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Abstract: Brazil has a large share of hydropower in its electricity matrix. Since hydropower depends
on water availability, it is particularly vulnerable to drought events, making the Brazilian electricity
matrix vulnerable to climate change. Starting in 2005, Brazil opened the matrix to new renewable
sources, including sugarcane-based electricity. Sugarcane is known for its resilience to short dry spells.
Over the last decades, its production area moved from the coastal plains of the Atlantic Forest biome
to the savannahs of the Cerrado biome, which is characterised by a five- to six month-long dry season.
The sugarcane-based electricity system is highly dynamic and complex due to the interlinkages,
dependencies, and cascading impacts between its agricultural and industrial subsystems. This paper
applies the risk framework proposed by the IPCC to assess climate-change-driven drought risks to
sugarcane electricity generation systems to identify their strengths and weaknesses, considering the
system dynamics and linkages. Our methodology aims to understand and characterize drought in
the agriculture as well as industrial subsystems and offers a specific understanding of the system
by using indicators tailored to sugarcane-based electricity generation. Our results underline the
relevance of actions at different levels of management. Initiatives, such as regional weather forecasts
specifically for agriculture, and measures to increase industrial water-use efficiency were identified
to be essential to reduce the drought risk. Actions from farmers and mill owners, supported and
guided by the government at different levels, have the potential to increase the resilience of the
system. For example, the implementation of small dams was identified by local actors as a promising
intervention to adapt to the long dry seasons; however, they need to be implemented based on a
proper technical assessment in order to locate these dams in suitable places. Moreover, the results
show that creating and maintaining small water reservoirs to enable the adoption of deficit-controlled
irrigation technology contribute to reducing the overall drought risk of the sugarcane-based electricity
generation system.

Keywords: bioenergy systems; bagasse; systemic risk; adaptation; risk reduction

1. Introduction
1.1. Drought Events in Brazil

Brazil has often experienced drought events over the past few years [1]. However,
their impacts are not evenly distributed throughout the country due to the spatial diversity
of climatic and socioeconomic characteristics.

The Northeast Region of the country is mostly semiarid, prone to desertification due
to overgrazing. It is also susceptible to drought events due to the strong influence of the
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El Niño phenomenon and the surface temperature of the Atlantic Ocean [2]. Drought
impacts in the region are significant, with high losses of crops and livestock, as well as
rising unemployment rates. In cases of severe drought, fatalities have also occurred [2].

In the rest of Brazil, drought events are not as frequent as in the northeast. However,
drought events affected water availability for the population and navigation in the Amazon
area in 1962, 1963, 2005, and 2010. The year 2005 was particularly dry, and the entire
country was affected by a drought [2].

In Goiás state, where the case study site, the Rio dos Patos basin, is located, drought
impacted the region severely in 2014 and 2015. These were, however, not the most severe
events; the region was affected by stronger droughts between 1998 and 2004 [3].

Drought impacts in the country affected important sectors, such as agriculture in
Central-West Brazil, water supply in the metropolitan region of Sao Paulo, and hydropower
generation due to the low water levels in reservoirs [1,4].

In the Cerrado biome, where most Brazilian agricultural and sugarcane production
are located [5], the duration, intensity, and frequency of droughts are expected to increase
due to climate change [6,7].

1.2. Impacts on Electricity

Around 60% of the electricity matrix in Brazil relies on hydropower, meaning that
electricity generation depends on the hydrologic regimes [8–11]. Therefore, drought events
can strongly impact the electricity sector. For example, drought events in 2013 and 2014 im-
pacted water resources, reducing the water levels in reservoirs, in some cases to below 5% of
their capacity. As a result, hydropower generation was jeopardised; the population suffered
from blackouts and was requested to reduce their electricity consumption [4,12–14].

Concerns about the vulnerability of the electricity sector to drought events were
already raised twenty years ago [9]. Hunt et al. concluded that drought events that impact
hydropower generation in Brazil occur approximately every 10 to 15 years. Their analysis
showed that 70% of hydropower is concentrated in regions under similar climate conditions.
Our case study area, the Rio dos Patos basin, is located in this region.

Under the current characteristics of the electricity system, and considering climate
change projections, the system is highly vulnerable [4,14]; therefore, hydropower energy is
no longer a reliable investment for Brazil [10]. Therefore, further diversification of the elec-
tricity matrix will be crucial to adapt the energy sector to future climatic uncertainties [11].

