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a b s t r a c t

Brazil is the second largest producer of ethanol in the world and it has the most competitive raw ma-
terial: the sugarcane. Even though this industry has undergone great productivity gains, it still offers
promising innovation opportunities. Some of these opportunities include second-generation ethanol,
biogas and biochemicals. Seeking to address the main difficulties faced by the Brazilian sugar-energy
sector in terms of innovation, the objective of this work is to analyze the innovation opportunities in
the Brazilian sugar-energy sector, as well as their main drivers and inhibitors, from the Innovation
System Agents (ISA) perspective according to the Sectoral System of Innovation (SSI) approach. There-
fore, 17 experts were interviewed, and an analytical framework was developed to analyze the innovation
opportunities. It was verified that the difficulties to innovate occur due to inhibitors present along all
dimensions of the sectoral system. To solve this, the creation of an ecosystem with players from other
sectoral systems was suggested.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The use of sugarcane in Brazil began during the colonization
period, when the focus was only on the production of sugar. Later,
in the 1970s, via Programa Pro�alcool (the National Alcohol Program),
the government encouraged the fast increasing in ethanol pro-
duction. This program aimed to reduce dependence on automotive
gasoline following the oil shocks in 1973 and 1979. The result was a
20-fold increase in production over a 16-year period (Stattman
et al., 2013). Since 2003, flexible-fuel vehicles (FFVs) e vehicles
that can use both gasoline and ethanole have been replacing single
fuel (ethanol-only or gasoline-only) cars, and by 2007 the pro-
duction of ethanol-only vehicles was ended. By 2017, FFVs
accounted for 88.6% of vehicle sales in Brazil (ANFAVEA, 2018).

Today Brazil is the second largest producer of ethanol in the
world and it has the most competitive raw material. Three main
reasons can be cited: firstly, the cost of producing sugarcane
ethanol in Brazil is 50e60% lower and 20e30% lower, in compari-
son with corn and beet, respectively, two important raw materials
(Manochio et al., 2017). Secondly, sugarcane provides a higher
productivity of ethanol per hectare (6314 l/ha) than corn (2729 l/
ha) (Donke et al., 2016). Thirdly, it reduces greenhouse gas
to. 702. Copacabana, Rio de
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emissions by 60%e90%, a more significant reduction compared to
corn (40%e55%) (Chum et al., 2014).

The Brazilian sugar-energy sector can be divided into two parts:
industrial and agricultural. While it is widely recognized that the
agricultural part has enormous potential for improvement and
innovation (Nyko et al., 2013), the industrial part is often consid-
ered mature (Arruda, 2011; Goldemberg and Guardabassi, 2010;
Moraes et al., 2015; Rico et al., 2010), thus inducing the idea of
few innovation opportunities in this specific part. However, when
analyzing the average value of total reducing sugars (TRS) lost at
Brazilian mills, as well as the underutilization of agroindustrial
waste, this consideration can be questioned. In 2009, an average of
14.14% of the sugarcane TRS was lost during the industrial process
(CGEE, 2009), and this figure has not decreased significantly in
recent years (NOVACANA, 2018a), a very relevant proportion when
compared to the small losses in other industries. This indicates a
potential for optimization that goes beyond mere incremental im-
provements, by opening up opportunities for innovation in crucial
stages of the process, such as extraction and fermentation (Lopes
et al., 2016).

Other innovation opportunities in the industrial part are due to
the potential for transforming waste, such as bagasse and vinasse,
into usable products, such as second-generation (2G) ethanol (IEA,
2017), bioelectricity (Souza et al., 2018), biogas (Milanez et al.,
2018), and biobased chemicals (OECD, 2018).

Teece (2007) has postulated that, when innovating in an open
economy with rapid innovation, the way the firms sense and shape

mailto:daniella.fartes@hotmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2019.02.062&domain=pdf
www.sciencedirect.com/science/journal/09596526
http://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2019.02.062
https://doi.org/10.1016/j.jclepro.2019.02.062
https://doi.org/10.1016/j.jclepro.2019.02.062


D.F. dos Santos e Silva et al. / Journal of Cleaner Production 218 (2019) 871e879872
opportunities and threats influences how - and if - the companies
will promote these innovations. Thus, the ability to innovate goes
beyond technological capacity. Consequently, innovation is the
result of successful interaction between different industry di-
mensions, such as companies, research institutions, development
agencies, laws, and regulations. To explain this, the Sectoral System
of Innovation (SSI) approach addresses the role of these different
dimensions in the innovation process, explaining the fact that the
innovation performance of a sector must be analyzed through the
interaction of a set of actors rather than only the efforts of a com-
pany (Malerba, 2006).

In this context, the following question raises: what are the main
difficulties identified by the Brazilian sugar-energy sector in terms
of innovation in the industrial part of the sector? Seeking to address
this issue, the objective of this work is to analyze the innovation
opportunities in the Brazilian sugar-energy sector (industrial part)
and their main drivers and inhibitors from the innovation system
agents (ISA) perspective.

This article is organized as follows: Introduction, section 2
(literature review from SSI approach), section 3 (the methodol-
ogy), section 4 (the main factors that drive or inhibit each inno-
vation opportunity, with a scenario of innovation in the sugar-
energy sector), and last section (conclusions).

2. Literature review

This section firstly discusses the evolution of the Sectoral Sys-
tems of Innovation concept proposed by Malerba (2006), focusing
on three dimensions: knowledge and technological domain, actors
and networks, and Institutions. Secondly, a description of the Bra-
zilian Sugar-Energy Sector is presented.

2.1. Sectoral System of Innovation

Several attempts have been made to measure innovation. For
example, investment in R&D and the attainment of patents have
been used as innovation metrics. However, this approach considers
the firm as the unit of analysis and observes only inputs and out-
puts, without looking into the innovation process among different
players in the sector. In order to better understand the difficulties
associated with exploring the innovation opportunities within the
Brazilian sugar and ethanol industry, this study takes the Sectoral
System of Innovation perspective. In this approach, the innovative
performance cannot be analyzed by focusing on the efforts and
achievements of companies individually (Malerba and Orsenigo,
1996). Instead, innovation is a result from the interaction of ac-
tors of the same or different institutional natures (Malerba, 2006).

First scholars exploring the Innovation Systems (IS) approach
considered the analysis at national level, by combining the R&D
activities and the role of universities, research institutes, govern-
ment agencies and policymakers (Freeman, 1987; Lundvall, 1992;
Nelson, 1993). In 1992, Lundvall defined IS as a set of discrete
components and their relationships. This definition recognized that
economic, political and cultural factors influences the organization
of IS, by helping in determining the scale, direction and success of
innovation activities.

