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Abstract: Despite the growing scientific evidence, the electricity market models used in Chile do
not consider the effects of climate change on hydroelectric energy production. Based on a statistical
analysis of the historical hydro-energy inflow dataset and a revision of the scientific literature,
we suggest a set of technical and statistical criteria to determine an alternative representation of
the hydro-energy uncertainty in the Chilean electricity market. Based on these criteria, we then
propose an alternative range of historical hydrological data, which is built by shedding the first
35 years of the historical dataset (out of 59 years) and using only a reduced subset of 24 years.
Additionally, we propose to capture the potential impacts of even more prolonged droughts on the
Chilean electricity system by repeating the last nine years of data at the end of the 24 year-long series.
The resulting extended subset of 33 hydro-years is approximately 10% drier on average than the
original dataset of 59 years. The proposed range of hydrological data captures some of the anticipated
effects of climate change on Chilean hydro-uncertainty reported in the literature and also preserves
most of the intra-annual and spatial diversity of the original data.

Keywords: climate change; renewable energy; hydrological uncertainty; hydroelectric energy;
renewable energy; climate variability; uncertainty modeling

1. Introduction

Anthropogenic climate change is playing a critical role in altering the hydrological
cycle. Evidence shows that global warming is leading to greater evaporation and surface
drying, thereby increasing the intensity and duration of droughts, particularly in subtropi-
cal and mid-latitude areas [1-3]. Moreover, as the water holding capacity of air increases
with temperature, more extreme precipitation events occur even though total precipitation
is decreasing. Climate models project the occurrence of more severe dry spells and floods
in the future as a result of more intense but less frequent precipitation [4-6]. Warming also
causes precipitation to fall as rain rather than snow, causing a reduction in the snowpack
and increased risk of drought in the spring and summer [3].

The electricity sectors in countries with a significant share of hydroelectric capacity
are prone to suffer from the impacts of changes to the hydrological cycle. A reduction in
total precipitation will reduce the production from hydroelectric plants, which will need
to be replaced by other generation technologies. If replaced by fuel-fired generation, both
electricity prices and pollution will also increase, reducing social welfare. The seasonal
patterns of hydro-energy inflows will also be affected, which may have impacts on how
hydro-reservoirs are managed. Furthermore, the increased risk of floods can damage
critical infrastructure, which may impact the costs of insurance and the financing of hydro-
energy assets. Therefore, assessing how climate change may affect future hydro-energy
inflows is crucial in hydro-dominated electricity markets.
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This paper presents a case study for Chile, where the traditional representation of
hydrological uncertainty in electricity market models using historical data from 1960 has
proven ineffective in reflecting the changes in the climate system driven by anthropogenic
global warming. After analyzing the evidence of the impacts of climate change in hy-
droelectric energy production, we propose an alternative representation of hydrological
uncertainty that, while addressing the effects of climate change, preserves most of the
temporal and spatial diversity of the original dataset.

This article is structured as follows: Section 2 provides a literature review of different
approaches taken worldwide to address the effects of climate change in hydroelectric
uncertainty modeling. Section 3 seeks to underscore the need to use a subset or an alterna-
tive range of historical hydro-years to represent hydro-energy uncertainty in the Chilean
case. For this purpose, Section 3.1 first provides context regarding the usage of historical
hydrological data to model hydro-uncertainty in the Chilean electricity market. Section 3.2
then analyzes the dataset of hydro-energy inflows used in Chile from different points of
view. Finally, Section 3.3 discusses the scientific literature and other hydrological evidence
regarding the mega-drought that is currently being faced in the Central and Southern parts
of Chile. Next, Section 4.2 defines criteria to select an alternative range of hydro-years.
Section 5 further analyzes the data to propose an alternative range for historical hydrologi-
cal data in the Chilean electricity system, while preserving most of the intra-annual and
spatial variability of the historical dataset. Section 6 presents conclusions and some caveats
regarding the use of the alternative range of historical hydrological data.

2. Modeling of Hydrological Uncertainty in Electricity Markets

Water is not only a strategic resource in the electricity generation sector but also in
different productive activities such as agriculture and mining. Therefore, modeling the
availability of past, present and future hydro-resources is an area of active research. Accord-
ing to the latest Intergovernmental Panel on Climate Change (IPCC) assessment [1], there
is robust evidence and general agreement that most dry subtropical regions will experience
a reduction in renewable surface water and groundwater resources. According to the IPCC,
“There is medium confidence that droughts will intensify in the 21st century in some sea-
sons and areas, due to reduced precipitation and/or increased evapotranspiration”. They
also indicate that “Projected precipitation and temperature changes imply possible changes
in floods, although overall there is low confidence in projections of changes in fluvial
floods”. As a consequence, many recent studies have been conducted around the world to
assess the potential impacts of climate change in hydroelectric generation. Examples of this
type of studies are presented in [7-9] for different areas in the USA, in [10-12] for different
African countries, in [13-16] for China, in [17] for Sri Lanka, in [18] for Nepal, in [19] for
India, in [20] for New Zealand and in [21-25] for different European regions. Examples in
South America include the work presented in [26-29] for Brazil, in [30] for Ecuador, and
in [31] for Chile.

