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The Brazilian government has plans to build 26 large hydropower plants in the Amazon basin between 2013 and
2028. These plantswill have a total installed capacity of 44GW, 9000 km2 of reservoir area, and a total cost of US$
30–70 billion. In this paper we aim to evaluate alternative generation pathways to avoid the adverse social and
environmental impacts associated with reservoirs in the Amazon. Specifically we model the Brazilian electricity
network under five capacity expansion scenarios. We assumed the government expansion plans as the baseline
and created alternative scenarios where wind and natural gas power plants replace large Amazonian hydropow-
er plants. We compared the scenarios using several performance indicators: greenhouse gas emissions, land use,
capital and operational costs, wind curtailments, and energy storage in the hydropower reservoirs. The simula-
tions suggest that a more aggressive policy towards wind generation than the baseline has the potential to re-
place Amazon hydropower providing advantages to the system operation (e.g., higher storage in hydropower
reservoirs). However, when installed wind capacity reaches 24% to 28% of the total installed capacity, more ther-
mal generation is required to balance the hydro-wind variability, increasing the operational costs and green-
house gas emissions compared to the baseline.
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Introduction

Since the middle of the 20th century, Brazil has supplied most of its
electricity demand by building large hydropower plants. Currently, hy-
dropower plants larger than 30 MW comprise 61% of the total installed
system capacity of 124 GW (Agencia Nacional de Energia Eletrica
(Brazilian Electricity Agency), 2015). Recently, the construction of
new hydropower plants has been concentrated in the Amazon basin,
where large plants like Jirau (3,750 MW), Santo Antônio
(3,150 MW), and Belo Monte (11,200 MW) were recently built.
Large-scale hydropower expansion has been taking place in the Ama-
zon region because most of the hydropower potential of other regions
has already been exploited. In addition to the previously listed pro-
jects, there are several projects currently under construction, such as
Teles Pires (1,820 MW), São Manoel (746 MW) and Sinop
(461 MW). This expansion will continue as the government indicates
that most of proposed hydropower projects in the countrywill be built
in the Amazon (e.g. São Luis do Tapajos (6,133 MW), São Simão Alto
(3,509 MW)) (MME and EPE, 2014).
ed by Elsevier Inc. All rights reserved
Although hydropower has been seen as the main supply source
to meet the growing demand for electricity, projects located in the
Amazon could have significant environmental and social impacts
(Fearnside, 2005; Fearnside, 2001; da Silva Soito and Freitas, 2011;
Latrubesse et al., 2017.). The reservoirs in recent and announced reser-
voirs in the Amazonwould flood 9,000 km2 (out of an area of roughly 5
million km2 in the Legal Amazon region in Brazil), which can adversely
affect flora, fauna, and ecosystem services. The dam also blocks the
natural river flow, affecting the migration of aquatic species and
resulting in changes in the oxygen, thermal, and sedimentary conditions
in the reservoir area and downstream (Tundisi et al., 1993; Tundisi and
Rocha, 1998; Friedl and Wuest, 2002). In some cases, the flooding
and decay of large stocks of biomass in the reservoir area lead to green-
house gas emissions that are comparable to those from fossil fuel power
plants (de Faria et al., 2015; dos Santos et al., 2006; Fearnside, 2015).
Furthermore, large hydropower projects also affect the local population
through the resettlement of people living in the reservoir areas and the
deterioration of social cohesion because of the high influx of workers
(Jackson and Sleigh, 2000; Tilt et al., 2009), and loss of agricultural
production.

In this paper we develop different capacity expansion scenarios for
the Brazilian power system in order to compare the costs and benefits
of power plants in the Brazilian Amazon against other alternatives for
.
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Fig. 1. Brazilian integrated system scheme with government forecasted capacity by 2028. Non-large-hydro renewables include wind, small hydropower plants (b30 MW), and biomass.
Source: Authors' construction using data from EPE (EPE, 2015).
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power generation. We simulate the electric system operations in order
to estimate performance indicators such electricity production and
operational costs, quantity of stored energy in the reservoirs, wind
curtailments,1 and greenhouse gas (GHG) emissions across the different
scenarios. The alternative scenarios include replacing Amazonian hy-
dropower capacity with wind power in the Northeast and South
regions, or natural gas plants in the Southeast.

Data and methods

Current system characteristics and general description of alternative
scenarios

The Brazilian electricity network is an interconnected system of 10
subs-regions: 1) North, 2) Northeast, 3) Southeast, 4) South, 5) Paraná,
6) Itaipu, 7) Teles Pires and Tapajós, 8) BeloMonte, 9)Acre andRoraima,
and 10) Manaus, Amapá and Boa Vista. Some of these sub-systems
contain power plants and loads (e.g. Southeast), but others contain
just generation (e.g. Belo Monte). Fig. 1 describes a scheme of the sub-
systems and their major interconnections.
1 Wind curtailments are defined as “a reduction in the output of a generator fromwhat
it could otherwise produce given available resources.” (Bird et al., 2014)
The Empresa de Pesquisa Energetica (EPE) is the Brazilian state com-
pany responsible for creating the country's long-term energy plans
(including plans for the power sector, as well as the natural gas, oil
sectors). Every year EPE issues an expansion plan for the power sector
(Plano Decenal de Energia, in Portuguese), which includes a set of files
containing the detailed power plant characteristics used to model
system operations and forecast changes in the system (EPE, 2015). As
part of this expansion plan, EPE provides detailed data for each power
plant, including water flows, reservoir limits, fuel types for thermal
plants, minimum and maximum capacity, among others. Table S1 in
the supporting information includes a full list of available variables for
each power plant. In this paper, we rely on the data from the EPE report
released in January 2015 (hereafter the 2015 EPE report files), which
focused on modelling the system between 2013 and 2023, but pro-
vided data up to 2028. We used 2015 EPE report files as the reference
scenario (baseline) to represent the electricity system between 2013
and 2028. Table 1 summarizes annual capacity additions by fuel type
in the baseline. In addition, Table S5 in the supporting information
includes detailed information about each hydropower plant to be con-
structed by 2028 in this baseline scenario. While plans for some of
the power plants may be abandoned, we assume that all of them
will be available following the proposed schedule included in the
EPE report. Finally, we note that the EPE data include information
for each hydro and thermal power plant in the fleet, while aggregate



Table 1
Initial installed capacity, annual capacity additions, and final installed capacity by fuel type.