In an attempt to understand the specific characteristics of an
industry, Malerba and Orsenigo (1996) introduced the SSI
approach. According to Malerba (2006), sector is a set of activities
that are unified by some groups of products targeted to a specific or
emerging demand and that share some common knowledge base.
Thus, according to the SSI approach, innovation is considered as a
process that involves systematic interactions for a wide range of
actors for generating and exchanging relevant knowledge on
innovation.
As defined byMalerba (2006), the SSI approach focuses on three
main dimensions:

Knowledge and Technological Domain: This dimension is
essential to delimit the sector, for any sector can be characterized
by a specific knowledge base. It is important to highlight that this
boundary is not fixed, so it can change as knowledge expands or
shrinks.

Actors and Networks: This dimension characterizes the in-
dustry, for it brings together all of its agents. These agents can be
individuals or organizations. Organizations can be companies or
other institutions, such as universities, financial institutions or
government agencies. They may also form part of a company (e.g.,
R&D or production departments). Networks consist of interactions
among actors, such as workshops, partnerships, legal agreements,
and contracts.

Institutions: Institutions include standards, routines, common
habits, established practices, regulations and laws, among others.
Interactions between agents are shaped by the institutions.

Actors and networks are a particular dynamic dimension,
because it involves multiple relationships occurring simulta-
neously at different organizational levels, thus being a critical issue
in the analysis of singularities in the innovation process. While
firms have been considered the key actors in SSI, public in-
stitutions and other organizations (for example, research labora-
tories) have long been identified as playing important roles
(Sapsed et al., 2007).

Several researchers have explored the SSI approach in both
theoretical (Geels, 2004; Coenen and Lop�ez, 2010) and practical
(Furtado et al., 2011; Tuncel and Polat, 2016; Wicki and Hansen,
2017) ways. However, few authors have used SSI to identify inno-
vation barriers in specific sectors. This article aims to contribute in
filling this gap and adding a new way to explore SSI approach.

2.2. Sectoral System of Innovation e The Brazilian sugar-energy
sector

Pro�alcool was one of the milestones for the development of a
relevant Brazilian biofuels market and started the structuring
process of the Sugar-Energy System of Innovation (SESI). This
program has strongly encouraged the production of ethanol and it
is considered responsible for the modernization, expansion and
construction of new mills and farms (Dunham et al., 2011).

The introduction of the flexible-fuel vehicle is considered other
milestone for the SESI, because it boosts the production of hydrated
ethanol. Thus, SESI's innovation activities were mainly directed
towards improving the productive system already established by
the large sugar mills.

Fig. 1 shows the main SESI agents, as well as production,
knowledge and financial flows. Furtado et al. (2011) highlighted the
importance of agricultural research within the system. Both
research institutions and universities make efforts to increase
productivity in the field and generate more productive and resis-
tant sugarcane varieties. However, little is discussed in the litera-
ture about the recent efforts within the SESI, to innovate on the
industrial side. This reinforces the need to discuss its innovation
opportunities.

3. Material and methods

The methodology of this study followed the sequence presented
in Fig. 2. First, the innovation opportunities (I.O.) to be studied were
selected by considering two criteria: to be related to the traditional
process of ethanol production (also called first generation) or to be
included in the National Innovation Program PAISS (Support Plan
for Industrial Technological Innovation in the Sugar-Energy and



Fig. 1. Sugar-energy system of innovation.
Source: Adapted from Furtado et al. (2011). (COLOR NEEDED)
1Universidade de S~ao Paulo
2Universidade Federal do Paran�a
3Universidade Federal de S~ao Carlos
4Universidade Federal do Rio de Janeiro
5Universidade Estadual de Campinas.

Fig. 2. Methodological flow.
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Sugar-Chemistry Sectors). First generation opportunities can be
divided into two groups: the actual process of transforming sugar
into ethanol and alternatives for the utilization of its residues,
bagasse, straw and vinasse. Therefore, five innovation opportu-
nities were selected: energy cogeneration using sugarcane bagasse
and straw, generation of vinasse biogas, improvements in the first-
generation process, production of second-generation ethanol, and
biochemicals (new products). A study developed by the Brazilian
Center for Management and Strategic Studies (CGEE, 2012) cor-
roborates the existence of this set of opportunities. The innovation
opportunity related to bagasse gasification (present in PAISS) was
excluded from the analysis because no company applied for the
program in this category. Fig. 3 shows the five opportunities chosen
Fig. 3. Selected innovation opportunities in sugar-energy sector.
for the analysis.
Second, a literature review on each innovation opportunity was

conducted to study its general context. Then, 17 interviews with
SESI experts from research (7), industry (7) and policy (3) areas
related to the Brazilian sugar-energy sector were conducted. The
methodology was based on semi-structured interviews (Jick,
1979), which aimed to identify and discuss innovation opportu-
nities from the ISA point of view. Semi-structured interview is a
type of interview with predefined topics (and possibly subtopics),
but without a fixed structure. The main advantage of this meth-
odology is that the interviewee can freely express his/her opinions,
which leads to a large amount of valuable information. For this
study, the topics were exactly each of the five innovation oppor-
tunities aiming at identifying and discussing drivers and inhibitors
for each of them. The sub-focus concerned a comparison of barrier
size for each opportunity according to the interviewee's percep-
tion. Individual statements were verified by asking similar ques-
tions to multiple informants, by checking statements with
quantitative data and archival sources, including corporate pre-
sentations and production data. The interviews lasted an hour on
average (from 35m to 2 h 22m). They were applied from July 2014
to January 2015. All material obtained from the interviews was
recorded.

The selection of respondents was based mainly on the SESI
structure developed by Furtado et al. (2011). In relation to the policy
group, professionals from Brazilian institutions that support inno-
vation, such as BNDES (National Development Bank), in positions of
innovation management in biofuels and agribusiness, were inter-
viewed. Specialists from research groups were mainly sought in
public universities, such as UFRJ (Federal University of Rio de
Janeiro), UNIFEI (Federal University of Itajub�a) e USP (University of
S~ao Paulo), and major research centers, such as the National Lab-
oratory of Science and Technology of Bioethanol (CTBE), in posi-
tions of research leaders. Professionals from sugarcane companies
and main suppliers were selected to represent the industry spe-
cialists. All respondents held positions related to innovation in the
ethanol industry, such as innovation manager, R&D manager and
R&D coordinator.

To avoid “bias” and allow interviewees to have full freedom to
express their opinions on innovation opportunities (especially
among industrial respondents), the names of the interviewees, as
well as the companies in which they work, were not disclosed.
However, the largest Brazilian ethanol producers, the largest sup-
plier of equipment, and a second-generation ethanol producer
were consulted.

