of biofuels at community level is encouraged and has the highest potential. 

The same trend but with a slower pace is noticed in circular economy, where society strives for the reduction of 

waste production through the recirculation of all the available streams. 

Regarding the fuel prices, both biofuels and biomass are expected to undergo important reductions in all the 

scenarios. In all the narratives, biofuels are exempted from both carbon and energy tax. In circular, collaborative 
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and local scenarios the costs of biofuels are expected to fall, according to the fact that the production of biofuels 

is strongly encouraged. In circular scenario the driver is in the national policies, striving for the re-utilization of the 

biological waste; on the contrary, in the other two scenarios the goal is the community self-sustainment and 

management of the resources, that leads to a high sensitivity and focus on self-production. Automation scenario 

sees, as well, a reduction of costs, but to a lower extent. In fact, the narrative is characterizes by a higher on 

electrification than on biofuels production. Finally, in local scenario no costs reductions for imported biofuels are 

expected, because of the closure of international markets. 

The tax exemption implemented for biomass is total for the carbon and energy tax, with some exceptions for 

virgin wood in circular, collaborative and local narratives. No biomass imports are expected to occur. For what 

concerns local scenario, the biomass provision occurs locally and in many cases voluntarily within the communities: 

the related costs are thus supposed to decrease significantly. In automation scenario the reduction of prices is 

expected to be slightly lower than in local but important, thanks to the advances tools that are employed for the 

biomass supply. Finally, circular and collaborative scenarios present a biomass cost similar to the current one, 

where only slight reduction rates are applied. 

Nuclear Power 

Circular scenario represents the narrative where the implementation of nuclear power is the most feasible. The 

strong central state is in fact able to coordinate national large scale projects, and to manage the national nuclear 

policy. In Sweden, an important mastery was developed in the sector during the last decades, and local experts are 

available on the territory. The technological advancements and the competitiveness of the technology are thus 

expected achieve higher peaks than in the other scenarios. In local scenario, nuclear power is not expected to be 

implemented due to the high complexity of the technological aspects, the large scale of the plants and the need of 

an efficient coordination of the system through policies and regulations. An increase of the costs is thus 

implemented in the model. 

Regarding the fuel supply, no cost variations for uranium are forecasted for automation, circular and collaborative 

scenarios, and in OSEMBE model. In local scenario a small cost increase is expected, according to the related 

narrative. 

Solar Power 

For what concerns automation and collaborative scenarios, the cost reductions for photovoltaic modules are the 

highest. Thanks to the high level of innovation, new technologies are supposed to be affordable and performing 

in the Nordic countries. Accordingly, a slightly higher rate than in OSEMBE was assumed. The same pathway is 

forecasted for circular scenario. In fact, the central government is able to implement PV plants in public areas, as 

building facades; nevertheless, important public finances cannot be devoted to the subsidization of the energy 

sector, and the support remains on a non-economic level. The same OSEMBE forecasts, slightly lower than in the 

other two scenarios but ambitious, were thus selected. On the other side, smaller cost reductions are expected in 

local scenario. Although an insufficient funding of R&D, small distributed plants are likely to be installed for self-

supply, in particular in the southern regions. 

Geothermal 

Automation is the scenario where the highest reduction of costs is forecasted; this is due to the huge investments 

devoted to research, supported through a well-structured international coordination and a globally shared 

knowledge. Additionally, the most important improvements are assumed for the technical aspects. Collaborative 

and circular scenarios, as well, undergo important cost decreases, higher than in OSEMBE. The factors leading to 

these effects are different; in collaborative scenario, the development pathways of the different countries are more 

differentiated, but a focus on technological research is noticeable, especially in the countries where the research in 

this field is assumed to be advanced (as Germany). Moreover, the international exchanges of goods and knowledge 

are frequent. On the other hand, in circular scenario there are lower direct incentives to R&D, but improvements 

are expected to occur in this sector, where the plants are partially based on conventional technologies and the 

research is common to other sectors. Finally, local scenario is forecasted to see the lowest advancements in the 
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technology level; international programmes and funds are not present and investments in R&D are highly reduced. 

Nevertheless, small advancements in the conventional systems can be assumed. 

Wave Energy 

The technologies to harness electricity from waves and tide are nowadays considered to be highly innovative, and 

the low level of maturity allows for important future improvements. In automation scenario the highest 

advancements are expected, and an impressive cost decrease occurs. In fact, important funds are devoted to R&D 

research. Moreover, the openness of the international markets (both for physical goods and of knowledge) allows 

for the combination and fomentation of the advancements. The same trend is followed by collaborative scenario, 

where innovation and open knowledge characterize the narrative. In this case, the rapidity of technological 

developments in the different countries is not the same all over Europe, but the leading countries in this sector are 

between the ones that are likely to incur the highest technological enhancements (Annex IV – Technology Market). 

Slightly lower cost reductions are assumed in circular scenario, where the innovation level and the funds to research 

are lower, as well as the goods movements between countries. Finally, for what concerns local scenario, the trend 

of important costs reduction from OSEMBE model is reversed, and the cost of the technology is assumed to 

remain constant all over the period. 

5.2 Results 
In the present section, the results obtained as outcomes of the simulations are illustrated. More details are reported 

in Annex V. It is important to highlight that the target of fossil fuels free mix by 2050 is achieved in all the scenarios. 

This outcome was highly expected considering the current electricity mix that characterizes Sweden, where only 

2.4% of electricity is generated from fossil fuels [35]. The target, however, concerns the whole energy system; more 

efforts are expected to be devoted to the heating and transport systems in order to fulfill it. 

General trends common to all the scenarios can be observed. First of all, electricity generation from plants 

employing oil products and natural gas are phased out by, respectively, 2027 and 2033. Coal technologies are 

present until 2034; however, the installed capacities are negligible and no operation is expected to occur since the 

beginning of the period. An important observation regards nuclear power. In all the scenarios, BAU included, it is 

forecasted to be phased out by 2035 (both in terms of energy generation and of installed capacity). As extensively 

described, no parameters were manipulated in order to achieve this result, nor regulations were introduced in this 

regard; the outcome is a consequence of the demand/supply dynamics characterizing the specific contexts. Other 

common results are represented by the fact that biofuels are not implemented throughout all the timeframe, while 

wave and solar technologies are active in almost negligible percentages, but are phased out before 2040. With a 

similar trend, offshore wind is phased out before 2040 in all the scenarios. In chapter 5.3, some of these aspects 

are examined and discussed. 

The obtained electricity mix referring to 2050 are reported in Figure 18 and discussed in the following sections. 

 

Figure 18 – Electricity Mix in 2050. 
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Additionally, the average Levelized Cost of Electricity (LCOE) throughout the period was evaluated for all the 

scenarios under assessment, as depicted in Figure 19. The methodology followed for the calculations is reported 

in Annex III – Simulation outcomes. 

 

Figure 19 – Average LCOE in the four scenarios. 

Automation 

Figure 20 reports the technology mix of automation scenario obtained from the simulation. 

 

Figure 20 – Automation Technology Mix. 
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hydropower and, during the last 7/8 years, biomass based plants (Figure 33, Figure 38). A final consideration can 

be made in regards of the LCOE: in fact, in this case it appears to be the highest between all the encompassed 

scenarios, around 28.08 
$

𝑀𝑊ℎ
 . This can be due to the fact that the most competitive technologies (onshore wind, 

hydropower) are exploited and cannot be increased more because of the resource limited availability. However, 

because of the significant demand, additional capacity needs to be installed, and consequently less advantageous 

technologies needs to be employed. 

Circular 

The simulation outcomes for the present scenario is represented in Figure 21. 

 

Figure 21 – Circular Technology Mix. 

In this case, as well, in 2050 onshore wind represents the primary energy source in the mix. Around 2038 a peak 

in the electricity demand is achieved; an increase of the generation from hydropower, especially from medium-

small size plants, is noticed as a consequence. The same hydropower share is successively expected to be reduced 

in parallel to the demand decrease, confirming its role as energy balancer. Waste energy represents a noticeable 

contribute during the period, especially from 2025; the trend is then slightly decreasing. A small usage of biomass 

is noticeable between 2025 and 2030, then it is significantly reduced until it disappears; this is in line with the trend 

of not incentivizing the use of biomass, a precious resource, for energy purposes. 

The majority of the new capacity forecasted for this scenario is installed during the central years of the period 

under assessment. It is mainly represented by onshore wind farms, followed by hydropower plants. The 

hydropower new capacity is mainly installed between 2037 and 2039, namely the peak years; during the remaining 

period, the new capacity mainly concerns the refurbishment of existing plants. A small capacity of waste to energy 

plants is assumed to be installed as well between 2025 and 2027 (Figure 34, Figure 39). In regards of the LCOE, 

similar considerations to the ones presented for automation scenario can be made. In fact, although the limitation 

due to resource availability were not reached, the electricity demand is higher than in the BAU scenario and 

consequently less competitive technologies need to be introduced in the mix, involving an average lower cost of 

electricity throughout the period if compared to automation scenario, but slightly higher than in BAU one (27.25 
$

𝑀𝑊ℎ
 ). 
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Collaborative 

The technology mix evolution in the collaborative scenario is represented in Figure 22. 

 

Figure 22 – Collaborative Technology Mix. 

In this scenario, the main source of electricity is hydropower, covering over 45% of the mix in 2050. Of this, the 

majority is related to small-medium scale plants. The annual generation from hydropower plants is constant 

throughout the period, as well as the installed capacity, that corresponds to the minimum imposed in the model. 

The fact that the capacity is exactly on the lower boundaries could be indicating that the technologies are installed 

according to the requirements, but that in a free market they would be present in a smaller share because of a lower 

competitiveness. A deeper insight in this regard is presented in chapter 6.1. The other important technology 

implemented in the scenario is onshore wind, covering a similar percentage of the mix. The share is lower than in 

the previously discussed scenarios, but it has to be taken into account that the demand is significantly reduced and 

the minimum capacity of hydropower covers a higher share of the demand. Finally, waste represents an important 

source, covering 10.7% of the mix in 2050. The evolution of the technology mix throughout the period from 2035 

on, when nuclear power is phased out, appears to be almost constant, as well as the capacity mix. 

As mentioned, the hydropower capacity is forecasted to remain constant throughout the years; consequently, the 

reported new capacity has to be completely interpreted as refurbished capacity. New onshore wind plants are 

instead expected to be installed from 2031, with a peak of installations in 2035 (more than 8 GW). Finally, the new 

waste power plants are set in 2030 and 2031, and successively remain constant (Figure 35, Figure 40). Collaborative 

scenario, contrarily to the previously discussed ones, is expected to undergo a reduction of the average LCOE, 

that is evaluated to be around 25.75 
$

𝑀𝑊ℎ
 . 

Local 

Finally, Figure 23 reports the technology mix expected in the local scenario. In this scenario, the electricity mix in 

2050 is dominated by hydropower, covering almost 85% of the demand (especially from small-medium scale 

plants). As it was observed in collaborative scenario, the hydropower installed capacity is almost always 

corresponding to the lower boundary introduced by the assumption at the basis of the model. Also in this case, 

from this it can be deduced that the limitation is extreme, and forces the technology mix to a different shape than 

the one that would be obtained in a free market. The discussion of this aspect is analysed in section 6.1. It is worth 

mentioning that, although the important share in the electric mix, the electricity from hydropower in absolute 

values is lower than the one supplied in all the other scenarios (with the exception of circular scenario, that during 

the last years undergoes a significant fall). The main difference can be encountered in the small electricity demand 

characterising local scenario, that falls by almost half. Being the minimum hydropower capacity fixed, only a small 

additional capacity needs to be installed in order to cover the missing generation. Consequently, the technology 

mix is dominated by this source. The remaining electricity is generated through waste technologies, which enter 
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the mix with a significant share after 2035. Although the percentage in the mix is the highest obtained, also in this 

case it is due to the low total demand; if compared with the other scenarios, the actual electricity supplied is the 

lowest. Contrarily to the trends observed in all the other scenarios, wind power does not present a predominant 

role in the technological mix. The generation from onshore wind remains approximately constant until 2035, when 

an important decrease occurs until the technology is completely phased out. 

 

Figure 23 – Local Technology Mix. 

Accordingly to the described trends, the capacity currently installed is expected to decrease significantly until 2040. 

Hydropower installations do not undergo a capacity reduction; some works are supposed to be effectuated only 

for the refurbishment of the existing plants. The sole technology for which new capacity is forecasted to be installed 

is waste to energy. Around 3 GW are assumed to be built in 2035, and to operate for the following decades (Figure 

36, Figure 41). As a consequence, the resulting average LCOE on the period is the lowest between the ones of the 

scenarios under analysis, amounting to 24.74 
$

𝑀𝑊ℎ
 . 

5.3 Model Limitations 
The discussion of the presented outcomes needs to be completed by referring to the limitations of the implemented 

model, and by taking into account the inaccuracies that they could introduce in the simulations [64]. 

Grid Stability 

The model operation is based on linear optimization of cost functions. Consequently, diverse aspects can be 

neglected during the simulations; an example is the satisfaction of the requirements for the grid stability. In fact, 

the results obtained forecast massive installations of onshore wind in the future. However, an excessive presence 

of this technology in the electricity mix can jeopardize the grid stability, as formerly mentioned. Further 

investments can thus be required, both in terms of technological research and of implemented methods to 

overcome the issues (as investments in the strengthening of the grid, the implementation of demand-side 

management projects, the installation of additional storage systems). On a national level, the mentioned 

investments can be important. Not including these considerations in the evaluation of the model can be misleading, 

and can favour the selection of some technologies (as onshore wind power) to an excessive extent. For this reason, 

an additional discussion regarding this aspect is presented in chapter 6.2. 

Transmission Costs 

OSEMBE  model does not include the transmission costs of electricity. Although transmission technologies are 

implemented in the framework, the costs were not evaluated yet. 

Biofuels Differentiation 

Another limitation that was encountered in the model structure lies in the definition of biofuels as fuel. In fact, a 

generic category of biofuels is implemented, and distinctions between the various available types are not present. 
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Consequently, average performances and costs were implemented in the model, and a higher level of inaccuracy 

was thus introduced. The differences can be significant, considering that the local production encompasses the 

most suitable biofuels according to each specific context. Consequently, the potentialities of biofuels were not fully 

valorized; this can be noticed by observing that in no one of the scenarios biofuels are employed throughout the 

analyzed period. 

CHP plants 

The scope of OSEMBE model, as well as the ones of the developed scenarios, is limited to the electricity supply 

system. Because of this, the potentiality of the CHP plants are not fully valorized. In fact, the advantage of these 

plants is in the double output obtainable from the input fuel; in the present models only the electrical efficiency is 

evaluated as output, while the second effect, namely the heat power, is not accounted. Moreover the total cost of 

the plants is allocated to the electrical capacity, omitting also in this case the heat generation. The CHP technologies 

are thus not properly described in the model, that does not take advantage of their potentiality. The outcomes of 

the simulations confirm this consideration: in all the scenarios, CHP plants are not operated during all the period. 

Moreover, as described in Annex V, the current share of electricity from CHP, that currently is around 10% (Figure 

28), is not forecasted in the simulation outcomes; this is due to the low competitiveness in the described conditions.  
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6.  Sensitivity Analysis 
It was considered that the model limitations identified in the previous section could jeopardize the reliability of the 

presented results. In order to assess the effects that some crucial factors could have on the final results three 

sensitivity analysis were performed, and are illustrated hereafter. 

6.1 Hydropower Capacity 
As extensively discussed, the model was implemented with a minimum capacity of hydropower equivalent to the 

current installed capacity. However, it was noticed that the installed capacity in all the scenarios is extremely close 

to the imposed limitations. For this reason the technology was assumed not to be the most competitive in the 

present context, and it was considered interesting to assess what would happen in a free market without the 

obligation of the minimum capacity. All the scenarios were run without the limitation and the results were 

compared to the ones previously obtained. 

Automation 

Between all the scenarios, this one appears to be less affected from the relaxation of this constraint. In fact, as 

noticeable in Figure 42, the shares of the main sources remain the same as in the basic case. As previously said, the 

maximum limits for wind and hydro power are achieved before 2050. Consequently, when the limitation on the 

installed capacity of hydro is removed the reaction cannot be the same as in the other scenarios, namely a consistent 

increase of wind power. In fact, the maximum activity for wind plants is touched in 2035 (2 years earlier than in 

the base case). The variation worth mentioning occurs within the share of electricity from hydropower: although 

the total share remains constant, a reallocation of the type of utilized plants happens. While in the base case the 

generation from large and small-medium installations was approximately balanced, in the new scenario 83.7% of 

electricity from hydropower comes from large plants (> 100 MW) in 2050, and only the remaining portion from 

smaller ones. This can be interpreted as follows. In the base scenario, a minimum capacity was fixed for each type 

of plant, imposing a minimum amount of electricity from all of them (around half from large plants and half from 

small-medium ones). When the constraint is removed, the total generation from hydropower remains constant, 

demonstrating to be still competitive in the specific context; nevertheless, a redistribution of the plants size occur. 

The predominant installations are represented by the most competitive ones, that in this case appear to be large 

scale plants (Figure 43, Figure 47, Figure 51). 

These considerations are supported by the resulting LCOE: the obtained value is lower than the one characterizing 

the basic scenario, assessing that the electricity supply system is slightly more favourable (Figure 55). Nevertheless, 

if compared with the other scenarios under assessment, where the share of hydropower in the technology mix 

undergoes a more significant reduction, the variation is the smallest one (-7.9%). 

