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Abstract: This article evaluated bioelectricity’s evolving competitiveness and systemic complementar-
ity benefits, both in comparison with other renewable sources. To do so, the results of several energy
auctions were analysed, and a modelling exercise was developed using an optimisation model based
on stochastic dual dynamic programming. The results indicate that wind and solar energies became
the least cost expansions, and sugarcane bioelectricity lost significance and competitiveness in this
environment. At the same time, the study shows that wind power’s potential to be complementary
to hydropower generation is greater than bioenergy in Brazil. These findings have relevant policy
implications regarding the power sector and whether bioelectricity from sugarcane should still be
incentivised along with wind power sources. It is worthwhile to point out that although the Brazilian
case is explored in the article, it can be used as an example by other countries, especially developing
ones, that can take advantage of Brazilian expertise on biomass exploitation aiming at integration
with the power sector.
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1. Introduction

Renewable sources contributed to 48.4% of the Brazilian energy mix in 2020 [1]. Bioen-
ergy is the primary renewable source in the Brazilian energy system, contributing to 33.6%
of the national energy supply [1] and 9% of electricity production in 2020 [2]. The industrial
sector is the largest consumer of bioenergy (44.8%), followed by the transportation (23.8%)
and energy sectors (17.1%) [1]. Most of the bioelectricity available to the Brazilian electric
system is derived from sugarcane by-products [3]. Water saving in the hydroelectric reser-
voirs due to bioelectricity generation during the dry season and the production locations
close to the most significant power consumption centres are considered important features
of this source [4–6].

Brazil has developed a set of policies and regulatory measures focusing on promoting
bioelectricity and other renewable energy sources, mostly wind, solar, small hydroelectric
generators, and bioelectricity (Table 1). It is worth mentioning that the social aspect
associated with those energy sources is not explored in Table 1 because it is not the focus of
the current work. Regardless, some studies suggest that investments in renewable energy
are associated with GDP growth, employment growth, increase in welfare, and reduction
of atmospheric pollution and greenhouse gases [7–14].
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Table 1. Policies and incentives for variable renewable energy sources.

Measure Description Applies to Bioelectricity

Program for Alternative Sources
of Electric Power (PROINFA)

Created by Law 10.438 of 26 April 2002; had as its first
objective the procurement of 3300 MW (1100 MW each

of wind, biomass, small hydro), with the second
objective of renewables reaching 10% of electric energy

consumption in 20 years through a feed-in tariff
mechanism; only the first goal was met [15,16].

Yes. Bioelectricity was procured at
only 62% of the initial goal; the

result was associated with the low
reference value used for this

source and with the weak
structure of the equipment supply

chain [17,18].

Tax incentives

Federal and state tax exemption for equipment
production; in the North and North-East regions,

generating companies are exempt from income tax, and
project up to 30 MW of installed capacity are under a

special income taxation regime [19–21].

Yes

Subsidised financing

The Brazilian National Bank for Economic and Social
Development (BNDES) provided funding for renewable
energy projects with interest rates lower than the private
financing market; almost all renewable sources projects

use this financing option.

Yes

Discount on tariff from the use of
the transmission (TUST) and
distribution systems (TUSD)

Discount higher than 50% on tariffs for using the
transmission (TUST, in its Portuguese acronym) and

distribution systems (TUSD) for renewable generation
undertakings: wind, solar, biomass, and qualified

combined cycle [22].

Yes

Special consumers (load between
500 kW and 2.5 MW)

Consumers can buy energy from renewable generators
that inject power of less than 50–300 MW [22]. Yes

Net-metering system

Resolution 482 of 2012 and 687/2015 allows consumers
to generate up to 5 MW to compensate for the electric

energy consumed using the power injected in the
distribution grid.

Yes

Exemption from investing in R&D
and energy efficiency

Renewable energy investments were made exempt from
the mandatory investment in the Research and

Development program (R&D) and Energy Efficiency
program.

Yes

Distributed generation contracts
Electric energy operators can buy distributed generation

projects through an official call for bids up to 10% of
their loads.

