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a b s t r a c t

Hydropeaking operations can severely degrade ecosystems. As variable renewable sources (e.g. wind
power) are integrated into a power grid, fluctuations in the generation-demand balance are expected to
increase. In this context, compensating technologies, notably hydropower reservoir plants, could operate
in a stronger peaking scheme. This issue calls for an integrated modeling of the entire power system,
including not only hydropower reservoirs, but also all other plants. A novel methodology to study the
link between the short-term variability of renewable energies and the subdaily hydrologic alteration, due
to hydropower reservoir operations is presented. Grid operations under selected wind power portfolios
are simulated using a short-term hydro-thermal coordination tool. The resulting turbined flows by
relevant reservoir plants are then compared in terms of the Richard-Baker flashiness index to both the
baseline and the natural flow regime. Those are then analyzed in order to: i) detect if there is a significant
change in the degree of subdaily hydrologic alteration (SDHA) due to a larger wind penetration, and ii)
identify which rivers are most affected. The proposed scheme is applied to Chile's Central Interconnect
System (SIC) for scenarios up to 15% of wind energy penetration. Results show a major degree of SDHA
under the baseline as compared to the natural regime. As wind power increases, so does the SDHA in two
important rivers. This suggests a need for further ecological studies in those rivers, along with an analysis
of operational constraints to limit the SDHA.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

As population growth and green policies demand increasing
levels of renewable energy in power systems, deployment of vari-
able energy sources, such as wind power, is rising quickly world-
wide (International Energy Agency, 2014). However, their power
output is highly fluctuating on short time scales, and requires
compensation by other power plants of the grid, particularly those
fast-responding units as hydropower reservoirs (Carvalho et al.,
2011). The resulting, highly fluctuating operational scheme,
known as hydropeaking, has been proven to severely affect eco-
systems (Bruno et al., 2009; Hunter, 1992; Poff and Zimmerman,
2010; Richter et al., 1997; Saltveit et al., 2001; Tuhtan et al.,
2012). Impacts include washing-out and stranding of species
(Petts, 1985), life cycle disruption (Scheidegger and Bain, 1995),
ering, Faculty of Physical and
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threads to native species (Stanford et al., 1996), change in vegeta-
tion and food web structures (Wootton et al., 1996), among many
others. Nowadays, the most popular approach to address the issue
of altered flows relies on the Indicators of Hydrologic Alteration
(IHA) (Richter et al., 1996). As a certain level of variability of flows is
normal and healthy for a river (Lundquist and Cayan, 2002; Poff
et al., 1997), the Range of Variability Approach (RVA) compares
samples of these indexes before and after human intervention
(Richter et al., 1997). However, the IHA approach uses daily flow
measures, which cannot capture the subdaily fluctuations caused
by hydropeaking (Baker et al., 2004; Bevelhimer et al., 2014; Haas
et al., 2014; Zimmerman et al., 2010). Recently, Bevelhimer et al.
(2014) found that the indexes based on daily flows are not corre-
latedwithmetrics of subdaily hydrologic alteration.Moreover, Kern
et al. (2012) pointed out that previous IHA studies focused on
traditional hydropower scheduling with well-known periodicity
(i.e. in the short term one or two major peaks per day), as opposed
to a more variable operation induced by economic incentives
within deregulated power markets. This could be further exacer-
bated by larger penetration of fluctuating renewables.
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Since commonly hydropower reservoir operations are part of an
intertied power grid, properly simulating their operation requires
modeling the whole grid, as flexibility could be provided among
many other power plants. This challenges, however, the traditional
plant to plant or basin-wide approach.

This paper proposes a framework to assess SDHA of reservoir
operations under massive wind penetration scenarios, based on a
power system dispatchmodel. The proposedmethodology is, to the
author's knowledge, the first attempt to analyze grid-wide SDHA.
The framework is exemplified through a case study in Chile, results
which might shed light on the relevant tradeoffs between techno-
economic objectives and environmental impacts for policy makers.

The work is organized into five sections. The proposed meth-
odology is described in Section 2. Section 3 includes a detailed
description of the case study, with results discussed in Section 4.
Finally, conclusions and future work are presented in Section 5.

2. Proposed methodology

2.1. General framework

This paper proposes a general framework to study increased
SDHA induced by a variable operation of hydropower reservoirs,
when fluctuating renewable energy sources are massively intro-
duced in a power system. The proposed methodology comprises 5
main steps, as shown in Fig. 1.