Year All scenarios Capacity information in
baseline

Capacity information in
Wind27

Capacity information in
Wind39 and Coal/Oil/Diesel
Retirementsa

Capacity information
in Natural Gas

Non- Amazon
hydro

Amazon
hydro

Thermal Wind Amazon
hydro

Thermal Wind Amazon
hydro

Thermal Wind Amazon
hydro

Thermal Wind

Total installed capacity in
May 2013 (MW)

76,259 9,927 20,170 6,848 9,927 20,170 6,848 9,927 20,170 6,848 9,927 20,170 6,848

Annual capacity additions (MW)
2013 422 1,203 2,925 0 1,203 2,925 0 0 2,925 1,500 1,203 2,925 0
2014 111 2,605 1,343 0 2,605 1,343 0 0 1,343 3,000 2,605 1,343 0
2015 0 4,554 1,102 3,750 4,554 1,102 3,750 0 1,102 9,750 4,554 1,102 3,750
2016 674 4570 0 3000 4570 0 3000 0 0 9000 4570 0 3000
2017 45 3,886 316 1,500 3,886 316 1,500 0 316 6,000 3,886 316 1,500
2018 45 4,767 1,705 1,500 4,767 1,705 1,500 0 1,705 7,500 4,767 1,705 1,500
2019 328 611 0 1,500 611 0 1,500 0 0 2,250 611 0 1,500
2020 1,018 945 0 750 0 0 1,500 0 0 1,500 0 567 750
2021 290 2,533 0 750 0 0 3,750 0 0 3,750 0 1,520 750
2022 619 2,155 0 750 0 0 3,000 0 0 3,000 0 1,293 750
2023 819 2,419 0 1,500 0 0 3,750 0 0 3,750 0 1,451 1,500
2024 1,292 4,235 0 1,500 0 0 6,000 0 0 6,000 0 2,541 1,500
2025 347 4,818 1,000 2,250 0 1,000 7,500 0 1,000 7,500 0 3,891 2,250
2026 567 2,801 0 2,250 0 0 5,250 0 0 5,250 0 1,680 2,250
2027 1,135 2,326 1,300 3,000 0 1,300 5,250 0 1,300 5,250 0 2,696 3,000
2028 948 1,821 10,300 2,250 0 10,300 4,500 0 10,300 4,500 0 11,393 2,250

Total additions between 2013
and 2028 (MW)

8,660 46,249 19,991 26,250 22,196 19,991 51,750 0 19,991 79,500 22,196 34,423 26,250

Total installed capacity in 2028 (MW) 84,919 56,176 40,161 33,098 32,123 40,161 58,598 9927 40,161 86,348 32,123 54,593 33,098

a Total changes in thermal capacity in theWind39 and Coal/Oil/Diesel (COD) retirement are the same, but the type of fuel used differs in the two scenarios. In theWind39 scenario, we
relied on thermal power plants additions reported in the EPE (Table S3 in the supporting information). In the COD scenario, natural gas provides all fossil thermal energy.
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data at the sub-system level are provided for other non-large hydro
renewables such as wind, small hydropower plants, and biomass
(Fig. S2 in the supporting information).

The objective of this paper is to compare different electricity gener-
ation expansion scenarios for the Brazilian integrated electric system
using performance indicators that characterize the technical, economic,
and environmental features of each scenario. Specifically, we aim
to evaluate alternatives to hydroelectric expansion in the Brazilian
Amazon. We thus developed four alternative scenarios that include
varying levels of wind and thermal power capacity. Table 1 summarizes
initial installed capacity, annual capacity additions, and final installed
capacity by fuel type in these scenarios. The criteria for the alternative
scenarios we developed was that the average annual generation from
the alternative resources would match the average hydro generation
from the Amazonian hydropower plants they are meant to replace,
based on the average capacity factor of the different resources. If
this approximation resulted in excess generation (curtailment), we
parametrically reduced installed wind/natural gas capacity until the
simulations resulted in similar levels of lost-load between the alterna-
tive scenarios and the baseline. The supporting information includes
a more detailed description of the process we used to estimate new
capacity installations.

1. Scenario “Wind27”: Replaces hydroelectric power plants scheduled
to start-up in the Amazon after 2020 with wind farms, so that by
2028 wind power accounts for 27% of total installed capacity.

2. Scenario “Wind39”: Replaces hydroelectric power plants scheduled
to start-up in the Amazon after 2013 with wind farms, so that by
2028 wind power accounts for 39% of the total installed capacity.

3. Scenario “Natural Gas”: Replaces hydroelectric powerplants scheduled
to start-up in the Amazon after 2020 with natural gas combined-cycle
(NGCC) power plants located in the Southeast.

4. Scenario “Coal/Oil/Diesel (COD) retirement”: Assumes the same
conditions detailed in the “Wind39” scenario, but also assumes that
natural gas power plants replace all current and future coal, oil, and
diesel power plants.
Power system model

In order to model the optimal generation scheduling of the power
plants in the Brazilian system under the different scenarios, we relied
on SDDP (stochastic dual dynamic programming), which is a commer-
cial dispatch model that has been used in the past to model the
Brazilian power system (Gorenstin et al., 2004). The model calculates
the least-cost stochastic operating schedule of the system, taking into
account operational details of the plants such as water inflows and
operational limits, as well as the variability of non-hydro renewable re-
sources like wind (Gorenstin et al., 2004; Pereira and Pinto, 1991; PSR,
2014). SDDP represents energy transfer limits between neighbouring
systems aggregating energy by sub-regions. In this case it is necessary
to define a load supply equation for each sub-region. We populated
SDDP using the power plant and load data from the 2015 EPE report
files. For the alternative scenarios we modified these files to include
new natural gas or wind plants as described in the scenario description
in the previous section.