After the literature review and interviews, a triangulation with
deductive data (literature) and inductive data (interviews) was
made. The result is the identification of the key drivers and in-
hibitors for each opportunity under the classification of 6 categories
related to the dimensions of the SSI, as shown in Fig. 4. The cate-
gories are:

� Cost: In this category, the factor (driver or inhibitor) is associ-
ated with increase/decrease in costs for the company. It is
related to SSI as a whole, because all three dimensions can in-
fluence the cost of a driver or inhibitor. For example, the impact
of taxes represents costs associated with institutions, the
technological level of an invention is associated with knowl-
edge, and the bargaining power of suppliers is related to actors
and networks;

� Technology: In this category, the factor (driver or inhibitor) is
related to technological opportunities/challenges, i.e., if it re-
quires minimal or extensive research on the topic. It is mainly
related to technological domain;



Fig. 4. Association between categories and SSI dimensions.
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� Environmental: In this category, the factor (driver or inhibitor)
is related to environmental issues. It is related to both SSI and
external environment;

� Organization: In this category, the factor (driver or inhibitor) is
related to the organizational/managerial characteristics of the
companies. It is mainly related to actors and networks, because
it is related to the organizational structures of SSI companies;

� Policy: In this category, the factor (driver or inhibitor) is related
to actions within the policy sphere. It is mainly related to
institutions;

� External: In this category, the factor (driver or inhibitor) is
associated with external characteristics, i.e., it cannot be
controlled by the industry, and it is not part of any of the above
categories. It is related to the environment outside the SSI.

Finally, an analytical framework was developed to analyze
innovation opportunities concerning two aspects: barriers to
explore the innovation opportunity, and innovation opportunity
and its potential to transform the industry. Barriers to innovate
were classified as low, medium or high, based on discussions about
the inhibitors for each innovation with the interviewees and
triangulation with the information from the literature review.
Policy and External inhibitors tend to raise these barriers, since SESI
agents have few mechanisms to change them, which means that
they tend to be high. Organizational and Technological inhibitors
also tend to raise barriers, but the SESI agents are better positioned
to promote actions to overcome them. Scientific advances made by
research centers and universities, workshops and congresses that
seek to bring together industry and research are examples of
mechanisms that can reduce technological and organizational
barriers. Thus, Organizational and Technological inhibitors tend to
be medium barriers. Cost inhibitors vary according to their origin.
They were classified mainly based on the responses. As the inno-
vation opportunities investigated are related to more
environmentally-friendly processes, no environmental inhibitors
were identified.

The potential to transform the industry mainly involves the
emergence of new actors, knowledge and institutions in the SESI,
meaning the extent of change in the SESI. For example, process
innovation tends to change the industry only in the upstream part
of the value chain, involving new technologies, new suppliers, and
professionals with new specializations, among others. On the other
hand, product innovation can promote greater transformations in
the sector by involving also the downstream part of the chain - new
consumers, new forms of distribution, new marketing strategies
and new competitors. Innovations can also change the institution
environment, as it may require new institutions, as new technical
standards for a new product.

4. Results and discussion

This section discusses the above-mentioned innovation oppor-
tunities in the following order: cogeneration and sale of sugarcane
bagasse bioelectricity, second-generation ethanol, vinasse biogas
production, first-generation process improvements, and new
products. The analysis is focused on discussing the main factors
responsible for boosting or inhibiting each opportunity.

4.1. Cogeneration and sale of bioelectricity

The sugarcane industry has developed energy self-sufficiency.
The availability of a large amount of sugarcane bagasse, a residue
which is difficult to store, favored the development of the bagasse
burning process to support the plant. Increasing the energy effi-
ciency of this process has led to the opportunity to sell electricity to
the grid (Souza et al., 2018).

There are several advantages related to the sale of sugarcane
bioelectricity. Besides being a renewable form of energy, it is also a
distributed source, since it is produced close to consumers by a
large number of mills (Nyko et al., 2010). In addition, electricity is
generated near the main consumption center in the country, the
southeast region, especially the State of S~ao Paulo.

Another advantage is that most of bagasse is generated in Brazil
during the low rainfall period and low hydroelectric generation.
This complementarity can be used to balance the oscillations of the
country's energy supply, 64% of which is produced by hydropower
(MME, 2016).

The energy potential of sugarcanewaste is enormous. Nyko et al.
(2010) estimated that 75% of the bagasse and 70% of the straw
produced by the Brazilian sugarcane industry in one year could
generate 30,000MW, which is more than twice the annual Itaipu
hydroelectric power output, the second largest hydroelectric power
plant in the world.

Despite the conditions that favor sugarcane bagasse and straw
cogeneration, a small number of mills make use of this potential
source of revenue. In Brazil, according to NOVACANA (2017), less
than half of the plants sell energy. This is due to the challenges
associated with exploiting this opportunity, such as modernization
of the facilities, investment in grid connection system and
competition at energy auctions with wind power plants. Also,
alternative competing uses of bagasse could arise, considering that
it can also be employed for second-generation ethanol production
(this topic will be further analyzed).

Table 1 lists the main drivers for selling bioelectricity. These
include cost and environmental factors, because the raw material
used is a renewable low-value residue, and external factors, i.e.,
drivers from outside the SSI domain that create incentives in favor
of this innovation opportunity, such as increased energy demand in
Brazil and the intermittence of supply from hydroelectric systems.

However, several challenges are associated with exploiting this
opportunity (Table 1). Two of the greatest challenges are the high
capital and operational costs needed to increase the process effi-
ciency and the uncertainty in relying on spot market prices. This is
because energy auctions have a specific form of contracting via
Renewable Energy Auctions, where sometimes the price of kWh
produced from sugarcane is lower than that associated with other
sources, such as wind (MME, 2016). Although there is an institu-
tional structure that promotes a regulated market for selling
bagasse electricity, the competition generated by the auction
format inhibits the interest of the industry.



Table 1
Key drivers and inhibitors for cogeneration.

Drivers Category Inhibitors Category

Biomass availability (bagasse and straw). Cost Investments in more efficient equipment. Cost
Increased energy demand in Brazil External Investment in network connection Cost
Irregularity of the hydroelectric system External Controlled prices that compete with wind energy Policy
Complementarity of seasonality (bioelectricity and hydroelectric power) External Competition with second-generation ethanol. Organization
Renewable feedstock Environmental
Substitute for fossil power station External
Distributed generation and close to consumption centers External
Industry revenue increase Cost
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Note that, in addition to the high investments to be made both
internally (increasing process energy efficiency) and externally
(grid connection), there are also policy related inhibiting factors
with problems hard to be solved, because they involve actors and
institutions outside the SSI, such as the structure of energy auc-
tions and the lower price offered by wind farms.

Another important aspect to highlight is the possible competi-
tion for bagasse to produce 2G ethanol. However, research spe-
cialists pointed out the energy potential of lignin (a by-product of
2G ethanol production) as a bagasse substitute for the generation of
bioelectricity, which has a calorific potential three times greater
than bagasse.

In short, the decisive action required to increase the exploitation
of the opportunities for selling bioelectricity involves reducing the
investment risks, which are mainly related to the structure of the
energy auctions, a challenge located at the institutions level, which
is difficult to overcome solely by efforts made by companies within
the sector, since it involves a dimension that influences several
sectors besides the SESI.