To allow for a comparative analysis, Step 1 aims to determine the
current and the natural degree of SDHA of the whole system under
study. To adequately capture the variability of primary energy and
hydropeaking operations, this analysis should rely on hourly data
(Holttinen, 2005). In this context, data availability and manage-
ment can be challenging due to the required time resolution and
spatial distribution. The flow data is then used to compute the
SDHA indexes of the natural regime and current situation.

In Step 2, scenarios of different levels of renewable energy
integration are defined. This step involves considering specific
plant location as spatial and time correlations of primary energy are
likely to exist, both between new renewable projects and existing
hydropower plants.

To simulate hydropower operations, Step 3 consists in formu-
lating and implementing a grid-wide coordination model. To fully
capture the relevant dynamics of the system, attention should be
paid to the time resolution, planning horizon, forecasts and
Fig. 1. 5-step proposed methodology.
variability of primary energy, representation of hydraulic connec-
tivity, alternative water uses (e.g. irrigation), flow routing times,
regulation capacity at different time-scales, and market distortions
(e.g. subsidies or oligopolies) and participation. Power demand, as
it is highly dynamic at different time scales, must be represented
with at least an hourly resolution.

In Step 4 the power dispatch tool in run for all previously
defined scenarios. Large amounts of data and computing times are
to be expected as a grid-wide model is used. The relevant outputs
are hourly time series of power production at each power plant in
the grid. For hydropower plants, turbined flows are computed.

Step 5 computes the SDHA indexes from hourly flows in the
modeled scenarios along with the analysis of results. The resulting
SDHA indexes of the different cases are then compared, including
the baseline and the natural regime. At this point, additional ana-
lyses can be performed to assess the tradeoffs between techno-
economic and environmental performance.
2.2. ReB Index of SDHA

Among the SDHA indexes used by Zimmerman et al. (2010), the
‘ReB Index’ (Baker et al., 2004) is the only one that captures the
magnitude of multi-ramping events within a day, while consid-
ering the sequence of flows. Hence, this indicator was chosen for
the present study. The ReB Index (Equation (1)) computes the path
length of variations in flow q between time steps t, divided in the
total daily flow of the period. In this study, an hourly resolution of
the index is used to capture the main components of wind
variability.

R � B Index ¼
PT

t¼1ðjqtþ1 � qtj þ jqt � qt�1jÞ
2$

PT
t¼1qt

(1)
3. Description of the case study

The previously proposed methodology is applied to Chile's main
grid, the Central Interconnect System (SIC), which is structured as a
pool system with audited costs. Therefore, the operation of hy-
dropower reservoirs is centrally prescribed as resulting from a cost-
minimization model run by the system operator (ISO).

The grid configuration as of end 2012 was used, presenting a
peak demand of 7 GW and 13 GW of installed capacity. It was
composed by 50% thermal generators, 43% large hydropower
plants, 2.5% wind farms, and 4.5% of other small renewables. Hydro
units located in the center-south of the country serve the load
centers of the central zone, as seen in Fig. 2. Wind farms are pro-
jected along the coast, but concentrated in the center-south and
center-north.

The system has over 100 hydropower plants. However, only 9 of
them possess major reservoirs. Two of those restitute their outflow
close to -or directly into-the sea. Hence hydrologic alteration might
be less relevant for their river systems and they are not analyzed in
this study. The remaining 7 conform three major hydropower
systems of about 1000 MWeach: i) ‘Maule’ composed by ‘Cipreses’,
‘Pehuenche’, ‘Colbún’ and ‘Machicura’, the latter being the most
downstream reservoir of the basin; ii) ‘Laja’, with ‘El Toro’ reservoir
and downstream run of river plants; and iii) ‘Alto Bío-Bío’
composed by ‘Ralco’ and ’Pangue’, with Pangue being the last
reservoir of the series. Table 1 summarizes this information and in
addition displays basin size, power capacity of the plants and
reservoir capacity.



Fig. 2. Simplified schematic of central Chile's reservoirs, load centers, (aggregated)
thermal units and (aggregated) projected wind farms.

Table 1
Power capacity, storage capacity (Power System Operator of Chile (CDEC), 2013) and
basin size (National Directorate for Water of Chile, 2013) of main hydropower res-
ervoirs of Chile's SIC. Lowest reservoir of each basin in bold.