In purely thermal systems, the operation costs of each plant largely
depend on its fuel cost. Thus, the system operator would first dispatch
the plants with the lower fuel costs. However, the operation of systems
with a lot of hydropower is more complex because the system operator
must continuously decide whether to save or use water from the reser-
voirs. If the operator decides to use hydro energy today, and future
inflows are high (allowing for reservoir storage recovery), system oper-
ations will be efficient (i.e. less wasted energy) (PSR, 2014). In contrast,
if a drought occurs, it may be necessary to use more expensive thermal
generation in the future, or even shed load. Similarly, if storage levels
are kept high through more use of thermal today, and high inflows
occur in the future, reservoirsmay spill, which results inwaste of energy
and higher operational costs. If a drought occurs instead, storage dis-
places thermal generation and the system operates efficiently (PSR,
2014). The problem is stochastic because water inflow to the reservoirs
is a result of a randomprocess and it is impossible to have a perfect fore-
cast of future inflows (Gorenstin et al., 2004). Additionally, most inflow
sequences are serially correlated (PSR, 2014). In other words, if the
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inflowof the pastmonthwaswetter than the average, there is a tenden-
cy that the inflows in the next few months will be wetter too.

The SDDP application in this paper allows for the comparison of dif-
ferent expansion plans taking into account the hydropower-scheduling
problem. SDDP determines the sequence of hydro releases, which
minimizes the expected thermal operation costs (given by fuel costs
and penalties for rationing) during the planning horizon (Pereira and
Pinto, 1991; PSR, 2014). The model treats the output of non-large-
hydro renewable resources, like wind, as a negative load with zero
cost. The SDDP algorithm decomposes the multi-stage stochastic prob-
lem into several one-stage sub-problems. Each sub-problem corre-
sponds to a linearized optimal power flow with additional constraints
representing the hydro reservoir equations and a piecewise linear ap-
proximation of the expected future cost function (Pereira and Pinto,
1991). For a given stage of the problem, the future cost is a function
of the reservoir storage levels and inflows. SDDP incorporates the sto-
chastic characteristic of inflows by solving the optimization problem
several times (Monte Carlo simulation). For this paper we solve the
optimization for each scenario using 400 simulations. The algorithm
also incorporates serial autocorrelation of inflows by modeling the
water inflows to the reservoirs using an autoregressive linear regression
model based on the historical monthly inflows for each hydropower
reservoir. The supporting information contains more details about the
hydropower scheduling problem and the SDDP algorithm.

Modeling wind output

Variability and intermittency of wind power adds new constraints
for system operations, particularly as the power system reaches larger
penetrations of this resource (Apt and Jaramillo, 2014). The EPE's data-
base limits the ability tomodel these additional constraints in thepower
system model as the database currently reports aggregate values for
non-hydro renewables at the sub-system level. Moreover, the data
only include a constant monthly output from these resources for each
sub-system, as shown in Fig. S2 in the supporting information. As a
result, the available EPE data do not account for the stochasticity of
wind speed and associated variability in power output.

To overcome this issue, we created wind generation series for cur-
rent and future hypothetical wind farms in Brazil using wind speed
data from the U.S. National Centers for Environmental Prediction
(NCEP) Climate Forecast System Reanalysis (CFSR) (Saha et al., 2016).
NCEP-CFSR is an atmospheric reanalysis product available at an hourly
time resolution from 1979 to the present and a horizontal resolution
of 0.5° latitude × 0.5° longitude. Reanalysis data are attractive for
wind power studies because they can offer wind speed data for large
areas and long time periods in locations where historical data are not
available (Rose and Apt, 2015). We evaluated the validity of using
CSFR wind speeds to generate wind power output series using real
data from 32 wind farms in Brazil. The supporting information details
this validation analysis.

Tomodel newwind (beyondwhat is already available in the system
or reported to starts operations by 2020), we created groups of 25 hypo-
thetical wind farms of 30 MW of installed capacity each. Thus, each
group has 750 MW of installed capacity. To enable the use of CSFR
data, we modeled the location of new wind farms using a lottery with
replacement for each wind farm in each group. This lottery is based on
a sample of 1065 wind farms that are in the early stages of licensing in
the northeastern and southern states (see Fig. S3 in the supporting
information).

After identifying the location of each existing and hypothetical
wind farm, we created wind energy generation series by simulating
the energy output from each existing and hypothetical wind farm
using the NCEP-CSFR hourly wind speeds during the 1979–2010 period.
We then aggregated the results for the 25wind farmswithin each group
by month and load level (our study relies on 3 load levels to simulate
demand for electricity, as described below). As a result, each group of
750MWwind farms contains 96monthly series of plant capacity factors
(32 for each load level), which are inputs to SDDP. SDDP draws a lottery
from those monthly series and optimizes the hydro and thermoelectric
power plant schedule according the wind energy output from the se-
lected series. Because of the reservoir storage constraints, SDDP may
choose to curtail wind output below the simulated capacity factors.
However, such curtailment represents wasted energy and should be
avoided.

Demand and interconnection representation

The EPE database reports electricity demand in a typical day in the
Brazilian system using three load levels within each month (stage):
high, medium, and low. EPE projects future electricity demand based
on demographic, economic, and sectorial studies about residential and
industrial electricity consumption (EPE, 2014). In so much as meteoro-
logical variable influence the shape of the load curve in each month,
those factors are accounted for in the EPE projects, and as a result
these load profiles should capture correlation with wind profiles driven
by meteorological conditions. However, a thorough analysis of this cor-
relation is beyond the scope of this paper.

The loads EPE provides are defined for each sub-system (EPE, 2015)
so that three pairs of duration (hours) and demand (GWh) by month
represent each load level, and thus capture within-day variability
of demand for electricity. According to the EPE, in a typical day the
high load occurs between 6 pm and 9 pm; the low load occurs from
midnight am to 7 AM; and the rest of hours of the day are considered
medium load (ONS, 2010). SDDP relies on these load curves as a con-
straint to optimize system operations. For our analysis, all scenarios
have the same demand profile. Fig. 2 shows the annual load duration
curves (built based on the monthly data for each load level) in 2014
and 2028.