Sugarcane mills produce sugar, bioethanol, biogas, biomethane, and other bioproducts
from the juice extracted from the crop stalk. The solid residue (bagasse) has historically
been eliminated through burning. Only a small fraction of the generated heat was used to
produce steam and cogenerate electricity to cover the mills’ energy demands. To eliminate
the residue, the bagasse, the sugar mills purposely dimensioned low-efficiency burning
and steam production systems, given that it was not possible to cogenerate and deliver
the surplus energy to the national grid. However, mills have the potential to improve
the Rankine cycle and generate surplus electricity that can be injected into the national
grid [15,16]. To address this issue, after the drought in 2002, the Brazilian government
opened the market to alternative sources of electricity generation, including sugarcane in
2005 [10]. Among other biomass sources, sugarcane biomass has the potential to cover part
of the demand during the dry season when hydropower plants are not working at their full
potential [11,13]. According to [14], an increase in temperature due to climate change will
benefit sugarcane. In Goiás, where our case study is located, the crop yield can increase by
4%. On the other hand, the authors of [17] analysed the sugarcane sector’s vulnerability
under the RCP8.5 projections via the eight general circulation models. Their results showed
that more areas in Goiás will require irrigation in the future, and that some areas currently
under irrigation will be under high climate risk.

This paper aims to understand and assess the risk of the sugarcane system to drought
events in the Cerrado biome in Brazil from both technical and socioecological perspectives,
closing a research gap in the risk assessment of energy systems based on biomass sources.
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In Section 1, we provide the context for the analysis; in Section 2, we describe the study area,
the system under analysis, and the risk framework. Section 2.2 offers a detailed description
of the risk indicators, Section 2.3 provides a detailed description of the methodology used
to assess the drought risk. The results are presented in Section 3 and discussed in Section 4.
Section 5 presents the conclusions.

2. Materials and Methods
2.1. Study Site

To generate a comprehensive analysis of the sugarcane system and the risk of droughts,
a case study region was selected. The Rio dos Patos basin is located in the Alto Tocantins
hydrological management unit (HMU) in the Goiás state in central Brazil (Figure 1). It
is located within the Cerrado biome, where sugarcane production expanded especially
in the late 1990s [18]. The biome is home to half of the Brazilian sugarcane area, and
has the highest sugarcane expansion rate across the country. The most important drivers
of sugarcane expansion in the Cerrado biome are the availability of cheap pasture land,
appropriate farm sizes for large-scale agriculture, and a flat topography, which supports
mechanisation efficiency [18–20]. However, the climatological pattern is considerably
different from that of the Atlantic Forest biome, where sugarcane production expanded
from, especially regarding the precipitation distribution. The total yearly precipitation is
similar, between 1200 and 2000 mm, between both biomes. Sugarcane’s 12-month potential
evapotranspiration is also similar, ranging from 1500 to 3000 mm [20]. However, the
precipitation distribution throughout the year is considerably more in the Atlantic Forest
biome than in the Cerrado, a typical tropical savanna environment.

Consequently, effective rainfall in the Cerrado, i.e., the share of precipitation that turns
into actual crop evapotranspiration, is rarely higher than 500–800 mm [20]. In the 1980s,
sugarcane was introduced to the basin, taking advantage of the government’s incentives to
occupy the Cerrado to create jobs for local people [21,22]. Since then, the sugarcane mill
capacity has increased, and the sugarcane crop area has expanded.
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2.2. Sugarcane System Description

In the following section, the sugarcane electricity generation system is described to
define the system’s boundaries and its major characteristics. In our case study, the system is
composed of two subsystems, the agricultural and the industrial, which are interconnected
and interdependent.

The agricultural subsystem determines the crop yield and the quality of the sugarcane
for its further processing. The industrial subsystem determines the amount of electricity
produced that can be sold to the grid. Figure 2 illustrates the sugarcane system and
subsystem flows, as well as the direction of the cascading effects if a component fails
to function.
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The design of sugarcane industrial subsystem flows and directions requires a proper
understanding of historical steam and electricity production trends in sugarcane mills
before and after government regulations allowed surplus produced electricity to be sold
to the national grid. Before 2005, sugarcane mills produced steam and electricity to cover
their electricity demands only. Therefore, the mills were deliberately designed with low-
efficiency boilers to burn out the bagasse and remove the waste [16,27]. Afterwards, to
produce more electricity and take advantage of the new legislation that allowed the selling
of surplus electricity to the national grid, mills began shifting from steam to electric engines,
assembling more-efficient high-pressure boilers and revamping the whole industry towards
a more energy-efficient production and self-consumption setup [28]. However, as this is
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still an ongoing process, and not every mill has state-of-the-art equipment in terms of
energy efficiency, electricity production and delivery to the grid depend on a mill’s general
function and adopted technology. Another important aspect is that in the particular case
of Brazil, as bagasse is a waste (residue) of ethanol and sugar production, it can only
become a byproduct if used to cogenerate electricity in the same mill [5] (other countries
might use the bagasse for paper production, animal food enrichment, the production
of pharmaceutical compounds, and other nonenergetic uses that are not common yet in
Brazil [29,30]). It cannot be sent to or brought from another mill due to its low density and
high transportation costs. Additionally, a mill is assembled and configured to a specific
range of milling capacity; therefore, minimums of sugarcane crop yield and production are
required to be economically feasible to produce sugar, ethanol, and electricity. Consequently,
if the agricultural subsystem does not produce a minimum volume of sugarcane, surplus
electricity will not be generated.