Circular 

The total generation from hydropower is here significantly reduced, falling by almost half respect to the base 

scenario (from 31.6% to less than 16.9% in the mix) in 2050. Hydropower technologies appear not to be 

competitive in the context, and this is especially noticeable for small and medium plants, which operation in 2050 

plunged to 7.3%, with a fall of 63.4% of its share from the one in the base scenario. During all the period, almost 

no new hydropower capacity is installed. The contribute of waste power remains the same, while the generation 

from wind power in the new scenario increases significantly: a 24.3% growth of the wind share in 2050 is forecasted 

compared with the base scenario, raising from 60.6% to 75.3% (Figure 44, Figure 48, Figure 52). The obtained 

percentage is extreme, and is the highest touched by all the scenarios. Concerns for the grid stability and for the 

issue of demand and supply match should be taken into account. 

In general, the obtained new mix appears to be advantageous: the average LCOE undergoes a reduction of 16.9% 

from the basic scenario (Figure 55). 

Collaborative 

In this scenario, the share of hydropower in the 2050 mix has an important role because of the reduced electricity 

demand. When the constraint on the minimum capacity is relaxed, this situation is reversed; the generation from 
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large and small-medium falls to, respectively, 7.9% and 10.2% from 13.3% and 32.6% in 2050. As observed in the 

other scenarios, the highest reduction concerns plants below 100 MW. The total reduction of electricity from 

hydropower undergoes a reduction of 68.71%. The effect on the operation of waste plants is not significant, while 

a deeper focus is to be devoted to onshore wind. Also in this case, the decrease of hydropower is compensated by 

new onshore wind capacity. The share in the electricity mix touches a top of 71.2% in 2050, with an increase of 

+64.3% from the values in the base scenario (Figure 45, Figure 49, Figure 53). Even though with different 

magnitudes, more specifically with a more extreme trend, the same considerations regarding the technology 

competitiveness expressed for circular scenario can be applied. 

For what concerns the LCOE, as for the other analysed cases the new scenario appears to be more competitive 

thanks to the more free conditions of the market (Figure 55). An important reduction from the LCOE of the base 

scenario is observed (-33.6%). 

Local 

A peculiar situation characterizes the scenario. In fact, due to the significantly low electricity demand and the 

assumption on the minimum hydropower capacity, wind power is not present in the mix after 2039. As a 

consequence, the shape of the electricity system when the constraint is relaxed is forecasted to vary tremendously. 

First of all, it has to be mentioned that the generation from hydropower is significantly curtailed: in the base 

scenario it represented the predominant source, amounting to almost 85% of the total, while in the present scenario 

the share only achieves the 35.6%, meaning a 57.7% drop. As in the other scenarios, the most intense reduction 

occurs in the small scale plants. This trend is counterbalanced by the behaviour of wind power: this technology 

enters the market and achieves an important share of 44.1% (Figure 46, Figure 50, Figure 54). The impressive 

increase can be justified, as it was previously discussed, by considering it as a more competitive technology in the 

specific context; consequently, it dominates the technology mix in presence of a free market. In parallel, waste 

technologies as well experiment an increase of +27.23% if compared with the share of the base scenario. It can be 

thus evinced how the hydropower technologies are, in local scenario, even less favourable than in the other 

scenarios. As a consequence, as presented in Figure 55, in the new scenario the decrease of the average LCOE is 

the lowest, and gets to be less than half of the basic one (-52.37%). 

6.2 Onshore Wind Cost 
The outcomes of the sensitivity analysis on hydropower capacity are in line with the concern expressed during the 

discussion about the model limitations. In fact, if no constraints on the hydropower capacity are implemented, 

onshore wind becomes predominant in the electricity mix to an excessive extent. The huge improvements and cost 

reductions forecasted for the technology are not counterbalanced by the additional measures that are required in 

order to assure the stability of the system. These measures, including for example direct reinforcements of the grid, 

installation of storage systems, implementation of demand-side management and power-to-gas programs, could 

not be directly encompassed in the model structure; a thorough analysis would be required in order to add these 

aspects to the model in a detailed manner, but it was out of the scope of the thesis. Nevertheless, it was considered 

interesting to address the topic in a less rigorous manner, by analyzing how the generic trend would change if 

additional costs would be related to the installation of wind capacity. A sensitivity analysis was thus performed on 

the cost of the technology, by progressively increasing the capital and fixed cost of the onshore installations. the 

solution is not accurate; in fact, it is not immediate to determine the relationship between the investment and the 

related “side costs”. Moreover, the mentioned additional costs are likely to be undertaken by different actors than 

the investors in the wind technologies. Nonetheless, the sensitivity analysis was considered interesting since it 

helped investigating the behavior of the markets in presence of the complexity introduced, and to which extent 

the evaluation of these new costs would affect the shape of the technology mix. 

The sensitivity analysis was performed by modifying the annual rate of variation of the capital costs (and 

consequently the fixed costs) of onshore wind technologies. The study was performed by assuming annual cost 

increases of 0%, +0.7%, +0.9%, +1.1%. Initially, simulations where the cost decrease were assumed to be 

comprehended between -1.0% and -0.2% were run, but no significant outcomes were obtained. 
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Automation 

Between the basic case and the 0% scenario, where the cost of onshore wind technologies remains the same as 

currently, no significative differences in the electricity mix are noticeable. For increasing costs of the technology, 

instead, various trends should be highlighted. First of all, the role of offshore wind in the mix appears to be 

significantly decreasing: the reductions are accentuated, and in the most extreme scenario its share passes from the 

initial 51.9% to a low of 7.5% in 2050, with a reduction of over 85%. The first source that is forecasted to enter 

the mix to replace wind is biomass: its share increases until it reaches a constant share around 16.5% in the 1.1% 

scenario. While the costs for onshore wind grow, biomass technologies are assumed to enter the mix earlier and 

earlier (in 2032 in 1.1% scenario). It was noticed that, for onshore costs higher than the current ones, a limited 

amount of offshore is in the mix. It occurs only during the last years of the period, from 2047 on, and the percental 

in 2050 achieves a peak of 7% in the most extreme scenario. However, contrarily to what occurred in the base 

case, in scenarios characterized by cost increases from 0.7% on the wind resource limitation is not achieved. 

The most interesting remark is in regards of nuclear power. The simulations show that, for onshore wind costs 

variation rates equals of higher than 0.9% the nuclear technology becomes competitive. New generation reactors 

are installed, and in the last scenario the phasing out in 2035 does not occur. The share covered by this technology 

is important, touching a value of 31.9% that remains approximately constant during the last years of the period.  

It is important to highlight that hydropower maximum limit is reached in all the scenarios (earlier if the cost of 

wind is higher: it is substituted before in the period). Finally, hydropower acts as a baseload in all the scenarios, 

and the generation is the maximum allowed by the resource availability in all the scenarios. Because of the identified 

trends, it is plausible to assume that, after 2050, a more important role would be played by offshore wind and 

partially by additional increases of nuclear would occur. In fact, the installed capacity of the other sources appears 

to stabilize around constant values during the last part of the period for high cost increases (Figure 56, Figure 57, 

Figure 64, Figure 68). 

In regards of LCOE, it was already noticed in the base cases that automation scenario presents the highest cost of 

electricity. The same can be observed throughout all the present sensitivity analysis. An increasing average value is 

expected for small increases of the cost of wind; this is due to the fact that the electricity mix is similar to the one 

in the base scenario, with an important presence of wind technologies, but the related costs are higher. On the 

other side, the trend is reversed from the 0.7% scenario on. LCOE is in fact assumed to decrease in parallel to the 

shift from onshore wind to other technologies, that appear to be more competitive in the contexts. Nevertheless, 

the LCOE characterizing the 1.1% scenario is higher than the base case (Figure 72). 

Circular 

Circular scenario appears to be the most sensitive to the variations of wind power cost. It is the only case where 

the reduction of electricity generation from onshore wind would decrease even if the technology cost remained 

the current one. In the mentioned case the reduction of the share is small, about -3.5% in the 2050 mix; for higher 

cost increases the same value would significantly fall to a low of 16.4%, meaning a 73% of total reduction from 

the share in the base scenario. 

The first source that is expected to substitute onshore wind is represented by biomass: an important raise in its 

employment is noticed during the second half of the period, especially around 2040, when the electricity demand 

is higher. It is expected to get a similar trend for the last two scenarios. In 2050, the related share is around 18% 

in both the scenarios; the installed capacity of this technology is assumed to remain constant throughout the last 

10/13 years of the analyzed period. A slightly larger employment of hydropower technologies is observed as well, 

especially from small and medium scale plants. The hydropower generation upper boundary is touched in the 1.1% 

scenario, but only between 2032 and 2041, during the high peak of the demand. Successively, the lower electricity 

demand and the more important presence of biomass in the mix allows for a smaller decline of hydropower 

operation. The installed capacity, as well, is expected to decrease. 

As was noticed for automation case, also here nuclear power returns to be part of the electricity mix, although with 

a lower presence than in the automation case. This is only noticeable for the 0.9% scenario (with an almost 

negligible presence of 1%) and more massively in 1.1% scenario, where 10.4% of electricity comes from nuclear 
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power. For cost increases higher than the evaluated yearly 1.1%, it can be assumed that further reduction of the 

wind generation would be substituted through nuclear plants (Figure 58, Figure 59, Figure 65, Figure 69). 

The same trend described for automation scenario describes the variation of LCOE in the four cases. The absolute 

values are, however, lower than the ones obtained for automation, as was observed also for the base scenarios 

(Figure 72). 

Collaborative 

As was observed for automation scenario, the case with 0% variation from the current wind costs appears not to 

be different from the base scenario. For higher cost increases, significant reduction of generation from wind plants 

is assumed: for rates from 0.9% on, the technologies are completely phased out in 2040. Initially, the first decrease 

of electricity from wind is compensated by a more important role of hydropower (especially large scale plants, that 

appear to be more competitive in this context as well). The hydropower resource potential is touched during a few 

years between 2035/2033 and 2040 in the last three scenarios. Successively, the phase out of wind power is 

balanced by a huge employment of biomass as fuel. The share covered, approximatively constant from 2040 in the 

last two scenarios, amounts to over 27%. Between 0.9% and 1.1% scenarios no differences are encountered: in 

fact, wind power is not present in the mix, that consequently cannot undergo the effects of the wind cost variations 

(Figure 60, Figure 61, Figure 66, Figure 70). 

The LCOE experiments the same trend described for the former two scenarios. It significantly increases in parallel 

to the onshore plants cost growth, until the rate of 0.7%. Successively wind power is phased out from the mix, 

and more competitive technologies replace it. Consequently, the average cost of electricity can get to lower values 

(Figure 72). 

Local 

In this scenario, as formerly noticed during the analysis of the results in section 5.2, onshore wind is not present 

in the mix after 2039. Consequently, the sensitivity analysis originated negligible effects on the electricity generation 

throughout the period and on the installed capacity (Figure 62, Figure 63, Figure 67, Figure 71). The LCOE was, 

instead, slightly affected. In fact, since the technology mix remained constant, during the first years the expenses 

related to the present onshore plants appear to be augmenting with the growing technology cost. As a result, the 

average cost of electricity throughout the period follows an increasing trend in the four developed scenarios (Figure 

72). 

6.3 Results and Limitations 
The results obtained through the sensitivity analysis confirm the concerns formerly expressed. In fact, the 

relaxation of the constraint on the hydropower capacity showed how, in a free market, the technology would be 

less competitive than others, namely onshore wind power plants. As a consequence, the latter technology is likely 

to assume a predominant role in the electricity mix in 2050 in all the scenarios. Nevertheless, the issues introduced 

to the grid because of the massive presence of onshore wind are not encompassed by the model. When these are 

taken into account by associating a higher cost to the technology, the onshore wind share in the electricity mix was 

significantly downsized. It was thus evicted that a broader perspective is required in order to evaluate the future 

shape of the electricity sector. In fact, for important cost increases of onshore wind technologies, it appeared to 

be substituted by hydropower and biomass based plants. Additionally, in scenarios characterized by a significant 

demand (automation and circular scenarios), nuclear power reappears in the mix. 

Limitations of the implemented models were previously identified and discussed, and the sensitivity analysis were 

performed in order to deepen the issues in regards of some of them. Moreover, according to the considerations 

expressed in section 5.3, it appeared clear that the model does not valorize the potentiality of CHP plants and of 

biofuels. The obtained outcomes, in fact, do not contemplate their presence in the electricity mix. Nevertheless, it 

is plausible that they will be employed in the future, although to a small extent. This has to be taken into account 

while evaluating the presented results of the simulations. An additional important limitation is to be discussed 

regarding the hydropower potential in Sweden. 
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Hydropower Potential 

Another aspect to be highlighted concerns hydropower. All the performed simulations, especially the related 

sensitivity analysis, point out that large scale plants are more competitive than small and medium scale ones; when 

possible, these are thus favored respect to the smaller plants. Also in this case a limitation of the model was 

identified. A constraint is set for the maximum amount of electricity generable from hydropower plants; 

nevertheless, the implemented value is common for all the types of considered technologies. It was noticed how 

the type of plant and especially the plant size affect its economical profitability. In the same way, these factors have 

huge effects on the environmental impact and on the potential capacity that can still be added. In primis, the 

identified potential for new installation is likely to be mainly addressing small installations. In fact, as discussed in 

Annex IV – Technology Market, the potential for large scale plants is highly exploited, and the highest 

opportunities are identified for smaller plants. 

Various regulations are present in regards of hydropower installations, both at European and national level. The 

majority of the currently active concessions (about 90%) were granted various decades ago, when the aim of the 

government was to promote the installation of new hydropower capacity, and the conditions defined at the time 

of the permits issuance are still in force. Nowadays, these conditions are in contrast with European regulations on 

the ecological sustainability, for the safeguard of aquatic environments and biodiversity. Examples of lacking 

aspects are the requirement of fauna passages and the minimum river flow rates to be assured. Sweden was 

repeatedly criticized by the European Commission for not fulfilling the requirements imposed by the Water 

Framework Directive, and for not devoting efforts for the achievement of the defined “Good Ecological Status” 

[65]. Consequently, the Swedish government is likely to act in this direction during the next decades, and to impose 

new requisites to be fulfilled by the plants. The implementation of more strict regulations could be translated into 

a reduction of the operating plants. 

The total hydropower generation undergoes important annual variations (up to ± 20%) depending on the 

meteorological conditions and the precipitation levels. An additional factor that could represent a deviation from 

the modelled characteristics is represented by the effects of climate change on the water availability. A higher 

hydropower potential is forecasted for the next decades because of the increased precipitations occurring during 

winter, spring and autumn [66], [67], [68], [69], [70], [71]. 

International Exchanges 

Another aspect that is not evaluated in the model is the international electricity trade. Specifically, Sweden is a net 

exporter of electricity (Table 40). The exchanges in both directions occur with six of the neighboring countries 

(Finland, Norway, Denmark, Poland, Lithuania and Germany), as illustrated in Table 38 and Table 39. This aspect 

is not negligible; in 2017, there was a net electricity export of 19.36 TWh, corresponding to a significant share of 

the total electricity used in Sweden [43]. A deeper insight should thus be devoted to this aspect. The scope of the 

thesis, however, did not cover this evaluation. Although OSeMOSYS tool allows for the evaluation of the electricity 

trade between countries, and the OSEMBE model presented data in this regard, it was not possible to implement 

the functionality while running the model of a single country. Consequently, the related share was not included in 

the evaluation. This introduces an approximation that can influence the final outcomes of the model.  
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7.  Conclusions 
The first outcome of the present thesis can be identified in the reformulation of the narratives of the four scenarios 

under assessment with an energy system analysis perspective. In particular, a deeper focus was devoted to the 

international coordination and to the political framework, as well as to the technological level of society. Detailed 

descriptions were developed for each scenario, and the defined narratives appear to be extremely differentiated. In 

order to complete the analysis, a thorough literature review of the energy policies implemented at national and 

European level was performed, and the integration of the gathered information in the scenario narratives allowed 

for the evaluation of the future policy framework in the scenarios. It has to be highlighted that, although the 

dissimilar narratives characterizing the four scenarios, the resulting energy policies only differ in minor aspects. 

Detailed models evaluating the energy demand of each subsector were structured for the evaluated scenarios. The 

resulting demand appears to be highly different in the four cases: this is noticeable either in terms of magnitude, 

form of required energy and allocation of the demand among the identified subsectors. 

Finally, the models of the electricity supply system were defined by means of OSeMOSYS tool. Also in this case, 

highly differentiated results were obtained from the simulations. It is however possible to identify some common 

aspects. First of all, in all the scenarios fossil fuels are not contemplated in the mix. This is an important aspect to 

be assessed, since it was one of the prerequisites at the base of the whole beyond GDP programme, and was set 

as part of the climate target. Moreover, the three main technologies implemented in the scenarios are onshore 

wind, hydropower and waste to energy. In parallel, a phase out of nuclear power is noticeable; this is not due to an 

external forcing, but to the results of the demand-supply mechanisms in the defined contexts. 

The most competitive technology appears to be onshore wind, that is extraordinarily predominant in all the 

scenarios. The only exception was observed for local scenario, where onshore wind remains in the mix only if a 

minimum for hydropower capacity is not imposed. However, the reason is in the fact that the scenario is 

characterized by an extremely small demand. The following most important technology is hydropower; it results 

to be less favorable in comparison, but it represents a significant share in the mix in all the models, also when 

constraints on its implementation are not included. An important aspect to be remarked is that, in a free market, 

large scale hydropower plants (> 100 MW) demonstrate to be more convenient respect to smaller ones. 

Then, the impact of associating higher costs to onshore wind due to the inclusion of grid externalities in the 

evaluation was assessed. In this case, in all scenarios but local one biomass becomes competitive in the market, 

and is employed as source for electricity generation. Moreover, in this case, if a huge electricity demand 

characterizes the scenario nuclear power returns to play an important role in the mix. This is observed to a high 

extent in automation scenario, and with a lower magnitude in circular one. 

