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Overview

The conventional fossil fuel based energy system has proven to be one of the main drivers of earth system change, especially climate change (Steffen et al. 2005). The transition from the fossil fuel based energy system to a renewable based energy system is one of the widely advocated and modelled solution pathways for achieving long-term sustainable development and climate change mitigation. However, results regarding their contribution to climate change mitigation and sustainable development are dependent on the assumptions made with regards to renewable energies. Therefore, the study deals with the following research question: How do different conceptualizations of renewable energies influence their possible contribution to long-term sustainable energy system? 
First, renewable energies and their technological, environmental and economic characteristics that are relevant for the national and global scale are analyzed in a disaggregated manner. Second, current approaches applied to model renewable energies are explored and derived simulation results are discussed. Based on this the gap between the current knowledge on renewable energy potentials and modelling practices is explored. To further strengthen this argument and to present a possible alternative of modelling renewable energies an example on the national and international level is provided. A model that draws from a pre-existing model of the Icelandic electricity system but captures the physical realities of renewable resources such as the impact of climate change on hydro resources as well as geothermal resource drawdown, is built. For the global scale the example of Neodymium (Nd), a critical and potentially scarce material especially relevant in the wind turbines and electric vehicles, is modelled in order to show how material scarcities can impact on the results of wind power in the future energy system. The simulation of both example cases run up to 2100. The simulation efforts provide insights into how different assumptions on renewables can affect model results. 
Methods

Since it can be argued that the energy system holds characteristics of a complex system and system dynamics is a methodology for analysing complex systems (Bale et al. 2015), system dynamics modelling is seen as an appropriate method for the simulation of the two example cases. System dynamics modelling is based on differential equations. An essential element is that the feedbacks between different variables are modelled. This is important as the feedback between resource scarcities and/or climate change and the energy system is a central element of analysis. Another relevant feature is the differentiation between stock and flow variables, which is especially relevant when modelling the (renewable) energy system. While stocks can be depleted and their possible recovery depends on a recovery rate (e.g. biomass, geothermal, mined materials), flows cannot be depleted. (Sterman 2000)
The modelling tool used is STELLA. 
The Icelandic example case model for the simulation draws on the UniSyD_IS model, which the University of Iceland and Unitec developed together. UniSyD_IS was based on the UniSyD_NZ model that has been the result of a collaboration between Unitec and Stanford University. 

The structure for the global example of Nd is based on a modelling structure for scarcity of materials and related price mechanisms developed by Erik Pruyt (Kwakkel et al. 2013).
Results
Literature

A number of studies deal with the impacts of climate change on the global and local energy system, its supply as well as demand side (Schaeffer et al. 2012). On the supply side, especially the impact of climate change on renewable resources is relevant as all of them, except geothermal, depend on weather or climatic conditions (Ebinger and Vergara 2011). The effect of climate change however is locally specific. Geothermal resource draw down has been analysed and discussed by several authors as an important aspect when planning and assessing (future) geothermal supply systems (e.g. Axelsson and Stefansson 2003; Dayan and Ambuyan 2015; Stefansson and Axelsson 2005). 
Resource scarcities for renewable technologies and future energy systems have been largely discussed (e.g. Ali et al. 2017; Garcia-Olivares 2011; JRC 2013). As the assumptions on the demand of specific materials vary, the categorization as critical or not varies too. Still, some materials such as Nd or Copper are at high risk of being bottle-neck materials of the future energy system. 

Models

Many models do not include all aspects of the physical realities of renewable energy resources and therefore might estimate the contribution of renewables to the energy system incorrectly. Among others, arising constraints of renewables with regards to harvesting technology are neglected. Many national energy system models only include constraints for biomass but no other renewables. While most models could integrate climate change effects only a handful do so.
Simulation 
The results for the Icelandic example show that in this case climate change has a positive impact on the availability of the hydro resource and therefore, leads a higher hydroelectricity supply and lower prices compared to a scenario, in which no climate impacts on the hydro resources are assumed. The geothermal drawdown impacts negatively the energy system, as it leads to lower production capacities and higher electricity prices. 
The simulation of Nd on a global level shows that in the latter half of this century scarcities will impact on the availability, hence also prices of Nd. Additionally, delays due to the construction of mining capacities may occur. 
Conclusions
Modelling renewables and their distinct physical characteristics affects assessments of their ability to contribute to climate change mitigation and a to the long term sustainablility of the energy system. While there are uncertainties regarding the exact limitations of resources such es Nd and the exact impact of climate change on renewables, it is important to consider these factors when planning for a sustainable long-term energy system. The results presented above give first insights into how varying assumptions can effect model results. However, it is necessary to analyse them in more detail to provide more precise results and estimate how different effects, such as for example the tradeoffs between the increase in hydropower capacities due to climate change and the reduced production capacities of geothermal energy resources, amongst others, play out against each other.
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