	 
       									                                                 	
Geothermal resource dynamics and implications for energy system planning
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Overview
[bookmark: _GoBack]Geothermal power production grew by 16% between 2010 and 2015 [1]. Geothermal resources are renewable, have relatively low emission rates and production is unrelated weather conditions making them suitable to provide base load electricity and independent of changes in climatic conditions. Due to those characteristics further expansion of geothermal resources is expected [1,2]. However, geothermal resources, unlike other renewable resources, can be (almost) depleted if they are utilized excessively beyond their regeneration rate for electricity production [3,4]. Once a geothermal resource has been used excessively and utilized close to depletion, in some cases, geothermal regeneration can take up to a century [5]. The production capacity of a geothermal plant depends on the available geothermal energy resource in the reservoir, which is influenced by the extraction of it through actual resource utilization for electricity production. The connection between the geothermal resource utilization and changes in the resource’s availability depends on the characteristics of the reservoir such as for example reservoir temperature and pressure [6]. If the geothermal resource at a plant site is utilized beyond its sustainable harvesting rate, the capacity of the plant decreases over time.  In general, the geothermal capacity losses can be compensated up to a certain level by drilling additional wells [5]. Because of these characteristics,  it has been argued that the geothermal resource  can be studied as a stock and flow system [7]. So far, geothermal resources have been modelled and investigated for individual reservoirs or plants, focusing on the implications of utilization mainly on pressure and temperature losses but also to some extent on future electrical capacity. So far, they have not investigated the effect of geothermal resource dynamics in the context of energy system modelling. Hence the model introduced captures the dynamics of geothermal resources occurring during its utilization for electricity production on a system’s level (i.e. national level), incorporating an economic structure, which will make it possible to connect it to an energy system’s model such as the UniSyD_IS model [8–10]. The model discussed captures the dynamics related to geothermal resource utilization for electricity production as described in the introduction. 
Methods
The model consists of three main sectors: “geothermal resource dynamics”, “geothermal plant construction”, and “geothermal economics”.
The System Dynamics approach has several advantages and has been used to develop the model because of the following reasons [11]:
(i) System dynamics is suitable for modelling feedback loops between different variables. This aspect is particularly relevant in this study for addressing the feedback between resource utilization, power plant capacities and economics of geothermal system. 
(ii) System dynamics makes structural differences between stock and flow structures. This aspect is important considering that like other energy resources also geothermal resources can be seen as stocks.
(iii) System dynamics is suitable for addressing material as well as information delays in systems. There are some delays in the system associated with electricity system capacities, resource availabilities and electricity cost.
In order to test the model structure, it has been applied to Iceland. Four main scenarios are simulated and compared based on the level of resource utilization, which can either be high or low, and whether the geothermal resource dynamics are incorporated or not. Sensitivity analysis is performed with respect to well capital cost and geothermal natural recharging rates.
Results  
Results show that including geothermal resource dynamics into the model structure makes it possible to estimate capacity installation cost as well as production cost per unit more accurately. In some scenarios, which include the resource dynamics the unit cost of electricity production is 16% higher than if resource dynamics are not considered. With regards to assessing future resource availability, including the feedback between resource dynamics, the economic and plant construction sector, allows for an improved planning of the distribution of resource utilization between fields. Through sensitivity analysis carried out for the case study it was shown that despite uncertainties regarding the natural recharge, average unit production costs fall less significantly with a decrease in the maximum recharge coefficient than they grow with an increase in the maximum recharge coefficient in the same order.
Conclusions
Applying a System Dynamics approach is useful, as it is able to represent the stock-like dynamics of the geothermal resource and feedbacks between various system components. By capturing those, it became possible to investigate the impact of electricity production on the geothermal resource and the changes in cost of electricity production as captured by unit production cost. This implies that excluding geothermal resource dynamics from energy system models, results in higher emphasis on utilization of geothermal resources than perhaps is warranted.  
Incorporating the current model into a national energy system model would allow us to assess the prospects of geothermal power and its competitiveness with other resources, in the short- and specifically long-term, under different demand scenarios. As the consequences of excessive geothermal resource utilization for electricity production can occur with a delay, it is especially relevant to understand how certain supply choices affect the system in the long-term. Therefore, it is planned to connect the presented model to the Icelandic national energy system model, to assess the implications of including geothermal resource dynamics for energy system development. 
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