The described trends are based on the quantitative models that were built. Nevertheless, various limitations of the 

model structure were identified, that affect the outcomes of the simulations. Consequently, these tendencies can 

be considered reliable, but only for qualitative evaluations. In fact, the general trends identified for the main 

technologies encompassed and described in the present report are expected to reflect the actual theoretical  

behavior of the electricity system in the four scenarios. However, the extent of the evolutions would be likely to 

occur to slightly different extents, because it would be affected by additional factors that were not implemented in 

the model. Onshore wind, in primis, was excessively favored in all the simulations. The same, although in a lower 

measure, is for large scale hydropower; its expansion, even if occurring within the general availability of 

hydrological resources, is allowed in an uncontrolled way. Moreover, in the obtained electricity mixes biofuels are 

not included between the employed fuels and CHP plants are not implemented; this does not reflect the actual 

trends that are expected to happen in all the scenarios. The imprecisions are mainly due to the fact that the model 

could not valorize them properly.
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8.  Future Work 
The restricted scope of the thesis, together with some identified limitations of the implemented model, leave room 

for future improvements to the project. 

Onshore Wind and Hydropower Potential 

In primis, as exhaustively discussed, a deeper focus needs to be devoted to the effective integration of onshore 

wind technologies and on their effects on the grid stability. Consequently, the grid issues deriving from a high wind 

penetration in the mix and the resulting additional costs required to overcome them would need to be integrated 

in the model in order to achieve more reliable results. 

A more detailed analysis has to be performed in regards of hydropower potentials as well. In fact, as formerly 

described, the potential for new installations is implemented in the model through a unique limitation, common 

to all the types of plants. However, the identified opportunities for new installations are mainly restricted to small 

and medium scale plants for space reasons. Moreover, the existing regulations on hydropower are not taken into 

account, but their responsibility in regards of a further future reduction of the potential can be relevant. On the 

contrary, the effects of climate change on the water availability could increase the potential electricity yield from 

hydropower. All these aspects should be carefully evaluated and encompassed by the models. 

Biofuels and CHP 

Another aspect to be specified regards the differentiation of biofuels and the valorization of CHP plants. As 

formerly discussed, the model implemented could not fully appreciate them, and consequently the source and the 

technology were not selected during the simulations to be part of the resulting mix. In order to obtain more reliable 

results, these aspects should be properly modelled. 

Transmission Costs 

The structure of OSEMBE model envisages the possibility to include the “transmission and distribution” item 

under the “technology” category. This allows for the definition of the related efficiencies and costs. Nevertheless, 

neither OSEMBE nor the present models accounted the related costs. The efficiencies were instead evaluated, but 

through different parameters. A future enhancement of the model would include the mentioned costs, in order to 

present a more complete picture of the actors involved in the electricity system. 

Electricity Trade 

It was previously mentioned how the international electricity exchanges were not evaluated. Because of this, the 

accounted electricity demand did not include the share of net export characterizing the Swedish system. Moreover, 

the electricity systems of the countries from where electricity is imported should be modelled as well, in order to 

assess their sustainability; political decisions can be in fact expected to be taken in the four scenarios according to 

the outcomes of these evaluations (for example, this can be important in regards of Poland). 

Heating System Modelling 

In order to complete the present work, the modelling of the heating supply system should be performed. The 

integration of the two models would allow to remove some rough assumptions that had to be introduced at the 

base of the electricity model; for example, the share of electricity employed for heating could be included in the 

electricity demand in presence of a specific modelling of electric heaters and heat pumps in the four scenarios. 

Sustainability Assessment: Land Use 

Finally, the sustainability assessment should be performed not only in terms of 𝐶𝑂2 equivalent emissions, but of 

land use related to the energy system as well. In fact, the goal of the beyond GDP growth programme was to 

evaluate the interaction between different aspects of sustainability, and to do it through a multi-target study. The 

relationship between the two environmental targets should be thus studied, and the impact that the resulting energy 

systems have on both of them assessed, allowing for the identification of potentialities and limitations of each 

configuration.
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ANNEXES 

I. Scenarios Narratives 
Table 5 – Scenarios Narratives. 

  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

INTERNATIONAL 
INSTITUTIONAL 
FRAMEWORK 

High level of coordination between 
countries; EU has a central role in 
supervising and guiding the efforts to 
achieve the common agreements. 
Inequalities between countries 
decrease. 

Global institutions (as EU) coordinate 
the common efforts towards 
sustainable goals. All the countries are, 
more or less, moving towards the same 
direction; however, challenges as 
climate change are still open, the 
moves are slow. 

Partnerships between local, national and 
international actors. EU has the role of 
guarantor, gives general guidelines and 
makes sure every country fulfills them, 
but cannot influence the local policy too 
much. Global focus on sustainability, 
planetary boundaries respect, well-being 
instead of economic growth. Inequalities 
between countries decrease; some 
countries (as Sweden) guide the 
transition.  

Only a few global institutions are 
present, but weak and with low 
cooperation abilities. They are not 
able to manage the environmental 
issues with a common view and 
agreements. Important inequalities 
and development differences are 
present within the countries. (Sweden 
is still one of the most innovative 
countries). 

INTERNATIONAL 
EXCHANGES 

Common markets are present, with 
huge amounts of imports/exports. 
Shared knowledge, implying that 
technological advancements are 
shared - no matter where they occur. 

Common markets are present, although 
the physical exchange of goods is 
limited (the circular economy direction 
limits in fact the circulation of raw 
materials/semi-finished products). On 
the other side, knowledge and 
technologies are shared and open. 

International trade of goods is present 
(also for small actors), and e-commerce 
becomes important. Knowledge is open, 
shared at a global level. High level of 
innovation, digitally accessible 
everywhere by everyone. 

The markets are mainly local or 
regional, the exchange of goods 
between countries is limited. 
Knowledge as well is not completely 
shared, and information is shared 
between local communities. (Sweden 
is one of the most forward). 
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  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

STATE ROLE 

The central state coordinates and 
administrates to make the distribution 
of technological 
innovation/opportunities even 
between the regions. Real power is in 
the regional governance (e.g. 
regulation of the levels of production 
in order to achieve environmental and 
social targets). Researchers, 
technology developers and industry 
have a crucial role. (Global level: 
decisional power. National level: 
coordination power. Regional level: 
executive power). 

The central state has a strong role, and 
promotes the global targets through 
incentives and policies (Social 
democratic angle). Big companies and 
industry (in particular from the circular 
industry and the ones owning the 
resources) have a strong influence. 
(Global level: decisional power. 
National level: coordinative and 
executive power). 

The State controls the legal and fiscal 
system, and makes sure the global 
guidelines are respected, but it has no 
other power. Local communities, 
cooperatives, collectives (civil society) 
are self-administrated, have the biggest 
role in managing and designing 
institutions (decisional/executional role). 
This is to be made according to the 
international directives. 

Central state: lower power than today; 
it gives some directives for the welfare 
state, legal system, safeguard of 
human rights. The decisions and the 
management are mainly operated at 
municipal/local level, and the 
communities are directly involved. 
People with access to (local) resources 
have the strongest influence on the 
political/social activity. The 
communities themselves are very 
active in politics. The type of 
governance can be very different. 

POLICY 

Ambitious regulations are 
implemented in order to reach the 
goals (as a high carbon tax and an 
increased energy tax on fossil fuels 
use). Technological research is 
subsidized, the application of new 
technologies is incentivized in all the 
regions, and measures to allow for 
equal opportunities and social justice 
are promoted through the policy. 

Policies are strongly used to reach the 
goals, and to settle the circular 
framework in the industry. 
Redistribution policy: aims to the 
equalization of income differences, and 
to create an efficient and accessible 
welfare state. There is not a strong 
public focus on education and R&D: 
public funds all go to the welfare state. 

National policies promote far-reaching 
goals, assure transparency and dialogue 
between the communities, and sharing 
of knowledge. Private subventions to 
research itself, as well as on the open 
access of the knowledge coming from 
the communities. Reduction of 
discrimination, promotion of egalitarian 
access to resources and opportunities. 

Policies are really situation-dependent. 
National policies define some social 
and environmental goals to be 
respected, but the specific ones and 
the regulations are determined locally. 
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  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

TAXATION 

Progressive taxation on incomes from 
capital (not on work, that is very low). 
The revenues from taxes subsidize the 
re-distribution and equal access to 
resources, and the creation of equal 
technological opportunities 
(incentivized through policies). 

Progressive taxation of incomes. The 
revenues are used to sustain the welfare 
state: basic services, pension system, 
basic education, culture. R&D is not 
publicly funded, cause the funds 
cannot support it. Big companies have 
a huge power in the social/political 
context, so they are responsible of 
supporting R&D. Only in some sectors 
though, as recycling and circular one. 

Taxes on both use of resources and 
production. The revenues are used to 
cover basic needs as medical care, 
education, judicial system (but these 
services are supported by the citizens' 
activities), and on a smaller extent R&D 
(community based projects, but direct 
communication and national-
international coordination-sharing). 

The taxation model depends on the 
local governance. However, since the 
working hours are lower, the revenues 
are usually low and not enough to 
cover the expenses of welfare state. 
Not a lot of public subventions. 

TECHNOLOGY 

Important advancements in 
technology (both in Sweden and in 
other countries). Automation and 
robotization of production, 
productivity gains. Digitalization of 
every sector. Higher performances 
and efficiencies, optimization of 
design, smart systems and automated 
control systems. There are disparities 
between regions, but the government 
addresses them to reduce them. 

Advancements in technologies are 
achieved for what concerns the 
recycling, renovation and circular 
schemes. Better use of resources and 
waste, new technologies with higher 
efficiencies are present in these fields. 

High levels of innovation, spread thanks 
to the shared knowledge. The lower 
mass production can cause a loss of 
efficiency in production. Smart control 
systems imply higher resource-use 
efficiency and lower energy/material 
waste. ICT undergoes a tremendous 
improvement. 

The complexity of technology is lower 
than currently; lower industrialization, 
more manual activities and 
employment. 

PRODUCTION 
AND 
CONSUMPTION 

Production is  highly specialized, and 
it is enough to maintain a high quality 
of life; it is regulated by the regional 
governances in order to reach the 
targets, but in general it is more or less 
as today. Consumptions are slightly 
reduced, since there is a lower 
attachment to material goods. 

The consumptions are lower, since the 
focus is more on the access to services 
than on material goods. Production is 
focused on recycling and service 
provision (welfare). Mainly large-scale 
systems. 

Significant reduction of consumptions 
thanks to the sharing philosophy (from 
private ownership to access to resources 
and services). Production is managed by 
cooperatives and collectives, where 
work and resources are shared and the 
products are exchanged within and 
between communities. 

Downscaling attitude, voluntary 
simplicity: the consumptions are low, 
adjusted to the ability of the local 
ecosystems to absorb them. 
Production and consumptions depend 
on the context, on the available 
resources and abilities; there are thus 
differences between villages. Small 
scale systems. 
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  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

ENERGY SECTOR 

Good and easy access to energy. 
District heating systems are well 
developed in the medium-large sized 
cities (where most of the population 
lives). Society undergoes a 
tremendous electrification (transport, 
heating systems, industrial processes). 
Energy efficiency measures, together 
with smart consumer’s choices, 
counterbalance the increase of the 
energy demand. 

Innovative technologies (as biofuels 
from algae) are developed. District 
heating is well developed in the urban 
centers. 

Usually supplied at a local/regional 
level, the mix depends on the 
geographical location and on the access 
to resources. Biomass/biofuels are 
present. District heating is not as 
developed as in other scenarios, but still 
present in a good share. Heat pumps: 
groups of citizens (e.g. living in the same 
building) invest in the small-scale 
technology. 

Small scale plants for both electricity 
and heat supply. District heating is not 
highly used, present only in the larger 
centers, where the infrastructure is 
already there. High share of locally 
produced biofuels. 

VALUES 

High quality of life is the target to be 
achieved; the gains in productivity 
allow for a reduction of the working 
hours. The respect of planetary 
boundaries is primary in the public 
opinion. 

The status position is marked by the 
culture and education level more than 
wealth. Individualistic attitude. 

Justice, friendship and sense of 
belonging to the network. Mutual help. 
Access to resources instead than 
ownership. 

Self-sufficiency, resilience, voluntary 
simplicity, respect of the natural 
resources. 

TRANSPORT 

People travel considerably, since a lot 
of free time is available. Public 
transport increases. High share of 
electric vehicles. 

The use of public transport increases. 
Vehicles are mainly efficient hybrid 
vehicles, both running on electricity 
and biofuels. 

Vehicles are expensive, thus mainly 
shared/rented. Public transport is 
present when possible (bigger centers). 

People are quite stationary, and mainly 
travel by bike, motorbike or on foot. 
Low electrification of vehicles. Public 
transport is reduced, and is present 
only in the bigger towns (where the 
infrastructures are already present). 
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  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

ROLE OF 
KNOWLEDGE 

Knowledge is shared within and 
between countries. Policies support 
R&D, that is seen as a priority. 

Shared knowledge between countries. 
Education and research are deeply 
valued; culture becomes the symbol of 
a high social position. 

Crucial role: knowledge is open, shared, 
and is at the basis of the societal 
development. 

Information are directly shared within 
the local communities. Mainly related 
to know-how, local political issues and 
organization. Not significant 
exchanges of information between 
countries and far regions. 

LIVING CENTERS 
Population mostly live in medium-
sized cities and major urban centers. 

Heavily urbanized centers, most of the 
population lives in large cities. 

Mid-size clusters, scattered across the 
country. 

Mainly small towns and rural villages. 
Close to rural areas, since the access 
to the resources is crucial (for food 
production, for example). 

OCCUPATIONS 

Mainly related to the creative 
processes, social contacts and 
advanced tasks. Unpaid activities are 
performed out of the working time. 

Mainly in the recycling/recirculating 
fields, and in the service provision 
(welfare state). Craft professions are 
valued (repairing, updating existing 
goods/infrastructures). High 
knowledge levels required. 

A lot of unpaid work within the network 
is performed, as an integration to 
welfare. Mix of production, 
management, services, and governance. 

Craft jobs, production of tools, 
renovation, building conservation, 
agriculture. Manual jobs, not 
automated. 
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  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

INCOME LEVEL 

Incomes are lower than today since 
the work paid hours are reduced. 
However, people engage in unpaid 
activities, can use time banks, and 
basic services are provided from the 
welfare state. The prices of goods are 
reduced as well, since the production 
is automated. 

Incomes are on average relatively high, 
comparable with today’s levels. 
However, depending on the level of 
education and on the job, strong 
income differences are present. 

On average, incomes are a bit lower 
than today since a large portion of work 
is unpaid. However, more services are 
provided for free. Low differences of 
incomes between members of the 
community. 

The incomes are usually lower than 
today, but in line with the voluntary 
simplicity. They can be very different 
according to the availability of natural 
resources (regionally), the political 
organization (inter villages), the skills 
of people (intra village). 

SOCIAL 
DISPARITIES 

Disparities are present between 
regions because of the different access 
to resources and technology; however, 
the government uses policies to 
reduce these differences by 
distributing knowledge and 
opportunities, welfare, the ownership 
of productive capital etc. The social 
justice is one of the priorities. 

Income and cultural differences lead to 
the stratification of the society, 
meaning a low cohesion within the 
communities. The developed welfare 
state aims to reduce these differences, 
but they are still present. 

Inequalities significantly decrease. The 
local governance aims to reduce the 
differences and to provide opportunities 
to all the members. This is enabled 
through the collective activities and the 
strong community spirit, enhanced by 
the sharing system. 

Significant inequalities can be present 
(between countries, regions, villages, 
citizens). Some communities are likely 
to aim to limit the differences (more 
egalitarian frameworks), while other to 
go in the opposite direction. 

GOVERNANCE 

Digital direct democracy; citizens are 
able to participate through smart 
digital tools and to be always 
informed. 

Representative democracy. 

Citizens are directly engaged in the 
politic activity, decision making, 
administration… Power is spread 
between many actors and everybody can 
participate, bottom-up initiatives are 
frequent, transparency. The specific 
models of governance depend on the 
community and are defined by the 
citizens. 

Diverse type of governance can be 
present (hierarchical, egalitarian, joint 
administrations…). Usually at a local 
level there is a direct participation of 
all the citizens in the political activity 
and in the decisional process. 
Transparency in processes is crucial. 
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  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

WELFARE STATE 

It is strongly pursued, and managed 
on a regional level. The offered 
services are different in each region, 
since different are the necessities. The 
aim is to provide every area with the 
same level of opportunities; for this 
reason, a national coordination is 
necessary. Partly subsidized through 
tax revenues (but on a small amount), 
and partly through the voluntary work 
of citizens. 

Comprehensive and well developed 
welfare system, accessible by all the 
citizens and financed by the state (both 
from taxes and state owned 
companies). Economic activity and 
political decisions are mainly focused 
on it. 

Strong and wide net of services (basic 
services, elderly and child care, 
education, cooking, babysitting, 
leisure…). All the citizens have access to 
the basic services. They are financed 
through taxes revenues but also through 
the voluntary work of all the 
community. 

The size of welfare state depends on 
the context. Usually, the revenues 
from taxes are not enough to finance 
all the services; people are directly and 
voluntarily engaged to activities (as 
elderly and children care, education, 
maintenance of the commons…). 

TIME USE 

A lot of free time is available; there is 
a high demand for leisure activities. 
For this reason, people engage more 
in unpaid activities (as 
children/elderly care, or other welfare 
services). Time banks are nationally 
accepted and locally managed, 
allowing for a high flexibility of the 
working load throughout the life. 

