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Overview

While most of Colombia’s power comes from large-scale hydroelectricity generation (about 65%), it still significantly depends on fossil-fuel-based technologies, mainly gas and coal. Alternative cleaner energy sources, such as wind power and solar PV, have been largely neglected despite their large potential and their likely complementarities with the hydropower sector. The limited mix of energy sources in Colombia’s electricity matrix has made the system vulnerable to unpredictable and recurrent drought conditions brought by El Niño events. Every time El Niño occurs, it causes high electricity costs and losses of power supply (Macías & Andrade, 2015; UPME, 2014). 
The current costs and efficiencies of renewables are making them appealing for meeting the growing electricity demands in Colombia (Taylor et al., 2015; Tidball et al., 2010; Rubin et al., 2015). However, the tendency is that in the near future the hydroelectricity sector in the country will grow even further, while the alternative renewables will remain incipient (UPME, 2014), which is opposite to the strategy followed by many countries within the region.
This paper proposes an optimization model, based on Implicit Stochastic Optimization (ISO), to explore the insertion of alternative renewables into the Colombian electricity sector. The model seeks to identify, within different regions of Colombia, how the system may expand its capacity to meet an optimal criterium and how the old and new installations proposed should be employed to meet the nation’s future needs. 

Methodology
As mentioned above, this paper develops an optimization model, based on Implicit Stochastic Optimization (ISO), to identify what type of electricity generation technologies should be installed in different regions of Colombia, over the next 19 years (2017-2035). The model considers a cost-based competition between conventional technologies and alternative renewables. 
Following UPME (2014), we divided the country into five different geographic areas, which differ in terms of their renewable resources (i.e., average solar radiation, wind speeds and water inputs), in order to explore what technologies in what areas may complement the current hydropower installations of the country. Thus, the model explores the potential of these resources within those five regions and assesses their complementarities across regions. The idea is to find the optimal mix of technologies that, at minimum cost, complement the current assets of the Colombian electricity sector, so they can meet future demands. Hence, two different analyses are conducted: on the one hand, where free competition between technologies is promoted and, on the other, where only green energy is desired.  
The ISO methodology employed seeks the optimal deterministic solution of the problem, considering different plausible scenarios for its most uncertain variables (Shrestha et al., 1996; Labadie, 2004). The scenarios in this case are different realizations of the climatic variables used in the model (solar radiation, wind speeds, water inputs) – 200 different synthetic time series were built for each of the climatic variables needed within the five regions (Efstratiadis et. al, 2014). The optimization model is solved for each one of these scenarios. With these results, the paper draws some overall conclusions by means of statistically analysis.Preliminary recommendations are then proposed (e.g., different levels of capacity installation of solar PV), and sensitivity analysis is conducted using 200 new scenarios. The purpose is to assess the reliability of the system, with such recommendations, by keeping track of any blackouts or looses of power.
Results
Optimization results indicate that the Colombian power sector should diversify its portfolio of technologies by investing in large solar farms in the eastern plains of Colombia, which are centrally located and close to the main transmission lines of the country. Solar PVs seem particularly promising for expanding the system’s capacity because of its vast potential and cost competitiveness. Also, solar PV is an optimal option because it is negatively correlated with the water inputs that feed the current hydropower plants that are installed in the country, hence complementing the system and its ability to cope with extreme dry weather conditions. 
Conclusions

The diversification through solar PV will contribute to make the system less vulnerable to extreme weather conditions, reduce the overall system costs, mitigate greenhouse gas emissions, and decrease the chances of having losses of power in the future. In contrast, the business as usual scenario indicates that the system will turn costlier and less reliable.
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