4.2. Second-generation ethanol

The great demand for new sources of clean energy is among the
main factors driving the use of cellulosic residue as raw material.
With regard to the ethanol industry, sugarcane bagasse and straw
are the main lignocellulosic materials available for second-
generation ethanol.

The 2G ethanol technology consists of extracting and processing
fermentable sugars from lignocellulosic material. This requires
preliminary steps before the fermentation, particularly pre-
treatment to breakdown and remove the lignin and enzymatic
hydrolysis to transform the cellulose and hemicellulose molecules
into fermentable sugars.

The most relevant advantages of 2G ethanol are the possibility
to improve production by 50e60% without increasing the planted
Table 2
Key drivers and inhibitors for 2G ethanol.

Drivers Category

Increased world demand for biofuels External
Renewable feedstock Environmental
Biomass availability (bagasse and straw). Cost
Ethanol production increase Cost
No competition with food External
Emission reduction Environmental
Bagasse as part of the purchased feedstock Cost
Availability of equipment and utilities (Off-season) Cost
Same product Organization

External markets as a potential buyer Organization
Creation of the PAISS Policy
area; the high amount of biomass available (around 270e280 kg of
bagasse and 140 kg of straw per ton of sugarcane) (Canilha et al.,
2012); the availability of bagasse at the industrial facility, since it
is generated at the mill; and the availability of equipment and
utilities, especially during the off-season (IEA, 2017).

Table 2 summarizes the main inhibitors and key drivers for 2G
ethanol. It is important to note the policy driving factor, i.e., at the
institutions level, related to the creation of PAISS, an initiative that
allocated efforts specifically related to innovation in the sugarcane
industry.

Despite the advantages of 2G ethanol, there are challenges
related to its implementation, particularly technical issues due to
the need for further steps in the process. This leads to a need to
increase the input from the knowledge and technological
domain, both in relation to the use of new raw materials and the
development of new processes. These difficulties are highlighted by
the fact that none of the six commercial plants around the world
that started operation between 2013 and 2016 have yet reached the
projected production (NOVACANA, 2018b).

There are also challenges related to policy, for example, the
absence of a demand policy for 2G ethanol, i.e., the institutions
feature is lacking. This demand policy could enable learning process
and, consequently, a reduction in production costs. Finally, there
are also organizational challenges, mainly related to dealing with
new actors, new suppliers and more specialized professionals.

In summary, the production of 2G ethanol seems to be associ-
ated with technical, policy and organizational challenges. However,
the efforts made within the three dimensions of SI act to reduce
these barriers. In the knowledge dimension lie the efforts of large
specialized laboratories, such as CTBE and CTC (Sugarcane Tech-
nology Center), and advances made by universities in this new
technology. In the actors and networks dimension, the presence of
large companies interested in 2G ethanol production, such as en-
zymes producers, technology licensors and energy companies,
helps in establishing the partnerships needed for the development
Inhibitors Category

Pre-treatment challenges Technology
Hydrolysis challenges Technology
Fermentation (C5 and C6) challenges Technology
Straw logistics and transport Technology
Solids processing challenges Cost
Lack of incentives Policy
Absence of biomass market pricing Organization
Integration Level (1Gþ2G) Organization
Need of new agents and creation of new
networks in the upstream process (enzymes
suppliers, new equipment suppliers, yeast
suppliers, etc.)

Organization

Lack of biotechnology specialized professionals Organization
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of this technology. In the institutions dimension, there are the
PAISS I and PAISS Agrícola (Second version of PAISS focusing on
agricultural innovations), which acted to stimulate the commercial
production of 2G ethanol. Finally, 2G ethanol production faces
significant barriers, but the efforts made at all the dimensions of SSI
are slowly overcoming them.
4.3. Vinasse biogas production

Vinasse is one of the main byproducts of ethanol production. It
is generated at the distillation stage in large quantities, around
10e15L per liter of ethanol. It presents a serious pollution risk due
to its high organic load (Milanez et al., 2018). Regarding the options
proposed for using vinasse, fertigation has by far the broadest
application. This involves the irrigation of crops through the infil-
tration of soil with raw vinasse. In relation to unprocessed vinasse,
it irrigates and fertilizes the crops, lowering the cost associated
with chemical fertilizers.

Although these advantages are significant, studies have shown
that the application of vinasse to the soil can adversely affect the
environment, such as soil salinization, metal leaching, changes in
soil quality due to nutrient imbalance, increased phytotoxicity and
unpleasant odor (Milanez et al., 2018; Christofoletti et al., 2013).

Biogas production in an anaerobic digestion process, which
promotes biodegradation of the organic part of vinasse, offers an
alternative to fertigation. The biodigested vinasse, despite the
reduction of the organic content, retains its fertilizing potential and
can be used in sugarcane cultivation (Christofoletti et al., 2013).
Several opportunities are associated with biogas within ethanol
mills, such as boiler fuel to generate steam and drive the grinders,
as fuel for sugarcane transportation and electric generator turbines
(Szymanski et al., 2010).

Furthermore, biogas can be used as substitute natural gas in
light and heavy engines or to generate electricity. Milanez et al.
(2018) calculated that vinasse produced by the Brazilian ethanol
industry in 2017 could produce 3.8 billion Nm3 of biogas.

Given this potential, experts highlighted the main drivers and
inhibitors associated with the transformation of vinasse into
biogas, as detailed in Table 3.

Concerning the key drivers, the possibility of replacing diesel in
the heavy engine fleet is one of the main advantages of producing
vinasse biogas. Research on the use of unconventional gas in heavy-
duty engines helps to boost this opportunity. This contributes to
increasing the knowledge and technological domain related to
biogas opportunities.

However, the main inhibiting factor is policy (institutions).
More than half of respondents emphasized that while the law is not
specific about the risks associated with fertigation, this simple and
inexpensive disposal of vinasse will be preferable to producing
biogas.
Table 3
Key Drivers and Inhibitors for biogas.

Drivers Cate

Increased energy demand Exte
Increased demand for biofuels Exte
Renewable feedstock Env
Organic content reduction Env
Biodigested vinasse retains its fertilizing potential Cos
Electricity and steam generation Cos
Biomethane production Cos
Similar products to those already produced by mills (electricity and fuel) Org
Scientific research of unconventional gas in heavy-duty engines Exte
4.4. Opportunities in the first-generation process e process
innovations

Discussion regarding the innovation potential in the traditional
process of ethanol production, i.e., first-generation, is controversial.
One side argues that the exhaustion of sugar-energy technology is
based on industry maturity, especially with regard to the industrial
processing of sugarcane (Arruda, 2011; Goldemberg and
Guardabassi, 2010; Moraes et al., 2015; Nyko et al., 2010). On the
other side, researchers defend that the innovation potential is
based on new technologies, mainly process innovations, which
increase not only the amount of sugar converted but also lower
water, energy and labor costs (CGEE, 2009; Lopes et al., 2016;
Monteiro et al., 2018). An aggravating factor in this discussion is
the technological heterogeneity of ethanol plants in Brazil.