The agriculture subsystem functions depend on precipitation, temperature, soil amend-
ments, and crop as well as water management. The crop yield and agricultural production
efficiency are a result of the combination of the above variables. The yield potential and
agricultural efficiency have improved over the years through research and innovation,
improving the current production systems [5]. Crop management practices have evolved
to cope with the rougher weather and soils of the Cerrado, as well as with the demand- and
production-scale trends. Other relevant improvements in the system are drought-resistant
sugarcane varieties, the development of mechanical instead of manual planting technology,
better crop nutrition, integrated pest and disease management, including the adoption of
biological control, and, especially, the shift from burnt and manual to mechanical harvest-
ing [31]. Additionally, relevant to the system is the development of new practices, such as
deficit-irrigated and minimum-till production systems [32].

Among the aforementioned developments is the improved use of vinasse, a potassium-
rich liquid waste of ethanol production. It is used for sugarcane fertilisation and has been
shown to improve crop yield [33]. As sugar production does not produce vinasse waste, its
availability will depend on the share of sugarcane allocated to ethanol production instead
of sugar, as well as the raw material quality. Vinasse is frequently mixed with industrial
wastewater to irrigate sugarcane fields [34].

Vinasse and industrial wastewater are then the feedback loop to the agricultural
subsystem [34]. The efficiency and water management in a mill will influence the quantity
of vinasse and wastewater that will be available to return to irrigate the sugarcane fields. If
a mill decreases its ethanol production, the amount of vinasse is reduced, and, therefore, a
smaller area can be fertirrigated, meaning that the crop yield could be affected.

A year with lower crop yield and sugarcane with lower water content will affect
the vinasse production and wastewater volume to be used for the next crop season. It
will then affect the crop yield of sugarcane areas under fertirrigation and reduce the crop
yield for a consecutive year, creating a loop interlinkage between the agricultural and
industrial subsystems.

In terms of water, the sugarcane mill industry subsystem is almost a closed system,
because the crushing process extracts most of the sugarcane water, about 72% of its content,
which is later reused and recycled in other processes [35,36]. A mill needs an input of
freshwater exclusively for the boilers, which require a specific water quality to keep the
equipment functioning. If sugarcane is exposed to drought events for an extended period
and is not strategically irrigated, its water content will decrease. Therefore, more freshwater
will be required to cover the demand, even if a mill rearranges the process to recirculate
water more efficiently. In this scenario, there will be less wastewater available to irrigate
the fields, and, therefore, more freshwater will be required.

2.3. Risk Analysis Description

The risk assessment explained in detail in Section 2.4 is based on indicators developed
to assess the different components of risk. These indicators are selected based on the system
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and the hazard analysed, in this case drought events, and a sugarcane system with two
main subsystems (Figure 2), the agriculture and the industrial.

The risk analysis considered two particularly relevant characteristics of the system. The
first one is that sugarcane is a semi-perennial crop, and its growing season usually extends
for 12 months before it is harvested and processed. Because the whole sugarcane volume
cannot be harvested and processed at once, and the Cerrado’s rainy season extends from
November to March, the harvest and milling season lasts from April (the end of one rainy
season) to November (the beginning of the next rainy season). Therefore, sugarcane relies
on the soil water content of the previous rainy season to reshoot and start development,
and depends on the next rainy season to continue growing in later crop phenological stages.
For this reason, the sugarcane yield of a year, and then the agricultural subsystem, are
affected not only by the climatic and management factors of the current year but also by
those of the previous year. Therefore, there is a time lag between the agricultural and
industrial subsystems. This means that, during the first year, the sugarcane will grow and
be impacted by the weather and management characteristics of that year alone. However,
in the second year, when the harvest starts, the crop yield will reflect the impacts not only
from the current year but also from the previous year. The mill then processes the sugarcane
and the industrial subsystem faces the impacts of the water availability in the second year
of production (Figure 3).
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The second characteristic considered was that sugarcane is frequently under water
stress. In this case study, around 20% of the sugarcane area is solely rainfed, and around
60% receives fertigation or salvage irrigation. Vinasse (~15 mm) and salvage irrigation
(~30–60 mm) are applied in a single event immediately after harvest to promote sugarcane
reshooting for a new growing cycle. Altogether, the yearly water deficit is equivalent to
40–60% of crop potential evapotranspiration in these areas. The remaining area, around
20%, is under a deficit-irrigated production system, receiving 100 to 500 mm of irrigation
throughout the growing season, which could result in a final yearly water deficit of around
20–40% of crop potential evapotranspiration. If the beginning of a new growing season
starts with a well-spread late rainy season, even with solely rainfed representing a low
percentage of the case study sugar mill, and the salvage and deficit-irrigated sugarcane
are under constant water stress, the impacts of a drought on the crop yield might not be
too substantial in this first year (see Figure 3). However, when a first short rainy season
is followed by a late start of the next rainy season, extending the drought event to the
beginning of the next growing season (see Figure 4), the sugarcane yield of the first year
will be affected, and that of the second year even more.
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2.3.1. Agriculture Hazard Indicators