Yes

Renewable energy source auctions
The government has used the regulated contracting

environment and reserve auctions to procure variable
renewable sources [23,24].

Yes

The Brazilian Electricity Production and Transmission System (SIN, in its Portuguese
acronym) is predominantly hydroelectric, consisting of four interconnected subsystems
(South, South-East/Mid-West, North-East, and North) organised around 16 hydrographic
basins [23,25].

In recent decades, the SIN transformed due to the construction of run-of-river power
plants in the North region, thus increasing wind power and bioelectricity contributions,
giving rise to the proliferation of interconnections among the subsystems, and developing
thermal power plants to accommodate hydrologic behaviour and the lack of new energy
reservoirs. In 2006, 84.9% of Brazil’s installed generation capacity was hydroelectric [26].
In 2020, 59% of the power generated was hydroelectric, 24.4% was from thermal power
stations driven by fossil fuels and biomass, 9.8% was from wind, and 1.9% was from solar
energy [2].

This time, bioelectricity generation increased in both the South-East and Mid-West
regions. As for the North-East region, capacity expansion occurred because of several wind
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power projects; currently, 38.1% of the installed capacity of this region is from wind power
projects, with 98.8% of these projects starting from 2009 onward [27].

The electric energy consumption in the country was significantly affected by the
national economic crisis of 2015. The energy demand, which grew by 2.5% from 2013 to
2014, did not recover to 2014 levels until 2018, and nonetheless, industrial consumption
remained 5.3% lower than in 2014 [28,29]. In 2020, the preceding crisis was aggravated by
the COVID-19 pandemic impacts [30–33].

Most of the bioelectricity is generated by the sugar-energy sector in Brazil, accounting
for 81.5% of the marketed bioelectricity, amounting to 26.3 TWh in 2018 [3]. This electricity
surplus results from the combined cycles of sugarcane processing for sugar and ethanol
production. The bagasse resulting from sugarcane crushing is used as fuel for thermal and
electric energy generation [5,34,35]. In addition, recovered sugarcane straw is processed for
energy production [36].

Nonetheless, much of the export potential offered by bioelectricity to the grid has not
yet been explored. On the basis of the amount of bagasse available in the 2016/2017 harvest,
the estimated technical potential is 9.5 GWavg, 239% more than bioelectricity generation
in 2017 [3,37]. With the possibility of recovered sugarcane straw and end fragments,
6.2 GWavg could be added to that power [37], yielding a cumulative value of 15.7 GWavg.
This great potential could be explored to supply electricity to the grid, whether it presents
competitive prices or systemic advantages for the power system. Further information about
bioelectricity generation potential can be found in the Supplementary Material.

Under the Paris Agreement, Brazil structured its National Determined Contribution
around the main goal of reducing GHG emissions in 2025 and 2030 by 37 and 50%, respec-
tively [38], compared to 2005 levels of 2.4 GtCO2eq [39]. Brazil has recently committed to a
net-zero greenhouse gas emission in 2050.

The energy sector is not the main source of CO2eq emissions in Brazil. In 2020, the
energy sector represented 18.2% of Brazilian emissions accounting for an absolute value of
2.1 GtCO2eq [40], with power energy generation emitting approximately 49.0 MtCO2eq [2].
However, to meet Brazil’s commitments under the Paris Agreement, this carbon emission
amount needs to be reduced or kept at the same levels nowadays.

Bioelectricity is also an important component of energy systems with low greenhouse
gas (GHG) emissions [41–43]. The National Biofuel Policy (RenovaBio), the latest Brazilian
policy focusing on biofuels, aims to increase biofuel’s role to meet the Paris Agreement’s
national commitments [44]. It is not a bioelectricity-dedicated policy, but it might boost
investments in the sector.

However, despite the importance of bioelectricity in the decarbonisation process
and its power generation potential, this source has become less competitive than other
options [45]. Several studies have identified insufficient market signals due to variations
in the energy auction ceiling prices and significant reduction of solar and wind bid prices
in energy auctions as the main reason for this effect [46,47]. This effect is more relevant
considering the additional cost of recovering sugarcane straw [48–50].