The main losses of sugar are concentrated on key stages of the
process, such as washing, extraction, fermentation and distillation.
This loss is quite significant, indicating that there are opportunities
for process improvements.

This study identifies many innovation opportunities in the first-
generation process. The most promising opportunities include:
sugarcane cleaning, modifying the extraction process from milling
to diffuser, fermentation with selected yeast strains, pervaporation
through membranes and use of molecular sieves.

Table 4 below summarizes the results related to first-generation
process opportunities. They show that both drivers and inhibiting
factors presented by the experts are related to cost. This result
reflects the dilemma that firms face on deciding whether the in-
vestments required to modernize the plant worth the small in-
creases in productivity, considering that many of these
technologies have not yet been tested on an industrial scale in this
industry.

The search for industry-wide modernization faces significant
challenges, for the industry is quite heterogeneous. A plausible
view that emerged in the interviews was that few groups in this
sector would be able to move towards a more efficient and modern
process.

Although in the past the SESI structure has increased the effi-
ciency of many industrial plants via Pro�alcool, as the industry has
matured, it no longer facilitates the process innovation to the same
degree. To the contrary, few SI agents, such as leader companies and
equipment suppliers, currently play this role.
4.5. Biochemicals e product innovation

The development of biomass chemicals is directly related to the
progress of the biobased industry. Bomtempo and Alves (2014)
presented some of the main drivers for its emergence, such as
the significant advancements in industrial biotechnology and the
environmental restrictions on fossil raw materials.

According to Bozell and Petersen (2010), the development of
gory Inhibitors Category

rnal High investment Cost
rnal Long retention time Technology
ironmental Production of corrosive gases Cost
ironmental Production of gas with unpleasant odor Cost
t Lack of legislation for fertigation Policy
t High volume Cost
t
anization
rnal



Table 4
Key drivers and inhibitors for 1G process.

Drivers Category Inhibitors Category

Income gains with increased productivity (ethanol, sugar and energy) Cost Capital investment Cost
Reduced spending on labor-work (process automation) Cost Investment in services (mostly for process automation) Cost
Reduction in maintenance costs (new equipment and new materials) Cost
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biochemicals is one of the pillars for the success of a biorefinery.
The authors argue that it depends on two strategic goals: energetic
and economic. The first one focuses on the replacement of large
volumes of oil for transport with biofuels, such as ethanol and
biodiesel, which are associated with low prices and high volumes.
However, investment in operations focused exclusively on the
production of biofuels can present a significant barrier to the
achievement of economic goals. Production of biomass chemicals,
which would be associated with low volumes and high prices,
would come as an incentive and a solution for both goals, economic
and energetic.

The potential of the biobased industry is huge (OECD, 2018). Not
only can fossil-based chemicals be replaced, but also novel chem-
ical molecules can extend the markets, incorporating new pro-
cesses, products and players. Clearly, this transformation is
associatedwithmajor challenges, and the large variety of chemicals
that can be produced is one of them. Table 5 shows themain factors
that boost and inhibit this opportunity.

Despite the considerable technological challenges, Table 5
shows that many inhibiting factors are organizational. Chal-
lenges are present in the selection of drop-in products (products
identical to those produced from fossil feedstock) and not drop-in
products. In the first case, there is competition with fossil-based
products, which goes far beyond competition in terms of price,
still being related to issues associated with the lack of experience in
new markets - supplier relationships, experience with regulations,
quality parameters, market awareness and complementary assets,
among others.

In the second case, creating new markets represents a huge
challenge, taking both the advantages (e.g., entering without
competition and being the first to gain experience) and the dis-
advantages (e.g., taking the risks alone and allowing future com-
petitors to learn from their experience) of being a first-mover.
Another organizational issue is the managerial difficulty of dealing
with different types of products like commodities and specialty
chemicals.

In contrast to these challenges, a driving factor that could help in
facing such difficulties is the interest of companies from other
sectors (particularly the chemical industry), to create partnerships
in order to take advantage of these innovation opportunities, that
is, interest from new agents entering the sugarcane SI and trans-
forming it to promote such innovations. This exchange of skills
through partnerships would be one way to boost the development
Table 5
Key drivers and inhibitors for new products.

Drivers Category

Biomass availability (bagasse and straw) Cost
Renewable feedstock Environmental
Potential to replace fossil chemicals Environmental
Way to achieve strategic economic goals Organization
Possibility to reach niche markets with renewable chemicals Organization
Interest from chemical companies External
of the Brazilian biobased industry, with the participation of actors
from the sugar-energy sector.
5. Disassembling the innovation opportunities in the
Brazilian sugarcane industry

Table 6 summarizes the five opportunities analyzed in terms of
barriers to innovation and the potential to transform the industry.

When analyzing the barriers to each opportunity, it is possible
to observe that 2G ethanol and cogeneration havemedium barriers.
Despite 2G ethanol still has many technological challenges to be
faced, the mobilization of several SSI agents (at the level of
Knowledge, Actors& Networks, and Institutions) in developing this
innovation reduces the challenges. Concerning cogeneration,
although there is a barrier related to Institutions, which in general
is considered high, interviewees considered it medium. The prob-
lem here is not the absence of an Institution, but its form, which
generates competition with other renewable energy. The existence
of a regulated market for the sale of bioelectricity, besides the spot
market, reduces this barrier.

First-generation ethanol opportunities seem to present lower
barriers, especially due to the expertise accumulated by producers
and major suppliers. Therefore, the challenges are centered on
managing the risks of new investments. Biogas and new products
showed the highest barriers because they require profound
changes throughout the SSI. The main biogas barrier is the lack of
stricter legislation for fertigation, and the main barrier to chemicals
is the numerous organizational challenges in managing new
products and entering, or even creating, new markets.

This analysis shows that the industry tends to keep the same
products, focusing on energy and ethanol, products that are
familiar to the industry in relation to production and commercial-
ization. This reflects an industry where innovation occurs incre-
mentally, and often the production companies are not the source of
innovation, outsourcing this task to equipment suppliers and lab-
oratories. According to Pavitt (1984) classical typology, this in-
dustry shows supplier-dominated behavior; in other words, it has
limitations in terms of competence to develop technologies
internally.

The potential to transform the sector is related to change in the 3
dimensions of sugarcane SI: Knowledge, Actors & Networks, and
Institutions. Since they do not involve many new actors and new
knowledge, cogeneration and innovations in the first-generation
Inhibitors Category

Development of conversion technologies Technology
Competition with fossil products (drop-in) Organization
Development of new markets (not drop-in) Organization
Product portfolio and definition of market niches Organization
Management of differentiated products (biofuels x chemical) Organization
Biomass competition Organization
Need for large plants to enable the new products Cost
Lack of incentives Policy
Need for partnerships Organization



Table 6
Summary of the five innovation opportunities.

