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Abstract:

The Brazilian electricity system is an important example of a large country relying on a high renewable energy
matrix with a major focus on hydropower, which has historically allowed for low carbon electricity production.
However, the increase in the demand and climate change impacts on the availability of these renewable
resources represent important challenges for long-term power planning. The contribution of this paper is
twofold: Firstly, a first attempt to use the EnergyPLAN model for the analysis of the Brazilian electricity sector
and in particular to study future scenarios is presented. Secondly, the possibility of achieving a 100% RES
system is also addressed. The 100% RES scenario is found to be theoretically possible but a substantial
increase in the overall installed capacity would be required, to support the grid mainly during the spring and
summer season. The results underline the importance of seasonal complementarity of hydro and wind power
and reveal how an increase in RES would add exportation potential, reducing also the Brazilian external energy
dependency. The study identifies risk factors for these high RES scenarios and outlines several avenues for
future research to address cost, environmental and technical uncertainties of the system.

Keywords:
Brazilian Electricity Sector, Energy System Analysis, EnergyPLAN, Renewable Energy.

1. Introduction

The share of Renewable Energy Sources (RES) has increased substantially in the energy mix of
developed and emerging countries as is the case of Brazil. This trend is expected to continue in the
future, primarily aiming for the reduction of Greenhouse gas (GHG) emissions and mitigation of
climate impacts [1]. The growth of energy consumption is also a common characteristic of most
developing nations, including Brazil. Therefore, the prospects for achieving a sustainable energy
system have been considered widely in literature and each year new studies are being published
addressing different perspectives such as technological development, climate change and demand
projections. RES to power is seen as a fundamental strategy to reach these sustainability goals,
notwithstanding, there are several technical and economic challenges to be surpassed in order to
achieve a high share of RES integration [1].

The proper construction of future scenarios for the electricity sector is fundamental to subsidize the
government decision-making process. On the other side, the risks and uncertainties had increased in
short, medium and mainly in the long-term [2]. Specifically, for the long-term generation expansion
planning, the challenges are even greater primarily due to the characteristics inherent to the sector in
which such decisions need to be made in advance. Energy planning is considered a complex issue
that involves many factors and there can be no one size fits all solution, given the different challenges
facing each country. This energy planning exercise will then result in a large discrepancy of scenarios,
which depend on factors as cultural, economic and political ones, among others [3]. Regardless of
this diversity of options and difficulties, scenario planning is fundamental for both policy making and
the development of business strategies, mainly those relating to investments.

There are several challenges in the scenario’s construction, especially for long-term planning. One of
the main difficulties is to predict the behaviour over time of energy technologies that currently may
not be feasible on a large scale or are not yet available. The definition of consistent hypotheses and
the proper problem delimitation are also essential to achieve real and relevant scenarios. Furthermore,
the design of a small number of future trajectories is desirable and demonstrates the relevance of the
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scenario-building technique for a well-informed decision making. [4]. Scenario analysis techniques
are then well suited for the evaluation of impacts brought by the inclusion of RES technologies such
as wind and solar power in the electricity system.

This paper aims to revisit the topic of high RES scenarios in developing countries with a high RES
potential, as is the case of Brazil (classified as an Emerging Market and Developing Economy by
International Monetary Fund [5]) analysing and comparing different future scenarios (for the year
2050) previously developed by reliable energy research institutions. The possibility of achieving a
100% RES system in Brazil is also addressed in this paper. The vision presented here is the
development of a comprehensive comparison among these three future scenarios according to
different perspectives including technical, cost, environmental and risk dimensions. Although a few
papers have recently addressed the case of a 100% RES in Brazil, less attention has been paid to both
the exportation electricity potential for scenarios with a high share of RES and the seasonal
complementarity between power options such as hydro and wind power (for the case of Brazil).
Considering both the high share of RES and the continental dimensions of the Brazilian electricity
system, this paper includes partially the geographical heterogeneity of the country in order to achieve
more reliable results. Also, the short-term impacts are becoming increasingly important to consider
in the long-term planning. The computational barriers associated with large power systems, however,
have limited the inclusion of short-term impacts in long-term planning models [6]. The tool used in
this paper (EnergyPLAN) allows to consider high time resolution for an entire year using hourly time-
steps [7].
Therefore, the following two research questions has been used to provide a clearer goal of the paper:
1. How can the Brazilian electricity system be modelled in the EnergyPLAN computer model?
2. Can a 100% renewable energy system be achieved by 2050 for Brazil?

The paper is organized as follows. Section 2 outlines the main characteristics of the Brazilian
electricity system. A literature review regarding energy scenarios for high RES systems is presented
in Section 3 together with the EnergyPLAN model description. Section 4 introduces the methodology
proposed for applying EnergyPLAN model concerning the Brazilian electricity sector. The reference
energy system and the future scenario analysis (2050) are presented in section 5 (results and
discussion) together with the simulation and evaluation of a 100% RES using technical and economic
analysis. The main conclusions and directions for future research will be outlined in section 6.

2. The Brazilian Electricity System

The absence of exploitable natural resources is expected to be a future characteristic common to the
most of countries worldwide. Thus, the reliance on fossil fuels for the energy sector becomes
particularly vulnerable to fuel price fluctuations [1]. On the other hand, the Brazilian electricity
system is mostly supplied by hydropower. Hydroelectricity presents many advantages over other
power sources, including high efficiency, large storage capacity, low operating and maintaining costs,
a high level of reliability and proven technology. Hydropower is also considered the least-cost
renewable electricity technology even though the projects require substantial investments [8]. For the
Brazilian National Power Grid Operator (in Portuguese, ONS), hydroelectricity is a valuable power
source especially given the rapid growth of variable and intermittent generation from other RES,
namely wind and solar power technologies. The hydropower generation system in Brazil comprises
large reservoirs capable of multi-month regulation, which is arranged in complex cascades distributed
in several river basins [8]. In the future, the increasing share of several complementary non-hydro
RES is expected to diminish the dependency on hydropower and drive to possible least-cost solutions
[9].

The estimated total hydropower potential of the country is about 260 GW [10] and in 2017 (April)
the exploited potential slightly exceeded 101 GW, meaning that more than 50% remains unexplored.
Nevertheless, the hydropower expansion faces several environmental challenges which together with
the high dependency of rainfall and climate conditions, can severely affect the future expansion of
hydropower for energy production [2]. Even though the remaining unexploited hydropower potential
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in Brazil, the future projects are expected to be dominated by run-of-river hydropower with limited
reservoir capacity. Thus, the challenge is to provide a high level of flexibility from other power
sources and from energy storage technologies that might be capable of linking geographic and
temporal (daily, weekly and seasonal basis) gaps between energy supply and demand [11]. The water
resource availability due to climate changes is assuming a key role in the Brazilian energy planning
and has been widely discussed in the literature [9,12]. Therefore, wind and solar energy systems have
been increasing rapidly over the last years. Brazil has a great potential for the development of solar
energy with one of the highest insolation rates worldwide, however, this potential has been underused.

Fig. 1 illustrates the historical power output (left axis) and the Southwest® hydro storage level (right
axis) in Brazil from 2000 to February 2018 (Southwest region represents 40% of the total hydropower
of the country). After the severe drought in 2001, the Brazilian government decided to support the
development of non-hydro RES as an alternative to the historic dependence on hydropower. In fact,
since 2009 auctions have been made exclusively for wind and solar PV systems, which increased the
share of non-hydro RES in the country’s energy mix [9].
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Fig. 1. Brazilian power output between 2000 and 2018 (February) (left axis) and water storage
level in SE (right axis).