Few studies have evaluated the barriers to expanding sugarcane bioelectricity in the
context of market conditions, ongoing transformations in electric systems, commitments
under the Paris Agreement, and the sugar-energy sector approach. One study [5] reported
the need for deeper evaluations of the existing barriers in the power sector and the many
challenges in the value chain of the sugar and ethanol industries. Studies in other de-
veloping countries have prioritised identifying national or regional potentials, different
technological options for bioelectricity generation, and incentive policies to increase its
use [51–54].

This study focused on the performance of bioelectricity in Brazilian energy auctions,
and it aims to evaluate the possible benefits of bioelectricity for the Brazilian power system.
The outcomes presented here can contribute to ongoing efforts if it makes sense to keep
offering incentives to promote bioelectricity. The findings can help figure out if it makes
sense to keep offering incentives to promote bioelectricity. Moreover, the results can help
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other developing countries build policies focused on bioelectricity incentives by taking
advantage of the Brazilian experience.

The analyses were performed by evaluating two relevant dimensions. One of them was
the evolving competitiveness of bioelectricity compared to other renewable sources. The
other analysis was its systemic complementarity benefits using the NEWAVE hydrothermal
dispatch optimisation model. The methodological approach is detailed in the second
section, followed by results presented in the third section; the fourth section discusses the
results, and finally, the conclusions and policy implications of the research are shown in the
last section.

2. Materials and Methods

This study used quantitative methods based on primary data development from
system modelling and secondary data collection, systematisation, and analysis [55,56].
An analytical framework was developed to explore two important dimensions to explain
bioelectricity participation in the Brazilian electricity matrix. The first dimension is the
bioelectricity performance in energy auctions. This dimension considers the bioelectricity
success when competing with other energy sources such as wind and solar especially, it is
the bioelectricity competitiveness. The second dimension considers the bioelectricity sys-
temic benefit due to its complementing hydropower generation potential. This dimension
is important because this attribute can justify special treatment for a biomass power source
in the energy auctions if there is a systemic benefit associated with this source that is not
being considered.

2.1. Competitiveness of Bioelectricity in Energy Auctions

The Brazilian energy market is divided into two environments. In the regulated
contracting environment (regulated or captive market), customers with a demand load of
less than 2.5 MW can buy energy only through electric energy distribution companies [57],
and here, bioelectricity capacity is enabled through energy contracting auctions [37,45].
In contrast, in the free contracting environment (free market), energy consumers with a
demand load equal to or higher than the threshold have greater freedom to choose their
supplier(s). To stimulate RE development, customers who consume more than 500 kW
have been granted access to the free contracting environment but can buy only from RE
projects, thus increasing the market share of these sources.

The two most common types of direct incentives for RE were the Reserve Energy
Auctions (LER), created to procure sufficient energy to ensure the structural security of
SIN [23], and the Alternative Energy Source Auctions (LFA) of additional installed capacity
acquisition restricted to RE. Various studies explain these auctions’ operations [23,58–61].
As shown in Table 1, bioelectricity, like other renewable sources, has benefited from several
policy incentives, and the auctions were particularly motivating because they reserved
capacity in the energy mix for RE sources.

The analysis of bioelectricity competitiveness in the energy auctions was based on
secondary data collected and systematised from all auctions through October 2019 (a total
of 12 auctions) run by the Chamber of Commercialization of Electric Energy (CCEE in
its Portuguese acronym) [62]. The data included registered projects, procured volume,
initial maximum price, average procurement prices, and investment prices. All costs were
adjusted to 2019 levels [62,63].

2.2. Evaluation of the Systemic Benefit Produced by Sugarcane Bioelectricity

The bioelectricity benefit to the Brazilian power system is associated with its capac-
ity to complement the seasonal hydroelectricity profile. To this end, simulation cases
were created on the basis of the multi-stage NEWAVE model of hydrothermal dispatch
optimisation [64,65] to evaluate if the bioelectricity seasonal profile generates positive
impacts on selected systemic indicators.



