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a b s t r a c t

Over the past few years, there has been a growing global consensus related to the importance of
renewable energy to minimize the emission of greenhouse gases. The solution is an increase in the
number of renewable power plants but unfortunately, this leads to a high dependence on climate var-
iables which are already affected by climate change. Brazil is one of the largest producers of electricity by
renewables through its hydro-dominant power generation system. However, hydro-generation depends
on water inflows that are directly affected by climate change that consequently affect the electricity
production. Therefore, these changes need to be considered in the operation and planning of a hydro-
dominant power system. In this paper, we present the effects of different climate scenarios in the wa-
ter inflows produced by the regional Eta climate model. Normally, studies use an optimization model to
make decisions in case of a hydro-thermal scheduling problem and use the assured energy to evaluate
the hydro-production. In this analysis, water inflows used in the optimization process consider different
trends according to its associated climate scenario. Our paper shows that climate change may drastically
impact the system assured energy and consequently, the system's capability to supply load.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Renewable energy sources are helping countries around the
world to reduce oil supply dependence and move towards a more
environmentally friendly society. There are compelling reasons
associated with sustainability and public health, and also good
perspectives for investments in renewable energy technologies
such as wind, solar, and biomass. New investments in renewables
are essential to match future electricity demands without
contributing to the threat of global warming. For example [1], ex-
amines the threshold effect of the proportion of the renewable
energy supply needed to reduce CO2 emissions, which is one of the
main actions towards minimizing global warming. Fortunately,
many countries utilize access to clean energy in their energy pro-
grams [2,3].
queiroz@ncsu.edu (A.R. de
Strong evidence related to climate change [4,5] as well as the
understanding of the importance to consider this information in
different spheres [6] has emerged over the years. However, it is
important to take into account the current, and potential future,
climate changes due to global warming when analyzing renew-
ables' penetration and planning a power system's generation ca-
pacity. Climate conditions directly affect renewables and
consequently affect their electricity production. For example, hydro
is a type of renewable energy source that has gained a steady
success attracting investments over the years. Hydro energy pro-
duction highly depends on the amount of water inflows, the “fuel”
responsible for powering hydro turbines, available at each hydro
power plant during a particular period of time. Furthermore, these
water inflows depend on precipitation (climate variable) which is
often represented in rainfall-runoff models [7,8]. In several places,
precipitation analysis has presented a contrasting behavior over the
years [9,11] when compared with historical data, which climate
change could intensify even more in the future. Another related
example can be seen in a system with a large share of wind
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Nomenclature

Abbreviations
IPCC Intergovernmental Panel on Climate Change
GCM Global climate model
HadCM3 Hadley Centre coupled model from United Kingdom
A1B Global climate change scenario from IPCC
INPE Brazilian national institute for space research
Eta-CPTEC Regional climate model developed by INPE in Brazil
Eta-X Eta regional climate model with resolution of X km
MGB large basin rainfall-runoff hydrological model
HTSP Hydro-thermal scheduling problem
EGS Existing generation system
FGS Future generation system
ISO Power system independent system operator
EPE Brazilian federal energy planning company
CO2 Carbon dioxide
GHG Greenhouse gases
HIGH, MED, LOW, CTL Members from HadCM3 constructed

from A1B climate scenario with different
increases in global temperature

HRU hydrological response units
FUT_X 30-year periods starting in 2011 and going up to 2100,

X¼ 01 (2011e2040), X¼ 02 (2041e2070), X¼ 03(2071
e2100)

GDP Gross domestic product
SLP-T Stochastic linear program with T time stages
PAR-n periodic autoregressive model of order n
RE, PS, DM, FD Other water use scenarios, in order: country's

economy in recession, country's economy in a
process of stagnation, development of country's

economy in a moderate proportion and country
in a state of full social development

Indices and Sets
t2T set of time periods and its associated index

Parameters
ct operational cost vector associated with power

generation and curtailment costs at stage t
bt represents deterministic electricity demand and a

specific realization of the stochastic water (or energy)
inflows at stage t

At model's structural constraint matrix at stage t that
captures mass-balance, demand satisfaction,
maximum hydro generation constraints and energy
transfer constraints

Btxt�1 represents the storage in the system that is carried
forward from stage t � 1 and is available at stage t

Decision Variables
xt decision vector to represent hydro generation, thermal

generation, storage at reservoirs, and spills at stage t

Functions
htþ1($) recursive function that represents a model like (4)e(6)

where t is shifted by one unit. It depends on decisions
made at stage t, and random parameters that are
revealed at the beginning of stage t þ 1

Ebtþ1jbt htþ1ðxt ; btþ1Þ expected cost function of stage t þ 1 given
decisions xt, that were made in stage t, and
the realization of the random parameter
btþ1
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generation where changes in wind speed and wind direction
impose vulnerability problems.

Therefore, in order to design a robust power system for the
future, it is necessary to take into account different climate sce-
narios in the evaluation of renewable energy sources. For example,
in [12] authors present a study of the impacts of global climate
changes on the availability and the reliability of wind power in
long-term energy planning for the Brazilian system. Impacts of
global climate changes in terms of wind power density for selected
sites can be found [13] and in terms of hydropower generation and
liquid biofuels in [14]. In [15], climate change impacts in energy
production of photovoltaic, wind and hydro power plants are
evaluated in Croatia using climate data regionalized from a global
climate model (GCM). Other studies present analysis of renewables
as an alternative to mitigate climate change by reducing green-
house gas emissions [16,17] from fossil fuel used by thermal power
plants.

This paper presents significant advances from [18] in the
assessment of climate change impacts in generation assured energy
in Brazil. The available information from global climate change
scenario A1B is downscaled by the regional Eta-CPTEC climate
model [19]. Also, we have transformed climate variables, such as
precipitation, that are outputs from this climate model into water
inflows by using the large basin rainfall-runoff hydrological model
(MGB) [7] for each hydro power plant site. The water inflows are
then used as input in a mathematical optimization model to
determine the generation assured energy for the whole power
system, i.e. the system assured energy that can be defined as the
total energy available in the system at a risk of 5% of not supplying
the demand (the process to compute the system assured energy is
further explained in Section 4.2). Based on the Brazilian regulation,
individual values of generation assured energy can be obtained for
each hydro power plant using the firm energy rights [38]. Such
individual generation assured energy represents the maximum
amount in which a hydro power plant can trade in the Brazilian
electricity market. Finally, the sum of individual generation assured
energy is equal to the system assured energy.