Pretty similar to the current situation. 
Around 40 working hours per week. 
Free time dedicated to leisure activities, 
in particular to cultural ones. 

The weekly working hours are less than 
currently. Free time is used for the 
community needs (welfare, politics, 
common activities, leisure…). Time 
banks are present and used to distribute 
the workload throughout the years, 
depending on the needs (e.g. working 
less when children are young). 

The available free time is low. The 
engagement in activities for food 
security, resource access and common 
services takes the majority of people's 
free time. Not a lot of leisure activities 
are performed. 
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II. Policy Framework 
 

Energy Tax 
Table 6 – Energy Tax evolution. 

 AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

RESIDENTIAL 
AND SERVICES 

        

Coal and coke 
In 2020 and 2030 +50%, 

in 2040 +25%, then 
constant 

In 2020 and 2030 +50%, 
in 2040 +25%, then 

constant 

In 2020 and 2030 +50%, 
in 2040 +25%, then 

constant 

In 2020 and 2030 +50%, 
in 2040 +25%, then 

constant 

Oil products +15% +15% +15% +15% 

Natural gas +10% +5% in 2020, then +10% +10% +5% in 2020, then +10% 

Electricity 0% 0% 0% 0% 

INDUSTRY (rebated)        

Coal and coke NO REBATE NO REBATE NO REBATE NO REBATE 

Oil products 
+15% in 2020, NO 
REBATE from 2030 

+15% in 2020, NO 
REBATE from 2030 

+15% in 2020, NO 
REBATE from 2030 

+15% in 2020, NO 
REBATE from 2030 

Natural gas +10% +5% in 2020, then +10% +10% 
+5% in 2020 and 2030, 

then +10% 

Electricity (no auto-
production) 

+5% in 2020 and 2030, 
then constant 

+5% in 2020, +10% in 
2030, then constant 

+5% in 2020 and 2030, 
then constant 

+5% in 2020, +10% in 
2030, then constant 

TRANSPORT     

Petrol (unleaded, class 1) +15% 
+10% in 2020, then 

+15% 
+15% +10% 

Diesel +15% 
+10% in 2020, then 

+15% 
+15% +10% 

Kerosene (class 1) +15% 
+10% in 2020 and 2030, 

then +15% 
+15% +10% 

Natural gas NEW TAX NEW TAX NEW TAX NEW TAX 

Electricity 
-5% in 2020 and 2030, 

then constant 
-5% in 2020 and 2030, 

then constant 
-5% in 2020 and 2030, 

then constant 
Constant 

TAX EXEMPTIONS         

Biofuels TOTAL EXEMPTION TOTAL EXEMPTION TOTAL EXEMPTION TOTAL EXEMPTION 

Biomass 
TOTAL EXEMPTION 

(0% for virgin wood) 
TOTAL EXEMPTION 

(20% for virgin wood) 
TOTAL EXEMPTION 

(20% for virgin wood) 
TOTAL EXEMPTION 

(20% for virgin wood) 

CHP natural gas 25% 50% 25% 50% 

CHP other fossil fuels NO EXEMPTION NO EXEMPTION NO EXEMPTION NO EXEMPTION 
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Table 7 – Energy Tax in 2050. 

 CURRENT AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

RESIDENTIAL AND 
SERVICES 

          

Coal and coke SEK/GJ 24.3 68.34 68.34 68.34 68.34 

Oil products SEK/kg 0.9145 1.60 1.60 1.60 1.60 

Natural gas SEK/GJ 24 35.14 33.54 35.14 33.54 

Electricity SEK/GJ 1191.6 1191.60 1191.60 1191.60 1191.60 

INDUSTRY (rebates)           

Coal and coke SEK/GJ 7.3 68.34 68.34 68.34 68.34 

Oil products SEK/kg 0.2742 1.60 1.60 1.60 1.60 

Natural gas SEK/GJ 7.2 10.54 10.06 10.54 9.60 

Electricity (no 
auto-production) 

SEK/GJ 18.00 19.85 20.79 19.85 20.79 

Petrol (unleaded, 
class 1) 

SEK/L 3.87 6.77 6.47 6.77 5.67 

Diesel SEK/L 2.341 4.09 3.92 4.09 3.43 

Kerosene (class 1) SEK/L 2.341 4.09 3.75 4.09 3.43 

Natural gas SEK/GJ 0 50.00 45.00 50.00 40.00 

Electricity SEK/GJ 1191.6 1075.42 1075.42 1075.42 1191.60 

TAX EXEMPTIONS       

Biofuels Exemption % 100% 100% 100% 100% 100% 

Biomass Exemption % 100% 100% 100% 100% 100% 

CHP Natural gas Exemption % 70% 25% 50% 25% 50% 

CHP other fossil 
fuels 

Exemption % 70% 0.00% 0.00% 0.00% 0.00% 

 

Carbon Tax 
Table 8 – Carbon Tax evolution. 

 AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

CARBON TAX         

All the fuels +10% +10% +10% +5% 

TAX EXEMPTIONS      

Biofuels TOTAL EXEMPTION TOTAL EXEMPTION TOTAL EXEMPTION TOTAL EXEMPTION 

Biomass TOTAL EXEMPTION TOTAL EXEMPTION TOTAL EXEMPTION TOTAL EXEMPTION 

CHP 40% 60% 40% 60% 
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Table 9 – Carbon Tax in 2050. 

CARBON TAX  CURRENT AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

INDUSTRY, RESIDENTIAL 
AND SERVICES 

      

Coal and coke SEK/GJ 105.3 154.17 154.17 154.17 127.99 

HFO SEK/kg 3.465 5.07 5.07 5.07 4.21 

Natural gas SEK/GJ 61.6 90.19 90.19 90.19 74.88 

TRANSPORT       

Petrol (unleaded, 
class 1) 

SEK/L 2.57 3.76 3.76 3.76 3.12 

Diesel, Kerosene 
(class 1) 

SEK/L 2.191 3.21 3.21 3.21 2.66 

NG SEK/GJ 61.6 90.19 90.19 90.19 74.88 

TAX EXEMPTIONS       

Biofuels Exemption % 100% 100% 100% 100% 100% 

Biomass Exemption % 100% 100% 100% 100% 100% 

CHP Exemption % 100% 40% 60% 40% 60% 

 

ETS and Electricity Certificate System 
Table 10 – EU ETS and Electricity Certificate System evolution. 

 AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

EMISSION TRADING 
SYSTEM 

      

Reduction of emission 
allowances (from 2005) 

70% 65% 65% 45% 

ELECTRICITY 
CERTIFICATE SYSTEM 

      

Temporal and spatial 
extension 

Until 2050, expanded to 
other Nordic countries 

Until 2050, expanded to 
other Nordic countries 

Until 2050, expanded to 
other Nordic countries 

Until 2035, Sweden and 
Norway 

 

Other Policies 
Table 11 – Waste Tax evolution. 

 AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

WASTE TAX         

Bio digestion 
-5% in 2020, then 

constant 
-5% in 2020 and 2030, 

then constant  
-5% in 2020 and 2030, 

then constant 
-5% in 2020 and 2030, 

then constant 

Composting 
-5% in 2020, then 

constant 
-5% in 2020 and 2030, 

then constant 
-5% in 2020 and 2030, 

then constant 
-5% in 2020 and 2030, 

then constant 

Energy Recovery 0% +5% in 2020 +5% in 2020 0% 

Landfill +10% +10% +10% +10% 
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Table 12 – Waste Tax in 2050. 

WASTE TAX  CURRENT AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

Bio digestion SEK/tonne 515 489.25 464.79 464.79 464.79 

Composting SEK/tonne 605 574.75 546.01 546.01 546.01 

Energy Recovery SEK/tonne 490 490.00 514.50 514.50 490.00 

Landfill SEK/tonne 900 1317.69 1317.69 1317.69 1317.69 
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III. Energy Demand Evaluation 
 

Built Environment 
In Table 13, the obtained values of energy demand of the built environment are reported. The values refer to the 

demand in 2050. The table reports actual energy needed (in TWh), the shares of electricity, heat and biofuels in 

the demand mix, and the percental variation in comparison with the current demand levels. 

Table 13 – Built environment energy demand in the four scenarios in 2050. 

 Unit CURRENT AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

ENERGY DEMAND      

Total energy [TWh] 90.51 44.44 55.72 44.24 62.73 

Electricity [TWh] 23.51 32.75 28.81 20.66 17.23 

Heat [TWh] 67.00 11.69 26.91 23.58 45.50 

Biofuels [TWh] 0.00 0.00 0.00 0.00 0.00 

SHARES       

Electricity [%] 25.98% 73.70% 51.71% 46.71% 27.46% 

Heat [%] 74.02% 26.30% 48.29% 53.29% 72.54% 

Biofuels [%] 0.00% 0.00% 0.00% 0.00% 0.00% 

REDUCTION FROM CURRENT LEVELS    

Total energy [%] – 49.10% 61.56% 48.88% 69.31% 

Electricity [%] – 139.31% 122.55% 87.89% 73.28% 

Heat [%] – 17.45% 40.16% 35.19% 67.91% 

Biofuels [%] – – – – – 

 

Industry 
Population growth 

The variation of this parameter is common to all the scenarios, and was defined within the Beyond GDP Growth 

programme; it was thus considered as an uncontrollable information, out of the scope of the present thesis. The 

annual growth for the period is assumed to be +0.85%, achieving a total population of 13 million in 2050 [9]. 

Production levels 

This value considers the different level of demand for goods pro capite occurring in the four scenarios, according 

to the narratives. Both the attitude towards good ownership versus access to services and the utility obtainable 

from a product (due to share, reuse, longer lifetimes) are taken into account. 

Additionally, the international framework in regards of good exchanges affects this parameter trend. For what 

concerns automation, circular and collaborative scenarios, the open markets makes sure that a huge amount of 

goods are traded between the countries; the size of imports and export can thus be considered more or less 

balanced, and the parameter is not expected to affect the production levels to a high extent. On the other hand, in 

the local scenario the international trade is significantly reduced. Both the imports and exports are thus to be 

curtailed; as a consequence, an internal rearrangement of the industrial activity is expected in this scenario. 

However, since the current situation sees the amount of imports and exports not too far for Sweden [72], it can 

be assumed that the final amount of goods produced will not be very different, although the type of products and 

the resources used will. The parameter can thus be considered as not strongly influenced by this factor in this 

scenario as well. 
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Automation scenario undergoes a small reduction of the consumptions compared to the current pace. Circular 

economy is characterized by a higher annual decrease rate, due to a higher focus on services instead of goods. In 

local scenario, the consumptions will be even more reduced because of voluntary simplicity. The most extreme 

case is represented by the collaborative scenario; here, the shared use of the goods means that each product has a 

higher utility, and thus a significantly lower rate of production can be assured. 

Assets intensity 

This parameter refers to the amount of physical assets employed in the industrial sector, including machinery, 

equipment, and technical instruments. With this perspective, automation scenario is the one undergoing the most 

important increase, because of the massive automation and robotization of production. In this context, circular 

and collaborative scenarios experiment a less important variation, although an increase if compared to the current 

levels is noticeable. On the other side, local scenario undergoes an abrupt transformation of the industry 

framework, that is supposed to be less machine intense and to be characterized by a lower capital intensity. 

Energy intensity 

This parameter is representative of the energy efficiency level in industry for each scenario. It is applied to the 

process dealing with raw materials, while the ones tackling recirculated materials are assumed to require 50% of 

the energy (Beyond GDP Growth internal assumption, [59]). Automation and circular scenarios are the ones with 

the highest efficiency increase. The efficiency level in automation scenario is, potentially, the highest; however, 

many innovative technologies are introduced, together with new methods for clean processes. As a consequence, 

the improvements in efficiencies are lower than expected, and comparable with the ones in circular scenario. 

Collaborative scenario is characterized by a lower efficiency increase, mainly due to the almost counterbalanced 

effect of a lower mass production and new highly innovative technologies (involving lower efficiencies) and smart 

control systems and management (allowing for an important reduction of energy waste). Finally, the local scenario 

is characterized by a reduction of efficiencies due to a lower technological level than today. This loss of efficiency 

is possible on an international level because of the political fragmented situation. 

The annual rates of variations assumed in the present study, included between +0.40% and -1.00%, were compared 

with the ones assumed in other projects encountered in the literature and it appeared that they can be considered 

as plausible and not extreme. First of all, studies assessing the potentials for energy efficiency improvements in the 

industry sector were consulted [73]. To cite some examples of studies that were used as comparison, the European 

projections of the “European Reference Scenario” forecast more extreme reduction trends for the energy intensity 

of industry sector: they assume, based on past trends, yearly rates up to -2% for both EU and Sweden [74]. 

Moreover, the historical trends for pulp & paper industry, responsible of 52% of the industrial energy demand 

[48], see annual reduction trends between -0.5% and -1%. Additionally, IVL’s energy scenarios for Sweden 

assumed an annual decrease in energy intensity for pulp and paper industry of -1%, with an additional reduction 

of -1.7% steam demand for the same process [75]. 

Use of raw materials against recycled ones 

This parameter represents the amount of non-recirculated material used in industry. It was a crucial factor to be 

evaluated since, as mentioned, an assumption regarding the different energy demand for processing raw and 

recycled materials was introduced. 

In the automation scenario, the re-use of materials is quite low, similar to the current levels. In fact, the simplicity 

to exchange goods and materials makes the focus on the parameter lower than in other cases. In a similar way, in 

collaborative scenario the recirculation of materials happens, but it is not a priority; it appears to be slightly higher 

than today’s levels. In local scenario, the philosophy is that local resources should be valued and materials should 

be used as much as possible, with creativity and by recycling them. A higher rate of recirculation is thus applied. 

Finally, circular scenario aims to reduce waste and to enable the re-use of goods and materials. The growth rate is 

thus the most significant. In this perspective, the increase of recycling in the circular scenario is assumed to be very 

high, touching a share of recycled materials of almost 46.54% in 2050. This value is justified by the significant 

priority that is given to this issue at a national and European level. Many public investments are devoted to the 

enabling of recycling and circulating of materials. As presented in a study on the Swedish material system, the 
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potential in this sense appears to be significant: 87% of plastic value, 58% of steel value, 62% of aluminium value 

are lost in Sweden every year because of circularity lack [76]. Consequently, the high level of circulation assumed 

in the circular scenario, although extreme, can be considered feasible. 

Electrification 

The electricity demand in industry has been quite stable throughout the last 30 years, especially from 2005. The 

share of electricity in the total industry demand is around 35% [43], [77]. However, due to the increasing 

electrification and automation of processes, in the future this share is likely to increase. According to the scenario, 

different paces of variations are assumed to occur. 

First of all, it was crucial to understand where and until which extent the electrification of industry could, at least 

on a potential level (not applicable to all the scenarios), happen. The potentiality of this variation is, in primis, in 

the reduction of fossil fuel based energy demand; the use of biomass and biofuels as substitutes is not completely 

pursuable, since the land use related to those would be high and would not respect the land use target. Moreover, 

the use of electricity does not mean losses in flexibility, since it allows for the implementation of demand-side 

management in a cost-effective manner. 

The Pulp & Paper industry, responsible of 52% energy demand in industry, is assumed to increase its electrification 

share, nowadays around 27.4%. This could occur thanks to the use of equipment as electric boilers, electro-thermal 

systems for drying, and the use of membranes for filtration. Being the most energy intensive subsector, the 

improved electrification of Pulp & Paper industry would have an important effect on the final energy use [78]. 

The Steel & Metals sector, accountable of around 15% of total industrial energy demand, could achieve 100% 

electrification from the current 33.33%. HYBRIT is an ambitious Swedish programme that aims to completely 

replace the use of coal with electricity in the steel industry through the employment of hydrogen, allowing for a 

reduction of 15 TWh coal based heat demand [79]. This would mean an almost 100% electricity driven steel 

industry. The demonstration phase of the project ends in 2035, and successively the industry is expected to be 

ready for the implementation of the technology. could be ready for it from 2035. Nevertheless, subsidizes are 

necessary to make the system profitable. 

Chemical industry sector is nowadays between the most electrified ones, with a share of about 50% electricity of 

energy demand. Here, the electricity share could be increased by implementing electric technologies for distillation 

(as adsorption membranes), and for the synthesis of compounds/hydrocarbons from hydrogen and biomass [78]. 

Less intensive sectors can undergo a certain degree of electrification as well. For example, this could be achieved 

through the use of hydrogen as storage mean in almost all the sectors, or through the use of microwave heating 

during cement production [78]. Moreover, during the next decades a significant increase of data centres is supposed 

to occur, implying an additional electricity demand up to 10 TWh in 2050 [77]. 

High shares of electrification are forecasted in Swedish researches developing explorative scenarios; the crossed 

reference of the reported sources confirms that the proposed electricity shares in the industry energy demand can 

be considered plausible [80]. 

All the described considerations are summarised in Table 14 under the form of annual increase or decrease 

coefficients. The resulting energy demand is summarized in Table 15. 

Table 14 – Annual variation rate of the industry parameters. 

  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

Population growth +0.85% +0.85% +0.85% +0.85% 

Production Level -0.30% -0.70% -1.70% -0.90% 

Assets intensity +1.62% +0.30% +0.15% -1.62% 

Energy intensity -0.90% -1.00% -0.30% +0.40% 

Raw material use -0.20% -2.00% -0.50% -0.80% 

TOTAL +1.16% -1.40% -1.25% -1.65% 
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Table 15 – Industry energy demand in the four scenarios in 2050. 