The most common way to model climate change in precipitation makes use of three
components [26,30,32-37]: (i) emission scenarios, (ii) General Circulation Models (GCMs)
and (iii) hydrological models. Regarding the definition of emission scenarios, both IPCC’s
Special Report on Emission Scenarios (2000) and the Fifth Assessment Report (2014) provide
projections of greenhouse gas concentration used as an input factor for GCMs. GCMs
are mathematical models used to simulate the Earth’s natural systems, which involve
physical processes in the atmosphere, land surface, cryosphere and the ocean. Given the
low resolution of GCMs, their outputs might be biased with respect to the observations
in specific locations, undermining the reliability of their conclusions [38]. Thus, different
solutions have been suggested to address this issue: (i) using ensembles of GCMs [34],
(ii) downscaling GCM outputs to regional levels [26] and/or (iii) correcting the results
based on the observed bias [32,33]. For example, in [26], an alternative regional model is
employed (Eta-40), which is calibrated for the South American region and synchronized
with the timing of the Hadley Centre coupled model from United Kingdom (HadCM3)
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GCM. As a final step, a hydrological model is employed to translate GCM climatic variable
forecasts to hydrology inflows/generation. This model can consist of industrial software or
be calibrated with historical weather information, as in [34], where GCM nominal annual
average ambient temperature and precipitation forecasts are used as inputs to a quadratic
polynomial correlation function fitted with historical data to obtain the average capacity
factor of hydropower generation.

The only recently published study we could find that addressed the potential impacts
of climate change on hydroelectric generation for the Chilean system was presented in [31],
in which an ensemble of 15 GCM models was used to predict hydroelectric energy availabil-
ity in four basins up to 2050. Their results suggest significant inter-annual and inter-basin
hydroelectric energy variability as a result of climate change. While hydro-variability in
Chile has traditionally been dominated by the El Nifio-Southern Oscillation (ENSO), they
predict alternating positive and negative decadal trends superimposed to a decreasing
trend. However, they do not provide assessments for other basins, nor do they provide
readily available scenarios to use in Chile’s main electricity market models.

3. Modeling of Hydrological Uncertainty in the Chilean Electricity Market
3.1. Treatment of Hydro-Uncertainty in Chilean Electricity Market Models

The most relevant models used in Chile for assessing the risk associated with hydro-
uncertainty in the electricity market are based on the Stochastic Dual Dynamic Program-
ming (SDDP) algorithm [39]. SDDP models hydro-uncertainty in the electricity market
by sampling sequences of hydrological time series and optimizing the use of water in the
simulation horizon. SDDP is used in all countries with high levels of hydroelectric energy
penetration, especially in Latin American and Scandinavian countries [40]. Although
there are some alternative approaches, they have not yet been thoroughly tested and lack
acceptance among the stakeholders of the electricity market. Therefore, SDDP is currently
the industry standard.

As in other hydro-dominated power systems, such as the Nordic area [40], the method-
ology used in Chile to deal with hydrological uncertainty in the electricity sector uses
historical statistics of hydro-inflows in the natural regime. Regarding the granularity of the
hydro-inflow model, most basins and run-of-river generators use monthly data, although
in some studies, the inflows for the largest basins (i.e., Laja and Maule) are modeled with
weekly resolution. These historical statistics are used by all market participants to program
their assets’ operations, to project prices, to define their commercial strategies and to assess
the risks faced by their prospective projects. These statistics are also used by the Indepen-
dent System Coordinator (Coordinador Eléctrico Nacional, CEN) to schedule the operation
of the available resources and to define the opportunity costs associated with the use of
hydro-generation resources.

Besides the use of hydrological statistics by the CEN and all market participants, they
are also used to define the tariffs of regulated clients. The National Energy Commission
(Comisién Nacional de Energia, CNE) also uses this dataset to determine short-term nodal
prices. Based on the latest results published by the CNE [41], electricity prices can vary
by up to 30 USD/MWh depending on the hydrology, which shows the importance of an
adequate representation of hydro-uncertainty in Chile.

The CNE can request reports from the CEN specifying the levels of water and the max-
imum capacity of the reservoirs, the hydro-efficiency of the hydro-generators, snowmelt
forecasts and any applicable irrigation agreements. Furthermore, the CNE can request that
the CEN provide weekly hydro/energy inflows in natural regimes since 1960 for all the
hydroelectric generators (both storage and run-of-river types). Notice that this information
is frequently updated as new hydro-generators are built and as the information for the
recent hydrological years becomes available. New hydro-generators need to provide this
type of information as well.

Thus, the curator of hydrological data for electricity generation in the Chilean system
is the CEN. The CEN is the organization in charge of defining all criteria related to the
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consideration of hydro-inflows statistics, along with the levels of reservoirs, calculation
criteria, methodology and horizons for hydro-forecasts and models of the hydro-generators.
All these criteria need to be presented by the CEN to the market participants and to the
CNE. Although the CEN is the curator of all hydrological data, the data originate from the
companies that own the hydro-generators. Particularly, hydroelectric generator owners
must measure the hydro-inflows at their locations. They also need to keep equipment to
measure temperature, atmospheric pressure, rainfall and snow levels. The hydroelectric
generators’ owners also need to provide the CEN with information about historical hydro-
energy inflows in both natural and usable regimes, which can be audited or modified by
the CEN.

The relevant regulation explicitly indicates that the hydro-inflows statistics must start
in 1960. The definition of this year as the first year of the hydro-statistics was established
in [42]. This study concluded that the statistics from before 1960 had a non-negligible
amount of missing data and were not reliable, and that the latest statistics should be
integrated into the dataset as they became available. There are 59 hydrological years
currently in the dataset. A hydrological year (henceforth referred to as a hydro-year)
runs from April of one year to March of the following year, as defined in Chilean law.
For example, the hydro-year 2000-2001 runs from April 2000 to March 2001. The data
for a hydro-year consist of weekly (sometimes monthly) energy inflows for each of the
run-of-river generators and for each reservoir used for energy storage.