The agricultural hazard was analysed based on ten indicators (see Figure 5) and
organised into six groups. The indicators were selected to capture the weather change
patterns and effects in the region that characterise a drought event and affect the sugarcane
growth pattern. The indicators considered as the most important were (i) the standard
precipitation index (SPI), which is defined as the difference of precipitation from the median
of a determined period, divided by the standard deviation from the same period [37,38],
(ii) the annual total precipitation (mm) (November to March), and (iii) the crop yield
(tonne/ha). Additionally, based on stakeholders’ expertise, a drought event was considered
to occur when:

• (iv and v) The precipitation starts later or ends earlier than usual (analysed by counting
the number of days);

• (vi) The length of the dry season is longer than usual;
• (vii) There are dry spells within the rainy season (total consecutive days with precipi-

tation less than 2 mm);
• (viii) The precipitation is concentrated in time, as defined by the precipitation concen-

tration index (PCI), developed by [39], which is a statistical measure of how concen-
trated in time the precipitation is;

• (iv) Air temperature reaches above 36 ◦C;
• (v) If the ecological river flow is jeopardised.

The ten indicators reflect when the precipitation or the temperature has changed
towards a drought event based on historical data. The thresholds were defined based on
the first quartile of the historical data. These values are used by the sugarcane farmers and
experts from Embrapa Cerrados as a threshold for expected precipitation, temperature, and
water availability patterns in the region. The standard deviation was used to define levels
of impact for the indicators (see Table 1). The SPI has a classification, which was used in
this paper.
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Table 1. Thresholds and impact levels example. Precipitation concentration index (PCI) values.
The colour classification is as follow: orange—severe drought or highly concentrated rainy season,
light orange—moderate drought or moderately concentrated rainy season, yellow—mild drought
or slightly concentrated rainy season, light green—slightly distributed rainy season, mint green—
moderately distributed rainy season, petrol green—severely distributed rainy season.

Year PCI

. . . . . .

2011 0.58

2012 0.58

2013 0.56

2014 0.57

2015 0.58

Standard deviation 0.041

Quartile 1 0.52

−3 (Severe drought) Higher than 0.64

−2 (Moderate drought) 0.6–0.64

−1 (Mild drought) 0.56–0.6

Normal values 0.52–0.56

−1 0.48–0.52

−2 0.43–0.48

−3 Less than 0

The six groups selected to analyse the hazards related to the agriculture subsys-
tem were the following: (I) rain volume, (II) rain distribution, (III) high-temperature
impact, (IV) river flow, (V) crop yield impact, and (VI) agriculture planning (Figure 5). The
indicator values range between zero and minus three, the latter being the most severe
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scenario. These indicators were clustered in the mentioned groups, and the hazard overall
group value was defined as the worst scenario (lowest value) among its indicators.

2.3.2. Industrial Hazard Indicators

The industrial subsystem requires a certain volume of water for the optimal perfor-
mance of the system. The minimum volume of water is the so-called makeup water volume,
which is the volume needed to compensate for water losses during industrial processing.
Hence, the indicators relevant for the industrial drought hazard analysis are the river
flow after subtracting the ecological flow [40], as well as the water retained during the
rainy season.

For this indicator, monthly thresholds were set, considering the minimum ecological
flow the basin should have, the water demands of other users in the basin, and the water
retained during the rainy season. The highest hazard value from the monthly analysis was
classified as the annual hazard. This means that, in a month in which the ecological flow
was jeopardised, the indicator value was set to one.

According to Goiás state law, the river flow that can be allocated to users is half of the
Q95, or the river flow rate that guarantees permanence 95% of the time [41,42].