Hydro
reservoir

Symbol
on Fig. 2

Name of
basin

Power capacity
[MW]

Basin
size [km2]

Storage capacity
[M m3]

Cipreses Ci Maule 100 940 170
Pehuenche Pe Maule 560 2300 130
Colbún Co Maule 450 5750 1550
Machicura Ma Maule 95 5750 20
El Toro To Laja 450 1470 5590
Ralco Ra Alto Biobío 690 5110 1170
Pangue Pa Alto Biobío 450 5430 70
Canutillara Ca e 170 340 1070
Rapela Rl e 375 13,280 560

a Restitution point is close to ocean.

Fig. 3. Upper plot: wind power variability of profile January 2006 for portfolio 1, 2 and
3. Lower plot: variability of portfolio 1 for different wind profiles (January of Year 2006,
2007 and 2008).
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3.1. Diagnostic of SDHA for current and natural regime

In Chile, minimum flows are only compulsory for projects built
after 2005 (Minsitry of Public Works of Chile (MOP), 2005),
although some older plants have come to voluntary agreements.
Thus, turbined flows are the main component of instream flows,
downstream of the generators. Water is also used strongly for
irrigation purposes. Consequently, basically every stream northern
of Biobío River is intervened downstream of the central valley.
Hence, determining the natural flow regime for the whole river is a
complex task as datawith proper resolution is scarce for the time in
which intervention was neglectable. Fortunately, in higher sections
of each river -where most of the reservoirs are-, hourly data of the
last decade are public for many stations (National Directorate for
Water of Chile, 2013). On the other hand, the current operation
will be described with flow data resulting from the baseline
computed with the hydro-thermal coordination tool. The baseline
will be used as a reference in order to make a valid comparisonwith
the operation under renewable energy scenarios defined in the
next section.
3.2. Definition of variable renewable energy scenarios

Aligned with Chile's renewable goal 20/25 (20% of unconven-
tional renewable energy by year 2025), many wind power projects
are currently being built, have recently passed the environmental
assessment or are under evaluation. In this context, three gradually
increasing wind portfolios were defined: i) ‘Wind 1’ of 300 MW,
representing the existent (as of June 2013) wind farms; ii) ‘Wind 2’
of 1000 MW including existing farms and projects under con-
struction or likely to be constructedwithin the next couple of years;
and iii) ‘Wind 3’ of 3200MWcontaining the aforementioned plants,
in addition to all other projects with environmental permits (SEA,
2013). Wind 1 allows for analyzing the current situation (base-
line); Wind 2, the near future, when construction of the projects is
finished; and Wind 3 the optimistic wind penetration scenario
(~15% wind energy penetration), in which all the approved projects
get built.

Each project of the portfolios accounts for the wind speed pro-
file of the installation site, connection point to the grid, height and
power curve as informed in its environmental assessment (SEA,
2013). As the three portfolios are very heterogeneous, in capacity
and geographic dispersion, the spatial variability of wind is already
captured. Hence, it is not strictly necessary to perform a sensitivity
analysis regarding different wind profiles. This is illustrated in
Fig. 3, where the upper plot shows the power output of wind
portfolio 1, 2 and 3 during one month (January 2006), while the
lower plot compares three different wind profiles (January of 2006,
2007 and 2008) of portfolio 2. Although an important variability



Fig. 4. Daily averaged discharges and hourly discharges of hydropower reservoir
‘Pangue’ for a given week of a normal hydrology.
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exists between different wind profiles for a given month, the ramps
between the wind portfolios are more significant. After analyzing
the mean, standard deviation, and sum of ramps of the available
wind power for the different years of available information
(1980e2012), year 2006 is chosen as an average year. For the
simulations, perfect forecast of wind is used, hence the challenge of
predicting wind is not considered within this study.

3.3. Implementation of short term hydro-thermal coordination tool

Chile's ISO currently uses a deterministic mixed integer opti-
mization to prescribe the economic operation the power system.
Hence, a replica of this model was used (Benavides, 2008), so the
results can be as close as possible to current practice. The model
considers every main power plant of the grid, taking into account
power capacity constraints, electrical and hydraulic connectivity,
water inflows, generation costs, ramp rates, minimum on/off times,
among other inputs. It is noteworthy that ramp rates are not active
constraints in the SIC, however on/off times are.