Given that the precipitation regime in some river basins may
change, results from this work are crucial for the generation plan in
terms of the placement of new power plants in the country. Addi-
tionally, this paper evaluates possible effects of different water use
scenarios on energy production. Fig. 1 depicts the aforementioned
steps of the procedure to assess the system assured energy. In this
work, we consider the correct representation of the Brazilian power
generation system described in Section 2.

A mathematical model that optimizes water resources and
thermal plants generation is used to determine the system assured
energy. This model aims to represent the hydro-thermal coordi-
nation, or hydro-thermal scheduling problem (HTSP) [21e24]. The
HTSP is modeled over a planning horizon with a finite number of
time stages, which are discretized on a weekly or monthly basis.
One of the most important information related to HTSPs is the
natural water inflow that is available at each hydro power plant at
the beginning of each time stage of the planning horizon. Water
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Fig. 1. Computation flowchart used to evaluate the system assured energy.
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inflows are usually considered to be stochastic because of their
dependence on the random precipitation behavior and it is com-
mon to assume that there exists a stochastic process that governs
the realization of such parameters. Usually the stochastic process
associated with future water inflows are assumed to be a stationary
processes defined using historical data [25]. Due to the random
nature of future water inflows, one's ability to make decisions
regardingwater use and thermal generation relies onmathematical
formulations that approximate the true problem as a multi-stage
stochastic linear program [22,23,26]. In this framework, one is
interested in using generation resources (hydro and thermal) to
satisfy system demand. The objective is to minimize the electricity
production costs used to satisfy the demand during a specific time
horizon. These costs are derived from the fuel costs used by thermal
power plants and the possible expenses with demand curtailments.

The majority of methods used in the context of HTSPs that
forecast water inflows use historical data, which usually have good
performance, for short-term prediction. However, for long-term
projections and analysis, these methods fail and simulation be-
comes a better option to determine possible future scenarios. This
paper uses simulation results from climate variables provided by
the global models presented in the Intergovernmental Panel on
Climate Change (IPCC) [5]. The sequence of models that starts from
the GCM and goes through regional downscaling, hydrological
model simulations and finishes with the assessment of the system
assured energy using a HTSP model represents a novel approach to
identify future behavior of different climate patterns.

This paper is structured as follows. Section 2 describes the
Brazilian interconnected power system and the configurations of
this system that we use to carry out our analysis. Section 3 gives a
general description of the climate and the hydrological modeling as
well as the soil and water use scenarios. Section 4 presents the
methodology used to evaluate the system assured energy for the
Brazilian interconnected power system. Section 5 presents the re-
sults and discussions regarding different climate scenarios in other
instances of the problem. Section 6 concludes this paper.

2. The Brazilian interconnected power system

The Brazilian interconnected power system heavily relies in
hydropower [27], which is responsible for approximately 80% of the
annual electricity production in the country. The power generation
system is composed by hydro (reservoir storage, run-of-river,
pumped-storage), thermal (natural gas, coal, diesel), nuclear and
other renewable power plants. The majority of these power plants,
which are connected to the system, are operated by the Brazilian
independent system operator (ISO). The other renewables include
small hydro (power plants with installed capacity smaller than
30 MW), biomass, wind and solar generation, which are not
included in the HTSP optimization process. The current practice in
Brazil is to subtract an average energy production from these other
renewable sources from the electricity demand before the opti-
mization takes place. The generation system is divided into four
subsystems according to the main geographical regions in Brazil
(Southeast/Midwest, South, Northeast, and North Region).

In our analysis we consider two distinct configurations of the
Brazilian power generation system. One represents the condition of
the Brazilian interconnected power system presented in January of
2012 [28], named existing generation system (EGS). The other is
named future generation system (FGS) and represents a planned
configuration designed by the Brazilian federal energy planning
company (EPE), which is in charge of planning both the generation
and the transmission systems in Brazil. The EGS total installed ca-
pacity is 113.6 GW composed of hydro (38.2% hydro with reservoir
storage, 35.5% run-of-river hydro and 0.7% pumped-storage),
thermal (16.3%) and other renewables (9.1%) [29]. The FGS has
several new hydro power plants in the North subsystemwhere the
Amazonas river basin is located. These new hydro power plants are
expected to be in operation near the end of 2030 [29,30]. The FGS
total installed capacity is 170 GW composed of hydro (31.7% hydro
with reservoir storage, 34.8% run-of-river hydro and 0.5% pumped-
storage), thermal (17%) and other renewables (16%) [31].

For the EGS (FGS) installed generation capacity, approximately
60% (46%) is located in the Southeast, 16% (14%) in the South, 14%
(17%) in the Northeast and 10% (23%) in the North subsystem
respectively. Subsystems are interconnected via transmission lines
that enable energy optimization among the power plants and
consequently, among the energy storage at the river basins. The
exchange capacity between the subsystems depends on trans-
mission lines' capacities, which are kept constant along the simu-
lation, i.e., there is a set of capacities for the EGS and a set of
capacities for the FGS. The last one incorporates the transmission
expansion plan, also provided by EPE [31].

The proposed configuration of the FGS has ten subsystems
instead of four, and two fictitious interconnection nodes (Impera-
triz and Ivaipor~a) as represented in Fig. 2. Fig. 3 shows a modified
configuration that considers the aggregation of different sub-
systems to represent the FGS with four subsystems such as it is
considered for the EGS. It is important to notice that the subsystems
Paran�a River, Acre/Rondônia, Teles Pires/Tapaj�os and Itaipu are
added to the subsystem Southeast/Midwest, and subsystems Belo
Monte and Manaus/Amap�a were aggregated to subsystem North.
These groupings were performed by analyzing the existence of
interconnections (transmission lines linking subsystems).

3. Climate and hydrological modeling

3.1. Climate modeling and future scenarios representation

Climate models are used to mathematically represent natural



Fig. 2. Brazilian power system projected for year 2025.

Fig. 3. FGS power system configuration for HTSP model.

A.R. de Queiroz et al. / Renewable Energy 99 (2016) 379e389382
processes and their interactions within the atmosphere, land sur-
face, ocean, and sea ice that can affect the weather and the climate
at different time scales. These models quantitatively take into ac-
count the behavior of a set of components such as clouds, aerosols,
vegetation, snow cover, soil water, solar radiation, and others to
first simulate present climate conditions and then to project
climate in the future. To use climate models for projections it is
necessary to make assumptions about input factors that affect the
simulation process, for example the future amount of carbon di-
oxide (CO2) concentration in the atmosphere. Generally, such
models are used to perform simulations of climate evolution
scenarios considering various levels of greenhouse gas (GHG)
emissions.