2.3.3. Agriculture Exposure Indicators

The exposure in the agricultural subsystem is expressed as the percentage of the basin
covered by irrigated and rain-fed sugarcane fields. A land-use map was prepared using
MapBiomas vector data for the region as a base. Sugarcane fields were mapped using
the mill shapefiles and the products from the Canasat project, a project that focuses on
mapping sugarcane fields yearly and monitoring their expansion [43,44] (see Table 2).

Additional data were acquired through the Rural Environmental Register (CAR in
Portuguese) [45]. Under environmental regulations, farmers are obliged to upload maps of
the area of the farm, the area covered by native vegetation, permanent preserve areas (APPs
in Portuguese), the restricted use area, and the legal reserve area (ARL in Portuguese).
The APPs are margins of water bodies, slopes, and hilltops; for environmental protection
purposes, they cannot be touched. The ARL is an area that must be preserved; instances
of it vary depending on the biome. In Cerrado, this accounts for 35% of the farm area. In
Cerrado, the APPs can be counted as part of the ARL. Based on the information available,
it was possible to map wherein the basin those particular areas are located to understand
how much sugarcane can indeed expand. Water bodies were used to identify sugarcane
fields under potential irrigation.

For the estimation of potential sugarcane expansion, certain areas were excluded:
APPs, legal reservation areas, ARLs, existing sugarcane crops, slopes of >12%, and areas
with native vegetation remnants. Priority areas were those close to the mill (45 km) and
close to current sugarcane crop areas (10 km). Sugarcane can be irrigated in areas close to
streams, dams, and current withdrawal points (2 km). Accordingly, distance maps were
calculated for existing sugarcane plantations, for the sugarcane mill within the study area
and all rivers. Areas suitable for potential sugarcane expansion were classified according
to the following:

• Areas that were not priority areas and where irrigation was not possible.
• Areas that were not priority areas and where irrigation was possible.
• Areas that were priority areas and where irrigation was not possible.
• Areas that were priority areas and where irrigation was possible.

Details about the sources can be found in Table 2 below.
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Table 2. Land-use datasets used to create the current and future land use.

Information Dataset Source

Hydrological boundaries and bodies HMU boundaries
[25]Rivers and water bodies

Sugarcane

Sugarcane fields in Goiás with
information about the age of the
sugarcane (Cansat)

[43,44]

Sugarcane fields Sugarcane mill through
Embrapa Cerrados

Land use

Native vegetation, APPs, and ARLs [45]

Land-use cover

[46] (MapBiomas Project—a
multiinstitutional initiative to generate
annual land cover and use maps using
automatic classification processes applied
to satellite images. A complete
description of the project can be found at
http://mapbiomas.org, accessed on
15 July 2019)

2.3.4. Industrial Exposure Indicators

In the industrial subsystem, the exposure is the potential installed (65 MW), which rep-
resents 5% of the installed capacity by sugarcane mills in Goiás [47] and 95% in the Rio dos
Patos basin. Compared to the other seven mills in Goiás with similar milling capacities, the
analysed mill has the second-largest installed power capacity [48].

For the historical analysis, information and data about the sugarcane fields and mill
operations were retrieved from reports, historical data, and maps.

2.3.5. Agriculture Vulnerability Indicators

Socioecological data were collected through interviews with farmers involved in the
sugarcane industry. A questionnaire was built to collect information covering economic,
social, and environmental issues, as well as awareness. The questions were designed to
include information about the partnership with the mill, access to a dam, diversification
of income, awareness of protected areas and regulations related to them, and understand-
ing of drought events, among others. Each question was an indicator that, based on
the answer, had a value between zero and one (normalised), where one indicates the
highest vulnerability.

The indicators were grouped into four groups: (i) lack of adaptive capacity (LAC),
(ii) lack of coping capacity (LCC), (iii) social susceptibility (SoS), and (iv) ecosystem suscep-
tibility and robustness (ESR) (see Figure 6).

The historical values were evaluated based on historical data and information, in
addition to farmers’ answers during the interviews. Farmers’ interviews were used to
understand when they first obtained access to a dam, if they built it or if the mill was
responsible, how they felt in the past about drought events and water availability, and their
perception of protected areas before regulations took place. Remote sensing historical data
from MapBiomas were used to analyse sugarcane expansion.

2.3.6. Industrial Vulnerability Indicators

The technological element is directly related to mill management and efficiency. It
considered (a) the volume of fresh water per tonne of sugarcane processed, (b) the kWh
generated per tonne of sugarcane processed, (c) the percentage of water recovered and
reused from sugarcane, (d) the kWh used per tonne of sugarcane processed, (e) the volume
of water lost in the system, and (f) access to a dam to cover water requirements. Table 3
shows the values used as the best scenario, close to low vulnerability (zero), and values in

http://mapbiomas.org
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the worst scenario, high vulnerability (one). The values are obtained from [22,35,49], and
are references of mills in the region.
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To analyse the vulnerability in past years, information was retrieved from interviews,
historical mill data, reports, and environmental regulations data.