Energies 2023, 16, 955 5 of 18

NEWAVE is one of the official model tools used by the System Operator (ONS) and
CCEE to support the mid/long-term power plant dispatch planning and define the price
of electricity in the Brazilian power sector [66]. In order to reduce the system’s overall
operating cost during the planning horizon, NEWAVE calculates an optimised monthly
dispatch for the interconnected system’s hydro and thermal generating plants [67].

NEWAVE is developed by the Electric Energy Research Center (CEPEL—Portuguese
acronym). It is based on a stochastic dual dynamic programming approach (SDDP) that is
implemented in order to minimise the expected value of the total operation cost (future cost
plus immediate cost) during the planning period [68]. Then, NEWAVE is capable of dealing
with uncertainty regarding the compromise decision between depleting (using water) and
not depleting (using thermoelectric plants) the reservoirs [69]. NEWAVE optimisation
decisions are based on the total cost for the whole simulated period.

NEWAVE aggregates hydropower plants into equivalent reservoirs in each subsystem,
while the thermal power plants are individually represented. Other power sources, such
as wind and bioelectricity, are not modelled explicitly; the expected generation of these
sources is subtracted from the total load, which means that the hydro and thermal power
generation must supply the netload.

In the original NEWAVE, the wind generation is treated deterministically. In this
work, some cases approached wind generation stochastically following the methodology
developed in [70]. It addresses wind farms as run-of-river hydropower in which energy
inflows are associated with wind speed.

To reach the goals of this study, a couple of NEWAVE runs were developed on the
basis of different scenarios. All scenarios are built by modifying the NEWAVE version used
by the Brazilian ISO in [71] that modelled the period between 2019 and 2023. It is important
to mention that during this period, there were no representative changes in the Brazilian
power sector thus far, and therefore the most recent modelling exercise would not lead to
divergent results.

In the reference scenario, no changes were applied on the model, despite the addition
of a stochastic representation of wind power plant generation. There were two scenarios in
which the South-East/Mid-West submarket and sugarcane bioelectricity generation load
were manually increased by 10% and 20%, respectively. Those scenarios were done to
make the bioelectricity impacts in the system more noticeable. The values of 10% and 20%
were chosen because they were already providing a substantial increase in the bioelectricity
share that was capable of making the proposed comparison effective.

Moreover, this boost was applied in the selected subsystem because most of the
sugarcane bioelectricity capacity is located in the southeast. The fourth scenario was based
on 10% load and bioelectricity increase in the Southeast region but with a deterministic
wind power representation.

All scenarios were developed for a standard and a critical hydrology condition. The
hydropower plant reservoir level and water inflow initial conditions were represented by
2019 data in the standard analysis and by 2015 data in the critical analysis.

The seasonal aspect of the bioelectricity generation curve was adjusted in all previous
scenarios to evaluate if it added value to the system. The bioelectricity seasonal profile
represents the variations in the bioelectricity-aggregated capacity factors following the
procedures adopted by the Brazilian System Operator [72]. In the sensitivity analysis,
bioelectricity had the same energy volume but a flat profile.

Moreover, the last scenario was developed on the basis of the 10% load and bioelec-
tricity increase with the addition that wind generation was artificially flattened instead of
the biomass, which was kept seasonal. It is conducted to check if the wind seasonality was
more or less important to the system than the biomass power generation profile.

It is important to highlight that the balance of the system was not altered. As explained
above, the generation curves of both bioelectricity and wind power were altered to a flat
profile without annual intermittence, but the energy volume was kept the same.

Table 2 summarizes all scenarios and the sensitivity analysis associated with them.
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Table 2. Description of main scenario features.

Scenario Wind
Generation Load Addition Hydrology Biomass

Generation

Reference Stochastic 0 Standard/critical Seasonal/flat

W10 Stochastic 10% Standard/critical Seasonal/flat

W20 Stochastic 20% Standard/critical Seasonal/flat

W10D Deterministic 10% Standard/critical Seasonal/flat

W10F Flat 10% Critical Seasonal

The simulations used and adapted some of the NEWAVE parameters for an intercon-
nected system defined by the National Electric System Operator in its Monthly Operation
Program from January 2019 to December 2023 [71,73]. Table 3 presents the input generation
system condition or characteristics described to evaluate sugarcane bioelectricity’s seasonal
benefits.