As the electricity sector of Chile consists in a pool with audited
costs, market distortions in the weekly scheduling due to market
power exerted by specific agents, should not occur in theory.
Participation of the hydropower plants in the day-ahead planning is
considered.

Consistent with the deterministic nature of the model, a sce-
nario approach was chosen to study the effect of inflow patterns on
the SDHA. A wet, normal and dry water type year, using historical
years with a probability of exceedance of annual flows of 20%, 50%
and 90%, were defined.

Regarding the variability of load, the weekly simulation horizon
of the tool already contains the intra-daily cycles and the weekday/
weekend profiles. To include the seasonal variability, one typical
week per month was used.

Consequently, three wind portfolios and three water type years
were defined, forming 9 combined scenarios. Each of them is
composed by 12 representative weeks. For these 12 weeks, for all 9
scenarios, the system's hydro-thermal scheduling is computed.

For the main reservoirs, the initial water storage volumes and
opportunity cost of water must be defined for each week and sce-
nario. For the first, the historical records of stored water of each
reservoir were filtered according towater type year and themedian
of the resulting set was chosen. For the latter, the future cost
functions of every selected week, computed by the ISO (2013) using
a mid-term planning model based on stochastic dual dynamic
programing (Pereira and Pinto, 1991), were used. Those were not
updated for the different wind portfolios, which is a limitation of
this work.

3.4. Simulation of all scenarios

The inputs are mainly obtained from the Chile's ISO (2013).
When applied to the SIC, 100 hydropower plants, 100 thermal
generators (including biomass), 180 power lines and 140 power
nodes are modeled. This generates an optimization problem with
approximately 700.000 continuous decision variables, 10.000 bi-
nary variables, and 100.000 constraints. The MIP convergence cri-
terion was set to a relative gap of 0.0001%. To reach the optimality,
using CPLEX® with an i7-3770 processor and 24 GB memory
computer, between 4 and 24 h are required for each computed
week. After simulating all the cases the power time series are
available for postprocessing.

3.5. Computation of SDHA for scenarios and comparative analysis

The power time series of the simulated scenarios are translated
into instream flows for every hydropower plant. With these, the
ReB Index is computed, first using hourly and then daily resolution.
The analysis of the resulting indexes is discussed in the next
section.

4. Results and discussion

The analysis of results is divided in two parts. First, the impor-
tance of the hourly time resolution on ReB Indexes is underlined by
comparing the indexes of daily and hourly resolution for the
baseline, summarized in one index for a whole year. Second, the
effect of wind power on SDHA of rivers downstream of hydropower
reservoirs is analyzed, using duration curves composed of ReB
Indexes of hourly resolution -one per day-, for all computed
scenarios.

4.1. Comparison between ReB Index on daily and hourly basis

Traditionally, when determining ecological flows, data with
daily resolution is used. As shown by Zimmerman et al. (2010), this
is insufficient as strong fluctuations can occur within a day. This
was also found for Chile. For example, ‘Pangue’ operates on a strong
hydropeaking regime and controls a large fraction of an important
river of Chile. Although the hourly discharges are largely variable,
they are barely perceived when daily averages are used, as illus-
trated in Fig. 4. To quantify this effect, yearly SDHA indexes with
hourly and daily resolution are computed and shown in Table 2. As
the denominator of the index is the same for both cases, the ratio of
the indexes is equal to the ratio between the hourly and daily path
lengths.

All of the reservoirs exhibit a much larger index when hourly
resolution is used. Although this is consistent with the findings of
Baker et al. (2004), in this study the ratio between the ReB Indexes
of different time resolution is much larger. For example, ‘Colbún’
and ‘Rapel’ show to have a subdaily peaking 14 times stronger than
their values based on daily resolution. Consequently, definition of
environmental flows on daily averages might be insufficient, as
subdaily operation can exhibit severe fluctuations, which are
masked in the daily resolution. In this context, the recent legislative
change in themethod for determining environmental flows in Chile
needs to be revised as it is based on daily averages.

4.2. Hourly ReB Index

To study the hydrologic alteration, duration curves (sorting
values from greater to smaller) are used, as there is a large amount
of indexes for each scenario. The loss of time correlation in the
duration curves is not significant as the structure of the index



Table 2
ReB Index computed with hourly flows and daily average flows, and ratio between
those two, for main hydroreservoirs.