Opportunities Main Inhibitors Barriers Potential to transform the industry

2G Ethanol Tech;
Organiz.;

Medium Medium Changes upstream

Cogeneration Policy;
Organiz.;

Medium Low Small changes downstream

1G Process Cost Low Low Small changes along the value chain
Biogas Policy

Tech;
Cost

High Medium
/High

Medium if it is for power generation - Changes upstream
High if for biofuel production - Changes the entire chain

New Products Tech;
Policy;
Organiz.;

High High Major changes along the entire value chain
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process do not show high potential to make significant changes in
the industry. Concerning the cogeneration, there is a change in
institutions, since the sugar-energy sector incorporates the
guidelines of public energy auctions in SI, but this change has taken
placewithoutmajor business barriers. Themain difficulties seem to
be the competition in price with other renewable energy sources.

For 2G ethanol, the transformative power is considered medium
because, despite being the same product, the value chain will
involve several new actors and knowledge, such as enzymes,
genetically modified yeasts, new agricultural processes and greater
proximity to research labs and universities.

In the case of biogas, the degree of transformation can vary
according to its use. If the goal is to generate electricity, the
transformation is medium because this involves a high level of
expertise already gained through the sale of bioelectricity (such as
the energy auctions - institutions), but, if the goal is the production
of biomethane, the need to create an entire supply chain arises,
transforming the current sugarcane industry.

Regarding these innovation opportunities, production of
chemicals is undoubtedly the most likely to transform the SSI, and
this transformationwould occur in all dimensions of SSI. Thus, new
actors and networks would be required both downstream and
upstream along the value chain, particularly chemical companies,
as consumers and complementors. The technological domain
would be expanded to be able to generate these products, which
differ significantly from those traditionally produced. There would
also be changes at institutions level, such as regulations for new
products and laws encouraging biobased products.

Finally, upon analyzing the opportunities in general, this work
shows that the main inhibiting factors are related to: Technology,
Organization, and Policy. According to Fig. 3, the presence of
technological factors is directly involved with the dimension
knowledge and technology domain, where knowledge needs to
be accessed, appropriated and accumulated, to overcome techno-
logical barriers. The organizational factors are mainly related to the
management of new products and networking with new agents,
that is, they are related to the actors and networks dimension.
Lastly, the policy factors are related directly to the institutions
dimension. In other words, in addition to the tendency of the sector
to remain confined to its traditional products (ethanol and energy),
the SESI also presents inhibiting factors directly related to the 3 SSI
dimensions. This explains, at least partially, the rigidity of the sector
in terms of innovation.

It is interesting to highlight that most interviewees showed an
interest in more radical innovations and affirmed that they keep up
to date on such opportunities. This works as a driver to reduce such
stiffness. Even if this interest is not directly reflected in measures to
promote innovation, it suggests that the sector would be receptive
to initiatives coming from external players such as the chemical
industry. An external agent, in partnership with SESI, could be
better positioned to promote innovations.
Thus, two alternatives, possibly in combination, arise to boost

innovation in the sector. The first one is to focus on the specific
inhibitors that stiffen the SSI environment, thus facilitating inno-
vation from the sector itself. The second one is to bring the SESI
closer to other sectors that have lower barriers to promote the
innovation in partnership.

The second alternative aims to stimulate an ‘ecosystem’ with
different industries to explore the opportunities together. Experi-
ences and skills brought by external agents serve both to aggregate
new ways to overcome the barriers and to share the risks of
innovation. Specific barriers, such as the development of technol-
ogies for producing biobased chemicals, may have solutions already
established in other industries.

6. Conclusions

This article explores the SSI approach to identify and classify
innovation barriers and drivers in a traditional sector of the Bra-
zilian economy. It aims at analyzing five innovation opportunities
in the Brazilian sugarcane industry and adding a new way to
explore SSI approach.

As an applied contribution for understanding the sugar-energy
sector, this analysis identifies that the inhibitors are distributed
throughout the three dimensions of SSI, creating a rigid environ-
ment for innovation. It also shows that the sector has a supplier-
dominated behavior and it tends to keep the same type of prod-
ucts, focusing on energy and ethanol. Therefore, the difficulties
associated with the innovation opportunities are often too high to
be exploited by the SESI in its present configuration.

However, given the sector's willingness to innovate with other
sectors, the possibility of creating an innovation ecosystem, where
actors from other sectors could bring their skills, in order to help
overcoming the challenges, comes to light. Thus, this article sug-
gests the search for solutions through partnering with organiza-
tions from other industries, to overcome such barriers. Companies
closer to final consumers, such as biofuel producers and distribu-
tors and chemical companies, can be the key elements to leverage
innovation (for example, production of biobased chemicals, biogas
and 2G ethanol).

It is reasonable to assume that other traditional agribusiness
sectors may also have promising innovation opportunities - as well
as similar difficulties in innovating. This study sheds some light on
how to identify and analyze innovation opportunities in these
sectors. A suggestion to identify this innovative potential in agri-
business sectors is to evaluate the availability of renewable cellu-
losic biomass and its residues. The cellulosic raw material has been
seen (OECD, 2018; IEA, 2017) as a promising source of substitution
to petroleum for the production of fuels and chemicals.

Another alternative to identify innovation opportunities is to
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evaluate the current process efficiency, such as consumption of
utilities and potential for energy cogeneration. Similar to the Bra-
zilian sugar-energy sector, other sectors may not explore some
opportunities, because they face difficulties to deviate from their
“technological path,” a feature present in supplier-dominated sec-
tors (Pavitt, 1984).

Therefore, in addition to the specific contributions to the Bra-
zilian sugar-energy sector, this work opens the possibility of
questioning the innovative potential of several traditionally mature
sectors, especially those based on renewable and low-cost biomass.

This study is mainly based on 17 interviews with industry ex-
perts from research (7), industry (7) and policy (3) areas related to
the Brazilian sugar-energy sector. Although the methodology of
semi-structured interviews and non-disclosure of respondents'
names is employed to avoid bias, restriction to the sample inter-
viewed is a limitation.

Therefore, for future work, expanding the sample of re-
spondents in SESI and including other SSIs that could explore these
opportunities in an innovation ecosystem perspective are sug-
gested. Thus, other sectors’ perception, possibly more willing to
accept innovation risks, may bring different conclusions about
barriers to innovation.

Funding

This work was supported by the Brazilian National Council for
Scientific and Technological Development (CNPq)

Declarations of interest

None.

References

ANFAVEA. (2018) Associaç~ao Nacional dos Fabricantes de Veículos Automotores
(National Association of Motor Vehicle Manufacturers). Statistic Report. http://
www.anfavea.com.br/estatisticas-2017.html (accessed October 2018).

Arruda, P., 2011. Perspective of the sugarcane industry in Brazil. Trop. Plant Biol 4,
3e8.