Fig. 1 shows the transmission links between sub-systems in the
Brazilian power system (the figure does not show transmission lines
within each sub-region). In order to account for the transmission
system in SDDP, transmission plans and costs for the alternatives
scenarios needs to be available at the sub-system level. Since such
disaggregated data are not available, our model does not include trans-
mission constraints. Thus, our analysis can be seen as an optimistic
representation of system operations that do not account for inefficient
power plant dispatch that may results from transmission constraints,
which is a common limitation in other power system research (Oates
and Jaramillo, 2013).
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Performance indicators

In order to compare the baseline and the alternative scenarios, we
used a set of performance indicators that include electricity generated
by fuel type; land use and greenhouse gas emissions; investment
and operations costs; water storage levels; and wind curtailments.
Electricity generation by fuel type is the result of optimal dispatch of
the power plant fleet of each scenario. To evaluate the performance of
the hydropower plants in each scenario, we also compared the energy
storage levels in the hydroelectric reservoir, which is a measure of
the system resilience against droughts. This value is calculated using
the volume of water stored in each reservoir with storage capacity
multiplied by its average production coefficient (MWh/m3). Further,
we used wind curtailment levels (in megawatt-hour of wind power)
and lost load as indicators of system performance. The lost load is de-
fined by the ratio (in percentages) between the energy (in GWh) that
the system was not able to supply to satisfy the demand and the total
demand (in GWh).

The optimization in SDDP does not account for the capital costs of
new power plants associated with each scenario. In order to estimate
total investment costs, we rely on a database from The Chamber of
Electric Energy Trading (Câmara de Comercialização de Energia - CCEE,
in Portuguese), which is the Brazilian electricity market operator. The
database includes all new power plants that sold energy in public
capacity auction between 2005 and 2015 (CCEE, 2015). For each of
826 plants included, the database provides the installed capacity and
the forecasted capital costs. We relied on these data to estimate
the costs of building new power plants in our expansion scenarios.
The supporting information contains a detailed description of the
CCEE data.

System-level operating costs are an output of the SDDP, based on the
assumption about operating costs for individual power plants. The EPE
database provides the operation costs for each thermal power plant
in the baseline scenario, which vary from 20 to 1,000 reais per MWh
(6 to 303 U.S. dollars per MWh2). The Brazilian government controls
gas prices and we assumed the same operational costs defined by EPE
of 250 reais/MWh (70 US$/MWh) for the newnatural gas power plants.
Wind farms have no variable operating costs in this model, as they do
not rely on commodity fuels. Wind and hydropower plants annual
O&M costs are estimated to be 2% of the total construction costs. We
annualized the capital and O&M costs by assuming that new power
plants have a lifetime of 50 years and discount rate of 12%. The
supporting information contains more details about cost calculations.

Direct and indirect land transformation requirements (excluding
transmission lines) serve as a proxy for environmental impacts like
habitat fragmentation and disruption of ecosystems. To estimate the
direct land use transformation for hydropower development, we relied
on the reported reservoir area of all the projects in the EPE schedule. To
estimate the direct land transformation for wind power and thermal
power plants, we relied on values reported in the literature (Denholm
et al., 2009; Fthenakis and Kim, 2009). Indirect land transformation
from hydropower, wind, and natural gas are also estimated using
the life cycle assessment literature (Fthenakis and Kim, 2009). The
supporting information contains the details about land use rates applied
to this study.

Due to growing efforts by the international community to reduce
global greenhouse gas (GHG) emissions that contribute to climate
change, GHG emissions associated with our capacity expansion sce-
narios are a relevant metric of comparison. GHG emissions from
hydropower are usually low, however, reservoirs located in tropical
forested areas have the potential to emit large quantities of methane
(CH4), a more powerful GHG gas compared to carbon dioxide (CH4)
(Barros et al., 2011). CO2 and CH4 emissions from hydropower result
2 We use the foreign exchange rate for May 2016 (1 US dollar = 3.33 Reais).
from the oxic/anoxic decomposition of the flooded organic matter
from different sources within the reservoir (e.g. vegetation and soils)
and from outside the reservoir (e.g. sedimentary organic matter input
from theupstream river basin). Estimates for eighteen newhydropower
plants planned in the Amazon indicate total emissions that vary be-
tween 9 and 21 Tg of CH4 and 81–310 Tg of CO2 over a hundred years
(de Faria et al., 2015). Based on the average, lower, and upper bounds
values defined by de Faria et al. (2015), we estimated the emissions
from eighteen major Amazon reservoirs in the baseline scenario (Belo
Monte, BemQuerer, Cachoeira do Caí, Cachoeira do Caldeirao, Cachoeira
dos Patos, Colider, Ferreira Gomes, Jamanxim, Jatobá, Jirau, Marabá,
Salto Augusto de Baixo, Santo Antônio, São Luís do Tapajos, SãoManoel,
Sao Simao Alto, Sinop, and Teles Pires) over the first 15 years of opera-
tion and using a 100-year global warming potential for CH4 equal
to 34, which is the updated GWP in the 5th Assessment Report of the
Intergovernmental Panel for Climate Change (I.P.O.C.C. IPCC, 2014).
We also calculated GHG emissions from thermal power plants in-
cluding nuclear. These values are the median estimates reported by
the (IPCC) (Moomaw et al., 2011): nuclear (16 g CO2e/kWh), oil/diesel
(840 g CO2e/kWh), natural gas (470gCO2e /kWh), biomass (470 g
CO2e /kWh), and coal (1,000 g CO2e /kWh).

Results and discussion

Generation output projections

Fig. 3 describes the optimal generation output by fuel type and load
level for the initial conditions in 2014 and the final conditions for each
scenario in 2028. The lines in Fig. 3 represent the average generation
output per month considering 400 simulations of the optimal system
operation for each scenario. The initial conditions in 2014 represent
the system operation before any significant additional capacity and is
very similar across all scenarios.