Table 3. Qualitative aspects considered in the simulations.

System Condition or Characteristic Definition

Reservoir level January 2019 (standard) or January 2015 (severe).

Hydrologic tendency January 2019 (standard) flow rate from July to
December 2014 (severe).

South-East/Mid-West load 10/20% addition to the South-East/Mid-West
gross load preserving its behaviour profile.

Sugarcane bioelectricity

Additional generation was added to the
South-East/Mid-West submarket to supply

additional load and adjust levels similar to wind
power generation.

Bioelectricity generation profile curve Seasonal average generation per month [71,73].
Average generation per month with a flat pattern.

Wind generation profile curve Transformed wind power generations in uniform
quantities throughout the months—flat curve.

Although NEWAVE is the official model used in Brazil, it still has some flaws, with
most being associated with the fact that it is a mid-term optimisation model. Some stud-
ies indicate that NEWAVE tends to be somewhat optimistic when forecasting the hydro
resource availability [72,73]. Nonetheless, this characteristic of the model does not affect
the obtained findings of this study.

3. Results
3.1. Performance of Sugarcane Bioelectricity in Energy Auctions

Analyses of bioelectricity projects registered in energy auctions showed that a substan-
tial majority were sugarcane projects, accounting for an average of 78% of all registrations.
Figure 1 shows that the registered sugarcane volume was under 50% of the registered
bioelectricity projects in two energy auctions. In addition, two instances exhibited excep-
tionally high rates of sugarcane bioelectricity registration. Between 2010 and 2011, the
LER and LFA supported capacity expansion; however, in 2015, the first auction was LFA
restricted to wind and bioelectricity sources, and the second auction was a current energy
auction. In this period, the average of registered bioelectricity projects per auction was
740 MW, and the average technical qualification was 440 MW.
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Figure 1. Bioelectricity projects registered and qualified for energy auctions in Brazil [30,43,44].

Concerning the technical qualification defined by the Brazilian government for the
registered projects in the auctions, sugarcane bioelectricity projects have an average rate
of 58% qualified (the straight blue line in Figure 1), which means that on average, 58% of
registered bioelectricity projects can fill the obligations necessary to participate in the power
auction. The relatively small value is mainly because of environmental licensing, location
usage rights, and problems in connecting the project to the basic distribution grid [45].
All of these elements are recognised as barriers to greater investment in biomass power
sources.

Between 2009 and 2019, approximately 4000 MW of installed capacity and 13,578 GWh
of average energy were procured [45]. It is interesting to notice that the average capacity of
those projects is approximately 50 MW [36], in general, associated with medium and great
mills, as small mills are not competitive. Figure 2 shows the considerable variation in price
ceilings for those projects, stable until 2010, with the lowest price in 2011.

As the price ceiling began to drop in 2008 until its minimum in 2011, the procure
volume did not respond with a reduction in procured energy. For this reason, the price
ceilings did not return to the 2010 level until 2014. However, significant variations persisted
and only stabilised after 2017. On the other hand, the rises in the price ceiling from 2015
onwards did not appear sufficient to reach the previous project procurement level.
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on [62,74].

Even after the price ceiling reduction, the energy volumes procured at auctions be-
tween 2010 and 2013 were more steeply discounted than in previous years. Although not
much affected until 2010, between 2010 and 2011, bioelectricity procurement was reduced
by an average of 18% (Figure 3). These events contributed to the official plans to expand
the expected procurement volume for sugarcane bioelectricity to become competitive with
other RE sources [75–77].
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However, Figure 1 also shows the stagnation of the volumes of both registered and
qualified projects between 2011 and 2014. This period coincides with the low-price-ceiling
phase of Figure 3. This evidence points towards dismantling the value chain instead of a
rise in competitiveness.

The average procuring prices, as presented in Figure 2, showed a reduction between
2010 and 2012, followed by a rise until 2016, and remained mostly stable until 2019. Sug-
arcane bioelectricity procurement prices have oscillated, with an average price range of
234.31 R$/MWh.