Studies and developments related to mathematical climate
models are performed all over the world. By an initiative of the
environmental program developed by the United Nations and the
World Meteorological Organization, the IPCC was formed in 1998.
The IPCC studies the current scientific knowledge of climate change
and evaluates possible environmental and socio-economic impacts
for society. Since then, the IPCC has been an important channel for
the implementation of macro policies in response to climate
change. In this work, among the various scenarios of GHG emis-
sions on the horizon from 2000 to 2100, the A1B scenario was
chosen because it represents an average growth of future CO2
emissions, i.e., neither too high nor too low [5,19]. In this paper, our
simulations are carried and based on the results of the IPCC report
presented in [5].

The HadCM3 model developed by the United Kingdom Met
Office Hadley Centre was chosen as the GCM that is followed in this
paper. Many tests were made by the Brazilian National Institute for
Space Research (INPE) to determine which GCM better represents
the South American region in terms of climate simulation [19] and
the HadCM3 model was the one that best fit the historical data. For
the purpose of this work, four members of the HadCM3 constructed
from temperature variations, using the A1B scenario, called High,
Medium (MED), Low, and Control (CTL) were used [19]. These
members can be interpreted as different increases in global tem-
perature at the end of this century, that is, the High represents an
increase of 6� C, the Medium of 4� C and the Low of 2� C. The
Control member is the base case in which the increase of temper-
ature is close to the one associated with the Medium member.

The HadCM3 model has a granularity of 400 km resolution,
which cannot adequately represent, for instance, two sets of
mountains of the Brazilian relief: Serra-do-Mar Mountains and
Mantiqueira Mountains. There are important basins located in
these mountains that need to be better represented by the model.
Therefore, dynamic downscaling techniques [20] were employed
through the use of regional climate models, which provide a more
detailed spatial and temporal representation than the variables
available in the global models. The combination of the regional Eta-
CPTEC model downscaled from the HadCM3 GCM has shown to
perform favorably against current climate models when repre-
senting South American regions [20,32].

The regional model Eta-CPTEC with 40 km resolution, or Eta-40,
significantly improves the accuracy of global models. The Eta-40,
calibrated for the South American region between 1960 and 1990,
is employed in this paper which uses the results from simulations
with thismodel [19]. The Eta-40 incorporates climate change due to
CO2 emissions and seasonal variation of vegetation for 360 days
synchronized with the timing of the HadCM3 global model. The
Eta-40 km is nested at the HadCM3 model. The four Eta-40 mem-
bers: HIGH, MED, LOW, and CTL, are used in this paper to generate
rainfall data. These represent the basic information used to define
the behavior of the natural water inflows that will be available at
each hydro power plant reservoir at each time stage of the HTSP. In
order to test the accuracy of the regional representation, this paper
uses a higher resolution of 20 km (Eta-20) for the CTL member to
compete with the Eta-40 CTL [19].

3.2. Hydrological modeling for natural water inflows

The hydrological model MGB [7] is used to make the evaluation
of the rainfall-runoff functions for each river basin of the system.
MGBmodel includes the specific soil and vegetation characteristics
of each represented region. It is based on the association and
adjustment of two other hydrological models named LARSIM and
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VIC [7]. The model is distributed in space, i.e., each river basin is
separated into smaller units, called mini-basins, which are inter-
connected by the drainage system.

The MGB is composed of mathematical representations of
interception, infiltration, soil water balance, evapotranspiration
and drainage of the surface, sub-surface and groundwater flow.
Each mini-basin is broken down into blocks called hydrological
response units (HRU), which are generated by a combination of soil
and vegetation maps. Each HRU is characterized by a set of pa-
rameters, such as maximum capacity of soil aquifer storage, leaf
vegetation area, and others. Thewater balance is computed for each
HRU and water inflow results are added and spread into the
drainage system. The flow in each HRU does not instantly go into
the drainage system, i.e., there is a specific time-constant within
each mini-basin [7]. Precipitation, temperature, relative humidity,
solar radiation, wind speed, and atmospheric pressure at each
mini-basin are calculated through an interpolation using geo-
referenced data.

Another important step is the calibration of hydrological pa-
rameters used to represent physical and historical features from
similar river basins. The hydrological information considered in this
work considers MGB calibration using monthly data ranging from
1960 to 2010. We apply MGB to define water inflows for the set of
hydro power plants chosen to compose the power generation fa-
cilities obtained from [28,30], which was previously discussed in
Section 2. Fig. 4 shows the main existing basins in Brazil with the
representation of some hydro power plants along a cascade system
inside each river basin.

The water inflows were generated by MGB calibrated for each
Fig. 4. River basins and the considered hydro
river basin using the climate variables such as precipitation, wind,
sunlight, temperature, humidity and atmospheric pressure from
Eta-40 (members, LOW, MED, HIGH, and CTL), and Eta-20 (member
CTL) as input data. For the same member CTL, two granularities
were tested (Eta-40 km and Eta-20 km) in order to verify possible
differences in terms of water inflows. After MGB runs, hydrographs
were generated for all hydro power plants of interest in each 30-
year simulation period used to represent past and future time pe-
riods. The time period of 30 years is used due to the extensive
computational time and data storage required to perform Eta
model simulations. Another important point is that the comparison
of increase and decrease trends in water inflow rates is made for a
period that represents the current conditions of the system.

Fig. 5 depicts threemaps that translatewater inflow results from
MGB simulations using climate variables from Eta-20 member CTL
for future periods one, two, and three (from left to right named
FUT_01, FUT_02, FUT_03). These represent 30-year periods starting
in 2011 and going up to 2100. The maps presented in Fig. 5 indicate
future anomalies of the average water inflow in each hydro power
plant of the Brazilian interconnected power system considering
climate projections from the Eta-20 model. These maps show the
simulated river basins where the dots indicate the geo-referenced
position of a particular hydro power plant. The point size is pro-
portional to the hydro power plant drainage area. Green points
represent increase in future water inflows with respect to the base
period (1960e1990) and red dots indicate reduction in water in-
flows with respect to the base period. The color intensity of each
point is related to the rate of change in water inflows.

In general, there are trends of decreasing water inflows in future
power plants for hydrological modeling.