The initial conditions in 2014 (first column in Fig. 3) show that hy-
dropower generation is the major source of electricity. Hydropower ac-
counts, on average, for 75% of the total electricity produced in 2014. The
variability in hydropower output across the load levels (represented by
the different line colours: red - high, blue - medium, and green - low)
indicates that hydropower is dispatched to meet the within-day vari-
ability. In contrast, thermal power plants are operated as base-load.
Thermal generation accounts for 15% of the total electricity generation
in 2014, while wind energy accounts for only 5% of the total electricity
generation. Other non-large hydro renewables like biomass, small hy-
dropower plants, and solar generation accounts for 5% of generation
but they are not represented in Fig. 3 because they are similar for all
scenarios.

In the baseline, 46GWof newhydropower plants in the Amazon ful-
fil most of the additional capacity requirements between 2014 and
2028. In 2028, average hydropower generation accounts for 68% of the
total generation, a reduction from the initial condition. Thermal gener-
ation decreases to 13% of generation in 2028, and wind generation in-
creases to 12% of total generation. Other non-large-hydro renewables
account for 7% of total generation. Thus, the baseline results indi-
cate slightly higher levels of non-large-hydro renewable generation
throughout the study horizon and a reduction of thermal generation
compared to the initial conditions. Note, however, that thermal genera-
tion in 2028 varies by load level indicating that these plants are
dispatched to meet within-day and seasonal wind variability, which in-
creases throughout the analysis period.

The major difference between the “Wind27” and the baseline sce-
narios is the higher penetration of wind in the system after 2020. In
2028, while total renewable generation (including hydro, wind, solar,
and other renewables) continues to account for 85% of total generation
in the “Wind27” scenario (wind is 27% of the total installed capacity),
the contribution of wind power increases to 20% of total generation.
Most of the new wind plants are located in the Northeast subsystem
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where higher wind speeds occur from July to November. These higher
wind speeds occur as the dry season begins in July/August (when
hydropower output decreases). By 2025, wind accounts for 24% of
installed capacity and thermal generation starts to vary significantly by
demand block to manage intra-day variability in net load (load minus
non-large hydro renewables), and by season to balance hydro-wind
variability (see Fig. S9 in the supporting information). Furthermore, be-
cause wind speeds are higher during low-load periods, thermal power
output increases during periods of higher demand in this scenario.

The “Wind39” scenario represents a more aggressive policy towards
wind generation. It characterizes an expansion scenario where wind re-
places all 46 GWof recently built, under construction, and future hydro-
power plants in the Amazon. In this scenario, wind power replaces large
power plants in the Amazon like Jirau, Santo Antonio, and Belo Monte
while thermal generation decreases and continues to be dispatched as
base load up to 2018. By 2020, wind accounts for 28% of total installed
capacity, and thermal power plants start being dispatched to meet
high and medium demand periods during the low wind speed season
(February–June). Between 2020 and 2028 (See Fig. S9 in the supporting
information), average thermal generation in the “Wind39” scenario also
increases faster compared to the baseline and the “Wind27” scenarios.
In December 2028, thermal, wind, and total renewable generation
account, on average, for 19%, 30% and 84% of the total electricity gener-
ated in the system, respectively. Thus, increasing the participation of
wind to replace hydropower leads to a higher output from thermal
power plants used to balance within-day and seasonal variability from
wind plants compared to the baseline and the “Wind27” scenarios.
The average dispatch profile for the “COD retirement” scenario is similar
to that of the “Wind39” scenario.
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Fig. 4.Average (lines) storage capacity inhydropower reservoir for each scenario presented in te
confidence interval from 400 hundred simulation for each scenario. “Coil/Oil/Diesel retirement
In the “Natural Gas” scenario, natural gas power plants (rather than
wind) replace the same hydropower plants as in the “Wind27” scenario.
Increases in wind capacity in this scenario follow the schedule of the
baseline scenario. The lack of significant additional capacity from
hydro or wind power plants in this scenario increases the average out-
put from thermal generation. After 2024, the seasonal variability in
thermal generation also increases to compensate for the seasonal
changes in hydropower output from existing resources. In 2028, when
wind power accounts on average for 12% of the total installed capacity,
thermal generation accounts for 23% of total generation. This scenario
has the lowest share of renewable output (including hydro) across
all scenarios.

Reservoir storage

Energy storage provided by storing water in hydropower reservoirs
adds resiliency against droughts as well as system flexibility. Fig. 4
shows the energy stored in hydropower reservoirs in 2014 (initial
condition) and in 2028, measured as a total system storage capacity
in TWh. Note that this figure shows the average of 400 simulations
for each expansion scenario over the period of analysis. For a given
month, the energy storage is defined by the multiplication of the
volume of storedwater in each reservoir by its average production coef-
ficient (MWh per m3 of water). The dry and wet seasons explain the
valleys and peaks in the average energy storage profile in Fig. 4. During
the wet season, inflows tend to be above the annual average and the
system operator manages the power plant dispatch to fill the storage
reservoirs. On the other hand, inflows are below the annual average in
the dry season, but the operator can use storedwater from the reservoir
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to increase hydropower production to displace thermal generation. For
example, in 2014 the average storage levels peak and trough happen
in April (130 TWh) and November (65 TWh), respectively. Therefore,
the average seasonal difference in storage levels was around 65 TWh
of stored capacity.

Fig. 4 also accounts for the stochastic nature of reservoir inflows and
wind speeds over time. The model captures the variability of this
stochastic process by simulating each expansion plan over the study ho-
rizon 400 times using different inflows series and sampling different
wind speed scenarios. As a result, SDDP output contains a distribution
of the optimal dispatch under those 400 simulated conditions. The
shading in Fig. 4 defines the 95% confidence interval (CI) for energy
storage from the 400 simulated operations. For instance, the average
storage level in April 2014 is 130 TWh but our simulation sample
shows that storage level in April can vary from 75 to 180 TWh of storage
(95% CI) depending on inflow and wind speed conditions.