The Brazilian hydropower capacity is 101.28 GW, representing 64% of the total installed capacity of
the country [13]. The remaining electricity supply for Brazil has been provided mostly from thermal
power generation. Brazilian electricity generation reached 578.9 TWh in 2016 [16]. In 2016,
hydropower installed capacity increased by more than 55% comparatively to 2015, followed by an
increase of less than 27% for solar and wind and slightly more than 18% for the case of thermal power
[16]. According to the National Energy Balance (in Portuguese, BEN), in 2016, 81.7% of the
Brazilian electricity supply was composed by RES, including 68.1% of hydropower; 8.2% biomass;
5.4% wind and 0.01% from solar PV [16]. Consequently, considering the increasing growth rate in
energy consumption, expected to be about 3.7% per year for the period 2016-2026, new investments

! Technically, the Southwest hydropower system comprises both Southwest and Midwest Brazilian regions.

Storage Level (Southwest - %)
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are being considered to expand the power grid [15]. According to the national energy plan of 2026,
45 billion of US dollar? is estimated to be invested between 2020 and 2026 for the expansion of the
Brazilian generation system [15].

Additionally, Brazil has been undergoing severe droughts (mainly in the Southeast, Midwest, and
Northeast) since 2012, leading to an increase of generation from thermal power (see Fig. 1) [5,6].
This thermal power trend remained for the latter years (2013 to 2017). Particularly, the amount of
natural gas imported has significantly increased in these years to supply thermal generation [15].
Therefore, the marginal cost of electricity production enhanced significantly in the last years [16].

Between 1999 and 2011, the average power output of thermal power plants was about 2425 MW
whereas between 2012 and 2016 this value increased significantly to 10947 MW [17]. The
aforementioned increase in thermal generation is primarily due to a reduction in the maximum energy
storage capacity of hydropower over the years mainly for Southeast (SE), Midwest (CO) and
Northeast (NE) Brazilian subsystems. The SE and CO regions represent approximately 70% of the
total water storage capacity in Brazil and the maximum water storage level has been verified
historically between March and April whereas the minimum storage usually occurs between October
and November [16].

Additionally, the high level of uncertainty brought by intermittent sources will result in an overall
trend to the increase of the thermal generation in the future. Thus, the thermal power plants are
expected to play an essential role in the next years, mainly between September and December, due to
the lower hydropower storage level [15]. Therefore, for the next years, a paradigm shift in the
Brazilian power operation and planning is foreseen, which requires an in deep discussion in order to
provide a high level of energy security and reliability [2].

Conclusively, the large-scale integration of RES in Brazilian electricity sector faces several
challenges and involves a radical technological change. From a technical point of view, the most
important question to be answered is related to which technologies should be used to make sure that
the available resources would meet the demands in the future. Moreover, the intermittent nature of
some RES, such as solar PV and wind systems, has become a significant challenge to the power
system operation and planning [18]. According to [19] the transition to a renewable energy system
from traditional fossil-fuel based systems includes modifications in energy efficiency and energy
conservation, improvement of the efficiency of the supply system and integration of fluctuating RES.

3. Energy scenarios for high RES systems

The work proposed by [9] considered a 100% RES for Brazil in the year 2030 considering the set of
technologies available, mix of capacities, operation modes and the least cost energy supply. This
paper simulated the operation of Brazilian electricity system on an hourly basis and used a multi-node
approach. The model was based on a linear optimization problem aiming to minimize the total annual
energy system cost and considers the inclusion of Distributed Generation (DG) and self-consumption
of residential, commercial and industrial electricity consumers. The results obtained by [9] showed
that the required overall installed power capacity in 2030 would be 165 GW from solar PV,
hydroelectric dams (85 GW), run-of-river hydropower (12 GW), biomass (12 GW), biogas (12 GW)
and 8 GW of wind power.

In [20] the least-cost power system composition of a 100% RES for the year 2050 is addressed for
the Brazilian power sector. The authors also appraise the effect of sector coupling (i.e. power, heat
and transport sectors) on the Brazilian power system. The high-resolution model REMix was applied
in [20] making use of a linear programming optimization model to identify the least-cost power
system composition considering the use of storage technologies, DR contribution, electric mobility
and hydrogen production. According to the results of [20] the expansion of wind and solar power
might be more cost efficient in the future than the construction of new hydropower plants in Brazil
since the hydropower system (even considering that only run-of-river power plants are being

2 One Brazilian Real (R$) is equivalent to 0.26 United States (US) Dollar (July 13, 2018).
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projected for the future) might provide enough storage capacity to compensate the high integration
of RES. The authors of [20] also concluded that neither varying the share of wind and solar power
nor the spatial distribution of power generation would have major impacts on the overall supply costs.
Therefore, other criteria could be used to promote the renewable energy transition towards a 100%
RES such as public acceptance so that this would have only a small influence on system costs.

The comparison among different strategies to transform the heating sector of Denmark into a 100%
renewable energy system is addressed in [21] resourcing the advanced energy system analysis tool
EnergyPLAN. A methodology to link local and national planning is proposed in [22]. This proposed
methodology evaluates how well the system can exchange excess electricity. Ref. [23] compares two
100% RES systems. The first scenario proposed by [23] considers a non-integrated renewable energy
system while the second scenario is based on the smart energy system concept in which the synergies
between other sectors are taking into account for Zabreg. Also for Croatia, a 100% local RES for the
year 2050 is proposed by [24] considering the electricity, heating and transport sectors. The work also
analyses the integration of the local energy system with the rest of the country.

In the transition to a fully decarbonized RES, the high amount of fluctuating renewable energy such
as wind and solar power are unquestionable. In this sense, the work addressed in [25] investigated
two potential ways to increase power system flexibility: the interconnection between power systems
and the integration of different sectors of an energy system such as heat and electricity. The authors
of [25] derived broadly applicable conclusions on the benefits and role of the energy system
integration and highlight that this option should be prioritized over the expansion of transmission
systems for the case-study evaluated.

3.1 The EnergyPLAN model

There are several energy modelling tools available to design national energy planning strategies
considering technical and/or economic analysis. The EnergyPLAN advanced energy system analysis
computer model [26] has been widely used to simulate future energy scenarios, focusing primarily in
the large-scale integration of RES into the power system and in the simulation of 100% renewable
energy systems as proposed in [11] and [18]. The EnergyPLAN allows to simulate the operation of
national or regional energy systems on an hourly basis taking into account the hourly demand,
expected production and interconnection capacity. This tool makes use of analytic programming
instead of iteration.

The work proposed by [27] reviewed forty-five papers that applied the EnergyPLAN model and
concluded that most of the papers performed analysis on a country or state level and the focus is
mostly in the simulation and high integration of RES into the energy system. There are existing
models already available for many countries, including China, Croatia, Czech Republic, Denmark,
Finland, Hungary, lIreland, Italy, Kenya, Latvia, Macedonia, Mexico, New Zealand, Norway,
Romania, Serbia, Sweden, Tanzania, Turkey and United Kingdom [26]. The study of an energy
system based entirely on renewable energy resources has been also addressed in the literature using
the EnergyPLAN model. Most of the past works considered the analysis of 100% renewable energy
systems for developed countries, including Finland [11], Macedonia [18] and Portugal [28]. In [11],
the authors employed the EnergyPLAN model to verify the possibility of implementing a 100%
renewable energy system in Finland for 2050 and pointed out the importance of Energy Storage
Systems (ESS), including Thermal Energy Storage (TES), Gas storage, Power-to-Gas (PtG)
technologies and Vehicle-to-Grid (V2G) connections to achieve a fully decarbonized energy system.

