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Overview

In today's world, there is an ever-growing awareness that increasing the share of renewable sources is essential for addressing climate change. By the end of 2015, alternative renewables provided 19.3% of the world’s total electricity consumption and the number of related power installations has increased even further since then (REN21, 2017). 

Amongst the main factors that have driven this trend for renewables are: governmental policies that incentivize their use, cost parity and improvements in technical efficiency, energy security and self-sufficiency concerns, environmental pressures, increases in the demand of emerging economies and the need for access to modern energy by isolated communities. As a result, new markets for centralized and distributed generation using alternative renewables are developing in most countries of the World, including in Latin America (REN21, 2017).

In Colombia, about 65% of its power comes from large-scale hydroelectricity generation and the rest from fossil-based technologies. 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. This limited mix of renewable energy sources has made the system vulnerable to the recurrent drought conditions brought by El Niño phenomenon, which causes high electricity costs and losses of power supply every time it occurs (Macías & Andrade, 2013; UPME, 2014). 

The insertion of alternative renewables into the Colombian electricity matrix may be a way to cope with the negative effects brought by El Niño. The idea would be to find a clean source that can be used in a complementary way with the hydropower installations currently running within the country. Such a complementarity can be identified by means of analyzing the weather variables related to these renewable sources (i.e., wind speeds and solar radiation) and how these may vary in time and space and in relation to the water inputs that feed the hydropower facilities. 

Some scholars have analyzed the complementarity between wind power and hydropower (Vergara, Deeb, Toba, Cramton, & Leino, 2010). These authors show that wind power is an option that can contribute to diversify the country’s electricity matrix, especially for dry periods. Nevertheless, the complementary characteristics of solar power with the other two renewables mentioned above, for the case of Colombia, have not been studied before. 

The purpose of this paper is therefore to propose a methodology to identify potential locations within three regions of Colombia in order to install wind and solar facilities, so that these may complement with each other and with the current hydropower installations that exist there. For that, we statistically analyze the relationship between water inputs (GWh), wind speeds (m/s) and solar radiation (Wh/m2/month) within and across these three regions. In our analysis, we take into account the variation in time and space presented by the climatic variables chosen.
Methods
For each region, we identify potential renewable installation points based on the current location of hydroelectric plants and on the identification of the areas with higher wind speeds and higher radiation levels, using cartographic information. In the case of radiation, we chose zones that present levels above 230 w/m2. In the case of average surface wind speed, we chose zones above 2 m/s. 
The statistical analysis for each climatic time series consisted of univariate, correlation and spatial analysis. The goal of univariate analysis was to identify patterns of behavior of each monthly series in the period 2000-2015. In this period, we took into account three seasons: normal periods, warm periods (Niño phenomenon), and cold periods (Niña phenomenon). In the correlation analysis two levels were taken into account: temporal and spatial. Temporal correlation was calculated between each pair of variables using Kendall's nonparametric coefficient. Spatial correlation was done for wind speed and solar radiation, and was measured taking into account different distance levels. We used the three main measures of spatial autocorrelation: Moran’s I (Moran, 1984), Geary’s C (Geary, 1954) and Getis and Ord’s G (Getis & Ord, 1992). Finally, spatial analysis was developed using spatial regression in order to estimate the relationship between water inputs and wind speed and/or solar radiation.
Results

The univariate analysis allowed to evidence a cyclic pattern in wind speed and radiation in the majority of the cases with Niño or Niña phenomena, whose behavior is inverse. In the case of Niño phenomenon, it can be explained because in some months with higher levels of precipitation and therefore higher levels of water inputs (April, May, October and October, November, December) the radiation levels are lower, and vice versa.

Temporal correlation is evidenced for the Andean and Caribbean regions. In the Andean region, as expected, there is an only correlation between water inputs and radiation. On the other hand, for the Caribbean region, there is also a temporal correlation between water inputs and wind speed.

In spatial terms, the three regions present this type of autocorrelation. In the case of Andean region, there is positive and statistically significant spatial autocorrelation for radiation, and in distances between 0 and 75 km for some specific locations. In Pacific region, we found one only point that evidences negative spatial autocorrelation of the wind speed at 5% of statistical significance, for a distance between 225 and 300 km. It means that the wind speed values taken in this point tends to be different from the values taken on by at locations distanced between 225 to 300 km. Finally, for Caribbean region, there is negative spatial autocorrelation for wind speed for distances between 600 and 675 km, and there is positive spatial correlation for radiation for two level of distances: between 0 and 75 km and between 600 and 675 km. 
Spatial regressions were used to evaluate the relationship for the distances that were identified in each region. 
Conclusions

One way to facilitate high penetration of energy renewable sources is using their complementarity with hydropower. We show the complementarity between wind speed and solar with hydro production for some areas of the analyzed regions of Colombia. 

We identify strategic locations to install wind and solar facilities, and we consider that these installations could be considered in order to minimize the vulnerability of the system and reduce the risks of future blackouts. 
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