The new hydropower power plants in the baseline scenario increase
the average storage capacity in 2028 compared to the initial conditions
in 2014. In 2028, baseline average storage peak occurs in May
(185 TWh) indicating a peak shift of one month compared to the 2014
average level. This shift happens because the wet season in most of
the new Amazon reservoirs happens between November and March.
The 2028 baseline trough occurs in November (95 TWh) leading to an
average seasonal difference of 90 TWh of stored capacity. This increase
in the average seasonal difference in the baseline (2028) and the initial
condition (2014) is a result of the greater seasonal variability from the
operations of the large planned run-of-river hydropower plants in the
Amazon, which are not accompanied by a proportional increase in stor-
age capacity. These run-of-river designs aim to reduce the reservoir area
(and volume) in order to mitigate environmental and social impacts
from the reservoir creation, at the cost of no storage capacity. Additional
storage capacity from Amazon dams corresponds to only 8% of the total
storage capacity in 2013. Furthermore, there is an increase in the
storage variance described by the 95% CI. For example, in April 2028
baseline storage levels vary from 125 to 245 TWh, which is a higher
range compared to the initial conditions in 2014 (75 to 180 TWh).

The replacement of Amazonian hydropower by wind power plants
has two major consequences for energy storage. First, there is a reduc-
tion in the average storage variability between wet and dry seasons be-
cause of the negative correlation between wind and water inflows (See
Fig. 3). In 2028, the peak and trough for average storage levels in the
“Wind27” happen in May (175 TWh) and November (100 TWh), re-
spectively, representing an average seasonal difference of 75 TWh. In
the case of the “Wind39” and “COD retirement” scenarios, the peak
and trough for the average storage levels also happen in May (190
TWh of the storage capacity) and November (140 TWh of the storage
capacity), respectively, representing an average seasonal difference of
only 50 TWh.

Second, replacing Amazon hydropower plants with wind power
slightly increases the variance in energy storage across simulations in
each scenario because of the stochastic features of wind/inflows. This
characteristic is clear in the “Wind27” and “Wind39” scenarios where
the shades are “thicker” than in the baseline. In May 2028, for instance,
storage levelsmay vary from 100 to 245 TWh for the “Wind27” scenario
and from 110 to 245 TWh for the “Wind39” scenario, which are higher
ranges compared to the baseline. Thus, increasing wind power partici-
pation in the Brazilian system increases the average percent storage
but also increases the storage variance. Higher confidence intervals for
the storage levels represent higher uncertainty in system operation
costs because the system operator faced larger uncertainty about the
conditions of the system in the future.

Finally, replacing Amazonian hydro with natural gas plants (Natural
Gas scenario) reduces the system's average capacity to store water and
increases the storage variance compared to the baseline scenario. The
thicker shade in Fig. 4 for the “Natural Gas” scenario represents the
highest variance in storage levels across scenarios.
Wind curtailment and lost load

To calculate wind curtailment in the optimization, we created an
elastic demand variable with a zero cost to “absorb” wind overproduc-
tion. In contrast, the lost load is defined by the ratio (in percentages) be-
tween the energy (in GWh) that the system was not able to supply to
satisfy the demand and the total demand (in GWh). Fig. 5 shows the
cumulative distribution results for lost load and wind curtailment. The
figure shows that all of the scenarios meet load 99% of the time, as we
developed them to provide approximately the same reliability levels,
measured by lost load, as those in the baseline scenario. The highest
lost load levels occur only when the system faces a sequence of seasons
with lowwind speeds and little precipitation in the “Wind39” scenario.

The probability of wasting energy through wind curtailments is
higher in the “Wind39” and “COD retirement” scenarios because of
the higher wind penetration. The simulation results indicate some
level of wind curtailment 40% of the time in these scenarios. Wind cur-
tailment typically happens during the period of low loads, high wind
speed seasons, and when the reservoirs are already filled and there is
no more capacity to store water. The baseline and “Wind27” scenarios
have similar empirical distributions for wind curtailment. For those
scenarios, the energy curtailment occurs 13% of the time. The lower
wind and hydropower penetration in the “Natural Gas” scenario leads
to the lowest probability of wind curtailment across the expansion
scenarios because of the higher capacity of dispatchable thermal power
plants.

Costs

For this analysis we estimated the costs of construction and opera-
tions of the system in the different scenarios. A summary and discussion
of these results are available in the supporting information. The mar-
ginal cost of generation is a SDDP output defined by the change in
the operating cost with respect to a change of 1 MWh in the load
(reais/MWh or $/MWh). Fig. 6 presents the load-weighted annual aver-
age marginal cost results from the 400 simulations for each scenario.
The marginal cost projections show that the baseline has the lowest
average load-weighted marginal cost at the end of the simulation period
(around 200 reais/MWh;US$56/MWh). The “Wind27” and “Natural Gas”
scenarios have load-weighted average marginal costs of 240 reais/MWh
(US$67/MWh) and 275 reais/MWh (US$77/MWh), respectively, by
2028. Note that the Brazilian government controls natural gas prices
so we assumed that the marginal cost of operating new natural gas
plants is 250 reais/MWh (US$76/MWh), which is the same value
projected by the EPE report files.

In contrast, the “Wind39” and “COD retirement” scenarios show
a distinct load-weighted average marginal cost profile because of
the higher wind penetration, especially in the second half of the pe-
riod of analysis. After 2020, the dispatch of thermal power plants in-
creases during the low wind season, increasing the marginal costs,
especially during high load. By 2028, the load-weighted average mar-
ginal cost for the “Wind39” and “COD retirement” scenarios are above
300 reais/MWh (US$70/MWh).

Greenhouse gas emissions

In 2012, GHG emissions from thermal electricity generation in
Brazil were estimated to 48.5 Tg of CO2eq, representing 3% of the total
Brazilian emissions (1,488 Tg) (Ferreira et al., 2014). According to the
Intended Nationally Determined Contributions (INDCs) presented
to the United Nations Framework Convention on Climate Change
(UNFCCC) Conference of the Parties (COP21) in Paris in December
2015 (Brazil, 2015), which have now been approved as the country's
first Nationally Determined Contributions (NDC), by 2030Brazil intends
to reduce annual GHG emissions by 900 Tg CO2eq from all sectors.
Among others, one of the measures to achieve the emissions reduction
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target is an expansion of the share of wind, biomass, and solar in the
power system to at least 23% (by capacity) by 2030.