Despite the growing evidence, as discussed in Section 3.3, the effects of climate change
on hydrological uncertainty are not considered in the models used for the risk assessment of
prospective projects in the Chilean electricity market. In particular, the evidence suggesting
that the so-called mega-drought (MD) observed in Chile in the last decade [43-46] is part
of a major shift in the climate system is not addressed in the models. In fact, the two main
models used in Chile to assess the impact of future hydro-uncertainty in the electricity
market assign the same weight to all hydrological years since 1960. Therefore, they neglect
the trend of reduced hydro-inflows and the MD by assuming that any previous hydro-year,
irrespective of how wet, has the same probability of occurrence.

3.2. Analysis of Historical Hydro-Energy Inflows Data

This section analyzes the historical hydro-energy inflows data used by the CNE in
the latest determination of nodal prices [41]. The purpose of the analysis is to justify
the need to use a more representative set of hydro-years when assessing the impacts of
hydro-energy uncertainty. Arguments from a literature review on scientific hydrological
studies discussing the current MD and the expected hydrology in Chile as a result of
human-caused climate drivers will be provided below.

The period from April 2010 to June 2020 marked the longest drought in the last
60 years. Different studies (as discussed in Section 3.3) point to a decrease in runoffs in the
following decades. This is confirmed by the analysis of the hydro-energy inflows dataset
curated by the CEN. As Figure 1 illustrates, a simple linear regression of the total hydro-
energy inflow shows a decreasing trend with of about —812.7 GWh/decade. Furthermore,
all the years in this decade have been below the median and in the driest tercile of the
59 years of hydro-statistics. Although not yet included in the dataset, the hydro-year
2019-2020 was also a dry year.

Figure 2 clusters the different hydro-years into dry, normal and wet years (using the
k-means algorithm) according to the amount of hydro-energy inflow. There have not been
hydro-years in the wet cluster in the current decade. Based on the clusters, of the 10 “driest”
years on record, six belong to the last decade.
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Figure 1. The graph above shows the decreasing trend of the hydro-energy inflows from the six decades on record. The lower
graph shows the percentiles of each hydro-year, with the marks indicating the rank of each year (from driest to wettest).
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Figure 2. Classification of hydro-years into “wet”, “normal” and “dry” clusters (blue, yellow and red, respectively) using
the k-means algorithm regarding the hydro-energy inflows. Six of the 10 dry years belong to the decade starting in 2010,
which illustrates the effect that the mega-drought has on the available hydro-energy in the SEN.

The analysis of the data in Figures 1 and 2 points to a reduction of rainfall and snowfall
in central and southern Chile. In fact, in the last nine years, the yearly hydro-energy inflow
to the hydroelectric generators of the main Chilean interconnected system (Sisterna Eléctrico
Nacional, SEN) has been below the median. In the last six decades, the “dry” periods
(understood in this context as those with a yearly hydro-energy inflow not exceeding
the median) only reached two years on four separate occasions and reached three years
only once. Therefore, the last decade is by far the driest since these statistics begun to be
recorded, as Figures 3 and 4 show. Furthermore, there are many recent studies relying on
climatological models that have concluded that the current dry conditions are likely to be
prevalent in the future.
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Figure 3. Yearly hydro-energy inflow (GWh). The lines in the grey band corresponds to quartiles Q1, Q2 and Q3.
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Figure 4. Yearly hydro-energy inflow (GWh) sorted by decade. The lines in the grey bands correspond to quartiles Q1, Q2
and Q3 for the decade.

As discussed above, the modeling of future hydro-energy uncertainty in Chile in the
electricity sector is based on historical hydrological data starting in 1960. In general, most
models are configured to consider sequences of consecutive hydrological years, thereby
assuming that this approach will preserve the spatial and temporal correlations of the
hydro-inflows. This type of modeling also makes the assumption that the hydrological
conditions in each of the 59 hydro-years currently in the dataset are equally probable.
Given the changes observed in Chile during the last decade regarding variables such
as precipitation (decreasing trend) and temperature (increasing trend) [44], the use of
historical hydro-data since 1960 needs to be revised given the mounting empirical evidence
and academic literature.

However, it is not possible to predict, based on the analysis of historical data alone,
if the prevalent arid conditions will continue in the future. Thus, we now turn to a
literature review on the possible causes of the MD and the projections of future hydrological
conditions based on climatological models. By reviewing the scientific evidence regarding
the MD currently experienced in Chile and the impacts of climate change on Chilean
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hydrology, the remainder of this section attempts to answer two questions: “Is there
evidence of climate change causing the current mega-drought in the Southern Pacific
region?” and “What hydrological conditions can be expected in Chile in the future?”.

3.3. Climate Forcings and Their Impact on Chilean Hydrological Conditions

According to [1], “Climate in a narrow sense is usually defined as the average weather,
or more rigorously, as the statistical description in terms of the mean and variability of
relevant quantities over a period of time ranging from months to thousands or millions
of years ... Climate in a wider sense is the state, including a statistical description, of the
climate system”. The relevant quantities whose statistical properties are analyzed are
usually temperature, precipitation and wind. The classical period defined by the World
Meteorological Organization to analyze the state of the climate system is 30 years.

Regarding climate, Chile is a country with diverse and extreme climates from north to
south, which affects the available water at different latitudes. These climates are affected
by different climatological phenomena such as the ENSO, Pacific Decadal Oscillation
(PDO) and the Southern Annular Mode (SAM) or Antarctic Oscillation. Many different
studies provide evidence that there are specific trends in the climatological variables
(e.g., precipitation, temperature and evapotranspiration, among others) which cannot be
explained through the natural oscillations. Furthermore, the Southeast Pacific drying has
been highlighted as an exceptionally robust regional response to Anthropogenic Climate
Forcing (ACF) [43].