2.4. Risk Assessment

The risk assessment followed the framework proposed by the Intergovernmental
Panel on Climate Change (IPCC), and considered the hazard, exposure, and vulnerability
components [50]. The methodology was applied to the sugarcane energy generation
system described previously, and used the sugarcane growing cycle as a time reference
(April to March). The corresponding thresholds for the risk assessment were defined based
on the system flows, limits, and subcomponents.
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Table 3. Industrial vulnerability indicators and thresholds.

Indicator Unit Best-Case Scenario Worst-Case Scenario

Volume of fresh water per tonne of sugarcane processed m3/TSC 0.50 2
kWh generated per tonne of sugarcane processed kWh/TSC 120 15
Percentage of water recovered and reused
from sugarcane Percentage 100% 0%

kWh used per tonne of sugarcane processed kWh/TSC 12 30
Volume of water losses in the system m3/TSC 0.50 1
Access to a dam to cover the water needed for
industrial purposes Percentage 100% 0%

Equation (1) is the adoption of the equation proposed by the IPCC for the sugarcane
energy generation system to assess risk:

Sugarcane System Risk = Hazard ∗ Exposure ∗ Vulnerability (1)

Hazard, exposure, and vulnerability are normalised indicators that are built based on
specific characteristics, explained below. The indicators do not have units.

2.4.1. Hazard Estimation

Since the system is integrated by two subsystems with different characteristics, the
system hazard value was the highest hazard value from both subsystems (Equation (2)) to
avoid neglecting impacts on any of them:

Hazard = Max (Agriculture Subsystem Hazard, Industrial Subsystem Hazard) (2)

Agriculture Hazard Estimation

The agriculture hazard was calculated based on a weighted average. As mentioned
before, the indicators were organised into groups (Figure 5). With expert consultation, each
group was assigned a weight, considering its relevance, to classify and identify drought
events (Table 4). Weights were one or three, three being the most representative and
most impacting.

Table 4. Agriculture hazard indicator weights.

Indicator Group Indicator Weight

Total precipitation (mm)
Rain volume 3Standard precipitation index (SPI)

Precipitation concentration index
Rain distribution 3Length of the dry season (days)

Total days under dry spells (days)

Number of days T > 36 ◦C
Days with a maximum

temperature higher than
36 ◦C

1

Available river flow (m3/s) River flow 3
Crop yield (tonne/ha) Crop yield 3

Late start of rainy season (days) Agricultural planning 1Early finish of rainy season (days)

The crop yield is the indicator connecting the agriculture and industrial subsystems.
Its value and the deviation from the expected crop yield will show the impacts of drought
events on the crop. Due to its relevance, the weight of the indicator was set to three.

The river flow is directly affected by drought events. Since ecological flow has to be
respected, drought events will affect the volume of water that can be allocated to other
users, including the water that can be dammed and stored for irrigation purposes. Low
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river flow will affect the water available to be retained in reservoirs during the rainy season,
and the water available that can be directly extracted during the dry season. The weight
for this indicator was three.

The PCI, the length of the dry season, and the total days with dry spells, grouped as
“Rain distribution”, were considered as most relevant for drought characterisation in the
region. Precipitation concentrated in time and dry spells in the middle of the season can
highly affect sugarcane growth and water content.

The river flow, the rain distribution, the precipitation volume, and the crop yield are
the main indicators showing changes towards drought events that will affect the sugarcane
crop. Shifts in the start and finish dates of the rainy season will affect sugarcane yield
and significantly impact crop management. Most cropping activities demand proper soil
water conditions. Machinery and labour infrastructure are designed to cover demanded
operations within a normal weather timing window. Therefore, if the rainy season starts
later or finishes earlier, the whole planting and cropping management is affected.

The group values (Figure 5) and their corresponding weights (Table 4) were used to
calculate a weighted average (Equation (2a)):

Agricultural Subsystem Hazard =
(PV ∗ WPV) + (RD ∗ WRD) + (T ∗ WT) +

(
Qa ∗ WQ

)
+ (CY ∗ WCY) + (AP ∗ WAP)

∑n
1 Wn

(2a)

where:

• ∑n
1 Wn is the sum of all the weights.

• Wx is the corresponded weight for the criteria (see Table 4).
• PV is the precipitation volume.
• RD is the rain distribution.
• T is days with an air temperature higher than 36 ◦C.
• Q is the available water flow in rivers (its analysis is detailed in “Industrial Hazard

Estimation” section below).
• CY is the impact on the crop yield.
• AP is agriculture planning.