Fig. 5. Water inflows future variation for each future period with respect to the base period.
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periods in both the North and Northeast regions of the country. The
South and the Southeast regions present an increasing trend in
water inflows for most of the hydro power plants. The time in-
tervals FUT_02 and FUT_03 present the largest decrease in water
inflows in the North and Northeast regions of the country. Water
inflows for the different periods have similar patterns as the
climate variables produced by Eta models, particularly, the
precipitation.
3.3. Other water uses

In order to also consider the evolution of water consumption
along each river basin in this study, four evolutionary scenarios
were built representing the Brazilian economic development in
four different perspectives: a pessimistic situation (country facing a
recession), an optimistic situation (country under full develop-
ment) and two intermediate situations (country in a stagnation
condition and country facing a moderate development). These
scenarios were created in [33] following a spatial and temporal
representation of water usage in the country [34] adapted ac-
cording to the national plan of water resources from [35] and data
from the Brazilian Institute of Geography and Statistics [36].

The scenario that represents the country's economy in recession
corresponds to a situation in which the world is in recession and
Brazil does not overcome its basic infrastructure bottlenecks, in-
stitutions have an inefficient performance, the water resources
management system is not properly or completely implanted and
conflicts over water use remain and may increase. In terms of
sanitation, a significant loss of water is represented which gener-
ates a high per capita consumption. In this scenario, the irrigated
agricultural development is modest which leads to a search for new
agricultural areas. The industry-performance is weak with a gross
domestic product (GDP) decreasing around 2% per year. Agricul-
tural production in this scenario is destined for the domestic
market because the competitive conditions and compliance with
the requirements of the most demanding markets with respect to
sustainability are not present.

The scenario representing process of stagnation for the coun-
try's economy considers a situation in which the country cannot be
inserted into the growing world. The difficulties observed in the
recession scenario remains with the aggravation that the world's
economy is growing. In this case, agricultural production may be
required by other less demanding markets with respect to sus-
tainability, leading to over-exploitation of natural resources to
satisfy external demand related to specific crops cultivation.

The scenario that represents a development of the country's
economy in a moderate proportion considers a condition in which
the world is in recession but the country in analysis has solved its
infrastructure problems. The internal market conditions guarantee
economic growth and demand development of crops linked to the
increase in purchasing power. Sanitary conditions significantly
improve reducing water consumption and distribution losses. Also,
the water management system is implanted and it is fully opera-
tional with anticipation and reduction of conflicts over water use.
The country's institutions operate in normal conditions increasing
the safety of the productive sector.

The last scenario represents the country in a state of full social
development integrated with economic growth. In this scenario,
the country finds its niche in the international market without
giving up the sustainable use of its natural resources. Agricultural
development is able to supply the domestic and other foreign
markets. For more details about the representation of the other
water uses and their impacts on the water inflows, the reader
should refer to [33].
4. System assured energy computation

This paper's interest is in evaluating the system assured energy
instead of individual values for each hydro power plant. The system
assured energy is calculated after performing simulations of a HTSP
model [18,37]. In Subsection 4.2, the procedure to define HTSP
simulation results and the process to obtain the system assured
energy are explained.
4.1. Hydro-thermal scheduling problem

In the HTSP, the main goal is to find a schedule for hydro and
thermal power generators at each time stage during a specific
planning horizon in order to satisfy electricity demand while
minimizing operational costs. A T-stage stochastic linear program
(SLP-T) with recourse, to represent the HTSP, may be formulated as
follows:

min
x1

c1 x1 þ Eb2jb1h2ðx1; b2Þ (1)

s:t: A1x1 ¼ B1x0 þ b1 : p1 (2)

x1 � 0: (3)

Where, for t¼2,...,T we have the recourse function ht(xt�1,bt)
defined as:
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htðxt�1; btÞ ¼ min
xt

ct xt þ Ebtþ1jbt
htþ1ðxt ; btþ1Þ (4)

s:t: Atxt ¼ Btxt�1 þ bt : pt (5)

xt � 0: (6)

The decision variables of a particular stage t are represented by
the decision vector xt, which includes hydro generation, thermal
generation, water storage at hydro power plant reservoirs and
spilled water. The model's parameters vectors and matrices
include: bt represents deterministic electricity demand and a spe-
cific realization of the stochastic water inflows at stage t; ct repre-
sents the operational cost vector associated with power generation
and curtailment costs at stage t; At represents the model's struc-
tural constraint matrix at stage t that captures mass-balance, de-
mand satisfaction, maximum hydro generation constraints and
energy transfer constraints; Btxt�1 represents the storage in the
system that is carried forward from stage t�1 and is available at
stage t. Eqs. (1) and (4) represent the objective functions of the
models at both the first and the t-th stage, respectively. The
objective is to minimize present cost plus the expected value of the
future cost. Equations (2) and (5) represent the model's structural
constraints and their associated dual variables denoted p. Equa-
tions (3) and (6) are simple bounds on the decision variables. The
term Ebtþ1 jbt htþ1ðxt ;btþ1Þ represents the expected cost function of
stage tþ1 given decisions xt that were made in stage t, and the
realization of the random parameter btþ1 (that affects the condition
of the system at stage tþ1).

The HTSP model implementation adopted in this work is
currently in use by the ISO in Brazil for generation planning and
scheduling studies [39,40]. This HTSP model uses an aggregate
representation of the hydro power plants following a methodology
similar to the one presented in [41]. Detailed formulations of the
HTSP model can be found in [42] and [43]. The optimization algo-
rithm used to solve such a problem is named stochastic dual dy-
namic programming [23] from the class of sampling-based
decomposition algorithms [26,44e46]. Initial results of a HTSP
model simulation are provided in the form of an operating policy,
which indicates decisions to be taken once the uncertainty is
reveled [26]. This operating policy is then tested using out-of-
sample synthetic series (representing the future water inflows)
and results of this process provides the necessary information to
compute the system assured energy as described in [18]. Section 4.2
presents more details about the HTSP simulation process to
compute the system assured energy.
4.2. HTSP simulation process to compute the system assured energy

The goal is to search for possible variations in the system
assured energy given distinctive possibilities for future water in-
flows derived from climate scenarios simulated by the Eta climate
model. In order to compute the system assured energy, the meth-
odology defined in [18] was followed. In general terms, the system
assured energy is computed after performing simulations with the
HTSP model considering electricity demand aggregated in different
regions of the power system. These simulations consider a 20-year
planning horizon with monthly time steps. The first 10-year period
is used for handling hydro reservoirs starting conditions. The last 5-
year period is represented to set hydro reservoirs closure condi-
tions. The system assured energy is established for the other 5-year
period of the planning horizon, and for the intent of this paper, we
call this period the “simulation period”. Initially, for the simulation
period, the HTSP is represented in a scenario tree [37,39], and the
goal is to obtain an operating policy.
Once the operating policy is available, the HTSPmodel considers