In the last decade, the influence of both natural oscillations and ACFs have caused
an increase in temperature and a decrease in precipitation in Chile, thereby reducing
runoff and the availability of hydro-resources. Since 2010, Chile has been facing a long
drought [47]. This drought has significantly affected the availability of hydro-resources,
causing substantial impacts in different productive sectors, including electricity generation.
In the last few years, there has been an increasing trend in temperature and a decreasing
trend in precipitation [45,47]. In [47], the authors present an analysis from 2010 to 2018,
showing that between latitudes 33° S and 35° S, most years show anomalies close to 25%—
in some cases reaching 45%—which illustrates the magnitude of the drought in this period
with respect to the historical average value of rainfall (1980-2010) in the central area of
the country.

Although the precipitation decrease has a natural component (PDO) which may
change in the future (i.e., rising precipitation), it also has an ACF component. Unless
current trends of greenhouse gas emissions (GHG) are reverted, the ACF component is
expected to continue in the future [1]. According to results in [43], if the current level of
GHG emissions continues, the current MD may predict the conditions in the medium and
long term for the region. Moreover, regarding historical oscillations caused by natural
drivers, the authors of [47] indicate that “Historically, ENSO is a major modulator of the
south Pacific dipole, producing low (high) pressure anomalies over the ABS (subtropical
latitudes) during La Nifia years. Unlike historical droughts, however, the ongoing dry
period has occurred mostly under ENSO-neutral conditions, except for the winters of 2010
(La Nifa) and 2015 (strong El Nifio). This has resulted in a substantial decrease in the
ability to foresee central Chile hydroclimate based on ENSO predictions”. The ENSO cycle
is only one of the different oscillations affecting Chile; therefore, it is necessary to verify the
influence of each oscillation, together with the ACF and the atmospheric variability at the
regional scale, which may also affect the country’s climate, as discussed in [43].

According to results in [43,44], precipitation shows a decreasing trend in the short,
medium, and long-term horizons. In [44], basins between latitudes 34° S and 37° S (Rapel,
Mataquito, Maule, and Itata) are analyzed. Except for the Itata basin, the other three
have a strong snowmelt component. Results in [44] show that there is a decrease in both
precipitation and streamflow, but that changes in evapotranspiration are minor, suggesting
an increasing trend in aridity. This trend is more noticeable in the Rapel and Mataquito
basins, suggesting even drier conditions by the end of the century. Furthermore, in [44], it is
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highlighted that the expected decrease in precipitation increases the probability of having
longer droughts (as the current drought) to up to five events every 100 years. The rising
temperature impacts the accumulation of snow and the availability of water in the spring
and summer months (October to March), as the temperature increase causes a lower level
of solid precipitation. Furthermore, the temperature increase causes the snowmelt season
to be shorter, and the spring and summer months should become drier in some basins [44].

The presence of a snowmelt component in a basin is defined by its annual cycle of
observed runoff curve, which shows a monthly streamflow. Depending on the month in
which the peaks occur, this curve allows it to be defined whether a basin receives water from
rainfall, snowmelt or both. On the one hand, the runoff of the head basins in the mountains
peaks in November or December, as their contributions are mainly from snowmelt. On the
other hand, runoff in basins receiving their water mostly from rainfall tends to peak in the
winter months (June and July). When the basins are as large as those analyzed in [44], they
receive water from both rainfall and snowmelt and may show a peak in winter and another
one in the spring and summer months. As Figure 5 shows, the decrease in the runoff in the
area covered by the SEN is consistent through the different months of the year as well as
the rainfall and snowmelt seasons. We observe that every single month of this decade has
been drier than in the other five decades recorded.

Monthly energy inflow per decade
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Figure 5. Average hydro-energy inflow per month, sorted by decade. Every month in the last decade has been drier than in

any other decade.

The studies for the southern part of the country are more limited in number than
those for the central zone. However, the MD has also caused a reduction in precipitation.
For example, in the period 20102015, precipitation in the Araucania region suffered a
reduction of up to 30% [48]. Furthermore, in [49], studies of a few pilot basins were
presented. For example, the Imperial river basin presents a similar behavior to that
observed in Central Chile, with a reduction in precipitation and streamflow. In the case
of the Aysén river basin, the evidence of reduced runoff is less clear, as some models
contradict others, and one even suggests that precipitation may increase. Despite the
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discrepancies that may exist between different climate models for the southern part of the
country, most of them point to drier future conditions.

Although most of the evidence shows the impact of ACF regarding an increase in
aridity central Chile, there is also some evidence of a drier future south of the Itata river.
Regarding the MD in the southern area of the SEN, in [50], the authors indicate that “The
MD reached farther south (>38° S) than previous droughts during the second half of the
20th century (often restricted to the north of 35° S). While the MD had some of the more
noticeable adverse effects in the semi-arid region of central Chile (30-33° S), its magnitude
and continuity increased southward. For many stations between 35° S and 38° S the MD’s
duration and severity are unprecedented considering the records during the second half of
the 20th century”.

Regarding studies about the impact of climate change on hydrology at the national
level, CEPAL conducted a study in 2012 [46]. CEPAL’s study indicated an expected decrease
in precipitation of about 5% to 10% in next few decades for the area in which more than
99% of the hydroelectric generation of the SEN is located. This result is consistent with [44],
which reported similar numbers.