In [1], the authors emphasize that energy efficiency and demand-side measures are essential to
achieving a 100% renewable energy system. The prospects for the realization of a fully renewable
energy system in Macedonia was performed in [18] using the EnergyPLAN model. The work
considered scenarios for the year 2030 (50% RES) and 2050 (100% RES) and the authors concluded
that the intermittent characteristic of RES and the large-scale insertion of storage technologies are
considered the main obstacles to achieving a 100% renewable energy system. The authors of [28]
concluded that the fully decarbonized electricity system for Portugal is theoretically possible but a
substantial increase on both the overall system capacity and the costs would be necessary.
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On the other hand, according to [26] and considering the best of authors’ knowledge, thus far the
EnergyPLAN model was not yet used to represent and analyse any South American country,
including Brazil. For the Brazilian case, this may be understood by some aspects, namely the
difficulty in collecting hourly data for demand and supply, the high level of complexity required for
aggregating information to be included in the model and the Brazilian continental dimensions.

Therefore, this work presents the first-stage results of an EnergyPLAN model for the analysis of the
Brazilian electricity sector. For this purpose, the year of 2016 was used to validate the model.
Afterwards, future existing scenarios (for the year 2050) obtained from reliable institutions of the
electrical sector were evaluated. A comparison of the results obtained from EnergyPLAN and those
from the Brazilian institution was attempted. The possibility of achieving a 100% RES system is also
addressed in this paper together with a risk and resilience analysis of the future electricity scenarios.
The analysis of a fully renewable electricity system aims to provide some insights into the impacts of
high amounts of Variable Renewable Energy (VRE) on the power grid and supply costs.

4. Methodology

A critical literature review was firstly undertaken to provide the necessary background knowledge of
previously published research in the area and to establish the boundaries of the research. Information
was collected from official reports and scientific literature, addressing the case of Brazil. From this a
set of scenarios recently published for the case of the Brazilian electricity system were identified and
characterized.

The data collection techniques include an examination of multiple-source secondary data and online
computer databases from official electricity Brazilian institutions to simulate an energy system in
EnergyPLAN. The first step was to create a reference model using technical input considering a past
year. The inputs for the model were established based on the projections for hourly demand,
hydropower inflows, hourly import and export balance, interconnection capacity, installed capacity
of thermal power plants, and RES technologies. The reference model was used to validate the model,
comparing the simulated outputs to the real ones for each technology/generation option and for each
region.

The most recent data available concerning the total annual demand (TWh/year) and its hourly
distribution for the Brazilian electricity sector report to the year 2016, and were obtained from the
Brazilian National Power Grid Operator (ONS) [17]. For the same year, the capacity of each installed
unit (MW) was extracted from the Energy National Balance (in Portuguese, BEN) [29]. Hydropower
was divided into run-of-river (54%) and hydro plants with reservoirs (46%). Thermal power plants
were represented in EnergyPLAN as the sum of natural gas, oil products, coal and biomass installed
capacities, whereas the installed capacity of nuclear power plants was represented separately. The
overall demand of the country was aggregated based on [17] since the EnergyPLAN model does not
allow to consider individual demands for the electricity sector and transmission restriction between
regions. However, due to its continental dimensions, the country was branched into three main regions
(South, Southwest and Mid-West, Northeast and North) in order to represent the installed capacity
for wind and solar PV. The installed capacity for the other renewable power sources was not grouped
by region due to technical limitations of the EnergyPLAN software. Therefore, it was chosen to
branch the installed capacity for the two most promising RES-based power sources for 2050 (i.e.
wind and solar power), according to [30]. Values for the interconnection capacity with neighboring
countries are based on the current and future projections supported by [31] and [32].

Hourly power output from wind and solar PV were obtained using an online application available on
[33] based on [34] and [35], and using weather information of the last 30 years collected by NASA.
Hourly distribution for nuclear power plant was adapted from a daily curve obtained in [17]. For
thermal and hydropower (run-of-river), the hourly distributions were obtained directly from ONS.
The maximum storage capacity for dammed hydro (GWh) was obtained from [17] and calculated
from the sum of the maximum hydropower storage capacity (monthly) of each subsystem and the
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water hydro supply for hydro plants with reservoirs, which corresponds to the sum of affluent natural
energy of each subsystem, obtained from [17].

For all the scenarios evaluated, the high share of wind power occurs in the Northwest, far from the
load centers of the country. This would imply a significant increase in power transmission capacities
and consequently in the overall system costs. However, for the sake of simplicity, the proposed model
does not take into account the cost related to new transmission lines and the restrictions related to
interconnections between Brazilian subsystems on the simulations.

EnergyPLAN estimates the hourly production of each intermittent RES (e.g. run-of-river, wind and
solar power) based on both the installed capacity and the hourly distribution. The model output
consists of annual energy balances, fuel consumption, CO, emissions and cost analysis.

Future scenarios are available on [30] and the document is entitled as “Brazilian Energy Scenarios
for 2050”. Four different institutions of the Brazilian power sector developed those scenarios, namely
COPPE (in Portuguese, Instituto Alberto Luiz Coimbra de P6s-Graduacdo e Pesquisa de Engenharia),
ITA (in Portuguese, Instituto Tecnologico de Aeronautica), SATC (in Portuguese, Associacao
Brasileira do Carvdo Mineral) and Greenpeace. For the sake of simplicity, this study will focus on
analysing the scenarios proposed by COPPE and Greenpeace. The analysed scenarios were then
established as follows:

1. Reference scenario for model validation: This scenario was attempted based on 2016 as the
reference year.

2. Scenario 1 (COPPE): Scenario for 2050 based on input data presented in [30,36].
3. Scenario 2 (Greenpeace): Scenario for 2050 based on input data presented in [30,36].

4. Scenario 3 (100% RES): 100% renewable electricity scenario for 2050. This scenario was
elaborated by the authors based on [10,20,30,36,37].

Fig. 2 summarizes the methodological approach applied in this research. The data used for modelling
are displayed in Table A.1 (Appendix A), for the reference model and for the future scenarios. For
all the future scenarios, projections for the total electricity demand were based on [36].

BRAZILIAN ENERGYPLAN MODEL
DEMAND
- 1. POWER ANALYSIS (MW)
1. Electricity Demand (ONS) Hourl :
. - y, Montlhy Average, Annual Min, |~
2. Fixed Import/Export (ONS) | REFERENCE MODEL Max and Average. S
5 Reference Year 3
o et ot ey |8 2 onerey mvves o &
' I - N - Hourly, Montlhy and Annual.
4. Hourly Distribution (ONS, v ¥
NINJA)
1. POWER ANALYSIS (MW)
- Hourly, Montlhy Average, Annual Min, Max
and Average.
DEMAND
1. Electricity Demand (PCE) 2. ENERGY ANALYSIS (GWh)
2. Fixed Import/Export (ONS) | - Hourly, Montlhy and Annual. 2
|5 FUTURE MODEL %i
SUPPLY g Scenario for 3. COSTS ANALYSIS =
3. Installed Capacity (PCE) | = 2050 - Capex (US$/MW), Fixed and O&M (US$/ |
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Fig. 2. The methodological approach of the research.
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The choice for using the advanced energy system analysis tool EnergyPLAN in this research includes
the following benefits of the tool [21]: i) the high time resolution (simulating an entire year using
hourly time-steps); ii) the high degree of credibility; iii) the replication of the results may be
performed easily by other researchers and iv) the tool is freeware and comes in a user friendly
interface. The EnergyPLAN model description and the detailed documentation of the tool can be
found in Refs [7,38].