Bomtempo, J.V., Alves, F.C., 2014. Innovation dynamics in the biobased industry.
Chem. Biol. Technol. Agri. 1 (19).

Bozell, J., Petersen, R., 2010. Technology development for the production of bio-
based products from biorefinery carbohydrates, the US Department of Energy's
"Top 10" revisited. Green Chem. 12, 525-728.

Canilha, S., Chandel, A.K., Milessi, T.S.S., Antunes, F.A.F., Freitas, W.L.C., Felipe, M.G.A.,
Silva, S.S., 2012. Bioconversion of sugarcane biomass into ethanol: an overview
about composition of hydrolysates, enzymatic saccharification and ethanol
fermentation. J. Biomed. Biotechnol. 15, 2012.

CGEE, 2009. Centro de Gest~ao e Estudos Estrat�egicos (Management and Strategic
Studies Center) . In: Bioetanol combustível: uma oportunidade para o Brasil”
(Bioethanol fuel: an opportunity for Brazil). Brasília, DF. .

CGEE, 2012. Centro de Gest~ao e Estudos Estrat�egicos (Management and Strategic
Studies Center). In: Sustainability of Sugarcane Bioenergy. Brasília, DF.

Christofoletti, C.A., Escher, J.P., Correia, J.E., Marinho, J.F.U., Fontanetti, C.S., 2013.
Sugarcane vinasse: environmental implications of its use. Waste Manag. 33,
2752e2761.

Chum, H.L., Warner, E., Seabra, J.E.A., Macedo, I.C., 2014. A comparison of com-
mercial ethanol production systems from Brazilian sugarcane and US corn.
Biofuels, Bioprod. Bioref. 8, 205e223.

Coenen, L., L�opez, F.J.D., 2010. Comparing systems approaches to innovation and
technological change for sustainable and competitive economies: an explor-
ative study into conceptual commonalities, differences and complementarities.
J. Clean. Prod. 18, 1149e1160.

Donke, A., Nogueira, A., Matai, P., Kulay, L., 2016. Environmental and energy per-
formance of ethanol production from the integration of sugarcane, corn, and
grain sorghum in a multipurpose plant. Resources 6, 1e19.

Dunham, F.B., Bomtempo, J.V., Fleck, D.L., 2011. A Estruturaç~ao do Sistema de
Produç~ao e Inovaç~ao Sucroalcooleiro como Base para o Pro�alcool (The struc-
turing of the sugar and alcohol production and innovation system as a basis for
proalcool) . Revista Brasileira de Inovaç~ao 10, 35e72.

Freeman, C., 1987. Technology Policy and Economic Performance. Pinter Publishers.
Furtado, A.T., Scandiffio, M.I.G., Cortez, L.A.B., 2011. The Brazilian Sugarcane inno-

vation system. Energy Policy 39, 156e166.
Geels, F.W., 2004. From sectoral systems of innovation to socio-technical systems
Insights about dynamics and change from sociology and institutional theory.
Res. Pol. 33, 897e920.

Goldemberg, J., Guardabassi, P., 2010. The Potential for First-Generation Ethanol
Production from Sugarcane. ” Wiley InterScience. Biofpr - Biofuels, Bioproducts
and Biorefining, pp. 17e24.

IEA. International Energy Agency, 2017. Technology Roadmap Delivering Sustain-
able Bioenergy.

Jick, T.D., 1979. Mixing qualitative and quantitative methods: triangulation in ac-
tion. Qualitative Methodol. 24 (4), 602e611.

Lopes, M.L., Paulillo, S.C.L., Godoy, A., Cherubin, R.A., Lorenzi, M.S., Giometti, F.H.C.,
Bernardino, C.D., Neto, H.B.A., Amorin, H.V., 2016. Ethanol production in Brazil:
a bridge between science and industry. Braz. J. Microbiol. 47, 64e76.

Lundvall, B.A., 1992. National Systems Of Innovation: towards a Theory Of Inno-
vation And Interactive. Learning. Pinter Publishers, London.

Malerba, F., 2006. “Sectoral Systems: How and Why Innovation Differs across Sec-
tors” the Oxford Handbook Of Innovation, pp. 380e401, 2006.

Malerba, F., Orsenigo, L., 1996. Schumpeterian patterns of Innovation are technol-
ogy-specific. Res. Pol. 25, 451e478.

Manochio, C., Andrade, B.R., Rodriguez, R.P., Morais, B.S., 2017. Ethanol from
biomass: a comparative overview. Renew. Sustain. Energy Rev. 80, 743e755.

Milanez, A.Y., Guimar~aes, D.D., Maia, G.B.S., Souza, J.A.P., Lemos, M.L.F., 2018. “Biog�as
de resíduos agroindustriais: panorama e perspectivas” (Biogas from agro-
industrial waste: overview and perspectives). BNDES Setorial 47, 221e276,
2018.

MME, 2016. Minist�erio de Minas e Energia (Ministry of Mines and Energy).
“Resenha Energ�etica Brasileira. Exercício de 2015” (Brazilian Energy Review -
2015). http://www.mme.gov.br/documents/10584/3580498/02þ-
þResenhaþEnerg%C3%A9ticaþBrasileiraþ2016þ-þAnoþBaseþ2015þ(PDF)/
66e011ce-f34b-419e-adf1-8a3853c95fd4?version¼1.0. (Accessed October
2016).

Monteiro, B., Ferraz, P., Barroca, M., da Cruz, S.H., Collins, T., Lucas, C., 2018. Con-
ditions promoting effective very high gravity sugarcane juice fermentation.
Biotechnol. Biofuels 11.

Moraes, M.A.F.D., Oliveira, F.C.R., Diaz-chavez, R.A., 2015. Socio-economic impacts of
Brazilian sugarcane industry. Environ. Develop. 16, 31e43.

Nelson, R.R., 1993. National Systems of Innovation: A Comparative Analysis. Oxford
University Press, Oxford.

NOVACANA, 2017. “Levantamento da cogeraç~ao de energia por grupo de bagaço de
cana.” (Survey of energy cogeneration by cane bagasse group. https://www.
novacana.com/dados/usinas/levantamento-da-cogeracao-de-energia-no-brasil-
por-usina. (Accessed May 2017).

NOVACANA, 2018a. “Indicadores da Cadeia Produtiva de Cana e Ethanol.” (In-
dicators of the Sugarcane and Ethanol Production Chain. https://www.
novacana.com/cana/glossario-de-indicadores-de-pd-na-cadeia-produtiva-
cana-etanol. (Accessed November 2018).

NOVACANA, 2018b. Ethanol de segunda geraç~ao poder�a ser economicamente vi�avel
a partir de 2025.” (Second-generation ethanol may be economically viable from
2025.). https://www.novacana.com/n/etanol/2-geracao-celulose/etanol-
segunda-geracao-economicamente-viavel-290917/. (Accessed August 2018).