4. Criteria for the Selection of an Alternative Range of Hydro-Years

This section justifies and proposes an alternative range of hydro-years (reduced
subset) to represent hydrological uncertainty in the SEN. First, we discuss the possible
methodological alternatives to treat future hydrological uncertainty. Next, we discuss
criteria to define a reduced subset of hydro-years. Then, by analyzing the information lost
as a result of using a reduced amount of data, we select a subset of hydro-years that is
capable of adequately representing future hydro-uncertainty.

4.1. Methodological Alternatives

There are different alternative approaches that could be used to represent future
hydrological uncertainty, some of which are discussed below.

Use of synthetic data. A possible approach is to generate a synthetic dataset to
represent the expected future hydro-uncertainty, either by creating all-new multivariate
time series for the hydro-inflows or by linear combinations of existing hydro-years. In [51],
a series of synthetic hydro-inflows for the Maule basin is generated. The synthetic data
approach has been tentatively explored by the CNE [41] through the addition of three
synthetic hydro-years to the 59 hydro-years currently used in their model (two extreme
“dry” scenarios and a “wet” scenario). The purpose of CNE’s approach is to add more
variability and include hydro-conditions to stress the system. CNE’s purpose is not,
however, to include the potentially “drying” effects of climate change, as the wet scenario
is added to maintain the average of the whole series. However, the use of synthetic hydro-
data has been often questioned, as it is deemed arbitrary by many stakeholders. Relying
solely on historical hydro-data is a consensus solution reached long ago by the CEN’s
predecessor [42], when only a few companies controlled the most significant holdings in
hydro-assets. In fact, the CEN still uses historical data only and does not include CNE’s
synthetic data in their models. The preference of market actors for using observed instead
of synthetic data has also been reported for the Nordic system [40]. The synthetic data
approach is also prone to some practical issues. For example, the wet synthetic hydro-series
used by CNE is not capable of maintaining the average hydro-energy inflow, as simulations
on this scenario show large amounts of spillage as the generators are not capable of using
all the water. Similarly, potential issues with the variability in synthetic inflow series that
could lead to underestimating the risk of droughts in the Nordic system are reported in [40].
In summary, although the use of synthetic data is theoretically appealing, it is not widely
accepted in the electricity sector, and it is susceptible to running into practical problems.
All of these issues have motivated most stakeholders to continue using only historical data.
Thus, we will not consider the use of synthetic data in our work.
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Selection of a subset of non-consecutive hydro-years. Another alternative is select-
ing a subset of non-consecutive hydro-years. This approach has been explored, for example,
in [52] and makes the assumptions that the correlation between different hydro-years can
be neglected, as this correlation would be lost by choosing non-consecutive hydro-years.
Although this assumption may be valid given the diminishing impact of ENSO and other
oscillatory events in Chile’s level of precipitation, the approach is not yet widely accepted
in the Chilean market. Furthermore, under the current methodology used by the CNE [41],
their models are configured to use consecutive hydro-years.

Selection of a subset of consecutive hydro-years. The third and last approach con-
sidered is the selection of a shorter range of consecutive hydro-years and is the method
adopted in our work. While this approach preserves the annual autocorrelation of the time
series, it reduces the degrees of freedom when selecting the subset of hydro-years when
compared to the previous methods. However, the main advantage is that the method is
more aligned with the configuration of the hydrothermal dispatch model currently used by
the CNE [41]. However, there are some relevant caveats to consider. First, it is necessary for
the selected range of hydro-years to reflect the expected changes in hydrology discussed
in the previous sections; that is, after all, the primary purpose of this study. Second, it is
essential to remember that the data for each hydro-year correspond to a multivariate time
series with spatial and intra-annual information. As the number of hydro-years used to
represent the uncertainty is reduced, the loss of some spatial and intra-annual informa-
tion is inevitable. That type of information is particularly relevant for assessing the risk
faced by renewable energy projects because they also present intra-annual and spatial
variability. Thus, their type of correlation with hydro-generation could affect prices and
their expected revenues.

4.2. Criteria Definition

The evidence in previous chapters shows that the current drought conditions in Chile
are likely to become more frequent. Therefore, the representation of the hydrological
uncertainty in electricity market models should account for these conditions and not
continue to give as much weight to wet hydro-years, whose probability of occurrence may
have significantly decreased. Then, how can future hydro-uncertainty be represented while
still using historical hydro-data? As discussed earlier, in this work, we opt for a subset
of consecutive historical hydro-years to represent future hydro-uncertainty. Following
guidelines by the WMO (i.e., the classical 30-year range to evaluate the state of the climate
system [53]), we will consider a range between two and four decades. To conduct the
selection of the subset, we consider the six criteria listed below.

Criterion 1: Giving more importance to the most recent data. The subset of consec-
utive hydro-years should end in the hydro-year 2018-2019. The purpose of this criterion is
to preserve the most recent hydro-information available as it can provide better insights
regarding future hydro-variability. Therefore, the reduced subset of hydro-years is simply
constructed by eliminating years from the beginning of the series.

Criterion 2: Consider the expected effects of ACF on Chilean hydrology. The subset
of consecutive hydro-years should be drier than the full set of hydro-years. We consider
the predictions by [46] (between 5% and 10% reduction in precipitations in the area of
interest) and [44], which predict a reduction of the runoff between approximately 0%
and 15% (quartiles Q1 and Q3, respectively) in four basins north of the Itata basin. Thus,
the reduction in average yearly hydro-energy inflow in the reduced subset should be
approximately 5-10%. The reduction in hydro-energy inflows should also be reflected in
the different basins and in different months.