5. Results and Discussion

In this section, scenarios are evaluated considering technical and economic analyses of the overall
system using the proposed methodology. For analyses and comparison of scenarios, EnergyPLAN
model is applied. Section 5.1 presents the reference energy system (2016) used to validate the model.
Afterwards, in Section 5.2 future scenarios (for the year 2050) previously proposed by reliable
institutions of the electrical sector [30,36] will be analysed, addressing, in particular, the energy
generation mix and power output of different technologies. The analysis of a 100% renewable
electricity system for Brazil is undertaken in section 5.3. A sensitivity analysis is undertaken in
Section 5.4 for all scenarios, addressing the case of critical water shortage. Section 5.5 provides a
socioeconomic analysis, including the calculation of marginal costs, Levelized Cost of Electricity
(LCOE) and total CO, emissions. Finally, section 5.6 provides an in-depth critical discussion and
assessment of the results and findings of the scenarios analysed.

5.1. Reference Scenario and Model Validation

The main objective of this section is to validate the model to further evaluate the future scenarios. For
this purpose, the year 2016 was used as the reference scenario. The inputs for the EnergyPLAN model
were established according to section 2 and are presented in Table A.1 (Appendix A). Fig. 3 illustrates
the monthly electricity production for the Brazilian power system in 2016 considering the real data
operation extracted from ONS [17] and the EnergyPLAN model results according to the
methodological approach proposed. In the Fig. 3, EP is the abbreviation for EnergyPLAN.
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Fig. 3. Monthly electricity production for the Brazilian power system in 2016.

Given the variable and intermittent nature of RES (e.g. wind and sun), the dispatch of these plants
can only be predicted and not planned. This feature is considered in the simulation procedure
undertaken by EnergyPLAN model. Therefore, solar, wind, run-of-river, wave power and tidal are
considered as non-dispatchable sources in EnergyPLAN.
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The monthly values of hydropower generation obtained through EnergyPLAN revealed to be similar
to the real data as illustrated in Fig. 3. The maximum monthly error (measured as the difference
between real ONS data and the simulated ones with EP) obtained for hydropower was approximately
2.3% (March). For nuclear and thermal generation, the maximum monthly errors obtained were
respectively 3.16% (May) and 9.99% (December). Even considering three main Brazilian regions
(the maximum number allowed in the EnergyPLAN model), the error for intermittent RES (wind and
solar power) is expected to be higher comparatively to the one obtained for the other sources. It is
worth recalling that information for wind and solar power was obtained from typical values from the
literature [33] and not for the specific case of 2016, which will influence this error. Furthermore, the
difference in the average values of the wind speed at different heights and types of wind turbines
enhances the complexity of the analysis. Even so, the annual medium error obtained for wind was
slightly higher than 15% and the maximum monthly error was near 32% (on May), which was
considered to be acceptable given the simulated and long-term nature of the study.

The hourly dispatch of hydro and thermal power differ in some extent to the real dispatch. This fact
can be explained by the different factors which condition the real hydro power output and cannot be
fully captured by the technical nature of EnergyPLAN, namely the water inflows downstream and
upstream, minimum and maximum volume restrictions and real turbinated inflows which can be
variable seasonally due to environmental protection and flood control measures.

The hourly data for solar PV generation is not considered for this reference scenario due to its low
installed capacity (0.01%) in the year 2016.

Therefore, the main objective of this section was to validate the model considering a reference
scenario. The monthly absolute percent discrepancy between modelled and real data for each power
source was described along this section. The results obtained allowed to conclude the accuracy of the
obtained results and this was confirmed by comparing the obtained simulation results to the real data
collected in [17]. The annual percent error is smaller than the average monthly error mainly because
the uncertainties (e.g. the stochastic and intermittent characteristic of RES) but also because the
particular strategic dispatch characteristics of the National Grid Operator that cannot be fully captured
by the EnergyPLAN. These uncertainties combined lead to small errors for the entire year which can
be considered acceptable considering the long-term nature of the study. The analysis of the monthly
error is considered particularly important since it becomes possible to analyse more accurately the
probable implications of seasonal patterns in electricity generation from RES and thermal sources.

5.2. Brazilian Electricity System Analysis for 2050

This section aims to describe the use of Brazilian EnergyPLAN model to analyse future electricity
scenarios, as described in section 3. According to [39] hydroelectric power plants alone, will not be
able to guarantee the security and reliability of energy supply in the future. For simulating the energy
scenario for 2050, a correction factor is then considered to represent run-of-river power plants. This
means the capacity factor of hydropower is expected to reduce from 0.49 in 2016 to an estimated
value of 0.39 in 2050 according to [30]. This reduction should occur mainly due to climate changes
and the characteristics of the target rivers, as most part of the unexploited resources are in the Amazon
River basins in which the projects are expected to be dominated by run-of-river power plants [39].

Fig. 4 illustrates the share of electricity generation for each source considering the real data for the
reference scenario [17], published scenarios for 2050 [30] and its corresponding results obtained
through the EnergyPLAN model. In the Fig. 4, data for solar energy comprises PV systems,
Concentrated Solar Power (CSP) and rooftop PV systems, whereas thermal includes biomass, natural
gas, coal, fuel oil and industrial gas.
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Fig. 4. Annual electricity production for the reference and future scenarios.

According to historical data, the maximum water storage level usually occurs between March and
April (autumn) whereas the minimum storage is generally reached between October and November
(spring) [16], [17]. Thus, considering that Brazil's electricity supply consists primarily of hydropower,
the results will focus on analysing the hourly data from two pre-selected weeks corresponding to the
minimum and maximum water storage cases. Fig. 5 illustrates the hourly electricity production on an
autumn week for: a) COPPE scenario and b) Greenpeace scenario.
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Fig. 5. Power output on an autumn week for: a) COPPE scenario, b) Greenpeace scenario.

The hourly electricity production on a spring week for: a) COPPE scenario and b) Greenpeace
scenario is illustrated in Fig. 6.
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Fig. 6. Power output on a spring week for: a) COPPE scenario, b) Greenpeace scenario.

The results indicate that solar power will also have a determinant role and will contribute to moderate
considerably the thermal generation in 2050. For the COPPE scenario, considering the peak power
from solar generation at midday (April, 06- autumn), the solar PV contribution to the system would
represent about 17.41%, wind 2.72%, hydro 57.20% and the additional electricity would be generated
by thermal power plants (22.66%). For this case, RES supply would represent approximately 77.34%
of total electricity production. Clearly, it is possible to see that solar power production contributes to
reduce thermal power use, primarily during peak sun-hours. As for the full day, the total amount of
electricity would be generated from hydro (51.06%), from wind (2.75%), thermal power (40.06%)
and solar power (6.12%). It is important to note that EnergyPLAN does not allow to take into account
the cyclical characteristics of thermal power plants, e.g., maximum thermal ramp rate. In this case,
for instance, thermal generation decreased from 95139 MW to 22272 MW in six hours with a ramp
rate of 12.1 GW/h. This feature should be better evaluated in future works, estimating the impact of
a high RES share on thermal power operating conditions at a country scale, as discussed for example
in [40] at a regional scale.

It is worth mentioning that the installed capacity of solar power according to Greenpeace scenario is
expected to be greater (18.87%) than the one obtained for the COPPE scenario (12.95%). Therefore,
from Fig. 5 and Fig. 6 the higher contribution of solar production for Greenpeace becomes evident.
For instance, during some hours of the week, the solar production is even higher than the one from
thermal generation. Besides the complementarity between wind and hydropower, complementarity
between solar and wind power also emerge for this case. Specifically, Fig. 5 shows that during the
autumn week, solar PV has a high potential but low wind power output is observed. The opposite
situation occurs for the spring week case.