 Unit CURRENT AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

ENERGY DEMAND      

Total energy [TWh] 146.76 209.83 94.76 99.47 87.69 

Electricity [TWh] 50.73 125.90 45.48 54.71 30.31 

Heat [TWh] 90.17 81.00 47.57 42.77 54.05 

Biofuels [TWh] 5.86 2.93 1.70 1.99 3.33 

SHARES       

Electricity [%] 34.57% 60.00% 48.00% 55.00% 34.57% 

Heat [%] 61.44% 38.60% 50.20% 43.00% 61.64% 

Biofuels [%] 3.99% 1.40% 1.80% 2.00% 3.79% 

REDUCTION FROM CURRENT LEVELS     

Total energy [%] – 142.97% 64.57% 67.77% 59.75% 

Electricity [%] – 248.17% 89.66% 107.84% 59.75% 

Heat [%] – 89.83% 52.76% 47.44% 59.94% 

Biofuels [%] – 50.04% 29.05% 33.89% 56.76% 

 

Transport 
Transport Activity 

This parameter represents the amount of kilometres travelled each year; it is evaluated in person kilometres (pkm) 

when evaluating the passenger transport, and in tonne kilometres (tkm) when evaluating freight transport. As 

mentioned, the assumptions for the passenger subsector were provided by previous studies, and were thus to be 

considered uncontrollable data from the present thesis point of view. In automation scenario, the distance travelled 

pro capite is assumed to increase, as a consequence of the increased available free time. The same trend is noticeable 

for the circular scenario, where the increase in the amount of kilometres travelled is the highest; in this case, the 

reason is in the more individualistic attitude and the focus on culture, leading people to move to satisfy their 

interests. Collaborative scenario sees a reduction of trips, due to the more local and community based social life 

and to the possibility to have contacts through technology; for example, the business trips are significantly reduced 

thanks to the internet communication. Finally, local scenario undergoes an abrupt reduction of the trips mainly 

due to the voluntary simplicity of life and the local social structure. 

For what concerns freight transport, assumptions on the trends were made according to the narratives. The activity 

is expected to decrease in all the scenarios respect to the current levels [47]. Automation scenarios undergoes a 

modest reduction of traffic, while in the other scenarios the reduction is more important: in circular scenario it is 

due to the fact that a less intensive production is present, combined with a higher reuse of products, while in 

collaborative scenario the reason is in the significantly lower demand of goods. Local scenario, because of the 

market closure and the local dimension of society, sees a very low freight traffic activity. 

Vehicle shares 

It is important to highlight that, according to the narrative of each scenario, the type of transport means that are 

expected to be employed vary significantly. This parameter was consequently introduced: it accounts the 

percentage with each vehicle is utilized in respect to the total fleet, evaluated on the total transport activity (person 

kilometres or tonne kilometres). Once again, the values were obtained from the transport work package studies 

and were not modified for what concerns the passenger transport. The foreign transport is out of the scope of the 

analysis; for the evaluation of the long distance transport, the domestic and half of the international shipping were 

included in the evaluation. In automation scenario, the majority of people is expected to travel through rail public 

transport, that is well developed thanks to the good coordination at a national and international level. The same 
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trend is forecasted for circular scenario, characterized by even higher shares of use of the rail system, that connects 

the different parts of the urban centres where the majority of people live. The central governments devotes a lot 

of efforts in assuring a good quality public transport by providing a reliable and widespread infrastructure for it. 

In circular scenario it is likely to be more common for people to walk, bike and use small two-wheel vehicles as 

motorbikes. This is possible because of the smaller size of the cluster where the population lives. Moreover, busses 

and cars are sufficiently used: cars are shared between community members with pooling and sharing systems, and 

busses are widespread in contexts characterized by small towns. The main transport type in local scenario is 

represented by walking, bicycles and motorbikes. This is due to the short length of the trips occurring in the 

scenario, and to the small size of the centres. Some public transport is still present, while the use of cars is reduced 

to only 5%. In this scenario, domestic air travel and ferry traffic are reduced. 

Concerning the freight traffic, assumptions had to be introduced. Automation and circular scenarios are expected 

to be characterized by an important shift to the rail freight transport, especially in the circular one, managed at a 

national and international level, and in automation scenario an important employment of cargo ships is still present. 

In collaborative economy the main share remains the road traffic as in the current picture, especially trucks; the 

rail transport increases, while cargo ships are highly reduced. In local scenario, finally, an enormous increase in the 

employment of trucks and other road means is expected to occur. 

Energy intensity 

It represents the variation of energy intensity of each type of vehicle due to efficiency increases ( 
𝑘𝑊ℎ

𝑝𝑘𝑚
 for passenger 

transport, and 
𝑘𝑊ℎ

𝑡𝑘𝑚
 for freight transport). As a starting point, the vehicles efficiencies referring to the current state 

of technologies were taken into account, by distinguishing between electric and conventional vehicles [81], [77], 

[82], [83], [84], [75], [73]. When no specific information was available, the energy use of electric vehicles was 

assumed to be 65% of the one for fossil fuels based engines [77]. 

The variation of the energy intensity throughout the period was assumed according to the technological 

advancements achieved in each scenario and to the usage intensity that occurs for each type of vehicle. The 

assumed annual variation rate for each category of vehicles (for both passenger and freight ones) is reported in 

Table 16 and Table 17, for electric and non-electric vehicles respectively. 

Table 16 – Annual variation rate of the energy intensity of electric vehicles. 

  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

Passenger 

El. Bikes / Motorbikes -2.00% -1.50% -2.00% -0.50% 

Busses -1.15% -1.00% -1.20% -0.30% 

Trains -1.10% -1.25% -0.30% 0.00% 

Cars -0.90% -0.80% -1.10% 0.00% 

Airplanes -1.20% -1.20% -0.50% 0.00% 

Ferries -1.10% -1.00% -0.80% 0.00% 
      

Freight 

Trucks -0.90% -0.90% -1.25% -0.50% 

Trains -1.10% -1.25% -0.30% 0.00% 

Ferries -1.00% -1.00% -0.80% 0.00% 
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Table 17 – Annual variation rate of the energy intensity of non-electric vehicles. 

  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

Passenger 

El. Bikes / Motorbikes -0.30% -0.23% -0.30% -0.08% 

Busses -0.58% -0.50% -0.60% -0.30% 

Trains -0.55% -0.63% -0.15% 0.00% 

Cars -0.90% -0.80% -1.10% 0.00% 

Airplanes -1.20% -1.20% -0.50% 0.00% 

Ferries -1.00% -1.00% -0.80% 0.00% 

      

Freight 

Trucks -0.90% -0.90% -1.25% -0.50% 

Trains -0.55% -0.63% -0.15% 0.00% 

Ferries -1.20% -1.20% -0.96% 0.00% 

 

The assumptions made are comparable with the ones reported in the literature [74], [75], [85]. This only partially 

justifies their reliability, due to the fact that in some cases the assumptions are less extreme than they are in the 

present model, or represent global/international trends. Some hypothesis used in the present model are in fact 

ambitious; for example, the ones related to rail freight transport in automation and circular scenarios, to freight 

road vehicles in collaborative scenario, to rail passenger transport in automation and circular scenarios, and to 

busses in all the scenarios but local. This is due to the fact that the shares of usage of those means are higher than 

the ones forecasted in the other studies, and thus it is reasonable to have more important increases of efficiencies. 

Nevertheless, as mentioned, the assumptions are not excessively different form the ones under discussion and they 

can be considered reliable in the four analysed contexts. Moreover, international actions aiming to drive the 

movement in this direction are present. For example, the Global Fuel Economy Initiative is an international 

initiative aiming to reduce to 50% the energy use of new vehicles by 2030 and of all vehicles by 2050 worldwide 

[86]. 

Electrification 

Electrification of transport is between the measures presented by the European Commission with the goal of 

leading the clean energy transition [87]. The EV30@30 initiative, conducted by the Electric Vehicle Initiative, aims 

to achieve a 30% electric fleet share by 2030 [88]. Currently, only 2.97% of the energy used in the Swedish transport 

sector is electricity [43], but the potential for vehicle electrification in Sweden was recognized to be high [89]. The 

Swedish government has an ambitious target of a fossil fuel free vehicle fleet by 2030 [58]. For passenger transport, 

the scenario is plausible also in the near term, thanks to measures as the implementation of battery/plug-in hybrid 

vehicles in the short term and fuel cells and hydrogen-driven means in the long term. 

A more complex challenge is represented by heavy duty vehicles used for the freight transport, which require more 

energy and on which a less intense research is focused. However, some projects have been proposed in this regard. 

For example, the Electric Road Systems addresses this issue through the electricity supply to the trucks through 

overhead lines or rails located on the roads. Some pilot projects are being tested in Sweden [90]. It is important to 

highlight that this type of pathway is only possible if huge investments are made and if the inter-regional 

coordination is well-structured; in fact, all the road frameworks would be affected and massive transformation of 

the infrastructure should be made and regulated. Therefore, the implementation of these projects can only be 

expected in automation and circular scenarios, where the national coordination devotes efforts in pursuing 

electrification projects on a large scale, on huge roads connecting the largest industrial areas [91]. 

Another challenging subsector to be electrified is the one including ships and airplanes. In the present model, the 

share of electric ferries is expected to reach interesting levels in automation, circular and collaborative scenarios, 

since a massive globally shared research is present and investments in advanced technologies are expected to occur. 

This is assumed to be feasible, considering that some companies are already implementing these solutions, for 

example in Norway [92], [93]. For what concerns planes, the issue appears to be even harder; however, some 

breakthrough projects are nowadays carried on [94], and they are likely to be intensified in the next decades in 
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presence of funding to research and innovation, if combined with a strong political commitment. Nevertheless, 

the forecasted shares of electric vehicles for these two categories are limited. 

Some studies were encountered in the literature and were used as comparison for the assumed electrification shares. 

For example, a breakthrough scenario where strong public policies focused on climate change mitigation, 

technology development, reduction of costs of batteries and thus reduction of cost difference between BEV/ICE 

was encountered [95]. The electric fleet share in the scenario is evaluated to cover around 30% of the total in 2030. 

Another report proposed a 50% of electrification of the fleet, based on the assumptions of massive electrification 

of passenger transport and of a shift of freight from road to rail means [96]. The narrative supporting the scenario 

is comparable to the ones of automation and circular scenarios; however, the assumption of the fleet electrification 

was made a priori and its realism was not checked. Moreover, many trends, as the one concerning energy demand, 

were assumed from current trends, and they are consequently not in line with the ones occurring in the present 

study. 

The electrification shares assumed for the different types of vehicles are reported in Table 18, and the final values 

of energy demand in 2050 related to the sector under assessment are reported in Table 19. 

Table 18 – Shares of electrification of vehicles in 2050. 

  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

Passenger 

El. Bikes / motorbikes 95.00% 95.00% 95.00% 20.00% 

Busses 70.00% 60.00% 65.00% 5.00% 

Trains 100.00% 100.00% 100.00% 95.00% 

Cars 60.00% 50.00% 60.00% 5.00% 

Airplanes 10.00% 10.00% 10.00% 0.00% 

Ferries 25.00% 20.00% 20.00% 0.00% 

      

Freight 

Trucks 65.00% 55.00% 50.00% 5.00% 

Trains 100.00% 100.00% 100.00% 95.00% 

Ferries 25.00% 20.00% 15.00% 0.00% 

 

Table 19 – Transport energy demand in the four scenarios in 2050. 

 Unit CURRENT AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

ENERGY DEMAND       

Total energy [TWh] 87.34 37.11 34.71 31.51 14.19 

Electricity [TWh] 2.60 22.83 20.69 14.72 1.01 

Heat [TWh] 0.00 0.00 0.00 0.00 0.00 

Biofuels [TWh] 84.75 14.28 14.01 16.79 13.19 

SHARES       

Electricity [%] 2.97% 61.53% 59.63% 46.71% 7.11% 

Heat [%] 0.00% 0.00% 0.00% 0.00% 0.00% 

Biofuels [%] 97.03% 38.47% 40.37% 53.29% 92.89% 

REDUCTION FROM CURRENT LEVELS    

Total energy [%] – 42.48% 39.74% 36.08% 16.25% 

Electricity [%] – 879.08% 796.86% 566.80% 38.86% 

Heat [%] – – – – – 

Biofuels [%] – 16.85% 16.53% 19.82% 15.56% 
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Figure 24 depicts the energy demand associated to the private mobility and to the freight transport. 

 

Figure 24 – Private mobility and freight transport energy demand in 2050. 
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Leisure 
Table 20 – Leisure sector. Percentages of energy demand considered and current energy demand [51]. 

  
Percentage 
considered 

Current Energy Demand 
[TWh] 

Holiday journeys 20% 7.69 

Second homes 50% 7.02 

Traditional outdoor recreation 20% 2.56 

Visiting relatives/friends 15% 4.29 

Aqua parks 70% 0.22 

Libraries 70% 0.38 

Cinemas 70% 0.39 

Concerts 70% 0.36 

Museums 70% 0.84 

Restaurants/cafés 70% 3.80 

Theatre/opera 70% 0.10 

Theme parks, etc. 70% 0.16 

Photography 80% 0.92 

Pets 80% 0.64 

Music/playing instruments 75% 0.20 

Reading 25% 1.43 

Traditional games 80% 1.10 

Computers/Internet 25% 2.32 

Sports – participant 70% 4.14 

Sports – observer 70% 0.39 

Gyms 80% 1.28 

Religious organizations 35% 0.90 

Others 35% 0.22 

Gardening 75% 3.22 

Redecoration 85% 8.00 

Hobbies-related evening courses 85% 0.47 

TOTAL   53.06 
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Table 21 – Leisure sector assumptions on energy demand variation and electricity shares. 

 Automation Circular Collaborative Local 

 Demand 
Variation 

Electricity 
Share 

Heat 
Share 

Demand 
Variation 

Electricity 
Share 

Heat 
Share 

Demand 
Variation 

Electricity 
Share 

Heat 
Share 

Demand 
Variation 

Electricity 
Share 

Heat 
Share 

Holiday journeys 130% 74% 26% 150% 52% 48% 70% 47% 53% 20% 27% 73% 

Second homes 130% 74% 26% 150% 52% 48% 70% 47% 53% 20% 27% 73% 

Traditional outdoor recreation 200% 80% 20% 150% 70% 30% 100% 75% 25% 50% 50% 50% 

Visiting relatives/friends 200% 74% 26% 150% 52% 48% 130% 47% 53% 50% 27% 73% 

Aqua parks 130% 80% 20% 150% 65% 35% 65% 65% 35% 0% 0% 100% 

Libraries 130% 74% 26% 200% 52% 48% 90% 47% 53% 80% 27% 73% 

Cinemas 130% 80% 20% 200% 70% 30% 100% 55% 45% 50% 50% 50% 

Concerts 150% 85% 15% 200% 70% 30% 100% 55% 45% 50% 50% 50% 

Museums 110% 74% 26% 200% 52% 48% 90% 47% 53% 35% 27% 73% 

Restaurants/cafés 140% 74% 26% 200% 52% 48% 100% 47% 53% 100% 27% 73% 

Theatre/opera 130% 74% 26% 200% 52% 48% 100% 47% 53% 50% 27% 73% 

Theme parks, etc. 130% 80% 20% 150% 65% 35% 65% 65% 35% 0% 0% 100% 

Photography 200% 85% 15% 150% 80% 20% 80% 80% 20% 35% 80% 20% 

Pets 200% 74% 26% 150% 52% 48% 100% 47% 53% 100% 27% 73% 

Music/playing instruments 200% 90% 10% 200% 70% 30% 100% 80% 20% 80% 65% 35% 

Reading 50% 80% 20% 50% 40% 60% 100% 50% 50% 80% 15% 85% 

Traditional games 160% 60% 40% 130% 50% 50% 65% 55% 45% 50% 20% 80% 

Computers/Internet 250% 100% 0% 170% 100% 0% 200% 100% 0% 50% 100% 0% 

Sports – participant 130% 40% 60% 200% 20% 80% 90% 25% 75% 50% 15% 85% 

Sports – observer 130% 20% 80% 200% 20% 80% 90% 25% 75% 50% 15% 85% 

Gyms 120% 75% 25% 200% 60% 40% 90% 65% 35% 25% 25% 75% 

Religious organizations 100% 10% 90% 100% 10% 90% 90% 10% 90% 50% 10% 90% 

Others 110% 10% 90% 100% 10% 90% 90% 10% 90% 50% 10% 90% 

Gardening 130% 90% 10% 130% 40% 60% 60% 80% 20% 50% 20% 80% 

Redecoration 150% 75% 25% 200% 65% 35% 110% 75% 25% 60% 50% 50% 

Hobbies-related evening courses 200% 74% 26% 150% 52% 35% 80% 47% 53% 30% 27% 73% 
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In Table 21, the share reported under the category “heat” of gardening activities refers to biofuel demand. It is the 
only activity that is assumed to be demanding this type of energy, while the share related to all the other activities 
was subtracted as already considered in other subsectors (especially in the transport one), as showed in Table 20. 

Table 22 reports the variation coefficients applied in order to evaluate the energy demand of the sector. The 

obtained results are illustrated in Table 23. 

Table 22 – Leisure sector. Energy intensity variation for electricity demand and heat demand. 

 AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

Electricity -1.20% -1.10% -1.00% 0.00% 

Heat -1.10% -1.10% -0.90% 0.00% 

 

Table 23 – Leisure energy demand in the four scenarios in 2050. 