Criterion 3: Preserve at least 90% of the inter-annual variability for the total hydro-
energy inflow. At least 90% of the aggregated variability of the full set of data should be
preserved in the reduced subset of data. The variability of the full set and the subset can be
measured by the standard deviation and the interquartile range (IQR) of the annual total
hydro-energy inflows.
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Criterion 4: Preserve at least 80% of the intra-annual variability for the total hydro-
energy inflow. For each month, at least 80% of its variability should be preserved in the
reduced subset of data. The variability of the full set and the subset can be measured by
the standard deviation and the IQR of the monthly total hydro-energy inflows.

Criterion 5: Preserve at least 80% of the inter-annual variability in the most impor-
tant basins. For the most important basins (Rapel, Maule, Laja, Biobio, and Chapo), at least
80% of the inflow variability of the full set of data should be preserved in the reduced
subset of data. The variability of the full set and the subset can be measured by the standard
deviation and the IQR of the yearly average hydro-inflows for each basin.

5. Analysis of Reduced Subsets of Different Sizes

This section presents an analysis of the statistical properties of reduced subsets of
hydro-years of different sizes, following Criterion 1 for selecting an alternative range of
hydro-years. While the first part of the section discusses hydro-energy trends (total and
decomposed by month and basin) to comply with Criterion 2, the second part discusses
how much of the intra-annual and spatial variability is lost by using a reduced subset of
data (Criteria 3 to 5).

5.1. Analysis of the Mean Hydro-Inflows

Figure 6 shows the effect on the mean hydro-energy inflow of decreasing the number
of hydro-years in the reduced subset, broken down by month. The reduced subset is
produced by iteratively subtracting the first years of the time series, following Criterion 1.
Starting with the complete time series, the number of years subtracted is represented in
the horizontal axis. In the vertical axis, in small black dots, it is possible to see the energy
associated with the cropped data. On the left, when there are no years subtracted, there are
59 black dots representing the 59 hydro-years of the original time series, for every month
and for the whole year. As the number of years subtracted increases, the number of data
points of the cropped time series reduces to one, consisting solely of the energy in GWh of
the last hydro-year (2018-2019).

Figure 6 shows that as older hydro-years stop being considered in the subset (that
is, more hydro-years are subtracted), the average energy of the subset tends to decrease.
The impact of the MD on the right of the curves is more evident in the rainfall months
than in the snowmelt season, as the reduction of hydro-energy inflow in the summer is
somewhat dampened by the melting of the high-mountain snowpack. Figure 7 compares
the mean hydro-energy of the reduced subset as a percentage of the mean of the full set.
We observe that the last decade is approximately 80% drier than the average for the full set
and that the percentage increases as the historically older (and wetter) years begin to be
included in the set. In a subset of 16 hydro-years, the mean hydro-energy corresponds to
approximately 90% of the mean for the full set. In a subset of 24 hydro-years, the mean
hydro-energy corresponds to approximately 93% of the mean for the full set. A subset of
this size is aligned with the simple guideline of 30 years provided by the WMO [53].

Figure 8 shows similar results to Figure 7 but broken down by month to illustrate the
monthly trends in hydro-energy inflows. We observe that the period between May and July
shows a more significant reduction in hydro-energy inflows than the spring and summer
months, which are dominated by snowmelt.

Besides analyzing the intra-year behavior, it is essential to understand what is happen-
ing in different basins. Results disaggregated by basin are presented in Figures 9 and 10.
We observe that the impact of the MD is stronger in the northern basins (Rapel and Maule)
but that there is also a longer trend of hydro-energy inflow reduction lasting at least
40 years in all the basins, confirming the impacts of climate change on Chilean hydrology.



Energies 2021, 14, 241 12 of 23

Mean after substracting hydro-years from the beginning of the series

5,000 April May June July August September

5,000 October November December January February March

s
=}
=
=1

Energy GWh
=
2

2,000

o 20 40 B 0 20 40 B 0 20 40 60 20 40 60 0 20 40 60 &0
0,000 Annual
< T T R O O S S O S S O O N A A O O A A AR B I A
BN AREE RN AR RRREREREERE R R R RS
> 30,000 7 N S S B S N T B
Q@ 25,000
[ =
N8|
20,000
15,000 T T T T T T T
o 10 20 30 40 50 &0

Years substracted

Figure 6. Mean hydro-energy inflow of the reduced subset of hydro-years against subtracted years broken down by month.
The scale of the horizontal and vertical axes is the same for every plot, with the exception of the annual plot. The lines

represent the mean hydro-energy inflow of each reduced subset. Blue and red represent the rainfall and snowmelt season,
respectively.
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Figure 7. Percentage of the mean hydro-energy of the reduced subset with respect to the full set (total for hydro-year).

Notice that using a reduced subset that is too small would risk losing some of the
temporal and spatial trends and information contained in the data. For example, some
recent off-trend inflows in Biobio and Chapo observed in the last few years could be lost if
reducing the subset were excessively reduced. An analysis of the first, second and third
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Avg. Inflow

quartiles (Q1, Q2 and Q3) in Figure 11 can help to visualize the presence of highly wet
years in the 1960s in the Rapel and Maule basins, while the Laja, Biobio and Chapo basins
remain stable for approximately the first two-thirds of the time series. Furthermore, the
IQR seems to stabilize for subsets with over 20 hydro-years.
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Figure 8. Percentage of the mean hydro-energy of the reduced subset with respect to the full set (broken down by month).