For both hydro and thermal generation, the differences between EnergyPLAN and COPPE and
Greenpeace scenarios are smaller than for wind and solar power. Specifically, for wind and solar
power, the total annual amount of electricity obtained from EnergyPLAN is higher than the one
estimated for both COPPE and Greenpeace scenarios.

For a typical week of April (autumn), the generation from wind source is lower than the one on a
typical week of November (spring), according to the assumed wind profile data. This pattern is typical
for the first months of the year as illustrated in Fig. 7, which represents monthly hydro and wind
power electricity production for the COPPE scenario. Historical real data for years 2015-2017
retrieved from ONS [17] shows that this monthly profile is well evident for both hydropower and
wind power. In the Fig. 7, the axis for electricity generation from hydro (on the left) and wind (on the
right) are intentionally presented in different scales since the objective is to highlight the
complementarity between both hydro and wind power sources in different seasons. This
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complementarity is expected to play a key role for large wind power scenarios foreseen for the
Brazilian electricity system.
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Fig. 7. Hydro and wind power electricity production for COPPE scenario.

Conclusively, the future electricity scenarios were analysed in this section considering the technical
analysis. The results obtained by the EnergyPLAN model were compared to the published scenarios
for 2050 [30]. Two weeks of the year were selected and analysed in detail considering the maximum
and the minimum water storage level of the Brazilian system. The next section will address the
possibility for realization of a fully decarbonized energy system for the Brazilian power sector.

5.3. Analysis of a 100% Renewable Electricity System for Brazil

The possibility for realization of a 100% renewable electricity system for the Brazilian power sector
in 2050 using EnergyPLAN is presented in this section. At this point, it is worth mentioning that the
concept of a 100% RES (also called as a “fully decarbonized energy system”) used along of this work
focus on the traditional analysis in which it is only considered the direct CO2 emissions (i.e. the
emissions at the point of production) such as considered in [1,18,20]. However, according to [41],
“all technologies, even those that produce carbon-free energy, have energy and emissions embedded
in the production process and material”. The indirect emissions are related, for example, to the
manufacturing, construction and transport processes associated with the entire energy system.
Therefore, we highlight the need to further assess the indirect CO2 emissions costs in a fully energy
system as discussed for example by [41-43].

The fully renewable power supply system scenario presented in this paper is based on a set of
assumptions [10,20,30,36,37]. At first, the future hydropower projects are expected to be dominated
by run-of-river power plants with limited reservoir capacity due to a set of factors. This assumption
is considered for modelling the 100% RES Brazilian model and the hydropower capacity expansion
is projected considering the exploitation of a share of the remaining hydro potential and it is based on
[10].

The overall wind power and CSP installed capacity are based on part of its available potential as
proposed by [20]. Solar PV installed power capacity for northern and northwest is based on [30] and
for southern according to [20]. The biomass installed capacity is also based on [30].

Despite the current high costs of the wave power, the overall potential of this source in Brazil is
considered very high, particularly due to its vast coastline. The future wave power costs reduction is
presumed based on [36]. Therefore, we assume an increase in the wave power installed capacity equal
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to half of the potential in the southern and southeast of the country [37]. Considering that there is no
measured data available for hourly wave power, the monthly averages outputs are used based on the
wave energy potential along the southern coast of Brazil, considering a capacity factor of 0.3 [37].
The remaining inputs for the EnergyPLAN model were established according to section 4 and are
presented in Table A.1 (Appendix A).

The overall installed capacity reaches approximately 623 GW for the 100% RES scenario in 2050.
Annual power generation for the 100% RES scenario includes 49.99% from hydropower, followed
by 26.81% from wind power. The remaining electricity supply mostly comes from solar PV (1.90%)
and rooftop PV (7.59%) and biomass (5.81%), but also from CSP (5.44%) and wave power (2.46%).
EnergyPLAN analysis also reveals that the supply share of hydropower in the 100% RES scenario is
higher but not much distant from the results obtained for COPPE (41.58%) and Greenpeace (42.48%).
On the other hand, to meet the remaining needs of electricity without the use of traditional fossil-fuel
based systems, mostly wind and solar power are expected to replace thermal power plants in 2050. It
is worth mentioning that for 2050, the most important power source is still hydropower, as illustrated
in Fig. 8. This power source should offer sufficient dispatchable power capacity to compensate
fluctuations mainly from wind and solar power without the need for additional storage, as simulated
and supported by [20]. However, we highlight the necessity to further assess these aspects in detail,
considering the modelling of the intermittency nature of wind and solar power and its related impacts
on the power system operation, especially in systems with a high share of hydropower, as is the case
of Brazil.

The annual electricity production and the overall installed capacity for the 100% RES scenario in
2050 are illustrated in Fig. 8-a Fig. 8-b, respectively.
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Fig. 8. a) Annual electricity production for the 100% RES scenario in 2050 and b) Overall installed
capacity for the 100% RES scenario in 2050.

The hourly electricity production for the 100% RES scenario on a spring and autumn week,
respectively, is illustrated in Fig. 9.
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Fig. 9. Hourly electricity production for the 100% RES scenario on a spring and autumn week,
respectively.

The seasonal complementarity of hydro and wind power is also evident in Fig. 9 mostly for the spring
season (see also Fig. 7). Although this complementarity is proven to be very relevant for COPPE and
Greenpeace scenarios, for the 100% RES scenario this correlation is definitively essential, primarily
because of the high shares of hydro and wind power in the electricity supply system projected for
2050.

It is worth mentioning that for the 100% RES scenario, the growth of VRE will strongly impact the
excess electricity production which might be exported (see Fig. 9). The electricity that may be
effectively exported (exported excess electricity production - EEEP) corresponds to 2.24% of the
annual demand (35.16 TWh). The outcome of the high supply share of RES would be the existence
of critical excess electricity production (CEEP), which refers to the full amount of electricity which
is exceeding the electricity needs and the interconnection capacity. The simulation indicates that
CEEP would represent 44.12 TWh or 2.8% of the overall annual demand and would occur mainly
during winter and spring season months. The annual electricity import occurs only to a very limited
extent, corresponding to 0.04% (0.60 TWh) of the overall annual power demand and mostly happens
during the summer season.

Conclusively, for the 100% RES scenario, there is a small risk of curtailment and electricity
importations may occur. Furthermore, the existence of critical excess electricity production is
expected to happen because of the high supply share of RES. The results also reveal how an increase
in RES would add exportation potential to the power system, reducing the Brazilian external energy
dependency. In general, exportations will mostly happen during the winter and spring seasons.
Notwithstanding the decrease in hydropower production during these periods, the higher wind power
production combined with lower demand requirements results on a higher exportation potential,
which highlights complementarity of the resources as a key factor for achieving a high RES future in
the country.

5.4. Sensitivity Analysis

The aim of this section is twofold. Firstly, the EnergyPLAN model is used to perform a sensitivity
analysis of the future electricity scenarios addressed in the previous section. The sensitivity analysis
is particularly important given the error obtained in the validation of the model and taking into account
the variability of the renewable resources. Secondly, a reserve margin analysis is realized by taking
into account all the scenarios evaluated.

Brazil experienced a severe drought that reduced reservoir water levels in 2001. Therefore, we
collected available data from 2001 based on [17] to perform the simulations. The main objective of
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this analysis is to predict the behaviour of the power system for each scenario in the case of a critical
year with reduced water inflows.