Figures 2 and 3 also show that the bioelectricity value chain deteriorated because
of price ceiling variation and incoherent signalling in the planning. Wind power prices
decreased substantially, motivating an expansion in that sector and stiffening competition
against bioelectricity. As of 2017, both wind and solar power were traded at price levels
far lower than bioelectricity. Because wind and solar sources are relatively newer and not
entirely consolidated technologies, significant price reductions continued in the following
years [78,79].

As of 2016, state planning has suggested an average procurement amount for sugar-
cane bioelectricity, and public auction has shown stable price levels. Nonetheless, because
of the aforementioned demand crisis, competition for procurements has significantly broad-
ened, and, despite major discounts in procurement prices, procurement volumes have
been lower since 2016 (Figure 2). Bioelectricity price levels are now higher than other
renewable sources and are similar to the prices of natural gas projects (Figure 4). However,
the technologies used in natural gas generation have characteristics and attributes, such
as flexibility and state-of-the-art service, that are currently high priorities [37]. Thus, the
procuring process may more favourably select natural gas projects.
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3.2. Systemic Benefits of Sugarcane Bioelectricity

The systemic benefits of sugarcane bioelectricity were evaluated on the basis of some
selected indicators listed in Table 4, indicating whether the comparison is favourable. If
sugarcane bioelectricity contributes to the system, it avoids thermal dispatch and improves
system security by reducing its marginal operational cost. The South-East/Central-West
subsystems were chosen because these are the subsystems where the majority of the
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sugarcane bioelectricity potential is located and the effects would be most noticeable. The
exception was the system’s total cost, which helps to evaluate the global benefits.

Table 4. Indicators selected for comparisons.

Indicator System Percentage Comparison

Marginal operational cost
(SRMC)

South-East/Mid-West
subsystem the higher, the worse

Thermal generation South-East/Mid-West
subsystem the greater, the worse

Total cost Interconnected system the greater, the worse

The evaluation of short-range marginal cost (SRMC) for scenarios with critical hydrol-
ogy, presented in Figure 4, offers some interesting insights about the role of biomass and
wind. First, the deterministic approach for wind power makes everything easier for the
power system modelling. SRMC values are much higher for the stochastic cases. It was
expected since, in the stochastic representation, the model has to deal with uncertainty, as
in the real world.

Secondly, when comparing the seasonal and flat biomass generation for each case,
it is possible to notice that the flat biomass generation slightly reduced SRMC values by
1% and 3.5% for scenarios with load and biomass addition of 10% (W10) and 20% (W20),
respectively. In the reference and in the W10D scenarios, the flat case was less than 0.5%
more expensive than the seasonal one. It likely occurred due to the biomass addition’s
impact on the netload. While the flat biomass generation affects the net load equally in the
whole year, the seasonal biomass generation has greater impact in the year’s dry season
and none in the wet period. Therefore, considering the fact that the hydrology is based on
a drought period, the hydropower generation cannot deal with the load addition that is
supposed to be supplied by biomass. It is emphasised in the stochastic case because of the
uncertainty that the system must manage.

In the dry season, when biomass is available, it is not enough to fill the hydropower
reservoirs. Due to the shortage of water in the wet period, there is no hydropower capacity
to supply all additional demand, and thermal power plants must be dispatched. It should
be noticed that in the scenarios with standard hydrology, the difference between seasonal
and flat biomass generation was much smaller because hydropower could supply most of
the demand (Figure 5).

Finally, it must be highlighted that the impact of flat wind generation was much greater
than flat biomass generation. The SRMC was almost 6.5% more expensive in the W10F
(flat wind generation) than in the scenarios with flat or seasonal biomass and deterministic
wind. This shows that wind power complementarity offered substantially more benefits to
the system. As the percentage differences were insignificant between the flat and seasonally
fluctuating bioelectricity results, this indicates that the seasonal character of bioelectricity
was no longer providing noticeable benefits to the SIN.