The range limits of the result, which ranged between 0 and 3 due to the hazard
indicator values, were normalised to 0 to 1, in a similar manner to the risk analysis.

Industrial Hazard Estimation

The hazard related to the industrial processes is directly related to the water available
for processes in the basin after subtracting the ecological flow. As established by the state’s
law, the Q95 is the reference for the allocable river water flow to users in the basin; the
rest is considered ecological flow. Furthermore, according to state regulations, only 50%
of the Q95 can be allocated to users [41,42]. In the case of Rio dos Patos, based on the
modelled values and close to the values established by the state authority, the Secretary of
State for Environment and Sustainable Development (SEMAD in Portuguese), the Q95 is
7.4 m3/s [51]. Figure 7 shows the average water flow in Rio dos Patos, the Q95, and the
water volume that can be granted (yellow lines).

In this paper, we took as a reference the ecological water flow and the Q95 to establish
drought thresholds (see Figure 8). As the Brazilian law does not establish a different water
ecological flow per season, this paper took that value as the most extreme and severe
drought event. Similar to other hazard indicators, quartile 1 is the value used by farmers
and industrial farmers as a reference for expected behaviour. In that sense, a value lower
than quartile 1 is considered a mild drought. Quartile 1 minus the standard deviation of
the river flow, considering dams, was defined as a moderate drought event.
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Figure 7. Monthly average river and ecological water flow, and available flow for processes after
subtracting water flow (50% of the Q95) in cubic meters per second.
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Figure 8. Monthly hydrological drought thresholds in cubic meters per second.

During the assessment, the river water flow was never less than 7 m3/s. In this sense,
it was not necessary to perform a close analysis of the water allocation per sector. However,
in the case of the strongest drought, it is relevant to analyse the drought per sector, as it
would impact them differently. We called the drought indicator for the decrease in the river
water flow “Q”:

Industrial Subsystem Hazard = Q (2b)

2.4.2. Exposure Estimation

Similar to the hazard evaluation, the system exposure was the most exposed subsys-
tem (Equation (3)):

Exposure = Max (Agriculture Subsystem Exposure, Industrial Subsystem Exposure) (3)

The exposure values for the subsystem were evaluated based on the planted area
(Equation (3a)) and the installed potential of the mill (Equation (3b)). The indicators are
percentages and do not have units:
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Agriculture Subsystem Exposure = (
Irrigated Sugarcane Area (ha)

Sub basin area (ha)
) + (

Rain f ed Sugarcane Area (ha)
Sub basin area (ha)

) (3a)

Industrial Subsystem Exposure =
Mill sugarcane installed potential (MW)

Sub basin electricity installed potential (MW)
(3b)

2.4.3. Vulnerability Estimation

The vulnerability indicator was analysed as follows:

Vulnerability = Average (Agriculture Subsystem Vulnerability, Industrial Subsystem Vulnerability) (4)

where:

Agriculture Subsystem Vulnerability =
LAC + LCC + SoS + ESR

4
(4a)

where:

• LAC is the lack of adaptive capacity.
• LCC is the lack of coping capacity.
• SoS in the social susceptibility.
• ESR is the ecosystem’s susceptibility and robustness.

The agriculture indicators were built based on fieldwork and questionnaires to farmers
in the region. Data and information were collected, grouped, and analysed. The industrial
indicators were built based on historical data and technical information.

The values were normalised based on the values presented in Table 4. The average of
those values is the industrial subsystem vulnerability (Equation (4b)).

Industrial Subsystem Vulnerability =
Wts + Ets + WRts + ERts + WL + AD

6
(4b)

where:

• Wts is the volume of fresh water per tonne of sugarcane process.
• Ets is kWh generated per tonne of sugarcane processed.
• WRts is the percentage of water recovered and reused from sugarcane.
• ERts is the kWh used per tonne of sugarcane processed.
• WL is the volume of water lost in the system.
• AD is the access to a dam to cover water requirements.

3. Results

Figure 9 shows the sugarcane system drought risk results. Risk values range between
zero and one, one being the highest risk. The highest values were calculated for the years
2007, 2008, 2010, 2011, and 2012. The drought event in 2007 impacted the sugarcane sector;
however, the drought in three consecutive years, from 2010 to 2012, had a more significant
impact, decreasing the crop yield to the lowest value since 2000.

In terms of drought impact on electricity generation, Figure 10 shows electricity
generation between 2009 and 2015 as well as the risk values. It can be noticed that the risk
values between 2010 and 2012 are close to 0.4. In 2009, a year with a low risk value, the
area harvested was 29,229 ha, close to 2,461,000 tonnes of sugarcane was harvested, and
the electricity generated was close to 128,500 MWh during the season. In contrast, in 2011,
the harvested area increased to close to 31,200 ha; however, the total sugarcane harvested
decreased to approximately 1,922,700 tonnes; therefore, the electricity generation decreased
to approximately 121,700 MWh. The values show the role that the industrial sub-system
has to mitigate, to some extent, the risk impact on electricity.
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Figure 9. Yearly drought risk assessment results between 2004 and 2015 (risk values range
from 0 to 1).
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Figure 10. Energy generation vs. risk assessment value between 2009 and 2015.