Hydro reservoir Hourly ReB Index Daily ReB Index Ratio (hourly/daily)

Cipreses 0.051 0.007 7.2
Pehuenche 0.133 0.011 11.9
Colbún 0.148 0.010 14.8
Machicura 0.095 0.007 13.0
El Toro 0.014 0.002 6.1
Ralco 0.050 0.009 5.5
Pangue 0.114 0.010 11.2
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makes it time and discharge independent. Four ReB series are
plotted: i) natural regime; ii) operation under portfolio ‘Wind 1’
(baseline); iii) operation under portfolio ‘Wind 2’; and iv) operation
under portfolio ‘Wind 3’.

An example of the resulting plots is shown in Fig. 5. Here the
ReB Index of the largest hydropower reservoir (‘El Toro’) is dis-
played. It compares the flow alteration between the natural regime
(thick black line), portfolio ‘Wind 1’ (thin black line), ‘Wind 2’ (thin
gray line) and ‘Wind 3’ (thin dashed line). If a ReB threshold of 0.05
was used (Zimmerman et al., 2010), it could be observed that this
value is currently being exceeded 56% of time (i.e. ~204 days a year),
but under wind portfolio 2 and 3 it would be exceeded up to 63%
(~229 days a year) and 65% (~237 days a year) of time, respectively.
Although this is a relative increase over 12% due towind power, the
main issue appears to be the large deviation between the baseline
and the natural regime: 56% vs 22%, respectively. For larger values
of ReB Index, the effect becomes more evident. For example, ReB
values of 0.25 are exceeded only 1% in the natural regime, but 9%,
12% and 25% of the time, in the case of ‘Wind 1’, ‘Wind 2’ and ‘Wind
3’, respectively. These are significant differences when compared to
the natural regime. Finally, it can be noted that high fluctuating
events become stronger: the maximum index of the natural regime
is equal to 0.5, while for portfolio ‘Wind 1’, ‘Wind 2’ and ‘Wind 3’ it
is 0.6, 0.75 and above 1, respectively. Finding an ecological signifi-
cant threshold of the ReB Index is still an open challenge.

The previous analysis is extended for the remaining power
reservoirs of the system (plotted in the rows of Fig. 6) and the dry,
normal and wet water type years (left, middle and right column of
Fig. 6, respectively). A strong peaking scheme can be observed for
all reservoirs. Concurrently, they are far distant from the natural
regime both in terms of frequency of any given ReB Index and the
maximum value of the index.

The ‘Colbún-Machicura’ system, in a year of averageflows, shows
a consistent trendof increasing SDHA. Luckily, the effect is smaller in
the most downstream reservoir ‘Machicura’. During dry and humid
years, the wind-induced increment in SDHA is only clear for
Fig. 5. SDHA index of hydropower reservoir “El Toro” in a wet year for the natural
regime and the three wind power portfolios.
reservoir ‘Colbún’. Curiously, ‘Machicura’ shows an improvement in
wet year. One reason for this can be the great availability of water in
the entire system, which distributes the peaking among all hydro
units and allows ‘Machicura’ to operate with smaller peaks facili-
tating the fulfillment of irrigation agreements.

‘El Toro’ is the only reservoir where the baseline is closer to the
natural regime, for normal and wet years. However, it shows a
consistent increase of SDHA as wind energy enters the grid. As ‘El
Toro’ is the only inter-annual reservoir, it is expected to deliver
significant amounts of energy through time, which, together with
large releases enforced by irrigation agreements, induce more
regular operation.

The system ‘Ralco-Pangue’ shows a mixed behavior. While
‘Ralco’ improves its SDHA indexes during dry and average years,
‘Pangue’ shows a strong increase in its indexes. However, both are
insensitive to wind scenarios in wet years. This behavior can be
explained when analyzing more closely their operation. ‘Ralco’ as a
larger reservoir tends to save water during the first half of the hy-
drologic year. Thus, it operates at very low power outputs many
weeks of that period, especially for dry and normal years. The
amount of wind in the system does not alter this situation. On the
other hand, ‘Pangue’, having a much smaller reservoir, receives the
ecological flow of ‘Ralco’, whichmust be turbined to avoid spillages.
This generation tends to be more fluctuating for large wind sce-
narios than for the current situation.