The situations mentioned above were also observed for other selected parameters.
Figures 6 and 7 show that the alteration in the wind generation curve affected all of the
indicators more than the alterations in the bioelectricity load generation curve. Part of the
benefit from the bioelectricity seasonal generation curve was lost because of the intense
variation over the generation months.
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4. Discussion
The Brazilian Experience: The Need for Integrated Bioelectricity Policies

Several studies have demonstrated the importance of bioelectricity for the decarboni-
sation process in the Brazilian energy mix [41,43,80]. Despite this acknowledgement, this
study identified concerns from the perspective of the bioelectricity sector in the Brazilian
context. The results suggest that bioelectricity is losing relevance in the SIN due to a loss of
competitiveness compared to other renewable sources and transformations in the Brazilian
electric system that are led by sources that are providing better systemic benefits when
compared with bioelectricity.

The analyses of energy auctions showed that bioelectricity had lost competitiveness
compared to other energy resources, especially wind power. The policies developed to
promote electric energy generation based on renewable sources have always favoured
wind and solar sources, small hydroelectric sources, and bioelectricity (Table 1). However,
bioelectricity has suffered from the constant alteration in market signals, indicated by
price ceiling variations and the consequent dismantling of the value chain, as discussed
in Section 3.1. In the meantime, other renewable sources reached lower price levels, and
the competition in energy auctions negatively affected bioelectricity, with wind power
generation attaining greater installed capacity relative to bioelectricity in 2016. This finding
is supported by various studies [45,46].

The more diversified the generation mix, the more regulatory changes are needed to
overcome these barriers and enhance the relative competitiveness of bioelectricity. This can
be done through dedicated bioelectricity auctions, regional auctions, procurement-specific
auctions, or even pricing for non-GHG emission or locational attributes. Furthermore,
sugarcane straw is not likely to contribute significantly to bioelectricity expansion because
of technical and regulatory barriers such as low and volatile prices, demand for a high
amount of energy, absence of long-term policies, small experience of the sector regarding
the straw collection, store and transport, need of extra investments on special boilers, and
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demand for specific machines for straw packing [81–85]. All these aspects related with
bioelectricity from sugarcane straw could be further explored; however, this was not the
goal of this work. Other studies indicate that auction prices do not make the sugarcane
generation potential feasible [48,50].

Regarding transformations in the Brazilian energy system, bioelectricity projects still
face historical problems connecting with the transmission system. Increased demand
and stalled construction of large hydroelectric reservoirs have eroded the SIN’s storage
capacity relative to the national need. Although the system can store approximately
292 GW, projections show that in 2023, the system will have only 4.8 months’ worth of
energy stock [62]. In addition, the Brazilian power system is expected to require energy
resources that provide sufficient flexibility to meet the peak demand, with the share of
natural gas projects expected to increase in the coming years [37]. To meet these needs,
the complementarity between hydroelectricity and RE sources should be explored [62].
However, the simulations performed during this study suggested that these advantages
are barely perceptible when it comes to biomass power because, despite generating higher
amounts of bioelectricity in the dry season, the wide variation in capacity during other
months reduces this benefit considerably.

The simulations also showed that wind power generation could be more relevant
(Figure 5) because wind power generation is also complementary to hydroelectric power
generation [80]. The substantial reinforcements for the connections among the SIN sub-
systems have also facilitated the exploitation of wind power generation complementarity.
Along with these developments, from 2014 ahead, the extension of transmission lines added
to the system increased year after year; in 2020, it reached 147,692 km of transmission lines
added to SIN connections among the four regions [2]. Between 2019 and 2023, significant
efforts were and will be made to expand the capacity of the subsystems for receiving and
exporting power. The North-East subsystem will increase its capacity to export to the South-
East/Mid-West by 141.2% [71], leveraging synergies among the different hydrographic
basins and complementary wind power from the North-East subsystem.

In that sense, one of the main advantages of bioelectricity is also delivered by wind
power. It hampers the capacity of bioelectricity to offer valuable services to the power
system once there are better and cheaper alternatives. Therefore, it is possible to inquire if
it is still logical to keep investing and promoting bioelectricity from sugarcane.