Fig. 7 describes the total direct annual emissions from thermal
power plants projected for each scenario, hereafter referred to as direct
emissions. In 2014, average annual direct emissions total 47 Tg of CO2eq
(95% CI: 21–99; this confidence interval, and others reported below, re-
sult from the 400 simulation of the operations of the system for each
scenario. Such simulations account for stochasticity in wind and water
inflows). In the baseline scenario, average direct emissions increase to
56 Tg of CO2eq (95% CI: 26–103) in 2028, when the share of wind, bio-
mass, and solar in the total power capacity is 18%. This growth results
from the increase in thermal generation observed in all capacity expan-
sion scenarios (See Fig. 3, row 3).

The “Wind27”, “Wind39”, and “Natural Gas” scenarios also result
in increased direct GHG emissions from power generation between
2014 and 2028, and by 2028 such emissions would be higher than
in the baseline scenario. In 2028, direct emissions from the “Wind27”
scenario total 63 Tg of CO2eq (95% CI: 30–107) when the share of
non-hydro renewables is 30% of the total capacity. In the “Wind39”
scenario, the higher non-hydro renewables share (40% of capacity
excluding hydro) leads to even higher GHG emissions, estimated at
83 Tg of CO2eq (95% CI: 47–118) in 2028. These results indicate that
direct GHG emissions from the Brazilian power system will likely
increase by 2028 under government plans, even as Amazonia hydro
capacity grows. Furthermore, replacing the Amazonian hydropower
plants with wind could even increase direct emissions from the power
sector. These increases in direct GHG emissions occur because more
Fig. 7.Box-plots: annual direct greenhouse gas (GHG) emissions frompower generation by scen
direct emissions in the study horizon. The baseline Amazon GHG emissions include the resul
“Natural Gas” scenarios include only the emission from those eighteen hydropower plants bui
thermal power generation is necessary to meet demand during dry
and low wind speed seasons.

Not surprisingly, the “Natural Gas” scenario results in the highest di-
rect annual GHG emissions (102 Tg of CO2eq in 2028; 95% CI: 60–159)
due to the increase in thermal capacity. The “COD retirement” scenario
evaluates the effect of replacing dirtier fossil fuel power plants by natu-
ral gas assuming the same level of wind penetration of the “Wind39”
scenario. The exclusion of the dirtier fossil fuel power plants would re-
duce emissions in 2028 from 83 Tg of CO2eq (95% CI: 47–118) in the
“Wind39” to 73 Tg of CO2eq (95% CI: 38–105) in the “COD retirement”
scenario. Thus, GHG emissions from this scenario are still higher than
in the baseline scenario. Those values do not includemethane emissions
from natural gas production, processing, and distribution, which have
been shown to be significant (Pétron et al., 2012; Brandt et al., 2014).

While the box plot does not include potential emissions from
Amazonian reservoirs, we included these emissions in the total emis-
sions between 2013 and 2028 reported above the box blots in Fig. 7.
Although there is substantial uncertainty in estimates of GHG emissions
from Amazon reservoirs, de Faria et al., 2015 show that those emissions
could be significant for specific hydropower plants. Using de Faria et al.,
2015 results, we estimate that the newmajor hydropower plants in the
Amazon would emit an additional 25 to 300 Tg of CO2eq into the atmo-
sphere over the first 15 years of operation. While these emissions are
still lower than the total direct emissions from fuel combustion, they
are not insignificant and further demonstrate that emissions associated
with power generation could continue to increase by 2028 even if new
renewable capacity is added to the system. When taking into account
ario. Total systememissions includeGHGemissions fromnewAmazon reservoirs plus total
ts from the eighteen hydropower plants defined by de Faria et al. (2015). “Wind27” and
ld before 2020. Orange diamonds represent the average.



Table 2
Land use requirements for each scenario by source (km2).

Baseline Wind27 Wind39/ COD Retirementa Natural Gas

Hydropower
Direct (EPE, 2015)b 9,000 1,700 0 1,700
Indirect Fthenakis and Kim (2009)c 34 27 15 29

Natural Gas
Direct Fthenakis and Kim (2009) 115 130 137 205
Indirect Fthenakis and Kim (2009) 22 25 26 39

Wind
Direct Fthenakis and Kim (2009) 1,386–2,217 2,212–3,538 4,219–6,751 1,386–2,217
Direct (Denholm et al., 2009c) 3,900–6,500 7,800–13,000 12,000–20,000 3,900–6,500
Indirect Fthenakis and Kim (2009) 1–4 2–6 4–12 1–4
Totald 10,600–11,400 4,100–5,450 4,400–6,950 3,360–4,200

a In the case of the COD Retirement scenario, the replacement of Coal/Oil/Diesel power plants by natural gas is not included in the land use estimates, as we assume they would occupy
the land currently used by replaced power plants.

b Based on information for each planned hydropower plant.
c Table S13 in the supporting information includes the land use rates from these studies.
d Total land transformation is calculated using wind direct land transformation by Fthenakis and Kim (2009).
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the emissions from Amazonia reservoirs, the “COD retirement” scenario
(which includes high wind penetration) has the lowest GHG emissions
over the 15-year analysis period (710 Tg of CO2eq), followed by
“Wind27” and “Wind39” (both with 860 Tg of CO2eq). The baseline
scenario results in a total GHG emission of 920 Tg of CO2eq between
2013 and 2028. As expected, the “Natural Gas” scenario has the highest
total system emissions (1,000 Tg of CO2eq).

Land use

Land use requirement for new power plants can serve as a proxy of
non-climate related environmental and social impacts of generating
capacity expansion. Table 2 describes the direct and indirect land trans-
formation requirements for each scenario. Direct land use requirement
for wind farms are a highly uncertain and vary substantially according
to site-specific characteristics and estimation method. Different units
have been used to report land use requirements for wind. For example,
Denholm et al. (2009) reported land use in units of km2/MW, while
Fthenakis and Kim (2009) reported them asm2/GWh. Using Denholm's
number results in a higher estimate for the total land needed forwind in
our scenarios, as shown in Table 2. Fthenakis and Kim (2009) assumed a
typical capacity factor for wind farms to convert capacity to generation.
The capacity factor of wind farms can vary substantially by location,
which could be a bias in the number reported for wind farms by
Fthenakis and Kim (2009 for this resource. Table S13 in the supporting
information includes the land use rates used to calculate the values in
Table 2.