 Unit CURRENT AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

ENERGY DEMAND      

Total energy [TWh] 40.50 54.62 61.77 37.21 26.16 

Electricity [TWh] 23.25 39.98 33.27 21.41 8.66 

Heat [TWh] 14.79 14.34 26.72 15.51 16.21 

Biofuels [TWh] 2.46 0.30 1.78 0.29 1.29 

SHARES       

Electricity [%] 57.41% 73.20% 53.86% 57.53% 33.12% 

Heat [%] 36.52% 26.25% 43.26% 41.68% 61.96% 

Biofuels [%] 6.07% 0.54% 2.89% 0.79% 4.93% 

REDUCTION FROM CURRENT LEVELS     

Total energy [%] - 134.86% 152.53% 91.88% 64.59% 

Electricity [%] - 171.96% 143.08% 92.07% 37.26% 

Heat [%] - 96.95% 180.69% 104.87% 109.59% 

Biofuels [%] - 12.09% 72.52% 11.88% 52.40% 

 

Agriculture, Forestry and Fishing 
Population growth 

The same considerations reported for the industry sector are valid for this parameter. The variations of population 

are translated in variation of products demand. The yearly increase of population is assumed to be +0.85%. 

Production level  

As for the industry sector, it represents the activity pro capite of the sector deriving from the demand of goods. 

For the evaluation of the trends, it was split into two subgroups: the one concerning agriculture and fishing and 

the one concerning forestry. 

The levels of production in agriculture and fishing were evaluated considering the levels of imports/exports that 

occur in each scenario. In particular, according to statistics, the levels of food products imported in Sweden are 

higher than the exported ones [72]. Therefore, in scenarios where a reduction of international exchanges is 

expected, the production in loco needs to increase to compensate the lower imports. An additional factor to be 

included in the evaluation is the expected level of food waste: in fact, if the reduction of waste is important, the 

demand of goods to this sector is likely to abruptly decrease. 
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On the other hand, the production in the forestry sector is nowadays really dependent on exports. Consequently, 

a reduction of international exchanges is assumed to highly decrease the production levels. However, the reduced 

amount of imported goods can cause an increase of wood demand for the production of furniture and other types 

of wooden products. 

In automation scenario a closure of the international markets is not noticeable, while the reduction of food waste 

occurs to a small extent; the production levels of both the groups is thus similar to the current situation. Circular 

scenario undergoes an important reduction of the production due to the huge recirculation of materials and to the 

reduction of food waste, both in the production chain and at a consumer level. Imports and exports are thus 

expected to be lower because of the low consumptions (at an international level), and not because of the 

nationalization of markets. In collaborative scenario, food is produced at local/community level when possible, 

and food waste is highly reduced. Moreover, the re-use and sharing of goods makes demand of forestry products 

significantly lower. Consequently, lower levels of imports/exports are expected. In local scenario almost all the 

production occurs at local level, and there are almost no imports/exports. The consequent increase of production 

is only slightly counterbalanced by the food waste reduction. Regarding the demand of forestry materials, the low 

demand of products, combined to the re-use of materials and to the ability of fixing goods, allows for a dramatic 

reduction of production. On the other hand, more wood material are expected to be used because of a shift towards 

local achievable materials, and of a high demand of biofuels. 

Asset intensity 

This parameter is assumed to vary with the same rates as for the industry sector. 

Energy intensity 

Also in this case, the assumptions are similar to the ones described for the industry sector, with some small 

modifications. For example, in automation scenario the efficiencies are assumed to be slightly higher, because they 

are not affected by the smaller mass production; a lower energy intensity is noticeable also in the local scenario, 

considering that all the efforts and the focus of research is devoted to these sectors. 

Use of fertilizers 

Fertilizers are responsible of over 25% of the energy demand of the agriculture sector. During the last years, the 

use of fertilizers in Sweden has been increasing [49]; the inclusion of this parameter in the evaluations were thus 

considered relevant. 

Local scenario is the one where fertilizers are expected to be used the least; in fact, the production is assumed to 

be local and smaller, allowing for the substitution of fertilizers with natural products, as the biological outputs from 

biofuel production [97]. Circular scenario sees a high focus in re-using and reducing waste. Consequently, also in 

this case the fertilizers are likely to be massively substituted with organic ones (but with a slightly lower rate, since 

the international context and the large crops will in a certain way reduce this trend). Collaborative scenario, as well, 

is assumed to see a decrease in the use of fertilizer because of the community based production, also here relying 

on locally produced natural products. Finally, automation scenario undergoes a different trend: the large scale 

production and the international markets are supposed to be accompanied by a high presence of fertilizers in the 

production chain, although a small decrease from the current levels is forecasted. 

Table 24 reports all the numerical assumptions that were used for the quantitative evaluation of the energy demand 

of the subsector. 
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Table 24 – Annual variation rate of the agriculture, forestry and fishing parameters. 

  AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

Production agriculture and fishing -0.17% -1.14% -0.72% +0.31% 

Production forestry -0.17% -1.14% -1.14% -0.72% 
     

Assets intensity +1.50% +0.30% +0.15% -1.20% 

Energy intensity -1.10% -1.00% -0.50% +0.20% 

Population +0.85% +0.85% +0.85% +0.85% 
     

Fertilizers -0.17% -3.33% -3.33% -3.81% 

 

Electrification 

The current shares of electricity, heat and fuels used in these sectors are extrapolated from a crossed reference 

between statistics and a Swedish study focussing on the Stockholm county [54], [53]. In the forecasts for 2050, 

biofuels are assumed to be mainly used in vehicles employed for these activities. The biofuels share is thus evaluated 

as the equivalent to the current share reduced by a coefficient proportional to the vehicles electrification rate 

(trucks). The electrification of vehicles in this sector is assumed to occur with a slower pace than in the mobility 

sector, and consequently the share of vehicles run with biofuel was multiplied by a 1.5 factor. This evaluation was 

implemented in automation, circular and collaborative scenarios; in local scenario the share of biofuels is assumed 

to be the same as nowadays. 

For what concerns electricity, automation scenario is characterized by the highest share. In fact, as observed in the 

other sectors, the robotization and automation of processes drives towards the electrification of the same. 

Collaborative and circular scenarios present a similar electricity share, slightly higher in the collaborative one; in 

both cases the percentages increase from the current levels, but less dramatically than in automation scenario. The 

considerations expressed for the industry sector are valid in the present case as well. Finally, local scenario is the 

one with the highest level of heat demand, since the electrification of processes is very low and significantly 

decreases. The local character of the communities makes the use of locally gathered or produced biofuels primary. 

The described considerations are summarized in Table 25. 

Table 25 – Agriculture, forestry and fishing energy demand in the four scenarios in 2050. 

 Unit CURRENT AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

ENERGY DEMAND      

Total energy [TWh] 10.20 13.19 6.30 5.51 4.56 

Electricity [TWh] 3.67 7.91 3.02 2.75 0.91 

Heat [TWh] 3.47 3.20 2.00 1.51 2.28 

Biofuels [TWh] 3.06 2.08 1.28 1.24 1.37 

SHARES       

Electricity [%] 36.00% 60.00% 48.00% 50.00% 20.00% 

Heat [%] 34.00% 24.25% 31.75% 27.50% 50.00% 

Biofuels [%] 30.00% 15.75% 20.25% 22.50% 30.00% 

REDUCTION FROM CURRENT LEVELS     

Total energy [%] - 129.25% 61.75% 53.97% 44.68% 

Electricity [%] - 215.41% 82.33% 74.96% 24.82% 

Heat [%] - 92.18% 57.66% 43.65% 65.71% 

Biofuels [%] - 67.86% 41.68% 40.48% 44.68% 

 



77 
 

Results 
 

 

Figure 25 – Total Energy demand shares in 2050. 

Trends – Time evolution 

The analysis performed to evaluate the future energy demand that was described in the previous sections is based 

on the assumptions regarding the annual variation of the selected parameters. In order to do that, average yearly 

rates of variation were assumed to occur throughout the period. The constant rates were used because of their 

suitability and convenience while conducting the evaluation; however, they are not likely to occur in the actual 

pathways, and the processes to reach these conditions can be different depending on the scenario and on the 

specific subsector. It was thus considered interesting to include in the study some assumptions on how the energy 

demand would evolve throughout the period. 

In automation scenario, huge investments are expected to be made during the first years of the period, in order to 

establish the new automated and efficient system. Consequently, the industry sector is assumed to face an initial 

rapid increase of energy needs because of the high activity required to fulfil the transformation, touching a value 

of 140% of demand compared to current levels in 2030. In the following years, once the new equipment is 

implemented, the demand is likely to increase very slightly, following an almost asymptotic trend. The other sectors 

are expected to evolve differently, with a diminishment of the energy demand throughout all the period. In order 

to describe their trend, S-shaped curved were employed. In fact, the reduction is assumed to be relatively small 

during the first years, while the mentioned technologies are developed and are massively introduced in the society; 

during the central years of the period the consequent energy savings show their results, involving a steep shape in 

the trend. Finally, during the last years the achieved energy demand decrease is supposed to stabilize around the 

values forecasted for 2050. The same behaviour is assumed for leisure sector, but with a growing trend. 

The same considerations were made for circular scenario; in this case, the industry sector is expected to experiment 

an even higher growth, because of the huge focus devoted to the creation of a circular economy framework (150% 

of the current energy demand. The demand is then supposed to fall rapidly until it reaches the forecasted levels in 

2050. The shape is represented by a concave curve. The other sectors follows the same considerations expressed 

for automation scenario. 

In collaborative scenario, all the subsectors undergo a continuous reduction of the demand. A rapid decrease 

occurs in the mobility and built environment sector, since the population shares vehicles and dwellings to a high 

extent: the curves were thus represented as logarithmic shaped. For what concerns industry, smaller amount of 

goods are produced because of sharing and leasing; moreover, existing buildings are expected to be revalued, with 
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a consequent lower demand for new constructions as well. However, this is counterbalanced by the numerous 

improvements in the IoT and technological devices happening during the first years of the period. The S-shaped 

curve will thus have a less steep trend than the ones expected for the other sectors (leisure and agriculture, forestry 

and fishing). 

The energy demand occurring in local scenario is expected to be gradual in most of the categories, that were thus 

described through soft S-shaped curves. In fact, in this case the speed of the adaptation is not depending on the 

transformation of industry but on behavioural pathways. Therefore, it is expected to occur gradually and since the 

beginning of the period. 

As mentioned, two types of functions were employed to describe the discussed trends: a concave curve (Eq. 5), 

and an S-shaped curve (Eq. 6). 

 

 𝑥 = (𝑥𝑓 −  𝑥𝑖) ∗ (
𝑦 −  𝑦𝑖

𝑦𝑓 −  𝑦𝑖

)𝛼 
 

(Eq. 5) 

 𝑥 =   𝑥𝑖 + 
 𝑥𝑓 −  𝑥𝑖

1 + exp{−[𝛽 + 𝛾(𝑦 − 𝑦𝑖)]}
 

 

(Eq. 6) 

 

Eq. 5 was employed for the industry sector in automation and circular scenarios; two different curves were 
combined, one for the period between 2019 and 2030 and one for the one between 2031 and 2050. Additionally, 
the curve was utilized for transport and built environment sector in collaborative scenario. Eq. 6 was used for the 
evaluation of all the other sectors. Table 26 reports the coefficients α, β and γ that were employed in the equations 
for the evaluation of the trends. They were assumed in order to be able to describe numerically the trends formerly 
described. 

Table 26 – Coefficients used in Eq. 5 and Eq. 6. 

  Automation Circular Collaborative Local 

  
𝛼 

(2019–2030) 
𝛼 

(2031–2050) 
𝛽 𝛾 

𝛼 
(2019–2030) 

𝛼 
(2031–2050) 

𝛽 𝛾 𝛼 𝛽 𝛾 𝛽 𝛾 

Built 
Environment 

– – -5 0.31 – –  -5 0.31 0.5 – – -3.5 0.26 

Industry 0.45 2 – –  0.40 2 – – – -3 0.25 -3.5 0.26 

Mobility – – -5 0.31 – –  -5 0.31 0.5 – – -3.5 0.26 

Leisure – – -5 0.31 – – -5 0.31 – -4 0.28 -3.5 0.26 

Agriculture, 
Forestry and 

fishing 
– – -5 0.31 – – -5 0.31 – -4 0.28 -3.5 0.26 

 

For each scenario, the comprehensive trend of the energy demand was evaluated by summing the ones of all the 

subsectors. The resulting trends are depicted in Figure 26. 

In automation scenario, the total energy demand is forecasted to slightly increase until 2030, and to successively 

decrease until it reaches an almost asymptotic demand around 350 TWh. Circular scenario as well is characterized 

by an important growth of the demand until 2030, but this is followed by a rapid and continuous reduction that 

follows an almost linear shape. In both the scenarios, the phase of an energy demand degrowth starts later than 

expected: the reason is mainly in the inertia that is caused by the slow adaptation of industry. The shape of the 

trend representing local scenario is more similar to a decreasing S-curve; in this case, the energy demand is always 

descending, with the most effective reductions during the central years of the period. In collaborative scenario, the 
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trend is decreasing with a soft curve, only slightly faster than a linear one. In this case, the easiness with which 

society can adapt to the new frameworks allows for a smooth and fast decrease of the energy intensity of society. 

 

Figure 26 – Energy Demand Trends. 

The final consideration to be discussed derives from the formerly illustrated trends for energy demand in the four 

scenarios. It was in fact considered interesting to evaluate the total cumulative energy demand of each scenario 

accounting of all the period under analysis (Figure 27). The scenario requiring the highest amount of energy is 

Automation scenario: as previously discussed, society is energy intensive and a huge increase of the demand occurs 

during the first period in order to establish the new automated and efficient framework. The same happens in 

circular scenario, where the cumulative demand is important as well (only slightly lower than in automation, around 

92.5% of the demand). A lower cumulative demand represents collaborative and local scenarios, where as it was 

observed the demand decreases throughout all the period. The total demand in both the scenarios is approximately 

the same, around 70% the one of automation scenario. 

 

Figure 27 – Cumulative Energy Demand. 
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IV. Electricity Supply System Modelling 
In this chapter, all the parameters that were modified from the starting point of the OSEMBE Swedish model are 

discussed, and the implemented values for the four scenarios are reported. 

Technology Market 
In the present section, the main technologies that are included in the analysis, divided by source, are presented. 

The current state of the art, the implementation in Sweden, the market context and other relevant information, 

according to the perspective described in chapter 5, were taken into account. 

Figure 28 and Figure 29 depict, respectively, the current Swedish energy and electricity mix. 

 

Figure 28 – Current Swedish Energy Mix [43]. 

 

Figure 29 – Current Swedish Electricity Mix [43]. 
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Biofuels and Biomass 

Biofuels, and in particular biogas, represent an interesting potential renewable fuel. The technology is sufficiently 

mature, and different types of feedstocks can be distinguished; depending on them, the costs and performances of 

the plants can be significantly different [98]. In the present model, only the combined heat and power technology 

(CHP) is considered, and no differentiation is present between the different types of biofuels. OSEMBE forecasts 

a very small reduction in CAPEX, probably due to the fact that the technology is mature and that its use for 

electricity production is not widespread; in fact, the use of biofuels is more efficient in direct applications, for 

example for cooking or as a bio carburant for vehicles. 

In regards of biomass, many different technologies are currently present for the electricity production. The type 

of technology and the operation conditions makes the costs highly different from case to case. Although Sweden 

has a huge potential for biomass supply, it should be taken into account that the use of biomass should limited by 

the natural boundaries, and that the land use target imposes a focus on its limitation. Moreover, many components 

of the technology are common to the ones used conventionally with fossil fuels; for this reason, research can be 

assumed to be already advanced, leaving less room to innovations and significant improvements. 

Fossil Fuels 

An overview on the Swedish approach towards fossil fuels was provided in the section devoted to the energy 

policy framework. However, it is important to highlight that Sweden is not provided with noticeable reserves of 

fossil fuels, therefore the use of them means dependency from other countries [99]. In addition to all the formerly 

mentioned initiatives, some other actions and efforts that the country is carrying on in this sense are worth 

mentioning. 

In 2005, the Swedish government instituted the Commission on Oil Independence; the following year, a report 

called “Making Sweden an Oil-Free Society” was published, where bold measures were proposed in order to 

significantly reduce the national dependency on oil products [100]. In regards of natural gas, the current use in the 

electricity mix is very small, below 2% [35]. Some investments are being made for the enlargement of the LNG 

infrastructure, but the fuel is assumed to be used mainly in the transport sector. Moreover, the cost of natural gas 

in Sweden is between the highest in Europe (even without considering the carbon tax contribute). Natural gas is 

recognized to be a potential transitional fuel in industry and co-generation [20], [99], [101]. A special focus is 

currently devoted to the field of natural gas fuel cells. In this context, an ambitious project called Fuel Cells and 

Hydrogen Joint Undertaking puts together researchers, developers, industry from all Europe and the European 

Commission, boosting research, financing and promoting numerous projects. Many actors have been investigating 

during the past years, and this led Europe to be in the forefront of the expertise in this field. Although many 

advancements were achieved since the programme started, there is still room for many improvements and 

advancements to be made. The costs of the technology are thus expected to decrease significantly, as well as the 

performance will improve if the efforts will continue going in the same direction [102], [103]. 

Geothermal 

Nowadays, geothermal power plants are not implemented in Sweden [43]; geothermal resources are mainly 

exploited for heating (for both space heating and hot water), usually through shallow heat pumps [104]. OSEMBE 

model forecasts significant improvements and costs reduction for this technology. 

Currently, an intensive research in this sector is carried on in many European countries as Iceland, France, 

Germany, United Kingdom, Czech Republic. Moreover, many aspects of the research are common to the ones in 

other sectors. The European Geothermal Energy Council forecasts a growing trend for the geothermal electric 

installed capacity. However, many common efforts and programmes needs to be implemented in order to reach 

this goal. Currently, international programmes and European investments schemes are present, but a more 

ambitious commitment is needed. Additional measures that would boost the sector are the creation of a risk 

insurance fund to facilitate investments (one of the main obstacles is the drilling cost, linked to a low success ratio, 

and the complexity of the licensing system and ownership of resources). International research collaborations and 

sharing of the knowledge are necessary as well [105]. Although it is not representing a conclusive limitation, it is 

important to highlight that Sweden is not close to plate boundaries or volcanic activity; these are usually the areas 
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where the high temperature plants are located, due to the higher potential. Nevertheless, even with different 

potentials, almost every location is suitable for geothermal applications [106]. 