In conclusion, ‘El Toro’, ’Pangue’ and ‘Colbún’ are the most
sensitive hydropower plants as they are negatively affected under
almost every wind scenarios. Moreover, since ‘El Toro’ and ‘Pangue’
are the most downstream reservoir of their basin, their operations
affect the whole downstream river system. On the other hand, the
fluctuations of ‘Colbún’ are absorbed by ‘Machicura’, which fortu-
nately is insensitive to important wind ramps. Finally, although
wind does induce a greater flashiness in hydro reservoir operations,
this increase is rather small in the context of the large contrast
between the baseline and the natural regime.

The analyzed reservoirs exhibit quite dissimilar operations,
when compared to each other. This difference in operation is much
more significant than the one induced by wind portfolios or water
type years. Hence, for environmental assessments, projects should
be analyzed individually and operation schemes accounted for, but
always tied to grid operation. As noted, some of the results are not
intuitive and likely explained by hidden system dependencies. This
emphasizes the need for a grid-wide analysis when dealing with
hydropower reservoir operations and its effects in terms of subdaily
hydrologic alteration.

5. Conclusions and future work

This paper studies the effect of wind power integration on hy-
dropower reservoir operations, in terms of subdaily hydrologic
alteration (SDHA). The proposed method includes five steps: SDHA
diagnostics, definition of wind power scenarios, development of a
subdaily grid-wide scheduling model, scenario simulation, and
comparative analysis. This approach can be used to identify rivers
sensitive to variable renewable energy integration, which is helpful
for ecosystemic studies.

The method is illustrated through a case study applied to Chile.
The baseline and two additional wind development scenarios are
compared to the natural flow regime, using a grid-wide, cost-
minimization hourly power dispatch tool for threewater type years.

Results show that indexes based on hourly data are up to 14
times higher than those from daily flows, underlining the impor-
tance of the time resolution. As to the effect of wind penetration on
SDHA, more wind usually implies more alteration, although the
effects are not uniformly distributed among all the reservoirs. In



Fig. 6. Duration curve of ReB Indexes of the main hydropower reservoirs of Chile, for different water type years and wind portfolios.
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addition, the baseline is already very altered in contrast to the
natural flow regime, having the wind only marginal effects on
SDHA.

Regarding the effect of water type years, for normal years, the
trend of most of the reservoirs is to intensify their SDHA indexes.
For dry years, the effect of wind on the power reservoirs is less
intense and for wet scenarios it shows a mixed behavior.
Special attention must be paid to El Toro, Pangue, and Machi-
cura, as they are the reservoir most downstream of their basins.
Consequently, they should be studied more closely from an eco-
systemic point of view, to ensure the future health of the river
system.

The analyzed power reservoirs show very different operation
schemes when compared to each other. This inter-power plant
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variation is much stronger than the difference in fluctuations
induced by wind portfolios or water type years. For environmental
assessments, this calls for individual project analysis, but always
tied to grid operation, inwhich operational constraints and physical
countermeasures (Olivares, 2008; P�erez-Díaz et al., 2010) should be
evaluated to reduce hydrologic alteration.

For further statistical evidence a set of new scenarios, modifying
demand, renewable energy penetration levels, forecast capability,
energy mix of power system and expansion of transmission lines
could be explored. Specially, extending the analysis to solar PV, as a
strong correlation between the primary energy exists, is also
proposed.

Acknowledgments

The authors wish to thank Chile's National Commission for
Scientific and Technological Research for supporting this research
via the grant CONICYT/Fondecyt/11110326, CONICYT/FONDAP/
15110019 and CONICYT-PCHA/Magíster Nacional/2013-221320055.

References

Baker, D.B., Richards, R.P., Loftus, T.T., Kramer, J.W., 2004. A new flashiness index:
characteristics and applications to midwestern rivers and streams. J. Am. Water
Resour. Assoc. 40, 503e522. http://dx.doi.org/10.1111/j.1752-
1688.2004.tb01046.x.

Benavides, C., 2008. Herramienta computacional para modelo de predespacho
econ�omico de carga (Unit commitment tool). Universidad de Chile.

Bevelhimer, M.S., McManamay, R.A., O'Connor, B., 2014. Characterizing sub-daily
flow regimes: implications of hydrologic resolution on ecohydrology studies.
River Res. Appl. http://dx.doi.org/10.1002/rra.2781 n/aen/a.