2000 synthetic series [39], generated to represent the random in-
flows at each time stage of the simulation period, to assess this
policy and to obtain decision variable optimal values associated
with each synthetic series. These decision variables values are then
used to define the system assured energy as described in [18]. It is
possible to obtain, for each month of the simulation period and at
each synthetic series, the hydro generation targets aggregated by
region, the thermal generation dispatches at each individual ther-
mal plant and the operational marginal costs at each region. During
this process, we consider a convergence criterion for demand
supply risk of 5%, on average, with a tolerance of ±0.1%, i.e. for the
2000 synthetic series the power generation system has to supply
the total demand in 1900 ± 2 synthetic series, at every time stage of
the simulation period. If the demand supply risk is not achieved, it
is necessary to adjust the system electricity demand and perform a
new run of the HTSP model. This process is repeated until the
desired stopping criterion is reached to obtain the total electricity
demand that can be supplied by the power generation system
during the simulation period. This total demand is equal to the
system assured energy, and is used in Section 5 to identify impacts
of climate change on Brazilian hydropower.

4.3. Assumptions regarding to simulation periods

The current way to assess the system assured energy uses the
historical natural inflows with a time span of at least 30 years. This
study is carried out using the simulation of these series for the
future as explained in previous sections. The purpose of these new
water inflow series is to represent future possibilities for the
different scenarios of climate change. Different 30-year periods of
natural water inflow data series were considered to perform the
computations of the system assured energy at differentmoments in
time. These 30-year periods of projected data for water inflows feed
the HTSP model. They also serve as a basis for the construction of
future scenarios of natural energy inflows for each subsystem
(water inflows transformed into energy [40,43]) at each time stage
of the HTSP using the periodic autoregressive model of order n
(PAR-n) [25,39].

The first 30-year period starts in the year 1961 and is used to
evaluate the system assured energy at year 1990. The data for this
period is similar to the historical data obtained from direct mea-
surements and interpolation for the same period. This first 30-year
period is used to calibrate the climate and the hydrological models.
The other three 30-year simulation periods start at years 2011,
2041, and 2071 and they are used to evaluate the system assured
energy at years 2040, 2070 and 2100 respectively.

5. Simulation and results

5.1. Simulations structure

Fig. 6 shows a diagram that identifies all the simulations per-
formed in this work. A total of 52 system assured energy simula-
tions are used for evaluating the impacts from other uses of water,
30-year simulation periods and climate information. There are two
power generation systems (EGS and FGS), four scenarios to repre-
sent other uses of water from Section 3.3 (country's economy in
recession - RE, country's economy in a process of stagnation - PS,
development of country's economy in a moderate proportion - DM,
and country in a state of full social development - FD, considered
only when analyzing the FGS), four 30-year periods (except when
analyzing other uses of water that only consider the future periods),
climate model Eta represented with two different resolutions,
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Fig. 8. FGS assured energy [MW] for each climate scenario.
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40 km (with members, CTL, LOW, MID, HIGH) and 20 km (with
member CTL).

For each one of the 52 simulation cases, it is necessary to run the
HTSP model in average 20 times in order to achieve the adopted
stopping criteria. One run of the HTSP model for the instance's size
we consider requires about three days of simulation on a regular
computer. In order to overcome this computational burden, a
multi-threading version of the HTSP model was used in a distrib-
uted cluster with 30 machines (3.8 GHz Core i7 with 6 cores each)
with 32 GB DDR3 1600. All these simulations required about 3
months of computational time at full load.

5.2. System assured energy results

We will refer to the system assured energy in terms of average
megawatts (for simplicity we represent units with [MW]), which
are commonly used to describe energy production over a specific
period of time. In this analysis, we can think in terms of average
megawatts produced over a month, which is the time stage dis-
cretization of the HTSP. For example, if we want to compute the
total energy in MWh given the month average megawatts it is
necessary to multiply such value by the number of hours in that
month. Results for each EGS simulation scenario considering
different climate information and not including variations onwater
use are presented in Fig. 7 and Table 1. The system assured energy is
bigger for the first period (1990) considering all the four members
of the Eta model. This is a concern for a country that relies basically
on hydro resources displaying the existing plants together will
produce less electricity in the future. The comparison between Eta-
20 CTL and Eta-40 CTL shows that for this study the granularity
level is not significant (see Fig. 8).

The results for the FGS show the same decrease in electricity
Fig. 7. EGS assured energy [MW] for each climate scenario.
generation, which means that with the planned new hydro power
plants the effect of climate change will take the total generation to
about 28% less than the planned power production. The drop in the
system assured energy is more significant than the results obtained
for EGS. Table 2 presents a relative comparison of FGS system
assured energy with respect to the one obtained for the year 1990
for each power generation system. From Fig. 9, it is possible to
notice the reduction of approximately 15% for EGS and 28% for FGS
starting at year 2040. This reduction is observed with respect to
simulations of the HTSP model for EGS and FGS and for Eta-40 CTL.
However, similar patterns are obtained for the other members. This
difference was expected from the hydrological results obtained and
presented in different maps in Section 3.2 inwhich larger reduction
in terms of rainfall would occur in the Northern region. The FGS
reflects the new investments in hydro power plants in that region
which causes the larger relative reduction of the system assured
energy.

The influence of other water use projections also has a signifi-
cant impact in the system assured energy. In general terms, in-
crements in water demand reduce the availability of water to
produce electricity at the hydro power plants. This is aggravated in
scenarios of full development of the economy as shown in Fig. 10.

5.3. Sources of uncertainties and remarks

The analysis carried out in this work is based on several as-
sumptions, data sources, modeling choices and regulatory rules. In
this context, potential uncertainty in our results and interpretations
are to be expected. Meanwhile, a broad uncertainty analysis was
out of the scope of this particular study, therefore, it is important to
mention the main concerns. The first point of concern is related to
the climate variable information produced by the climate models



Table 1
EGS and FGS assured energy for each simulation case representing different climate information.