Hydropower 

Hydropower potential is well exploited in Europe, especially in Sweden, where in 2016 it provided more than 40% 

of the electricity [43]. Four large rivers exploited with this purpose (Umeälven, Ångermanälven, Faxälven and 

Indalsälven) are responsible of around 60% of the total electricity coming from hydropower. Nevertheless, almost 

80% of the Swedish rivers are provided with hydropower plants, amounting to more than 2000 installations. The 

majority of them are small scale plants, characterized by nominal capacities between 10 and 100 kW. A future 

significant increase of the installed capacity is thus not forecasted for what concerns large scale plants. On the 

contrary, the opportunity is identified for small scale plants, with a special interest towards the low-head ones 

(lower than 15 m); additionally, the refurbishment of the existing large scale plants is contemplated between the 

future of hydropower. The related costs are very location-dependent. In the OSEMBE and the developed models, 

the cost reduction and the performance improvements of new large plants are thus expected to be very small, null 

or negative; this happens because the most attractive locations have already been exploited, and the available ones 

for new installations are the least suitable. 

A significant potential is still available in the Swedish rivers. An increase of around 6 TWh/year is estimated in 

regulated rivers. An additional potential of 26 TWh/year was evaluated; of these, the potential of 15 TWh lies in 

four huge rivers (Kalixälven, Piteälven, Torneälven and Vindelälven). However, nowadays it is not possible to 

install hydropower plants in these rivers because they are protected by national regulations. The potential is thus 

likely to remain unexploited in the future. The resource availability limitation implemented in OSEMBE model is 

coherent with the reported data; it evaluates as exploitable potential the one related to the non-protected rivers. 

The potential in 2050 is set to 75.7 TWh. 

In Sweden, since the XIX century various companies produced hydropower machinery. Nowadays, a lower 

number of manufacturers are active in the sector, and they are especially focussed on small scale plants. 

Nonetheless, a high level know-how is established in Sweden in this regard. Consequently, in case of scenarios 

characterized by a closure of the international markets and by development of the technology level with diverse 

paces in different countries, the sector is not significantly affected. 

The role of hydropower in the balancing of the grid is worth mentioning. It allows for both seasonal balancing 
(covering the mismatch between demand and supply) and instantaneous balancing (maintaining the grid frequency 
close to 50 Hz). 
The reported information was retrieved from the following sources: [107], [108], [98], [70], [68], [69]. 
 
Wave Energy 

Currently, countries as Norway, Denmark, USA and United Kingdom are leading the research in this sector. In 

Sweden, as well, some companies and research centres are investigating wave energy, and test facilities were run in 

the west coast [107], [109]. Different technologies were developed and nowadays compete on the market. Although 

investors tried to invest in the technologies, many of them fell into failures; in order to promote the development 

of the technology, it is thus necessary to create a system allowing them to invest in a safer way. During the last 

years, large utilities are investing in it, creating a positive signal for the industry [110]. 

The future of this technology is very uncertain, and the quality of the projections is low. Nevertheless, huge costs 

reductions are forecasted by all the consulted sources. The forecasts reported in OSEMBE are lower than all the 

ones found in the literature; this is considered acceptable due to the high level of uncertainty of the projections. 

Solar Power 

Currently, the market for solar panels in Sweden is small, with a majority of off-grid installations. However, during 

the last years, the installations of photovoltaic systems have been growing thanks to public subsidizes [107]. 

Globally, photovoltaic technology is expected to undergo significant improvements and it is assumed to become 

more and more predominant, especially in the south of Europe. Many innovations are identified as opportunities 
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to improve the maturity of the technology during the next years; for example, there is room for advancements in 

regards of advanced homojunction technologies, improvements in the inverter lifetime, in material and in 

manufacture processes [111]. Nevertheless, the costs are highly dependent on the country under assessment and 

on the market maturity level. Although in Sweden market for photovoltaic is not extensively developed, PV 

manufacturers are present in the territory [112]. 

Nuclear Power 

The current context of nuclear power in Sweden was extensively discussed in chapter 3. In OSEMBE, the costs 

for nuclear power are assumed to be decreasing from 2020, also because of the capacity tax repeal in 2019. The 

same assumption will be thus maintained in the present models. Nevertheless, not extreme assumptions were made 

for this technology because of the uncertainty that characterized the history of nuclear power in the country; its 

future is in fact ambiguous and strictly depending on political decisions. 

Wind Power 

Currently, 10 wind turbines manufacturers cover more than 75% of the global market. These companies are Vestas 

(Denmark), SGRE (Spain), GE (USA), Enercon, Nordex, Senvion, United Power (Germany), Goldwind, Envision 

(China), Suzlon (India) [113]. At the moment, Swedish companies manufacturing wind turbines are not in the 

market. Consequently, the international context has to be carefully analysed. 

During the last years, the wind capacity in Europe has been significantly increasing, achieving a value of about 169 

GW in 2017. It represented the second form of power generation capacity in the EU (after gas, around 188 GW, 

and before coal, that was overcome in 2016 and presents a capacity of around 148 GW) [114]. The leading countries 

in this sectors are Germany, United Kingdom and France. Sweden presents a total installed wind capacity of 6.7 

GW, where only around 2 MW are offshore. Currently, a future expansion of offshore wind in Sweden is not 

forecasted [115], [116], [117]. 

Regarding the maturity of the technology, a distinction between onshore and offshore wind needs to be specified. 

Onshore wind is a quite mature technology. However, there is still room for innovations leading to cost reduction 

and performance improvements; examples of fields in which the most significant actions could happen are the 

optimization of rotor size and materials, the blade aerodynamics and pitch control, and the resource modelling 

[118]. Offshore wind is a less mature technology, and many fields of innovation can be explored in the future; 

examples of the most impacting ones are the introduction of multi-variable optimisation of array layouts, of 

advanced resource characterization, of direct-drive superconducting drive trains in the nacelle and of DC power 

take-off, improvements of the transmission system, of blade aerodynamics and materials [119]. 

Electricity Demand 
The electricity demand characterizing the four scenarios was evaluated during the modelling of the energy demand 

described in chapter 4. The same trends defined for the energy demand were assumed to be applicable to the 

electricity demand trends: the same coefficients reported in Table 26 were thus employed to create the curves 

describing them. The resulting electricity demand throughout the period is depicted in Figure 30. 
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Figure 30 – Electricity Demand Trends. 

The four electrification pathways, as deeply discussed in Annex III, present very different characteristics. The most 

noticeable trend is the one characterizing the automation scenario; the intense electrification of all the sectors of 

the society, combined with the growing total energy demand, leads to an impressive increase of the electricity 

demand, that more than doubles by 2050 if compared to the current levels. Circular scenario in 2050 presents a 

slightly increasing demand of electricity, especially during the decade between 2035 and 2045; although the total 

energy use is decreasing, the higher share of electricity appears to compensate the demand. Once the recycling 

framework is installed and fully operated, the demand is expected to decrease accordingly. 

Collaborative scenario is the one in which the variation of electricity demand is the smaller. In 2050, the use of 

electricity is expected to be similar to the current levels. Also in this case, as it was observed for the circular scenario, 

the increasing share of electricity in in the energy demand mix counterbalances the total energy use reduction. 

Finally, local scenario presents, as expected, the smaller demand of electricity. This is in line with the previously 

described figures, assessing a decrease of the energy use and a small electrification rate of society. More details in 

this regard are discussed in Annex III. 

A remark has to be specified for what concerns the Business As Usual (BAU) scenario. As mentioned, during the 

evaluation performed in chapter 4 the electricity used for heating was not accounted as electricity demand, but as 

heat demand. In this sense, the consistency of the model needs to be assured, and all the evaluated scenarios have 

to be based on the same assumptions. The BAU scenario of the Swedish OSEMBE model was built on a different 

structure. The electricity was in this case evaluated on a physical basis, meaning that the electricity for heating was 

included in the estimations. Accordingly, the share of electricity devoted to heating uses had to be subtracted from 

the total electricity demand initially implemented in the model. Detailed information regarding the assumptions 

made to evaluate the future evolution of electric heating in OSEMBE were missing. It was thus decided to subtract 

throughout all the period the same amount of electricity for heating corresponding to the current levels [43]. 

Electric heating includes both direct use (electric heaters) and heat pumps; it is likely that, while the amount of 

electric heaters will drastically decrease, the use of heat pumps will increase in the next decades. Therefore, with a 

result coherent with other forecasts found in the literature, the amount of electricity demanded for heating is 

assumed to be constant throughout the period [120]. In any case, the assumptions introduced only affects the 

simulations of the BAU scenario, that is not the focus of the study. 

An additional variation had to be added in regards of electricity trade. As described in section 6.3 and in Annex VI 

– Electricity Trade, Sweden is a net electricity exporter. However, the exchanges could not be implemented in the 

model in a rigorous way. The international trade is in fact a delicate topic, and it was out of the scope of the thesis. 

Additional deep studies would be required in order to evaluate its evolution in a complete manner, taking into 

account the international context and including the modelling of the involved countries’ electricity systems. 
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Consequently, as for the previous case, it was decided not to consider the related share of electricity in order not 

to add uncertainty to the model, and additional 19.65 TWh were subtracted from the total annual BAU demand. 

The value was selected according to the difference between the OSEMBE Swedish demand in 2019 and the value 

obtained from the modelling of the current electricity demand presented in chapter 4.14. The subtracted value for 

BAU scenario was kept constant throughout the period, since no detailed information was available regarding the 

assumptions made while modelling the initial system. Electricity imports and exports are highly volatile, and the 

forecasts can be highly diverse according to the assumptions made. Consequently, the simplification was 

considered reasonable for the BAU scenario, that is only used as comparison.  

Technology Costs 
The analysis of the technology costs was performed considering three main types of costs: the capital costs, 

representing the investment to be realized when the plant is installed (CAPEX), the fixed costs, related to the 

O&M expenditure faced independently from the level of production, and the variable costs, related to the expenses 

proportional to the production level (including the fuel cost). 

As it was for formerly described parameters, also in this case the projections were defined through annual variation 

rated occurring throughout all the period under assessment. The values were assumed according to the scenarios 

narratives, and the reliability of the forecasts was assessed through the main sources (the same also employed for 

the OSEMBE evaluations) [98], [121], [64]. The projections extrapolated from the literature were used to set a 

range of plausible values in which the costs related to the four scenarios could be assumed. In this way the 

assumptions made were not too extreme, and they could be considered trustworthy. The diverse monetary units 

encountered in the different sources were reported to 2015 US$ to be compared [122], [123]. All the reported costs 

are presented in US$ (referred as $). 

Capital Cost 

In Table 27 the annual variation rates that were assumed for the four scenarios are reported for the parameter 

CapitalCost. The coefficients were applied to the currently implemented value in OSEMBE from 2020. The BAU 

scenario reports the average rates implemented in the OSEMBE model. However, the values are average evaluated 

on the period, while in the actual model the trends are not constant. Only the rates of the technologies that 

underwent variations from the OSEMBE model are reported. When no values are reported in the table, the same 

rate as in the BAU scenario was implemented. 
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Table 27 – Capital Cost: assumed annual variation rates. 

 Technology 
Value in 

2020 [
$

𝒌𝑾
] 

BAU AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

WIND 
Onshore 1365.28 -0.68% -0.73% – -0.71% -0.20% 

Offshore 2943.07 -0.78% -1.00% -1.05% -0.90% -0.10% 

GEOTHERMAL Conventional 4949.06 -1.06% -1.40% -1.15% -1.20% -0.20% 

OCEAN Wave 5497.59 -3.03% -3.20% -2.90% -3.10% 0.00% 

SOLAR PV 
Distributed 1122.08 -0.74% -0.80% –  -0.80% -0.20% 

Utility 903.50 -0.74% -0.80% –  -0.80% -0.20% 

NUCLEAR Generation 3 4437.33 -0.49% –  -0.60% –  +0.10% 

BIOFUEL CHP 4803.45 -0.19% –  -0.25% –  -0.40% 

BIOMASS 
Combined Cycle 3793.95 -1.32% –  –  –  -1.10% 

CHP 3208.49 -0.87% –  –  –  -0.60% 

WASTE 
CHP 5473.89 -0.71% -0.75% -0.90% -0.80% –  

Steam Turbine 2547.35 -0.98% -1.05% -1.20% -1.10% –  

NATURAL 
GAS 

Open cycle 534.75 0.00% –  –  –  -0.05% 

Combined Cycle 826.43 0.00% –  –  –  -0.05% 

CHP new 995.79 -0.10% -0.20% –  –  -0.15% 

Fuel Cells 6273.46 -4.00% -4.20% – -4.20% -0.30% 

 

Fixed Cost 

The fixed costs were evaluated as shares of the capital cost, according to ETRI report [98]. The same coefficients 

were used for the four scenario; the difference are thus only due to the capital cost trends. For some of the 

technologies, the refurbishment cost needs to be included. The cost is physically present only during the second 

half of the technology lifetime. For the conventional technologies (biomass CHP, biomass steam turbine, waste 

CHP), half of the refurbishment cost is added throughout all the period; this allows to encompass all the existing 

plants, for which the installation periods are different. On the contrary, for the new technologies (nuclear III 

generation), the refurbishment cost is not included for the first half of their lifetime; from then, half of it is included 

as for the conventional technologies. Finally, for other technologies the refurbishment costs is not contemplated 

(wind, solar, geothermal, wave, natural gas open cycle, natural gas combined cycle, natural gas fuel cells) [64]. In 

some cases, the shares were not directly available or did not correspond to the values implemented in OSEMBE 

(biofuels, biomass combined cycle, waste steam turbine, natural gas CHP new); consequently, the sources were 

combined in order to obtain reliable values. 

Table 28 presents the coefficients that were employed for the evaluation of the fixed costs (parameter FixedCost): 

the contribute of the refurbishment costs are included in the percentages. Some technologies present different 

shares for each decade, while the majority is characterized by a single coefficient. For coal based technologies a 

different approach was followed; because of the disincentivising of the coal-based technologies and of the 

consequent reduced focus of the business in that direction, the fixed costs are assumed to increase with an annual 

share of 1.09% from 2020 on (as noticeable in the last two rows of the table). The values that were not modified 

from OSEMBE are not reported. 
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Table 28 – Fixed Cost: assumed shares of the capital cost. 

   Technology 
Value in 

2020 [
$

𝒌𝑾
] 

2019 - 2020 2020 - 2030 2030 - 2040 2040 - 2050 

WIND 
Wind Onshore 32.52582 2.40% 2.20% 1.90% 1.70% 

Wind Offshore 90.47140937 3.20% 3.00% 2.80% 2.30% 

GEOTHERMAL Conventional 79.185022 1.60% 1.80% 2.00% 2.20% 

OCEAN Wave 225.4013441 4.10% 4.70% 5.80% 5.80% 

SOLAR PV 
Distributed 22.44165 2.00% – – – 

Utility 22.587375 2.50% – – – 

NUCLEAR Generation 3 93.18385125 2.10% 1.90% 2.70% 2.60% 

BIOFUEL CHP 184.1740269 3.05% – – – 

BIOMASS 

Combined Cycle 104.3336353 3.64% – – – 

CHP 91.44209054 2.85% – – – 

Steam Turbine 74.41374825 2.75% – – – 

WASTE 
CHP 205.2707216 3.75% – – – 

Steam Turbine 70.05212784 2.75% – – – 

NATURAL GAS 

Open cycle 16.04247202 3.00% – – – 

Combined Cycle 20.66075942 2.50% – – – 

CHP new 38.8357125 3.90% 4.55% – – 

Fuel Cells 0 0.00% – – – 

    
Value in 

2020 [
$

𝒌𝑾
] 

Annual Increase       

COAL 
Steam turbine small 39.99738969 +1.09%       

Steam turbine large 61.39134231 +1.09%       

 

Variable Cost 

There are two main types of variable costs: the ones related to the practical operation of the systems and the ones 

due to the cost of the raw materials. In OSEMBE, the first category presented almost negligible values; significant 

values are noticeable for the fuel cost. Consequently, in the present model the operation costs were not modified 

from OSEMBE model, while more focused considerations were made on the fuel costs. The considerations that 

led to the definition of the assumptions made are based on the tax framework formerly described and, as for all 

the other parameters, on the scenario narratives (especially on the international coordination parameters). Table 

29 presents the numerical assumptions that were introduced in this regard: an increasing/decreasing coefficient 

was applied to the value implemented in OSEMBE corresponding to 2019. The parameter modified in 

OSeMOSYS is VariableCost. 
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Table 29 – Variable Cost: assumed annual variation rates. 

 Technology 
Value in 

2019 [
$

𝒌𝑾𝒉
] 

BAU AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

BIOFUELS 
Import 27.21910934 -0.27% -0.35% -0.50% -0.50% – 

Production 24.74464485 -0.27% -0.35% -0.50% -0.50% -0.50% 

BIOMASS Production 2.327755063 – -0.10% -0.05% -0.05% -0.15% 

COAL 
Import 2.942742014 +0.83% +1.50% +1.50% +1.50% +1.50% 

Extraction 2.648467813 +0.83% +1.50% +1.50% +1.50% +1.50% 

OIL Imports 9.972856017 +1.21% +1.30% +1.30% +1.30% +1.30% 

NATURAL GAS 
Imports 6.659879859 +0.93% +1.00% – +1.00% +1.20% 

Fuel cells 0.07752 -7.00% – -5.00% – -0.40% 

URANIUM Imports 1.301920122 0.00% – – – +0.50% 

 

Technology Efficiency 

The efficiency of technologies is accounted through two different parameters in OSEMBE. For the technologies 

fuelled by biofuels, biomass, coal, oil, natural gas, geothermal, hydro, wave, nuclear, and waste sources, the 

parameter accounting for efficiency is the InputActivityRatio; it is defined as the inverse of the efficiency. 