Nyko, D., Faria, J.L.G., Milanez, A.Y., Castro, N.J., Brand~ao, R., Dantas, G., 2010.
Determinantes do baixo aproveitamento do potential el�etrico do setor
sucroenerg�etico: uma pesquisa de campo. Determinants of the low utilization
of the sugarcane sector electric potential: a field research, pp. 421e476. BNDES
Setorial 33. Bioenergia.

Nyko, D., Valente, M.S., Milanez, A.Y., Tanaka, A.K.R., Rodrigues, A.V.P., 2013.
A evoluç~ao das tecnologias agrícolas do setor sucroenerg�etico: estagnaç~ao
passageira ou crise estrutural? (The evolution of agricultural technologies in the
sugar-energy sector: temporary stagnation or structural crisis?) . BNDES Seto-
rial 37, 399e442 .

OECD, 2018. Meeting Policy Challenges for a Sustainable Bioeconomy. OECD Pub-
lishing, Paris.

Pavitt, K., 1984. Sectoral patterns of technical change: towards a taxonomy and a
theory. Res. Pol. 13, 343e373.

Rico, J.A.P., Mercedes, S.S.P., Sauer, I.L., 2010. Genesis and consolidation of the Bra-
zilian bioethanol: a review of policies and incentive mechanisms. Renew. Sus-
tain. Energy Rev. 14, 1874e1887.

Sapsed, J., Grantham, A., DeFillippi, R., 2007. A bridge over troubled waters: Bridging
organisations and entrepreneurial opportunities in emerging sectors. Res. Pol.
36, 1314e1334.

Souza, S.P., Nogueira, L.A.H., Martinez, J., Cortez, L.A.B., 2018. Sugarcane can afford a
cleaner energy profile in Latin America & Caribbean. Renew. Energy 121,
164e172.

Stattman, S.L., Hospes, O., Mol, A.P.J., 2013. Governing biofuels in Brazil: a com-
parison of ethanol and biodiesel policies. Energy Policy 61, 22e30.

Szymanski, M.S.E., Balbonot, R., Schirmer, W.N., 2010. Biodigest~ao Anaer�obica da
vinhaça: aproveitamento energ�etico e obtenç~ao de cr�editos de carbono e

estudo de caso. Semina: Ciências Agrícolas, Londrina 31, 901e912.
Teece, D.J., 2007. Explicating dynamic capabilities: the nature and microfoundations

of (sustainable) enterprise performance. Strat. Manag. J. 28, 1319e1350.
Tuncel, C.O., Polat, A., 2016. Sectoral system of innovation and sources of techno-

logical change in machinery industry: an investigation on Turkish machinery
industry. Procedia - Soc. Behav. Sci. 229, 214e225.

Wicki, S., Hansen, E.G., 2017. Clean energy storage technology in the making: an
innovation systems perspective on flywheel energy storage. J. Clean. Prod. 162,
1118e1134.

http://www.anfavea.com.br/estatisticas-2017.html
http://www.anfavea.com.br/estatisticas-2017.html
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref2
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref2
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref2
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref3
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref3
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref4
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref4
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref4
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref5
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref5
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref5
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref5
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref6
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref6
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref6
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref6
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref6
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref7
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref7
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref7
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref7
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref8
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref8
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref8
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref8
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref9
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref9
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref9
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref9
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref10
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref10
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref10
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref10
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref10
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref10
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref11
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref11
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref11
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref11
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref12
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref12
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref12
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref12
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref12
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref12
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref12
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref12
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref12
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref12
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref13
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref14
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref14
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref14
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref15
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref15
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref15
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref15
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref16
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref16
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref16
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref16
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref17
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref17
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref18
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref18
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref18
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref19
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref19
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref19
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref19
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref20
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref20
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref21
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref21
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref21
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref22
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref22
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref22
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref23
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref23
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref23
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref24
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref24
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref24
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref24
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref24
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref24
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref24
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://www.mme.gov.br/documents/10584/3580498/02+-+Resenha+Energ%C3%A9tica+Brasileira+2016+-+Ano+Base+2015+(PDF)/66e011ce-f34b-419e-adf1-8a3853c95fd4?version=1.0
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref26
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref26
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref26
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref27
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref27
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref27
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref28
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref28
https://www.novacana.com/dados/usinas/levantamento-da-cogeracao-de-energia-no-brasil-por-usina
https://www.novacana.com/dados/usinas/levantamento-da-cogeracao-de-energia-no-brasil-por-usina
https://www.novacana.com/dados/usinas/levantamento-da-cogeracao-de-energia-no-brasil-por-usina
https://www.novacana.com/cana/glossario-de-indicadores-de-pd-na-cadeia-produtiva-cana-etanol
https://www.novacana.com/cana/glossario-de-indicadores-de-pd-na-cadeia-produtiva-cana-etanol
https://www.novacana.com/cana/glossario-de-indicadores-de-pd-na-cadeia-produtiva-cana-etanol
https://www.novacana.com/n/etanol/2-geracao-celulose/etanol-segunda-geracao-economicamente-viavel-290917/
https://www.novacana.com/n/etanol/2-geracao-celulose/etanol-segunda-geracao-economicamente-viavel-290917/
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref32
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref32
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref32
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref32
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref32
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref32
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref32
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref32
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref32
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref33
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref33
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref33
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref33
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref33
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref33
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref33
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref33
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref33
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref34
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref34
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref35
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref35
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref35
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref36
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref36
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref36
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref36
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref43
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref43
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref43
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref43
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref37
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref37
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref37
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref37
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref37
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref38
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref38
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref38
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref39
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref39
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref39
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref39
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref39
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref39
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref39
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref39
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref39
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref39
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref40
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref40
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref40
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref41
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref41
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref41
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref41
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref42
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref42
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref42
http://refhub.elsevier.com/S0959-6526(19)30441-X/sref42

	Innovation opportunities in the Brazilian sugar-energy sector
	1. Introduction
	2. Literature review
	2.1. Sectoral System of Innovation
	2.2. Sectoral System of Innovation – The Brazilian sugar-energy sector

	3. Material and methods
	4. Results and discussion
	4.1. Cogeneration and sale of bioelectricity
	4.2. Second-generation ethanol
	4.3. Vinasse biogas production
	4.4. Opportunities in the first-generation process – process innovations
	4.5. Biochemicals – product innovation

	5. Disassembling the innovation opportunities in the Brazilian sugarcane industry
	6. Conclusions
	Funding
	Declarations of interest
	References