Eta Model case EGS assured energy [MW] FGS assured energy [MW]

1990 2040 2070 2100 1990 2040 2070 2100

Eta40-LOW 85,698 75,764 70,878 75,355 110,047 93,818 91,681 86,296
Eta40-MED 85,276 68,601 59,547 59,105 109,781 79,310 70,827 60,310
Eta40-HIGH 88,409 68,615 65,249 59,656 113,809 75,383 73,565 65,959
Eta40-CTL 81,048 69,250 65,913 72,231 109,915 79,328 77,426 84,012
Eta20 81,764 70,500 66,375 72,599 110,691 86,099 78,969 86,087

Table 2
System assured energy variation in [%] e EGS X FGS.

Eta Model case Existent generation system Future generation system

1990e2040 1990e2070 1990e2100 1990e2040 1990e2070 1990e2100

Eta40-LOW �11.6 �17.3 �12.1 �14.8 �16.7 �21.6
Eta40-MID �19.6 �30.7 �30.7 �27.8 �35.5 �45.1
Eta40-HIGH �22.4 �26.2 �32.5 �33.8 �35.4 �42.0
Eta40-CTL �14.6 �18.7 �10.9 �27.8 �29.6 �23.6
Eta20 �13.8 �18.8 �11.2 �22.2 �28.7 �22.2

Fig. 9. EGS X FGS: Assured energy variation from Eta-40 CTL simulation cases.

Fig. 10. FGS assured energy [MW] considering other water uses and Eta40-CTL.
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required in the analysis. In this study, a number of water inflow
time series at each hydro power plant has been derived from arti-
ficial weather observations from the GCM HadCM3 downscaled
with Eta regional models. Meanwhile, the GCM HadCM3 and the
Eta regional model were chosen due to their satisfactory perfor-
mance to represent the climate in South America. Certainly, such
information presents limitations for specific areas or climate events
where climatic processes are not well represented.

Information from other climate models can be used in future
studies to carry out related analysis. In terms of climate change
scenarios, the A1B scenario was investigated from IPCC, which
represents an emission pathway with average growth of future CO2
emissions. Different increases in global temperature affecting the
CO2 concentration in the atmosphere for the A1B scenario were
also used in our analysis. Other scenarios, representing more con-
servative, or more optimistic CO2 emission pathways, can be used
to compare results in future work. We also have a potential source
of uncertainty related to other water uses for a subset of simula-
tions. Thus, we evaluate four different scenarios for other water
uses ranging from a scenario representing the country's economy in
recession to a scenario with full development of the country's
economy. In this given context, it is possible to notice that the
negative impacts in hydropower are intensified in every scenario,
but they are not of the same magnitude posed by climate
information.

Another potential source of uncertainty lies in the configuration
of the power generation system (EGS and FGS). It was possible to
notice more significant reductions in system assured energy for the
FGS. However, it is likely that the FGS configuration in the future
may not be the same as the one represented here, therefore, neither
would the system assured energy. In terms of the HTSP modeling
and the system assured energy evaluation procedure, improved
schemes may be designed and rules may be changed in the future.
This is related to regulatory uncertainties, which also can affect the
results of the analysis. Further works should explore how such
improved schemes could influence the results, but the main con-
clusions of this work are not expected to drastically change. For
instance, an assumption made along this study was to consider an
aggregate representation of hydro power plants inside each electric
subsystem (Sections 2 and 4.1) following the current HTSP
modeling approach adopted in Brazil.
6. Conclusion

In this work we provided a framework and carried out an
analysis using a combination of climate projections downscaled at
regional levels, a rainfall-runoff model and a power generation
scheduling optimizer to investigate the possible effects induced by



A.R. de Queiroz et al. / Renewable Energy 99 (2016) 379e389388
climate change in the energy production of a hydro-dominant po-
wer system. The evaluation of future effects of climate change in
power generation has gained more attention due to an increase in
the investment in renewable power plants. This work presents an
analysis of the effects of climate change in the Brazilian power
system, where the majority of electricity production comes from
hydro sources. The assessment of climate projections on the system
assured energy, which is the metric adopted in Brazil for the power
generation system, is crucial because it guides the future in-
vestments and consequently the composition of the country's
future electricity generation portfolio.

In recent years, the Brazilian government through national plans
has essentially set the electricity generation capacity expansion to
hydro power projects in the Amazonian region. Because of envi-
ronmental constraints and natural characteristics of the region the
majority of these projects are based on run-of-river technologies,
which make them highly susceptible to changes in water inflow
patterns. The sole use of water inflows historical data for such
projects, not including the dynamics associated with climate
changes, will likely produce decisions that can derive great regrets
in the future. For example, this paper shows that the assured energy
will be lower in percentage terms (directly affecting these projects
cash flows) when the climate information is considered in the FGS,
especially because the average precipitations are projected to
decrease and the drown periods are likely to increase in the
Amazonian region. Although some safeguards need to be incor-
porated regarding simulation models, regulatory issues and other
things, the paper has shown the importance of considering climate
projections when evaluating investments in future hydro plants.
This paper brings valuable insights into this matter which not only
pertain to hydropower generation, but also can be further extended
to other primary sources such as wind, biomass and solar.
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companies for the financial support and technical discussion during
the strategic R&D project 010/2008-ANEEL. We would also like to
thank INPE (J.A. Marengo, S.C. Chow, D. Andres and L.M. Alves), IPH-
UFRGS (W. Collischonn and J.M. Bravo) and IRN-UNIFEI (T. Baliza)
who were responsible for the climate and hydrological models and
simulation. We would like to thank ISEE-UNIFEI (T. Pietrafesa, V.
Etechebere and W. Dias) who contributed during the HTSP simu-
lations. The authors also would to thank the Editor-in-Chief Soteris
Kalogirou, the Editor Emilia Michael Kondili and the anonymous
referees for their feedbacks on the initial version that helped to
construct this improved manuscript.

References

[1] C.L. Chiu, T.H. Chang, What proportion of renewable energy supplies is needed
to initially mitigate CO2 emissions in OECD member countries? Renew. Sus-
tain. Energy Rev. 13 (2009) 1669e1674.

[2] I. Yuksel, Global warming and environmental benefits of hydroelectric for
sustainable energy in Turkey, Renew. Sustain. Energy Rev. 16 (2012)
3816e3825.

[3] L.C. Lau, K.T. Lee, A.R. Mohamed, Global warming mitigation and renewable
energy policy development from the Kyoto protocol to the Copenhagen
accorddA comment, Renew. Sustain. Energy Rev. 16 (2012) 5280e5284.