The construction of all hydropower plants in the Amazon would re-
quire 9,000 km2 (840 thousand soccer fields), resulting in a total land
use requirement of approximately 10,500–11,400 km2 in the baseline
when accounting for all sources. The replacement of Amazon hydro-
power plants planned for construction after 2020 by wind farms
Table 3
Summary of performance indicators for all scenarios.

Performance indicators Baseline

Share of system capacity from renewables in 2028 (%) 82%
Share of system capacity from non-large hydro renewables in 2028 (%) 18%
Average marginal costs in 2028 (US$/MWh) 54
Wind curtailment (ranking: 1 Higher; 4 Lower) 2
Average energy storage (in Dec. 2028,TWh) 95
Direct (Thermal) GHG emissions 2013–2028 (Tg CO2eq) 760
Hydropower GHG emissions 2013–2028 (Tg CO2eq) 160
% Change in average annual direct emissions between 2014 and 2028a +19%
Land use (km2) 10,600–11,40

a % change in annual average direct emissions calculated as (Average Emissions in 2028-Ave
(Wind27) and thermal power plants (Natural Gas) would reduce
land use by at least 50% and lead to total land use requirements of
4,000–5,500 and 3,400–4,200 km2, respectively. The replacement of all
hydropower plants in the Amazon by wind farms would reduce land
requirements to 4,400–7,000 km2.

Summary, policy implications and limitations

Table 3 summarizes the results for all the performance indicators for
all scenarios included in this study. At the start of the analysis period,
renewables account for 83% of installed capacity, though only 12%
when excluding large hydropower plants. Except in the “Natural Gas”
scenario, Table 3 shows that the proportion of renewable capacity in
2028 corresponds to 82% of the total capacity, a similar value compared
to the renewables fraction in 2013. However, the share of renewables
excluding large hydropower plants varies significantly across the ex-
pansion scenarios affecting the performance indicators.

Our results suggest that all capacity scenarios result in increased an-
nual GHG emissions from power generation in 2028 compared to 2014,
which highlight the challenge that Brazil will face in meeting its NDC
under the Paris Agreement. Interestingly, the increase in emissions
between 2014 and 2028 in the “Wind27” scenario is lower than in the
“Wind39” scenario, even though wind is a lower percentage of the
installed capacity in this scenario. As wind generation increases in our
scenarios, so does cycling of thermal power plants, which increases
themarginal cost andGHGemissions. A continued increase in emissions
from the power sector seen in our scenarios suggests that emissions
would have to decrease from other sectors for Brazil to meet reduction
targets. It is important to note that the increasedwind scenarios exclude
an expansion of hydropower capacity in the Brazilian Amazon. If such
resources were available in conjunction with increased wind, they
could be used to balance wind variability, and potentially reduce the
Wind27 Wind39 Natural Gas Coal/Oil/Diesel retirement

82% 82% 74% 82%
30% 40% 19% 40%
67 101 77 90
3 1 4 1
102 140 85 140
790 860 960 710
60 0 60 0
+34% +76% +117% +55%

0 4,100–5,450 4,400–6,950 3,360–4,200 4,400–6,950

rage Emissions in 2014)/Average Emissions in 2014.
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emissions from cycling fossil-based power plants. However, the specific
goal of this paper is to evaluate alternatives to expanded hydro capacity
in the Amazon, as such expansion would be linked to negative environ-
mental impacts (Latrubesse et al., 2017). Furthermore, even in the
baseline scenario that includes the large expansion of Amazonian hy-
dropower, emissions from power generation increase in 2028 com-
pared to 2014, and such scenario would have larger emissions from
land use transformation in the Amazon than the other scenarios. It is
clear then, that in order to reduce emissions from power generation be-
tween 2014 and 2028 while also limiting the expansion Amazonian hy-
dropower, Brazil would have to go beyond increasing wind generation.
One option would be to replace part of the dirtier fossil fuel power
plants with new natural gas or nuclear power plants. Another option
would be to increase storage capacity by building low-impact storage
reservoirs or assess the use of batteries and demand response mecha-
nisms to reduce the thermal generation requirements during times
of peak loads. Finally, demand-side interventions like improved use
efficiency or load control can support emissions mitigation efforts.

Higher wind penetration contributes to increase average energy
storage in the existing hydropower reservoirs but also increases the
variability of supply at daily and seasonal scales. The wind variability
problem should be more evident when modeling the system using a
higher time resolution. We represented the daily variability using three
load levels, which limits our ability to capture the high-frequency
variability of wind or solar power output (Apt, 2007). Additionally,
our simulations do not include transmission constraints, which would
affect the dispatch of resources. Transmission investments are likely
necessary to ensure that power from new non-large-hydro resources
can be delivered to load centers likewe assumed in this analysis. Finally,
we did not use an optimal power flow model to evaluate the reliability
of the power system accounting for steady state and stability issues.
Such analysis is beyond the scope of this work. Future research should
thus increase the resolution and simulate the system using hourly
or minute time steps, as well as account for transmission constraints
and power flow. An important pre-condition for modeling improve-
ments is the access to better wind and solar data. We thus suggest
future efforts should focus on creating a national database with high-
resolution historical and simulated series of thewind speeds and energy
output at higher temporal resolution than currently available.

This paper compares key performance indicators for an expanded
power system in Brazil relying on different sources, including hydro-
power plants in the Amazon, wind, or natural gas power plants.
Although our scenarios are extreme as we assume complete replace-
ment of one source by another, they have the advantage of underscoring
the consequences of choosing one “winner” and its main effect on
system operation and costs. The outcomes comparison in Table 3 sug-
gests that the optimal energy mix is likely a hybrid of lower impact
hydropower plants, wind and natural gas - more similar to scenario
“Wind27” - than the baseline. Ourwork exemplifies how the simulation
of the energy grid and the evaluation of performance indicators using
several capacity expansion scenarios shed light on the consequences
of adopting different strategies before the choice is made. Under a
climate change scenario, Brazil and other countries should adopt this
type of approach to improve low-carbon energy policy designs.
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