Hydropower is evaluated through this parameter because it is considered a dispatchable source (mainly due to the 

storage opportunities). 

For wind and solar resources, on the other hand, it is not possible to account the amount of input fuel used, since 

wind and irradiation are not included in the model as fuel. Consequently, the parameter accounting for it is the 

CapacityFactor. The parameter had to be varied carefully, being a combination of different factors. The KIC 

InnoEnergy reports [111], [118], [119] forecast the increase of annual energy production by 2030 for the 

encompassed technologies. In order to maintain the model variations plausible and not extreme, the values 

forecasted for 2030 were taken as base for the modifications. 

The forecasted annual variation coefficients for the two parameters are reported in Table 30 and Table 31, and are 

applied to the OSEMBE value in 2019. 

Table 30 – InputActivityRatio: assumed annual variation rates. 

 Technology Value in 2019 BAU AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

BIOFUELS H&P units 1.538461538 0.00% – -0.10% – -0.15% 

BIOMASS Combined Cycle 2.733590734 -0.87% – – – -0.67% 

GEOTHERMAL Conventional 4.273820537 -0.20% -0.26% -0.24% – – 

OIL PRODUCTS 
Combined Cycle 1.67816092 -0.18% -0.10% -0.10% -0.10% – 

Gas cycle new 2.5 -0.38% -0.48% -0.45% -0.48% -0.16% 

NATURAL GAS 

Combined Cycle 1.67816092 -0.18% -0.10% -0.10% -0.10% – 
CHP new 1.706809396 -0.23% -0.28% -0.31% -0.28% -0.18% 

Fuel cell 1.886792453 -0.45% -0.61% -0.50% -0.58% -0.12% 

Gas cycle new 2.5 -0.38% -0.48% -0.45% -0.48% -0.16% 

NUCLEAR Nuclear Generation 3 2.702702703 -0.09% – -0.17% – – 

WASTE 
Waste CHP 3.321385902 -1.07% – -1.22% – -1.14% 

Waste Steam turbine 2.87394958 -0.28% – -0.53% – -0.15% 
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Table 31 – CapacityFactor: assumed annual variation rates. 

 Technology AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

WIND 

Onshore near term +0.19% +0.16% +0.06% – 

Offshore near term +0.13% +0.16% +0.16% – 

Offshore long term +0.25% +0.31% +0.16% – 

SOLAR 
Distributed +0.10% +0.05% +0.10% – 

Utility +0.10% +0.05% +0.10% – 

 

Other Parameters 
Resource Availability 

A limitation to the exploit of each natural resource was set in the OSEMBE model according to the related 

identified potential. The availability of the resources was inserted in the model through the parameters 

TotalTechnologyAnnualActivityUpperLimit (biomass, coal, geothermal and waste) and AnnualEmissionLimit (hydro, 

wind). In the present thesis, the limitations were considered reliable and were kept as in OSEMBE model. Only 

two aspects were modified. First of all, as previously mentioned, a ban on the operation of the coal plants is 

expected to be introduced in all the scenarios. Therefore, the parameter TotalTechnologyAnnualActivityUpperLimit was 

set to zero from 2020 in automation, circular and collaborative scenarios, and from 2025 in local scenario. In this 

way it was possible to limit the usage of the plants without affecting the total installed capacity. The other aspect 

that was deepened concerns the waste availability. In fact, as described in the scenarios narratives, the generation 

of waste is expected to vary significantly between the scenarios. The import of waste, that nowadays is significant, 

can be affected as well according to the closure of the international markets. Consequently, customized forecasts 

for the availability of waste for energy generation were performed; the annual variation rates for each scenario, 

applied to the values reported in OSEMBE for 2019 (176.97 PJ), are reported in Table 32. 

Table 32 – TotalTechnologyAnnualActivityUpperLimit: assumed annual variation rates. 

 BAU AUTOMATION CIRCULAR COLLABORATIVE LOCAL 

Waste extraction -0.95% – -2.00% -1.20% -1.20% 

 

Emission Limit 

As previously discussed, the EU ETS determines a GHG emission limit to be fulfilled. This factor is accounted by 

the AnnualEmissionLimit parameter in OSeMOSYS. OSEMBE model takes into account the cap introduced with 

the regulation, because of its European nature. However, the structure of the model envisages for the next decades 

the possibility to trade the allowances internationally between all the countries participating the programme. 

Consequently, the limitation is not implemented in the model and the parameter is set to 999999999 in all the 

scenarios (BAU included).  
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V. Results 

Business As Usual Scenario 
In all the scenarios, BAU included, fossil fuels are not present in the mix from the beginning of the analysed period. 

Nevertheless, nowadays a small percentage of fossil fuels is employed for electricity generation [43]. The results 

obtained for the developed models, BAU as well, do not account the mentioned share for different reasons. First 

of all, the fossil fuels are currently used in CHP; these technologies are not valorised in the model, as discussed in 

section 5.3. Moreover, the electric demand had to be reduced (chapter 5.1), and this was translated in an additional 

source of differences. The evaluation of the installed capacity illustrates that presence of the fossil-fuels based 

power plants (Figure 32, Figure 37); nevertheless, the usage of the same appeared not to be convenient, and the 

plants were assumed not to be used until the end of their lifetime. 

Although the technology mix of BAU scenario in 2019 does not correspond exactly to the actual one, as a 

consequence of the mentioned differences introduced, the percentages in the electricity mix are consistent. 

The primary source is onshore wind, covering over 51% of the electricity generated in 2050. Another 38.8% is 

supplied through hydropower, where the majority comes from small-medium plants (< 100 MW). Finally, 9.75% 

of the energy mix is supplied through waste energy. Geothermal, instead, is implemented in a very small share 

(0.03% in 2050). Biomass is only used as fuel for a short period, between 2030 and 2041 (Figure 31). 

Simulation Outcomes 
The detail of the outcomes of the simulations are reported hereafter in form of technology mix, installed capacity 

and new installed capacity. Moreover, the average Levelized Cost of Electricity (LCOE) for the four scenarios is 

illustrated. 

Technology Mix 

 

Figure 31 – BAU Technology Mix. 
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Installed Capacity 

 

Figure 32 – BAU Installed Capacity. 

 

Figure 33 – Automation Installed Capacity. 

 

 

Figure 34 – Circular Installed Capacity. 
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Figure 35 – Collaborative Installed Capacity. 

 

Figure 36 – Local Installed Capacity. 

New Installed Capacity 

 

Figure 37 – BAU New Installed Capacity. 
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Figure 38 – Automation New Installed Capacity. 

 

Figure 39 – Circular New Installed Capacity. 

 

Figure 40 – Collaborative New Installed Capacity. 
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Figure 41 – Local New Installed Capacity. 

LCOE 

The Levelized Cost of Electricity (LCOE) was evaluated according to Eq. 7. The parameter r represents the 

discount rate, set to 5% according to the OSEMBE assumptions [64], while the parameter t goes from 2019 to 

2050, considering the period under assessment. The LCOE is evaluated as the average value for all the period, 

evaluated as the ratio between the sum of all the discounted costs and the discounted electricity generated 

throughout the years. 

 
𝐿𝐶𝑂𝐸 =  

∑
𝐶𝑎𝑝𝑖𝑡𝑎𝑙𝐶𝑜𝑠𝑡𝑡 + 𝐹𝑖𝑥𝑒𝑑𝐶𝑜𝑠𝑡𝑡 + 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝐶𝑜𝑠𝑡𝑡 +  𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑉𝑎𝑙𝑢𝑒𝑡

(1 + 𝑟)𝑡𝑡

∑
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦𝑡

(1 + 𝑟)𝑡𝑡

 

 

 
 

(Eq. 7) 

 

The resulting LCOEs are compared in Table 33. 

Table 33 – Average LCOEs in the four scenarios. 

 BAU Automation Circular Collaborative Local 

LCOE [$/kWh] 0.0268 0.0281 0.0273 0.0257 0.0247 
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VI. Sensitivity Analysis 
In the present chapter, the details same details that were illustrated in the previous chapter are reported for the 

outcomes of the performed sensitivity analysis. 

Hydropower Capacity 
Technology Mix 

In Figure 42, the electricity mix (in 2050) obtained from the simulations for all the scenarios are reported and 

compared with the base scenarios. 

 

Figure 42 – Sensitivity analysis on hydropower capacity: Technology Mix in 2050. 

 

Figure 43 – Automation. Technology Mix, sensitivity analysis on hydropower capacity. 
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Figure 44 – Circular. Technology Mix, sensitivity analysis on hydropower capacity. 

 

Figure 45 – Collaborative. Technology Mix, sensitivity analysis on hydropower capacity. 
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Figure 46 – Local. Technology Mix, sensitivity analysis on hydropower capacity. 

Installed Capacity 

 

Figure 47 – Automation. Installed Capacity, sensitivity analysis on hydropower capacity. 

 

Figure 48 – Circular. Installed Capacity, sensitivity analysis on hydropower capacity. 
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Figure 49 – Collaborative. Installed Capacity, sensitivity analysis on hydropower capacity. 

 

Figure 50 – Local. Installed Capacity, sensitivity analysis on hydropower capacity. 
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Figure 51 – Automation. New Installed Capacity, sensitivity analysis on hydropower capacity. 
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Figure 52 – Circular. New Installed Capacity, sensitivity analysis on hydropower capacity. 

 

Figure 53 – Collaborative. New Installed Capacity, sensitivity analysis on hydropower capacity. 

 

Figure 54 – Local. New Installed Capacity, sensitivity analysis on hydropower capacity. 
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LCOE 

 

Figure 55 – Sensitivity analysis on hydropower capacity: Average LCOE in the four scenarios.
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Onshore Wind Cost 
In the present section, the electricity mix, total installed capacity and new capacity scenarios obtained from the simulations are 

reported. The legend describing the images is the same reported for the diagrams in Annex VI – Hydropower Capacity. 

Technology Mix – Automation 

 

Figure 56 – Automation. Technology Mix, sensitivity analysis on onshore wind cost. 

Table 34 reports the shares obtained in the different scenarios evaluated. The values are reported in blue if undergo an increase, 
and in red if a reduction is noticed with the variation of the parameter under assessment. The same values are depicted in Figure 
57, that gives a visual representation of the trends characterizing the technologies role in 2050 in the different scenarios. 

Table 34 – Automation. Technology Mix in 2050, sensitivity analysis on onshore wind cost. 

 Automation 0% 0.70% 0.90% 1.10% 

Biomass 10.98% 10.98% 13.89% 16.48% 16.48% 

Geothermal 0.02% 0.02% 0.02% 0.02% 0.02% 

Hydro > 100 MW 15.11% 15.11% 15.11% 15.11% 15.11% 

Hydro < 100 MW 16.24% 16.24% 16.24% 16.24% 16.24% 

Nuclear 0.00% 0.00% 0.00% 15.34% 31.93% 

Wind Onshore 51.89% 51.89% 44.20% 24.16% 7.48% 

Wind Offshore 0.00% 0.00% 4.79% 6.89% 6.98% 

Waste 5.76% 5.76% 5.76% 5.76% 5.76% 
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Figure 57 – Automation. Electricity Mix Shares in 2050, sensitivity analysis on onshore wind cost. 

Technology Mix – Circular 

The same approach was used for the other three scenarios. 

 

Figure 58 – Circular. Technology Mix, sensitivity analysis on onshore wind cost. 
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Table 35 – Circular. Technology Mix in 2050, sensitivity analysis on onshore wind cost. 

 Circular 0% 0.70% 0.90% 1.10% 

Biomass 0.00% 0.00% 0.00% 18.01% 17.79% 

Geothermal 0.03% 0.03% 0.03% 0.03% 0.03% 

Hydro > 100 MW 11.61% 11.61% 18.76% 18.87% 19.24% 

Hydro < 100 MW 19.99% 22.09% 28.38% 28.38% 28.38% 

Nuclear 0.00% 0.00% 0.00% 1.02% 10.42% 

Wind Onshore 60.58% 58.47% 45.04% 25.90% 16.35% 

Wind Offshore 0.00% 0.00% 0.00% 0.00% 0.00% 

Waste 7.80% 7.80% 7.80% 7.80% 7.80% 

 

 

Figure 59 – Circular. Electricity Mix Shares in 2050, sensitivity analysis on onshore wind cost. 
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Technology Mix – Collaborative 

 

Figure 60 – Collaborative. Technology Mix, sensitivity analysis on onshore wind cost. 

 

Table 36 – Collaborative. Technology Mix in 2050, sensitivity analysis on onshore wind cost. 

 Collaborative 0% 0.70% 0.90% 1.10% 

Biomass 0.00% 0.00% 0.00% 27.23% 27.44% 

Geothermal 0.04% 0.04% 0.04% 0.04% 0.04% 

Hydro > 100 MW 13.35% 13.35% 28.79% 29.22% 29.22% 

Hydro < 100 MW 32.61% 32.61% 32.61% 32.61% 32.61% 

Nuclear 0.00% 0.00% 0.00% 0.00% 0.00% 

Wind Onshore 43.32% 43.32% 27.88% 0.22% 0.00% 

Wind Offshore 0.00% 0.00% 0.00% 0.00% 0.00% 

Waste 10.68% 10.68% 10.68% 10.68% 10.68% 
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Figure 61 – Collaborative. Electricity Mix Shares in 2050, sensitivity analysis on onshore wind cost. 

 

Technology Mix – Local 

 

Figure 62 – Local. Technology Mix, sensitivity analysis on onshore wind cost. 
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Table 37 – Local. Technology Mix in 2050, sensitivity analysis on onshore wind cost. 

 Local 0% 0.70% 0.90% 1.10% 

Biomass 0.00% 0.00% 0.00% 0.00% 0.00% 

Geothermal 0.00% 0.00% 0.00% 0.00% 0.00% 

Hydro > 100 MW 26.23% 26.23% 26.23% 26.23% 26.23% 

Hydro < 100 MW 57.91% 57.91% 57.91% 57.91% 57.91% 

Nuclear 0.00% 0.00% 0.00% 0.00% 0.00% 

Wind Onshore 0.00% 0.00% 0.00% 0.00% 0.00% 

Wind Offshore 0.00% 0.00% 0.00% 0.00% 0.00% 

Waste 15.85% 15.85% 15.85% 15.85% 15.85% 

 

 

Figure 63 – Local. Electricity Mix Shares in 2050, sensitivity analysis on onshore wind cost. 
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Installed Capacity 

 

Figure 64 – Automation. Installed Capacity, sensitivity analysis on onshore wind cost. 
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Figure 65 – Circular. Installed Capacity, sensitivity analysis on onshore wind cost. 
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Figure 66 – Collaborative. Installed Capacity, sensitivity analysis on onshore wind cost. 
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Figure 67 – Local. Installed Capacity, sensitivity analysis on onshore wind cost. 

 

 

 

 

 

 

 

 

 

 

 

0

5

10

15

20

25

30

35

40

C
ap

ac
it

y 
[G

W
]

Local – 0% Installed Capacity

0

5

10

15

20

25

30

35

40

Local – 0.7% Installed Capacity

0

5

10

15

20

25

30

35

40

C
ap

ac
it

y 
[G

W
]

Local – 0.9% Installed Capacity

0

5

10

15

20

25

30

35

40

Local – 1.1% Installed Capacity



111 
 

New Installed Capacity 

 

Figure 68 – Automation. New Installed Capacity, sensitivity analysis on onshore wind cost. 
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Figure 69 – Circular. New Installed Capacity, sensitivity analysis on onshore wind cost. 
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Figure 70 – Collaborative. New Installed Capacity, sensitivity analysis on onshore wind cost. 
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Figure 71 – Local. New Installed Capacity, sensitivity analysis on onshore wind cost. 

LCOE 

 

Figure 72 – Sensitivity analysis on hydropower capacity: Average LCOE in the four scenarios. 
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Electricity Trade 
 

Table 38 – Swedish electricity imports per country. 

  Denmark Finland Lithuania Norway Germany Poland 

2012 1.54 0.40 0.00 10.70 0.25 0.12 

2013 4.13 0.73 0.00 8.23 1.00 0.76 

2014 3.77 0.20 0.00 11.86 0.74 0.11 

2015 2.96 0.32 0.00 9.33 0.15 0.02 

2016 5.26 0.34 0.12 10.69 0.80 0.18 

2017 2.96 0.42 0.11 10.28 0.25 0.15 

 

Table 39 – Swedish electricity exports per country. 

  Denmark Finland Lithuania Norway Germany Poland 

2012 -9.09 -14.55 0.00 -3.08 -2.94 -2.67 

2013 -3.29 -12.52 0.00 -6.83 -1.07 -0.99 

2014 -4.80 -18.23 0.00 -4.59 -1.79 -3.08 

2015 -6.54 -17.92 0.00 -5.71 -1.99 -3.57 

2016 -3.12 -15.49 -2.45 -3.53 -1.48 -2.81 

2017 -5.85 -15.50 -3.04 -3.44 -2.18 -3.13 

 

Table 40 – Swedish electricity trade. 

  Imports Exports Net trade 

2012 13.01 -32.33 -19.32 

2013 14.86 -24.69 -9.83 

2014 16.68 -32.50 -15.82 

2015 12.79 -35.72 -22.92 

2016 18.77 -27.51 -8.75 

2017 13.78 -33.14 -19.36 

 


