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Increasing scarcity of fossil fuels, environmental threats such as climate change, and lack of access to high quality fuels by over one billion people push for the replacement of fossil fuels by alternative energy resources. This push has led to a new development paradigm, called sustainable energy development (SED) [1], which was incorporated into the Sustainable Development Goals as Goal 7. The Icelandic government has answered the call of the international community with a pledge of carbon neutrality by 2040 which implies independence from fossil fuels. 

Since 1900, Iceland went through three energy transitions: i) from biomass to coal, ii) from coal to oil and renewable energy and iii) from oil to renewable energy.  Today 82% of primary energy use in Iceland is derived from renewable and domestic energy resources, in particular geothermal energy (62%), and hydropower energy (20%) in addition to a minor fraction from wind energy [2].  These fractional shares depict a unique reliance on domestic renewable energy – illustrating that transitioning energy systems towards renewable energy is not only possible, but also can positively affect economic development and wellbeing. Two sectors still rely on imported fossil fuels: the fishing industry and transportation and thus the fourth transition – the transition to an independence from fossil fuels -  focuses on these two sectors. Multiple transition pathways are possible, relying on domestic, renewable energy resources – each with different sustainability implications. Thus a dynamic integrated model was developed as part of an international research project, to assess Icelandic energy futures with the aim to: i) identify energy system development trajectories that contribute to carbon neutrality and sustainable development in Iceland, ii) compare the multidimensional implications of alternative development trajectories of the Icelandic energy system and illustrate the sustainability implications of different development pathways, iii) identify and evaluate the policies needed to push for the desired transition. 

This introductory presentation which focuses on methods, is the first presentation in a session that presents this modeling effort and its main results.  

Methods
The integrated model consists of three modules, in addition to an external General equilibrium model used to simulate macroeconomic implications.  The three modules are; i) an energy systems model, relying on systems dynamic modeling ii) sustainability indicators and iii) multi-criteria decision analysis. 
Systems dynamic modeling: The transition to a sustainable and low-carbon energy system is a complex process. Transition analysis thus requires comprehensive analytical tools, which enable an understanding of complex systems behaviors such as renewable resource dynamics and how markets react and adapt to potential policy measures. Members of the research team have developed an advanced system dynamics model of the Icelandic energy and transportation system (UniSyD_IS), used to study transition paths to alternative fuels for the Icelandic economy [3] [4]. The model captures e.g. the physical dynamics of the energy resources, including the impact of climate change on hydropower resources, the dynamics of energy markets and investment as well as the dynamics of the transportation sector. Outputs of the model include TPES in each transition scenario, prices and environmental impact including emissions of GHG and economic costs and benefits. 

Sustainability indicators derived from qualitative assessments. Two reviews of energy focused sustainability indicators in the context of sustainable development reveal that: i) those that assess energy sustainability at the national level provide inconsistent results for individual countries, ii) they tend to neglect social and environmental dimensions, iii) they are developed without recognition of national specificities, needs and without wide-spread stakeholder input and iv) are without exception “backward looking” and thereby not enabling sustainability assessment of alternative energy futures [1] [5].  Given those conclusions a new indicator set was developed in this project, based on qualitative research methods as well as Delphi analysis. This system of energy indicators was then incorporated into the UniSyD_IS model, enabling sustainability assessment of the trajectories identified.

Multi-criteria decision analysis: MCDA methods have become progressively popular in decision-making for sustainable energy due to the multi-dimensionality of sustainability goals and the complexity of socio-economic and biophysical systems [6]. While trade-offs among conflicting objectives lie at the heart of energy planning, engineers, economists and policy makers have different criteria for the attributes they use to judge possible development trajectories for energy systems. To capture these, the trajectories were evaluated based by the sustainability indicators.  The indicators were then translated to a decision matrix with scores for each element in the matrix – directly capturing the multi-dimensional sustainability implications for each trajectory. 

Conclusion
The research project presented in this special session evaluates alternative energy futures using integrated system dynamics model and the use of sustainability indicators that are embedded in the model. The sustainability indicators are then fed to a decision-making framework based on MCDA effectively transforming the integrated SD model into an effective decision-support (DSS) tool.  The analysis presented in this project is already having policy impact in Iceland. 
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