Table 1 presents a set of risk indicators for each scenario (COPPE, Greenpeace and 100% RES). The
variations on the amount of electricity imported, EEPP, CEEP, load curtailment and the CO:2
emissions for 2050, comparatively to the corresponding base scenarios are shown for COPPE and
Greenpeace scenarios. As for 100% RES scenarios the indicators are expressed both as absolute
values (TWh) and relative values against total demand (%). The CO2 emissions indicator was
expressed as the increased percentage comparatively to the base scenarios.

Table 1. Sensitivity analysis of future electricity scenarios for Brazil.

COPPE Greenpeace 100% RES

% % % TWh
Electricity import 0 0 0.32 5.06
Exportable Excess Electricity 0 0 2.23 35.16
Production - EEEP
Critical Excess Electricity Production - CEEP 0 0 2.81 44.12
Load Curtailment 0 0 0.02 0.305
CO2 emissions (% increased) 15.79 3.81 0 0

According to the results, the reduction in hydropower generation is fully compensated by thermal
power plants for COPPE and Greenpeace scenarios. Additionally, there is no need for importation
and exportation of electricity for both scenarios COPPE and Greenpeace. This result shows the high
level of resilience of these scenarios for years of reduced water inflows. However, the additional
electricity production from fossil fuel sources enhance the overall CO2 emissions by respectively
15.79% and 3.81% for COPPE and Greenpeace scenarios, comparatively to the base scenarios.
Annual electricity production for the base and risk 100% RES scenario is illustrated in Fig. 10-a. For
the 100% RES scenario, the reduced water inflows were fully compensated by the biomass electricity
production as showed in Fig. 10-a.

According to the EnergyPLAN results, it is possible to recognize that the reduced water inflows will
strongly impact the overall amount of imported electricity for the 100% RES scenario. The considered
interconnection system does not support the overall amount of required electricity, resulting in an
annual Expected Energy Not Supplied (EENS) equal to 0.305 TWh (0.02% of the overall annual
demand). Import/export balance for the base and risk 100% RES scenario are illustrated in Fig. 10-b.
The simulation results also indicate that the highest hourly load curtailment would be nearby 14 GW.
Therefore, power blackouts and electricity rationing might happen in real operation for the 100%
RES scenario since failures in the system would occur if demand exceeds supply. The expansion of
international interconnections, along with the possibility of other storage options or demand response
strategies should be considered in future scenario analysis to mitigate shortfall risk mainly during
summer and spring seasons.
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Fig. 10. a) Annual electricity production for the base and risk 100% RES scenario and b)
Import/export balance for the base and risk 100% RES scenario.

The sensitivity analysis was performed in this paper considering only the reductions in water inflows.
Future studies will seek to develop additional sensitivity and risk analysis, varying the prices of fossil
fuels (i.e. natural gas) and evaluate the impacts on the overall system costs for the COPPE and
Greenpeace scenarios, for example.

Reserve Margin (RM) is defined as the difference between installed capacity and load. The installed
generation capacity should be higher than the peak load to achieve the required generation adequacy
target. In general, the higher the need for reliability, the higher the reserve margin. The proposed
Brazilian EnergyPLAN model allows then to verify the reserve margin from the hourly results
obtained in the simulation, as detailed in Fig. 11. In 2016, the overall installed capacity was 150.3
GW and the maximum measured peak load was 82 GW. This corresponds to a reserve margin of 68.3
GW and 45.4% of the installed capacity.

The installed capacity predicted by COPPE for 2050 is 460 GW. The resulting hourly load has an
annual peak of 238 GW for COPPE and Greenpeace scenarios. The reserve margin for COPPE is
estimated to be approximately 222 GW (48.2% of its installed capacity) and for Greenpeace, this
value is approximately 274 GW (53.5% of its installed capacity) as illustrated in Fig. 11. Reserve
margin was also estimated for the fully renewable electricity scenario resulting in the highest value
(385.5 GW) among all scenarios evaluated representing 61.9% of its overall installed capacity. This
is mainly explained by the high share of variable electricity generation for the 100% RES scenario.
Moreover, peak load usually occurs during summer months when wind power output is lower [17],
posing additional challenges to the grid manager as load curtailment tends to emerge during this high
load vs. low wind power availability periods. This additional reserve requirement should have
important implications from the cost and risk points of view.

Therefore, the results obtained have enabled to conclude that for all scenarios evaluated the reserve
margin is expected to increase in 2050, which can be explained mostly by the increasing reliance on
RES of intermittent nature.
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5.5. Cost analysis

This section aims to provide an overall socioeconomic analysis of the electricity system for all the
scenarios evaluated (COPPE, Greenpeace and 100% RES). The results are divided into the marginal
costs (US$/MWh), Levelized Cost of Electricity (US$/MWh), total CO, emissions (millions of tons
- M). The annual costs include fuel, Operation and Maintenance (O&M) and annualized investment
costs based on the expected lifetime of power sources. Environmental analysis is undertaken
estimating the total CO, emissions for each scenario (millions of tons) and in terms of the allowances
costs (US$).

Table 2 presents the techno-economical input data for the economic analysis in terms of capital
expenditure (CAPEX) in US$/kW [36], O&M costs (US$/MWh) [36], fuel costs (US$/MWh) [26,
27], CO; emissions (ton/MWh) [36] and expected lifetime of each power source (years) [41].

Table 2. Techno-economical parameters for the economic analysis.

Expected Lifetime CAPEX (US$/kW O&M Costs Fuel Costs (US$/ CO; Emissions
Power Source P (years) ( : (US$/MWh) MWh)( (ton/MWh)
Photovoltaic 25 2000 11.00 - -
Nuclear 40 3500 11.00 7.62
Hydro 60 1750 2.00 -
Wind 30 1760 5.00 - -
Fuel Oil 25 1200 22.00 67.56 0.2786
Solar CSP 40 8500 30.00 - -
Rooftop PV 25 3250 15.00 - -
Natural Gas 30 1025 12.00 51.20 0.2019
Biomass 25 1350 11.00 14.88 -
Small Hydro 60 3250 13.50 - -
Coal 40 1650 13.00 13.26 0.3405
Wave Power 30 5580 24.45 - -

Fig. 12-a presents the annual costs for O&M, fuel and CO, costs for each scenario and Fig. 12-b
illustrates the marginal and LCOE costs for each scenario. The forecast for the CO, emissions
allowances prices was based on [42] considering the average price between 2020-2050 (41.64
US$/ton). The Weighted Average Cost of Capital (WACC) was considered equal to 9% and it was
based on [36].



61
612
613
614

615
616
617

618
619

620

621
622
623
624
625
626
627

628

Costs

$3 $90
3 $80
$70
$2

3 3
5 $2 D $50
S 2 $40

81 8
O $30
- m
$0 $10

O&M Costs  Fuel Costs CO2 Costs $0 -
(US$) (US$) (US$) COPPE Greenpeace 100% RES
mCOPPE ®GREEN =100% RES ® Marginal Cost ®LCOE
a) b)

Fig. 12. a) Total estimated O&M, fuel, and CO; costs for each scenario for the year 2050 (US$) and
b) Marginal and LCOE costs for each scenario.

The estimated total CAPEX, O&M and fuel costs for each scenario are presented in Table 3. For the
case of CAPEX, the value corresponds to the annualized cost of the total CAPEX over the expected
lifetime.

Table 3. Total estimated CAPEX, O&M and Fuel Costs for each scenario for the year 2050 (10°
US$).