[4] P.C. Jain, Greenhouse effect and climate change: scientific basis and overview,
Renew. Energy 3 (4/5) (1993) 403e420.

[5] Intergovernmental Panel on Climate Change (IPCC), in: S. Solomon, et al.
(Eds.), Climate Change 2007: the Physical Basis, Contributions of Working
Group to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change, Cambridge University Press, Cambridge UK, 2007.

[6] A.L. De Carvalho, R.S.C. Menezes, R.S. N�obrega, A.S. Pinto, J.P.H.B. Ometto,
C. von Randow, A. Giarolla, Impact of climate changes on potential sugarcane
yield in Pernambuco, Northeastern region of Brazil, Renew. Energy 78 (2015)
26e34.
[7] W. Collischonn, D.G. Allasia, B.C. Silva, C.E.M. Tucci, The MGB-IPH model for
large-scale rainfall-runoff modeling, Hydrological Sci. J. 52 (2007) 878e895.

[8] F.H.S. Chiew, D.G.C. Kirono, D.M. Kent, A.J. Frost, S.P. Charles, B. Timbal,
K.C. Nguyen, G. Fu, Comparison of runoff modelled using rainfall from
different downscaling methods for historical and future climates, J. Hydrology
387 (2010) 10e23.

[9] J.A. Marengo, R. Jones, L.M. Alves, M.C. Valverde, Future change of temperature
and precipitation extremes in South America as derived from the PRECIS
regional climate modeling system, Int. J. Climatol. 29 (#15) (2009)
2241e2255.

[10] J.A. Marengo, Interdecadal variability and trends of rainfall across the Amazon
basin, Theor. Appl. Climatol. 78 (2004) 79e96.

[11] S. Westra, L.V. Alexander, F.W. Zwiers, Global increasing trends in annual
maximum daily precipitation, J. Clim. 26 (2013) 3904e3918.

[12] A.F.P. De Lucena, A.S. Szklo, R. Schaeffer, The vulnerability of wind power to
climate change in Brazil, Renew. Energy 35 (2010) 904e912.

[13] E.B. Pereira, F.R. Martins, Marcelo P. Pes, E.I. Da Cruz Segundo, A. De Lyra, “The
impacts of global climate changes on the wind power density in Brazil,
Renew. Energy 49 (2013) 107e110.

[14] A.F.P. De Lucena, A.S. Szklo, R. Schaeffer, The vulnerability of renewable en-
ergy to climate change in Brazil, Energy Policy 37 (2009) 879e889.

[15] R. Pasicko, C. Brankovic, Z. Simic, Assessment of climate change impacts on
energy generation from renewable sources in Croatia, Renew. Energy 46
(2012) 224e231.

[16] M.A. Abdullah, A.P. Agalgaonkar, K.M. Muttaqi, Climate change mitigation
with integration of renewable energy resources in the electricity grid of New
South Wales, Australia, Renew. Energy 66 (2014) 305e313.

[17] D. Chattopadhyay, Modeling greenhouse gas reduction from the Australian
electricity sector, IEEE Trans. Power Syst. 25 (#2) (2010) 729e738.

[18] L.A. Scianni, A.R. de Queiroz, L.M.M. Lima, J.W.M. Lima, The influence of
climate change on hydro generation in Brazil, in: Proceedings of the IEEE
Power Tech Conference, Grenoble, 2013.

[19] J.A. Marengo, S.C. Chou, G. Kay, L.M. Alves, J.F. Pesquero, W.R. Soares,
D.C. Santos, A.A. Lyra, G. Sueiro, R. Betts, D.J. Chagas, J.L. Gomes,
J.F. Bustamante, P. Tavares, Development of regional future climate change
scenarios in South America using the Eta CPTEC/HadCM3 climate change
projections: climatology and regional analyses for the Amazon, S~ao Francisco
and the Paran�a river basins, Clim. Dyn. 38 (#9e10) (2012) 1829e1848.

[20] S.C. Chou, J.A. Marengo, A.A. Lyra, G. Sueiro, J.F. Pesquero, L.M. Alves, G. Kay,
R. Betts, D.J. Chagas, J.L. Gomes, J.F. Bustamante, P. Tavares, Downscalling of
South America present climate driven by 4-member HadCM3 runs, Clim. Dyn.
(2012) 1e19.

[21] A.P. Bonaert, A.H. El-abiad, A.J. Koivo, Optimal scheduling of hydro-thermal
power systems, IEEE Trans. Power Apparatus Sys. PAS-91 (1) (1972) 263e270.

[22] M.V.F. Pereira, L.M.V.G. Pinto, Stochastic optimization of a multireservoir
hydroelectric system: a decomposition approach, Water Resour. Res. 21
(1985) 779e792.

[23] M.V.F. Pereira, L.M.V.G. Pinto, Multi-stage stochastic optimization applied to
energy planning, Math. Program. 52 (1991) 359e375.

[24] A.R. de Queiroz, Stochastic hydro-thermal scheduling optimization: an over-
view, Renew. Sustain. Energy Rev. 62 (2016) 382e395.

[25] M.E.P. Maceira, J.M. Damazio, Use of the PAR(p) model in the stochastic dual
dynamic programming optimization scheme used in the operation planning
of the Brazilian hydropower system, Probab. Eng. Inf. Sci. 20 (2006) 143e156.

[26] A.R. de Queiroz, D.P. Morton, Sharing Cuts under aggregated forecasts when
decomposing multi-stage stochastic programs, Operations Res. Lett. 41 (3)
(2013) 311e316.

[27] R.C. da Silva, I.M. Neto, S.S. Seifert, Electricity supply security and the future
role of renewable energy sources in Brazil, Renew. Sustain. Energy Rev. 59
(2016) 328e341.

[28] Brazilian Independent System Operator (ONS), Monthly Operational Plan Test
Case of the Brazilian Interconnected Power System (PMO January of 2012),
2012. Available at: www.ons.org.br. in portuguese.

[29] Empresa de Pesquisa Energ�etica (EPE), Decenal Power Generation Plan 2020
(PNE 2020), 2012. Available at, www.epe.gov.br. in portuguese.

[30] Eletrobr�as, Information System of the Brazilian Hydropower Potential (SIPOT),
2012. Available at, www.eletrobras.com. in portuguese.

[31] Empresa de Pesquisa Energ�etica (EPE), Decenal Transmission Network
Expansion Plan 2020, 2012. Available at, www.epe.gov.br. in portuguese.