Bruno, M.C., Maiolini, B., Carolli, M., Silveri, L., 2009. Impact of hydropeaking on
hyporheic invertebrates in an Alpine stream (Trentino, Italy). Ann. Limnol. Int. J.
Limnol. 45, 157e170. http://dx.doi.org/10.1051/limn/2009018.

Carvalho, P.M.S., Ferreira, L.A.F.M., Krogh, B.H., Popli, N., Ilic, M.D., 2011. Wind
integration in power systems: operational challenges and possible solutions.
Proc. IEEE 99, 214e232. http://dx.doi.org/10.1109/JPROC.2010.2070051.

Haas, N.A., O'Connor, B.L., Hayse, J.W., Bevelhimer, M.S., Endreny, T.A., 2014. Analysis
of daily peaking and run-of-river operations with flow variability metrics,
considering subdaily to seasonal time scales. JAWRA J. Am. Water Resour. Assoc.
50, 1622e1640. http://dx.doi.org/10.1111/jawr.12228.

Holttinen, H., 2005. Hourly wind power variations in the Nordic countries. Wind
Energy 8, 173e195. http://dx.doi.org/10.1002/we.144.

Hunter, M.A., 1992. Hydropower Flow Fluctuations and Salmonids: a Review of the
Biological Effects, Mechanical Causes, and Options for Mitigation.

International Energy Agency, 2014. World Energy Outlook 2014. Paris.
Kern, J.D., Characklis, G.W., Doyle, M.W., Blumsack, S., Whisnant, R.B., 2012.
́

Influence of deregulated electricity markets on hydropower generation and
downstream flow regime. J. Water Resour. Plan. Manag. 138, 342e355. http://
dx.doi.org/10.1061/(ASCE)WR.1943-5452.0000183.

Lundquist, J.D., Cayan, D.R., 2002. Seasonal and spatial patterns in Diurnal cycles in
streamflow in the Western United States. J. Hydrometeorol. 3, 591e603 doi:
10.1175/1525-7541(2002)003<0591:SASPID>2.0.CO;2.

Minsitry of Public Works of Chile (MOP), 2005. Bill 20.017. Santiago.
National Directorate for Water of Chile, 2013. Fluviometric Stations [WWW Docu-

ment]. URL. http://dgasatel.mop.cl/ (accessed 22.11.13.).
Olivares, M.A., 2008. Optimal Hydropower Reservoir Operation With Environ-

mental Requirements. College of Engineering, University of California, Davis
doi:10.1.1.160.5578.

Pereira, M., Pinto, L., 1991. Multi-stage stochastic optimization applied to energy
planning. Math. Program 52, 359e375.

P�erez-Díaz, J.I., Wilhelmi, J.R., S�anchez-Fern�andez, J.�A., 2010. Short-term operation
scheduling of a hydropower plant in the day-ahead electricity market. Electr.
Power Syst. Res. 80, 1535e1542. http://dx.doi.org/10.1016/j.epsr.2010.06.017.

Petts, G.E., 1985. Impounded Rivers: Perspectives for Ecological Management.
Poff, N.L., Allan, J.D., Bain, M.B., Karr, J.R., Prestegaard, K.L., Richter, B.D., Sparks, R.E.,

Stromberg, J.C., 1997. The natural flow regime. Bioscience 47, 769e784. http://
dx.doi.org/10.2307/1313099.

Poff, N.L., Zimmerman, J.K.H., 2010. Ecological responses to altered flow regimes: a
literature review to inform the science and management of environmental
flows. Freshw. Biol. 55, 194e205. http://dx.doi.org/10.1111/j.1365-
2427.2009.02272.x.

Power System Operator of Chile (CDEC), 2013. Data of Chile Centrally Inter-
connected System (SIC) [WWW Document]. URL. https://www.cdec-sic.cl/
index_es.php (accessed 06.06.13.).

Richter, B., Baumgartner, J., Powell, J., Braun, D., 1996. A method for assessing hy-
drologic alteration within ecosystems. Conserv. Biol. 10, 1163e1174. http://
dx.doi.org/10.2307/2387152.

Richter, B., Baumgartner, J., Wigington, R., Braun, D., 1997. How much water does a
river need? Freshw. Biol. 37, 231e249. http://dx.doi.org/10.1046/j.1365-
2427.1997.00153.x.