COPPE Greenpeace 100% RES

Power Source | CAPEX | O&M | Fuel | CAPEX | O&M | Fuel | CAPEX | O&M | Fuel
Photovoltaic 0.81 0.07 - 1.86 0.17 - 3.86 0.05 -
Nuclear 3.72 0,89 0.61 2.74 0,68 0.47 - - -
Hydro 12.43 1,16 - 13.82 1,22 - 20.94 0.15 -
Wind 6.25 0,48 - 7.34 0,59 - 33.90 0.21 -
Fuel Qil 0.46 0,39 1.21 1.10 0,89 2.72 - - -
Solar CSP 3.95 0,43 - 5.53 0,79 - 19.20 0.24 -

Rooftop PV 16.72 0,84 - 26.65 1,32 - 25.10 0.19

Natural Gas 4.82 3,67 | 15.64 8.46 4,45 | 19.00 - - -

Biomass 5.24 2,04 | 2.76 3.36 1,65 2.23 5.24 0.10 | 0.14
Small Hydro 2.80 0,64 - 1.57 0,49 - - - -
Coal 4.45 2,32 2.37 1.13 0,69 | 0.71 - - -
Wave Power - - - 0.54 0.04 - 8.15 0.09 -

TOTAL 61.64 12.93 | 2259 | 74.09 12.99 | 25.13 | 116.39 1.03 | 0.14

The marginal costs (US$/MWHh), Levelized Cost of Electricity (US$/MWh), total CO, emissions
(millions of tons and tCO2/MWh), and the percentage of RES for each scenario evaluated are
presented in Table 4. Marginal costs were calculated considering the sum of the annual cost of O&M,
fuel and CO, emissions. Historically, the costs to produce electricity have been evaluated using the
Levelized Cost of Electricity [15]. LCOE is considered as a reference to competitiveness by the
International Energy Agency (IEA). The LCOE considers also the investment costs in an annualized
base whereas the marginal costs do not take into consideration the capital expenditure.

Table 4. Results for marginal cost, LCOE and CO2 emissions for each scenario.

% RES  Marginal Cost LCOE CO; emissions  CO, emissions
(US$/MWh) (US$/MWh) (millions of (tCO2/MWHh)
tons)

Scenario 1 (COPPE) 62.62 25.99 65.22 128.6 0.082
Scenario 2 (Greenpeace) 66.22 27.02 74.17 104.4 0.066
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Scenario 3 (100% RES) 100 7.67 78.99 0 0

The overall installed power generation capacity is about 460 GW in scenario 1 (COPPE) whereas for
scenario 2 (Greenpeace) the installed capacity is equal to 512.4 GW. Greenpeace also considers a
higher installed capacity of natural gas for 2050 comparatively to COPPE. For this reason, the capital
expenditure for Greenpeace is 19.1% higher than for COPPE scenario. We can also note that the fuel
costs for Greenpeace is 11.8% higher than for COPPE, which comes to the higher amount of natural
gas and fuel oil used for electricity production for Greenpeace scenario.

Thus, regardless of the lower O&M costs of RES, the marginal cost obtained under Greenpeace
scenario is higher than the one obtained for COPPE, mainly due to the higher fuel costs in the first
one. The avoided CO, emissions brought by the increasing share of RES and its valuation are not
enough to compensate the high cost of fossil fuel in Greenpeace scenario. It is worth mentioning that
although LCOE for the Greenpeace scenario is 12.07% higher than the one for COPPE, it allows to
reduce CO2 emissions by 23.18%.

For the 100% RES scenario, the marginal cost (7.67 US$/MWh) is considerably reduced
comparatively to COPPE and Greenpeace scenarios mainly due to the lower O&M costs of RES and
because CO2 emissions costs are zero. Notwithstanding, because of its high CAPEX, the LCOE for
the 100% RES scenario is respectively 21.1% and 6.5% higher comparatively to COPPE and
Greenpeace scenarios. However, it would allow to reach a fully decarbonized electricity system.

The current Brazil’s electricity grid emission factor is slightly higher than 0.135 tCO2/MWh [43].
According to the results presented in Table 4, the estimated emission factor for COPPE (0.082
tCO2/MWHh) and Greenpeace (0.066 tCO2/MWHh) are very similar and decrease 39.4% and 50.8%
comparatively to the current emissions factor value.

5.6 Discussion

Economic and environmental analyses of the overall system were undertaken in order to complement
the technical analysis of the three scenarios analysed. According to the results, CO, emissions are
23.18% lower for Greenpeace comparatively to COPPE scenario. This, however, comes with an
increase of 12.07% in the levelized cost of electricity. The indicate that large RES scenarios tend to
result on higher LCOE but can also lead to the full decarbonization of the electricity sector, which
represents a conflicting trade-off between direct cost and environment. At this stage, it is important
to recall that LCOE does not fully take into account the main challenges posed by the intermittent
characteristic of RES. As such, aspects related to the difficulties of using LCOE for RES of
intermittent characteristics (as discussed for example by [44]) in particular in a large hydro system
and even the issue of energy independence mainly related to natural gas importations of Brazil, must
be further explored.

According to COPPE and Greenpeace scenarios evaluation, the results obtained under the technical
analysis showed that thermal power plants are intended to play an essential role in the next years,
mainly between September and December, due to the lower hydropower storage level. Thus,
according to the scenarios evaluated, non-RES technologies (primarily thermal power plants) will
continue to develop in order to provide a safer and reliable generation expansion plan in the scenarios
predicted by COPPE and Greenpeace. The results also indicate that the high share of several
complementary non-hydro RES is expected to diminish the dependency on hydropower and result in
a least-cost solution in the future. Furthermore, it can be noted that the increase of solar power will
have a significant impact on thermal power output, primarily during peak sun-hours. Wind power
also plays a key role in the future primarily between July and November.

Hydropower remains the most important power source for all scenarios regarding the overall
electricity production in 2050 with a supply share varying between 41.58% and 49.99%. Solar power
contributes between 6.17% and 14.93%, wind power between 7.6% and 26.81% and wave power
between 0.11% and 2.46%. The remaining electricity supply is expected to come from biomass and
thermal generation. However, the hourly results allow to highlight the higher contribution of wind
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power primarily in spring and winter seasons when the water storage levels of the overall system are
risky. It is worth mentioning that although non-dispatchable, the higher contribution of wind power
from June to December occurs mainly because of the more favourable wind-profile in this period of
time (see Fig. 7).

The total renewable electricity production for 2050 is expected to decrease from 81.7% in 2016 to
62.2% for COPPE scenario and 66.2% for Greenpeace scenario. This means that the high penetration
of wind and solar power in the future scenarios are not sufficient to compensate the decrease (in
percentage of the current share) of the hydropower source. On the other side, although the projected
power demand for 2050 is expected to be about three times higher than the demand of 2016, the
results show that the overall CO2 emissions (in millions of tons) are expected to less than double the
current emissions. The sensitivity analysis revealed that there is no need for importation and
exportation of electricity for both scenarios COPPE and Greenpeace even under low water
availability. As for the 100% risk scenario, a reduction of the water availability would lead to an
increase of the importation values and could even result on a few curtailment moments, which calls
for further studies on demand/supply balance and short-term storage.

It is worth mentioning that the largest part of the Brazilian remaining hydro potential is located in the
Amazon River basin (Northeast region) near indigenous lands and/or protected areas. Therefore, the
challenges of exploiting the remaining potential of hydropower are related primarily to social and
environmental issues. Although these social and environmental impacts are out of the scope of this
work, it is worth recalling that these aspects cannot be considered to be negligible in what concerns
the Brazilian power planning as showed in works such as [2] and [45].