In the last 20 years, evidence suggests that the sugarcane-derived bioelectricity in-
stalled capacity expanded concomitantly with the sugar and (mainly) ethanol market
expansion. Figure 8 presents the bioelectricity and wind power installed capacity growth
from 2002 to 2017, clearly showing the correlation of the bioelectricity installed capacity ex-
pansion with the expansion of the sugar-energy sector, which increased sugar and ethanol
production by 71 and 121%, respectively [86].

An integrated biofuel–sugar–bioelectricity policy could make sense and foster invest-
ments in bioelectricity in the way it would make sense to keep adding this source to the
power sector. However, no integrated policy for bioelectricity and ethanol considers the
dynamics of the electric and sugar-energy sectors. Although fuel sector policies negatively
affected the sugar-energy sector, bioelectricity benefited from incentive policies for RE
expansion (Table 1).

Furthermore, the findings and discussion herein presented can be useful for other
countries to take advantage of the Brazilian experience in order to develop policies focusing
on renewable energy source and bioelectricity. Of course, each country has its peculiarities,
but the Brazilian case can be analysed under a specific view for different perspectives.
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Figure 8. Sugar and ethanol production and cumulative capacity additions from 2002 to 2017 Based
on [64,83].

The current study did not develop an integrated biomass sector analysis. It focused
on the power sector and the potential benefits of bioelectricity from sugarcane. The results
indicate that bioelectricity is not the cheapest, neither the best source to complement hy-
dropower. Regarding the non-GHG emission attribute, one Brazilian case study suggested
that pricing in the range of 10 USD/tCO2eq would not alter relative competitiveness among
generation sources, especially because the current cheapest alternatives are also non-GHG
emitters [87]. However, this aspect was not thoroughly evaluated in this study and needs
to be addressed in future investigations.

5. Conclusions

The analysis of the Brazilian case is relevant because Brazil has implemented incen-
tives for RE that also benefited sugarcane bioelectricity and because of the importance of
the sugar-energy sector in Brazil. Moreover, Brazil is one of the main countries in develop-
ing the biomass sector. Brazil’s bioelectricity prospects can be analysed as resulting from
interactions between the sugar-energy and electric sectors. The methodological approach
evaluated the bioelectricity sector from different perspectives: competitiveness of bioelec-
tricity in energy auctions and its systemic benefits in the Brazilian electric sector. Market
conditions and specific competitiveness factors affect bioelectricity supply. We found that
wind and solar energy generation has been expanding rapidly with relatively lesser invest-
ments, and sugarcane-derived bioelectricity lost significance and competitiveness in such
an environment.

Technological developments and RE incentive policies have reduced the procurement
costs of wind and solar sources; moreover, supporting changes to the layout of the energy
system for integrating wind and solar energy and the policies developed for these sectors
negatively affected the competitiveness and development of bioelectricity. The new context
of RE integration will involve greater competition between variable renewable sources,
with bioelectricity remaining as a contributor to the SIN but with decreased importance
and relative presence in the Brazilian energy mix.
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This study shows that bioelectricity seasonality is not as good as it was disseminated,
and the complementarity between wind power and hydropower generation is more intense.
The findings can contribute to policies for expanding bioelectricity in the electric energy
generation mix on the basis of its real value to the power sector. Future research might
investigate whether valuing some of the bioelectricity attributes, such as non-GHG emis-
sions and location near demand centres, would alter the competitiveness of bioelectricity.
It would also be important to assess whether the simulation results would be significantly
different considering the hourly or sub-hourly resolution, as well as larger time horizons.

The design of policies that integrate and coordinate sectors is critical to realising the
potential of bioelectricity. For now, in Brazil, bioelectricity development can take advantage
of the National Biofuel Policy (RenovaBio) that could foster a recovery in the sector that
would improve the expansion of the bioelectricity supply [29,76]. The costs and barriers
inherent to the power sector should be considered, as well as those that will provide
bioenergetic waste for energy generation. In addition, consistent price signals are essential
to mobilise the value chain of the biomass sector in preparation for new projects. These
findings have relevant implications for policy design in Brazil, and at the same they can be
used as an example for any other country that aims to invest in this source since Brazil is
one of the countries with greater know-how on biomass and bioelectricity use.

Supplementary Materials: The following supporting information can be downloaded at https:
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