[32] S.C. Chou, J.F. Bustamante, J.L. Gomes, Evaluation of Eta model seasonal pre-
cipitation forecasts over South America, Nonlinear Process. Geophys. 12
(2005) 537e555.

[33] R&D project 010/2008-ANEEL, “Climate Change Effects on the Hydrologic
Regime of River Basins and in the Assured Energy of Hydro Power Plants”,
Final Technical Report, (in portuguese), December of 2013.

[34] C.C. Leite, M.H. Costa, B.S. Soares-Filho, L.B.V. Hissa, Historical land use change
and associated carbon emissions in Brazil from 1940 to 1995, Glob. Bio-
geochem. Cycles 26 (2012) 1e13.

[35] Ministry of Environment, Brazilian National Water Resources Plan: Water for
the Future, 2006. Technical Report, available at, http://www.mma.gov.br/
publicacoes/. in portuguese.

[36] Brazilian Institute of Geography and Statistics (IBGE), Brazilian Agricultural
Census, September 2012 available at, http://www.ibge.gov.br/.

[37] D.P. Mendes, E.A. de Santana, Regulatory and economic issues regarding the
sub-markets in the Brazilian electricity industry, in: Proceedings of the IEEE

http://refhub.elsevier.com/S0960-1481(16)30618-8/sref1
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref1
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref1
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref1
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref2
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref2
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref2
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref2
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref3
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref3
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref3
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref3
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref3
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref4
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref4
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref4
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref5
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref5
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref5
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref5
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref6
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref6
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref6
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref6
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref6
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref6
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref7
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref7
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref7
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref8
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref8
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref8
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref8
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref8
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref9
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref9
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref9
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref9
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref9
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref10
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref10
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref10
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref11
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref11
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref11
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref12
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref12
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref12
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref13
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref13
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref13
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref13
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref14
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref14
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref14
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref15
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref15
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref15
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref15
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref16
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref16
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref16
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref16
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref17
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref17
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref17
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref18
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref18
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref18
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref19
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref19
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref19
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref19
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref19
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref19
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref19
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref19
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref19
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref19
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref20
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref20
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref20
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref20
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref20
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref21
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref21
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref21
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref22
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref22
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref22
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref22
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref23
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref23
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref23
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref24
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref24
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref24
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref25
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref25
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref25
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref25
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref26
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref26
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref26
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref26
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref27
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref27
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref27
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref27
http://www.ons.org.br
http://www.epe.gov.br
http://www.eletrobras.com
http://www.epe.gov.br
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref32
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref32
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref32
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref32
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref34
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref34
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref34
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref34
http://www.mma.gov.br/publicacoes/
http://www.mma.gov.br/publicacoes/
http://www.ibge.gov.br/
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref37
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref37


A.R. de Queiroz et al. / Renewable Energy 99 (2016) 379e389 389
Power Tech Conference, Bologna, Italy, 2003.
[38] E. Faria, L.A. Barroso, R. Kelman, S. Granville, M.V.P. Pereira, Allocation of firm-

energy rights among hydro plants: an Aumann-Shapley approach, IEEE Trans.
Power Syst. 24 (#2) (2009) 541e551.

[39] M.E.P. Maceira, V.S. Duarte, D.D.J. Penna, L.A.M. Moraes, A.C.G. Melo, Ten years
of application of stochastic dual dynamic programming in official and agent
studies in Brazil: description of the NEWAVE program, in: 16th Power Sys-
tems Computation Conference, Glasgow, 2008.

[40] Cepel e Eletrobras, Manual de referência - modelo NEWAVE, 2001. Technical
Report, (in portuguese).

[41] N.V. Arvanitidis, J. Rosing, Composite representation of a multireservoir hy-
droelectric power system, IEEE Trans. Power Apparatus Syst. 89 (1970)
319e329.

[42] V.L. de Matos, E.C. Finardi, E.L. da Silva, Comparison between the energy
equivalent reservoir per subsystem and per cascade in the long-term opera-
tion planning in Brazil, in: EngOpt 2008-International Conference on Engi-
neering Optimization, Rio de Janeiro, Brazil, 2008.

[43] A.R. de Queiroz, On a Sampling-based Decomposition Algorithm with Appli-
cation to Hydrothermal Scheduling: Cut Formation and Solution Quality, The
University of Texas at Austin, Ph.D. Dissertation, December of 2011.

[44] Z.L. Chen, W.B. Powell, Convergent cutting-plane and partial-sampling algo-
rithm for multistage stochastic linear programs with recourse, J. Optim.
Theory Appl. 102 (3) (1999) 497e524.

[45] C.J. Donohue, J.R. Birge, The abridged nested decomposition method for
multistage stochastic linear programs with relatively complete recourse,
Algorithmic Operations Res. 1 (2006) 20e30.

[46] A.B. Philpott, Z. Guan, On the convergence of stochastic dual dynamic pro-
gramming and related methods”, Operations Res. Lett. 36 (2008) 450e455.

http://refhub.elsevier.com/S0960-1481(16)30618-8/sref37
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref38
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref38
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref38
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref38
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref39
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref39
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref39
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref39
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref40
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref40
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref40
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref40
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref41
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref41
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref41
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref41
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref42
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref42
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref42
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref42
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref44
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref44
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref44
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref44
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref45
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref45
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref45
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref45
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref46
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref46
http://refhub.elsevier.com/S0960-1481(16)30618-8/sref46

	Climate change impacts in the energy supply of the Brazilian hydro-dominant power system
	1. Introduction
	2. The Brazilian interconnected power system
	3. Climate and hydrological modeling
	3.1. Climate modeling and future scenarios representation
	3.2. Hydrological modeling for natural water inflows
	3.3. Other water uses

	4. System assured energy computation
	4.1. Hydro-thermal scheduling problem
	4.2. HTSP simulation process to compute the system assured energy
	4.3. Assumptions regarding to simulation periods

	5. Simulation and results
	5.1. Simulations structure
	5.2. System assured energy results
	5.3. Sources of uncertainties and remarks

	6. Conclusion
	Acknowledgment
	References