Mean after substracting hydro-years from the beginning of the series

22,500 N
Rapel 12,000 Maule Laja
e AR [poveossesevseo e N (peSSpspepene
...................... 10,000 |
17,500 10,000
15,000 8,000 |
8,000
12,500
10,000 6000 5000
7.500
5.000 4,000 4,000 4
2,500
T 2,000
] 10 20 0 40 50 =) o 10 20 el 40 50 =)
60,000 1 Biobio
..... 0]
0,000
= 000
= 3
o= 40,000
£
5 2,500 4
9 30,000
<T

20,000 1 20009 "

0 lIO 2‘0 3;3 40 50 &0 o lIU 2‘0 3;3 40 50 &0

Years substracted Years substracted
Figure 9. Mean hydro-energy inflow of the reduced subset of hydro-years against subtracted years broken down by basin.
The lines represent the mean hydro-inflow of each reduced subset. The plots are ordered from the top left to right corner

according to their locations from north to south.
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Figure 10. Percentage of the mean hydro-energy of the reduced subset with respect to the full set (broken down by basin).
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Figure 11. Quartiles of the hydro-energy inflow of the reduced subset of hydro-years against subtracted years broken down
by basin. The lines represent quartiles Q1, Q2 and Q3 of each reduced subset. When there is only one data point, all the
quartiles coincide with the remaining data point energy value. The plots are ordered from the top-left to the bottom-right
corner in accordance with their locations from north to south. Each plot has a different vertical scale, as the levels of water

availability are highly different.

Based on the analysis of the hydro-trends, and according to Criterion 2 for selecting
an alternative range of hydro-years, we suggest using only the last 20-30 years of data to
represent the possible hydrology levels of the next years.
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5.2. Analysis of the Variability of the Hydro Inflows

As established in [40] for the Nordic system, both the temporal and spatial distribu-
tions are important for representing hydro-uncertainty in SDDP-based scheduling models.
Thus, while the analysis of the mean and quantiles of the reduced subsets are relevant
to comply with Criterion 2 for selecting an alternative range of hydro-years, compliance
with Criteria 3 to 5 requires the analysis of the variability of the reduced subset and for the
intra-annual and spatial diversity of the data to be considered. Figures 12 and 13 show the
evolution of the standard deviation of the hydro-energy inflow in the reduced subset as
older hydro-years are subtracted from the data. As the number of subtracted hydro-years
increases, the number of data points tends to decrease. Naturally, the standard deviation
reduces to zero when there is only one point remaining. The results in Figure 12 show that
the first couple of months (April and May) experience sudden jumps in variability which
are caused by unusual fall rains. Figure 13 shows that, with 24 hydro-years, the reduced
subset can capture most of the inter-annual variability in the aggregated energy of the full
set. Criterion 3 for the selection of an alternative range is reached with only 17 hydro-years.
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Figure 12. Standard deviation of the hydro-energy inflow of the reduced subset of hydro-years against subtracted years
broken down by month. The scale of the horizontal and vertical axes is the same for every plot, with the exception of the
annual plot. The lines represent the standard deviation of the hydro-energy inflow of each reduced subset. For better
visualization, a double vertical axis is employed, where the standard deviation scale is specified on the right and remains
the same for every month. Blue and red represent the rainfall and snowmelt season, respectively.
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Percentage of the standard deviation of the full set captured
by the reduced subset (total for hydro-year)
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Figure 13. Percentage of the standard deviation of the full set captured by the reduced subset (total for hydro-year).

Figure 14 shows that the standard deviation in most months stabilizes with over
20 years in the reduced subset. Furthermore, the goal set by Criterion 4 is reached with
20 years in the reduced subset for all months except May. As mentioned, this is caused
by a few years with very unusual rains during the fall. However, although heavy fall
precipitation used to occur once or twice per decade, it has not happened since 1993.
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Figure 14. Percentage of the standard deviation of the full set captured by the reduced subset (broken down by month).
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Figures 15 and 16 show that the variability in the different basins tends to stabilize
after 20 years, reaching the goal set by Criterion 5 with only 18 hydro-years in the reduced
subset. The northern basins (Rapel and Maule) experienced the highest loss in variability,
as most of their wet years were discarded.
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Figure 15. Standard deviation of the hydro-energy inflow of the reduced subset of hydro-years against subtracted years
broken down by basin. The lines represent the standard deviation of the hydro-inflow of each reduced subset. The plots are
ordered from top left to right corners according to their locations from north to south.
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Figure 16. Percentage of the standard deviation of the full set captured by the reduced subset (broken down by basin).
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6. Discussion of Results and Conclusions

The results in the previous section show that discarding the first three or four decades
of historical hydro-data (i.e., using only data from the last two or four decades) would result
in a reduced subset that is about 4% to 8% drier (in terms of total hydro-energy inflow)
than when using the full set of 59 hydro-years. This would be aligned with the expectations
for the reduction in precipitation and runoff reported in [44,46] for the next two decades,
meeting the requirement established by Criterion 2. Regarding intra-annual and spatial
variability, criteria 3, 4 and 5 for the selection of an alternative range of hydro-years are
reached with 17, 20 and 18 hydro-years, respectively. Thus, with over 20 hydro-years in the
reduced subset, we can adequately represent most of the intra-annual and spatial diversity
of the data.

However, using only 20 years of data would miss the dry conditions observed in some
hydro-years of the second half of the 1990s (1998-1999 and 1996-1997 were the driest and
third-driest years on record). Furthermore, the standard deviation and IQR for the total
hydro-energy inflow stabilizes after 24 years, as do the standard deviations for almost all
months (except for May) and for most basins analyzed. Based on the discussion above
and the criteria established in Section 4.2, we suggest the following two-step procedure to
build an alternative hydrological dataset to include the impacts of hydro-uncertainty on
Chilean’s electricity market simulations:

Step 1. Obtaining a reduced subset by discarding the older 35 hydro-years of hydro-
logical data.