In light of what was written in Section 4, due to technical limitations of the EnergyPLAN software,
it was not considered the interconnection restrictions between Brazilian subsystems on the
simulations. While it is beyond the scope of our current analysis, it would be relevant to consider the
impact of internal Brazilian interconnections in future studies. In addition, considering that the high
share of wind power occurs in the Northwest of the country, this would imply in possible future
problems related to transmission restrictions. Therefore, in light with [15], a significant increase in
the power transmission capacity of the Northwest subsystem would be required in order to enhance
its operational flexibility in situations of low storage availability (in which the interconnection would
be needed for electricity importation) and also for exportation of wind energy during specific periods
of the year. The possibility of additional international interconnections should be further evaluated
considering the effective exportation potential, the market interest and the bargaining power, as
discussed for example by [46].

Several uncertainties are evolved in the long-term 2050 horizon planning process, e.g., economic
growth, government policies, technological development, energy efficiency and demand response
measures. These features together might define the pathways in which the energy mix will be
deployed in the future. The possibility of future deployment schedules of energy prices to meet the
peak demand can also lead to reductions in the actual expansion requirements. The smart grid
deployment might also develop a key role in implementing the energy transition through the high
integration of RES technologies. The prospect for future technological developments such as storage
technologies, i.e., vehicle-to-grid, are in fact expected to play a key role in the long-term, contributing
to accommodate the critical excess of electricity production. Additionally, the availability of wind
and solar energy is strongly climate dependent. However, if the electricity generated by this VRE
could be temporarily stored in the short and long term, this problem would be minimized. The vehicle-
to-grid technology could support the grid and create a more reliable, responsive and stable electrical
system. The technologies’ deployment depends strongly on government financial incentives and new
political regulatory goal but should not be overlooked on long-term planning problems.

Specifically, for the Brazilian electricity sector, a more diverse energy mix is needed in order to
achieve a low carbon-based energy system and a more sustainable power sector. The ambitious
transition on moving toward a sustainable future is clearly considered a great energy challenge for
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Brazil. However, if we desire to surpass the economic, environmental and social impacts of fossil
fuel exploitation these measures are necessary and may set a landmark for future generations.

6. Conclusions

This work aimed to contribute to the evaluation of future scenarios for the Brazilian power sector,
resourcing to EnergyPLAN model to undertake the simulations. In contrast to traditional long-term
models characterized by a reduced number of time slices, EnergyPLAN simulates a single year in
hourly time-steps. This is considered an advantage from the model analysis in comparison with
traditional long-term energy planning tools. The hypothesis of obtaining hourly results for long-term
electricity planning could be considered an unrealistic assumption because it is improbable that future
electricity generation could achieve exactly the value obtained by the hourly simulation model.
Nonetheless, the real usefulness of obtaining results on an hourly basin is that it is possible to analyse
more accurately the probable implications of seasonal patterns in electricity use and the need of using
storage technologies in the future, for instance.

Conclusively, we refer to the research questions proposed in the introduction:
How can the Brazilian electricity system be modelled in the EnergyPLAN computer model?

This paper proposed a long-term EnergyPLAN model for the Brazilian electricity system. The model
was validated considering a reference year and then future electricity scenarios were analysed. The
results obtained by the EnergyPLAN model were then compared to the published scenarios for 2050.
Given the size and complexity of Brazilian electricity system, the model required some
simplifications for example in what concerns regional demand and transmission restrictions.
Considering the obtained results discussed along of this paper, the proposed Brazilian EnergyPLAN
model although simplified, was shown to be suitable to evaluate future scenarios for electricity
generation. In addition, the methodology applied in this work might be transferable to evaluate other
power systems.

Can a 100% renewable energy system be achieved by 2050 for Brazil?

The 100% RES scenario is found to be theoretically possible but a substantial increase in the installed
capacity would be required to support the grid mainly during periods of peak demand (6 p.m. to 10
p.m.). Our findings also demonstrated that the fully decarbonized energy system may be achieved but
the cost would tend to increase. The increasing cost of the LCOE for the 100% RES scenario is
estimated to be 21.1% and 6.5% higher comparatively to COPPE and Greenpeace scenarios,
respectively. This results both from the high CAPEX cost of most renewable technologies
comparatively to natural gas options and from the required higher reserve margin, as dispatchable
sources are necessary in order to provide a high level of security and reliability to the Brazilian power
system. There is a small risk of curtailment and electricity importations may occur for the fully
decarbonized system as illustrated in the sensitivity analysis. The outcome of the high supply share
of RES would also be the existence of critical excess electricity production (CEEP), which refers to
the full amount of electricity which is exceeding the electricity needs and the interconnection
capacity. The transition to a 100% RES also contributes to the goal of reducing the imports of natural
gas from Bolivia and consequently moving towards the Brazilian energy independence and increasing
energy security.

We conclude that RES could contribute significantly to the decarbonization of power systems, even
for regions or countries for which demand is still expected to increase during the next years, as is the
case of Brazil. The simulation exercise showed that this may be achieved but the cost would tend to
increase. However, the 100% RES scenario should be further explored considering both the use of an
optimization approach and the prospects for the electricity sector such as the inclusion of storage
systems, new interconnections capacity and demand-side management strategies. Additionally, future
works should consider other scenarios analysis and compare to the ones presented in this research
paper. We also suggest the inclusion of more sectors (beyond the electricity sector) such as the
heating, cooling and transportation to analyse the transition to a fully decarbonized energy system in
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Brazil. This should provide more achievable and affordable solutions to the transition of the entire
energy system into future renewable and sustainable energy solutions.

Last, but not least, we highlight that many other pathways towards achieving a fully decarbonized
energy system for Brazil by 2050 can be proposed, but for each pathway, a set of significant changes
away from the current energy system would be required.
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Appendix A

Table A.1. EnergyPLAN input data for the reference model (2016) e for the future scenario (2050).

Electricity Demand
Reference Coppe Greenpeace
(2016) (2050) (2050) 100% RES
Electricity Demand (TWh/year) 541.29 1,571.55 1,571.55 1,571.55
Fixed Import/Export (TWh/year) 0.179 0.179 0.179 0.179
Total Electricity Demand (TWh/year) 541.47 1,571.73 1,571.73 1,571.73
Electricity Supply
Dammed Hydro Water Supply (TWh/year) 186.03 204.63 204.63 204.63
Storage for Dammed Hydro (GWh) 96,145 105,759.5 105,759.5 105,759.5
Dammed Hydro Power (MW) 44,586 53,385 53,846 53,846
River Hydro (MW) 52,340 131,529 135,683 175,300
Nuclear (MW) 1,990 13,412 10,412 0
Thermal Power (coal, oil, gas) (MW) 14,147 103,230 123,305 0
Biomass (MW) 27,128 52,287 38,584 52,287
Wind (Northwest and North) (MW) 8,210 36,838.33 41,851.36 132,000
Wind (South) (MW) 1,886 9,631.49 5,555.82 76.000
Wind (Southwest and Mid-west) (MW) 28 149.18 5,555.82 '
Solar Power (Northwest and North) (MW) 15 38,830.68 63,061.22 38,830
Solar Power (South) (MW) 4 10,353.66 16,814.39 56.000
Solar Power (Southwest and Mid-west) (MW) 4 10,353.66 16,814.39 '
Wave Power (MW) 0 0 1,000 15,000
CSP Solar Power (MW) 0 * * 24,300
TOTAL INSTALLED CAPACITY (GW) 150.34 460.00 512.48 623.56
Pump Back Capacity (MW) 137.9 137.9 137.9 137.9
International Interconnection Capacity (GW) 17 17 17 17

*Included in Solar Power (Northwest and North), Solar Power (South) and Solar Power (Southwest and Mid-west) due

to EnergyPLAN simulation restrictions.
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