Saltveit, S.J., Halleraker, J.H., Arnekleiv, J.V., Harby, A., 2001. Field experiments on
stranding in juvenile atlantic salmon (Salmo salar) and brown trout (Salmo
trutta) during rapid flow decreases caused by hydropeaking. Regul. Rivers Res.
Manag. 17, 609e622. http://dx.doi.org/10.1002/rrr.652.

Scheidegger, K.J., Bain, M.B., 1995. Larval fish distribution and microhabitat use in
free-flowing and regulated rivers. Copeia 1995, 125e135.

SEA, 2013. SEA e Servicio de evaluaci�on ambiental [WWW Document]. URL. http://
www.sea.gob.cl/ (accessed 04.04.13.).

Stanford, J., Ward, J.V., Liss, W., Frissell, C., Williams, R., Lichatowich, J., Coutant, C.,
1996. A general protocol for restoration of regulated rivers. Regul. Rivers Res.
Manag. 12, 391e413.

Tuhtan, J.A., Noack, M., Wieprecht, S., 2012. Estimating stranding risk due to
hydropeaking for juvenile European grayling considering river morphology.
KSCE J. Civ. Eng. 16, 197e206. http://dx.doi.org/10.1007/s12205-012-0002-5.

Wootton, J.T., Parker, M.S., Power, M.E., 1996. Effects of disturbance on river food
webs. Science 273, 1558e1561 (80-. ).

Zimmerman, J.K.H., Letcher, B.H., Nislow, K.H., Lutz, K.A., Magilligan, F.J., 2010.
Determining the effects of dams on subdaily variation in river flows at a whole-
basin scale. River Res. Appl. 26, 1246e1260. http://dx.doi.org/10.1002/rra.1324.

http://dx.doi.org/10.1111/j.1752-1688.2004.tb01046.x
http://dx.doi.org/10.1111/j.1752-1688.2004.tb01046.x
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref2
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref2
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref2
http://dx.doi.org/10.1002/rra.2781
http://dx.doi.org/10.1051/limn/2009018
http://dx.doi.org/10.1109/JPROC.2010.2070051
http://dx.doi.org/10.1111/jawr.12228
http://dx.doi.org/10.1002/we.144
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref8
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref8
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref9
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0000183
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0000183
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref11
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref11
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref11
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref11
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref12
http://dgasatel.mop.cl/
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref14
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref14
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref14
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref15
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref15
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref15
http://dx.doi.org/10.1016/j.epsr.2010.06.017
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref17
http://dx.doi.org/10.2307/1313099
http://dx.doi.org/10.2307/1313099
http://dx.doi.org/10.1111/j.1365-2427.2009.02272.x
http://dx.doi.org/10.1111/j.1365-2427.2009.02272.x
https://www.cdec-sic.cl/index_es.php
https://www.cdec-sic.cl/index_es.php
http://dx.doi.org/10.2307/2387152
http://dx.doi.org/10.2307/2387152
http://dx.doi.org/10.1046/j.1365-2427.1997.00153.x
http://dx.doi.org/10.1046/j.1365-2427.1997.00153.x
http://dx.doi.org/10.1002/rrr.652
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref24
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref24
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref24
http://www.sea.gob.cl/
http://www.sea.gob.cl/
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref26
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref26
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref26
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref26
http://dx.doi.org/10.1007/s12205-012-0002-5
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref28
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref28
http://refhub.elsevier.com/S0301-4797(15)00085-7/sref28
http://dx.doi.org/10.1002/rra.1324

	Grid-wide subdaily hydrologic alteration under massive wind power penetration in Chile
	1. Introduction
	2. Proposed methodology
	2.1. General framework
	2.2. R–B Index of SDHA

	3. Description of the case study
	3.1. Diagnostic of SDHA for current and natural regime
	3.2. Definition of variable renewable energy scenarios
	3.3. Implementation of short term hydro-thermal coordination tool
	3.4. Simulation of all scenarios
	3.5. Computation of SDHA for scenarios and comparative analysis

	4. Results and discussion
	4.1. Comparison between R–B Index on daily and hourly basis
	4.2. Hourly R–B Index

	5. Conclusions and future work
	Acknowledgments
	References