We propose to discontinue the use of the first 35 hydro-years of the series as they
represent a different state of the climate system that does not correctly capture the impacts
of ACF on Chilean hydrology. Instead, we suggest that only the last 24 hydro-years on
record should be used to represent future hydro-uncertainty; that is, from hydro-year
1995-1996 to 2018-2019 (both inclusive). In other words, we propose to replace the use of
the full set of 59 hydro-years by a reduced subset with the last 24 hydro-years. Of course, if
data for hydro-year 2019-2020 or later become available, we would recommend including
these data in the dataset as well. In our opinion and based on our predefined criteria,
the loss of intra-annual and spatial variability caused by the shedding of 35 years of data
remains within acceptable levels. Moreover, the lost variability is well below the levels of
uncertainty in the energy market caused by other aspects, such as technological change
or fuel prices. The resulting 24-hydro-year range would be approximately 7% drier on
average than the full set of data, thereby already representing some of the anticipated
effects of climate change on Chilean hydrology. However, if used by itself, this alternative
range would not consider extreme scenarios whereby the MD currently being experienced
in Chile could continue for an even more extended period; that is, there would not be any
droughts longer than nine years in any of the 20-year-long sequences generated by the
hydrothermal economic dispatch model. Thus, we also propose to additionally modify the
dataset to consider more extreme drought scenarios in at least some of the simulations.

Step 2. Generate an extended subset by repeating the sequence of the last nine hydro-
years at the end of the reduced subset defined in step 1.

This step considers repeating the sequence of the nine last hydro-years (2010-2011 to
2018-2019) at the end of the reduced 24 hydro-year sequence (1995-1996 to 2018-2019). This
extended subset of 33 hydro-years would be approximately 10% drier (on average) than the
full dataset and would also be aligned with [44,46] and the 30-year WMO guidelines [53].
Furthermore, this extended subset can be readily implemented in the model used by CNE
in the same way that they include synthetic years. Considering a 20-year simulation
horizon, some of the simulations will consider a drought lasting longer than nine years,
thereby anticipating some of the most extreme impacts that climate change may have on
Chilean hydrology.

Table 1 shows the main statistics of the reduced 24 hydro-year subset at the end of
step 1 and the extended 33 hydro-year subset at the end of step 2. We observe that the
extended subset is drier on average than the reduced subset (and both are drier than the full
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set). While the left-hand side and center of the distribution (quartiles Q1 and Q2) are very
similar between the reduced and extended subsets (that is, dry and medium hydro-years),
Q3 is significantly smaller. Thus, after step 2, the dataset implies a much lower probability
of having wet years, which is well-aligned with the discussion in previous sections.

Table 1. Main statistics of the reduced subset and the extended subset. IQR: inter-quartile range.

Statistic Business as Usual After Step 1 After Step 2

(GWh) Full Set Reduced Subset Extended Subset
of Hydro-Years with 24 Hydro-Years with 33 Hydro-Years

Min 16,524 16,524 16,524

Max 39,903 37,669 37,669

Max-Min 23,379 21,145 21,145

Average 30,295 28,291 27,261

Std. dev. 5717 5948 5436

Q1 26,568 23,438 23,347

Q2 (median) 30,541 26,825 26,538

Q3 34,521 33,570 30,674

IQR 7953 10,132 7327

In summary, the alternative range of hydrological data proposed in this work captures
some of the anticipated effects of climate change on hydro-uncertainty reported in the
literature, while preserving most of the intra-annual and spatial diversity of the data.

Our analysis corroborates the need toaddress climate change in hydrology for elec-
tricity market modeling. For example, by post-processing CNE’s results published in [41],
we observe that the alternative hydrological representation proposed in this study would
yield average electricity prices between 4 and 5 USD/MWHh higher than by using the full
set of 59 hydro-years, depending on the location.

It is relevant to present a minor caveat here: two decades ago, most of the installed
generation capacity in the SEN was hydroelectric. However, in the last two decades, the
relative importance of hydro-generation has been consistently decreasing, as Figure 17
shows. Furthermore, only a small amount of new hydro-generation is expected to be built
in the next decade. As a result, the impact that hydro-uncertainty may have on electricity
prices in the SEN, while still significant, is continuously decreasing. Interestingly, despite
the MD that has occurred in the present decade, spot electricity prices in the 2000s were
higher than in the 2010s. Thus, besides hydrological conditions, electricity prices can also
be driven by other factors such as fuel availability or the rise of emergent technologies.
Although outside the scope of this report, there are other drivers that may be of more
concern when assessing the risk of new electric generation projects, such as technological,
societal or regulatory uncertainty.

Finally, it is also relevant to stress the difficulty in anticipating the complex dynamics
of the climate system. The Earth’s climate is a complex system that involves interactions
between the atmosphere, hydrosphere, cryosphere, lithosphere and biosphere [53]. Results
from climate models are highly uncertain, as a result of a limited theoretical understanding
of some processes and limited computing power. Despite the limitations of climate models,
and given the evidence of drying in Central Chile, it is not adequate to continue considering
hydrological data from six decades ago as equally likely to happen in the future. Thus,
given the consensus amongst climate scientists regarding anthropogenic climate change,
including its potential effects into risk assessment models should be standard practice.
In this sense, our proposal for modeling future hydroelectric energy production in Chile
offers a quick alternative representation of hydro-uncertainty that can better represent
future market outcomes.
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Figure 17. Actual and projected percentage of hydro and non-hydro installed capacity in the SEN.
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