Hazard results showed that the strongest drought for both subsystems was in 2007.
Hazard results on the industrial subsystem are more sensible, since they are based solely
on water availability for industrial purposes; therefore, 2007 is not the only year with a
strong drought. Even though it is only one indicator, it fully represents the drought hazard
for the industrial subsystem. On the other hand, the agriculture subsystem showed lower
hazard values (see Figure 11).

The exposure results showed that the area covered by irrigated sugarcane was almost
double the area covered by rainfed sugarcane (see Figure 12).

Even though the sugarcane area has expanded, the growth rate was not constant. The
changes in the yearly planted area depend on crop ageing, plant population, potential yield
losses, the renewal of partner farmers’ leasing contracts, new land leasing contracts, and
the availability of financial resources to cover planting costs. The analysis also showed that
due to the area that must be protected as required by the law, as well as the area unsuitable
for growing sugarcane due to the slope, the agriculture exposure would never reach 100%
of the basin. Regarding the industrial exposure, two sugarcane mills are located in the
basin; the mill under analysis is the largest. It has expanded the electricity capacity whilst
the other one has not. Every time the mill increases its installed potential, it represents a
larger percentage of the energy generated in the basin, and therefore it is more exposed (see
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Figure 13). For those reasons, the most exposed subsystem in the basin will most probably
consistently be the industrial subsystem.
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Figure 14 shows the vulnerability results. Changes in the industrial subsystems are
usually on a large scale due to the economic investments involved. Those changes reduced
vulnerability significantly between 2007 and 2008 and later in 2013.
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The agriculture vulnerability mainly changed due to the regulations on preserved
areas and weather forecast information. Implementing the CAR was key to restoring
areas and raising awareness in the agriculture community about protected areas. Weather
forecast information that was available to farmers also played a role in decreasing the
vulnerability. However, the information and data are still only weather forecasts, and there
is no drought monitoring system set in place.

4. Discussion

The results’ decrease in values seems to be insignificant; however, it is, and to better
understand the results the dynamic relationship between the components should be de-
termined, and hotspots should be identified. Figure 15 illustrates the drought risk in 2007
(absolute value of 0.41) and 2015 (absolute value of 0.32). The results also show that risk
values close to 0.40 are significant drought events.
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The risk results, which are normalised, result from the average or highest values of
the subsystem components. Figure 15 shows that the agriculture exposure (exposure (a)) is
larger in 2015, but the largest changes are in the vulnerability components. Subcomponents’
results are shown in the secondary axes in absolute values for the better visualisation of the
components’ contributions. The hazard values for the agriculture sector were smaller in
2015; however, the hazard for the industrial sector was equally high, since the river flow
was affected in both years. The vulnerability, on the other hand, decreased in the agriculture
and industrial sectors. In the industrial sector, the most relevant change was the decrease
in the energy that is used per sugarcane tonne crushed (TSC). Figure 15 also shows that
an increase in the water dammed for industrial purposes can greatly decrease industrial
vulnerability, and improvements in the electricity generation per TSC can also decrease
the sector’s vulnerability. Water losses in the system are related to the makeup water
that is needed for the boilers. In this sense, technological innovation and improvement
can reduce the vulnerability related to that subcomponent. The agriculture vulnerability
reduced significantly in the ESR component. As mentioned previously, the decrease was
mostly due to the introduction of the CAR, which raised awareness between farmers about
protected and restored areas. The subcomponent can be improved by additional analysis
using remote sensing data and indicators targeting vegetation health.

The rest of the subcomponents also decrease, but not as considerably as the ESR. The
SoS is solely related to the partnership between farmers and the mill. In this sense, the
findings should be interpreted with caution, since the second indicator, trust in government,
had to be removed due to the lack of historical data and information for its analysis. In
future analyses, this subcomponent should be strengthened and complemented by other
indicators. In the case of the LAC and the LCC, the decrease in vulnerability was due to the
farmers’ increased awareness of drought events, increased sugarcane-planted area, more
drought-vulnerable crops, and weather forecasting specifically for agriculture purposes.

Hazard results did not show a clear trend of steady increase or decrease in drought
events between 2004 and 2015. However, the values regarding the agriculture hazard
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overlapped with years that farmers identified as years with challenging weather conditions,
especially referring to the erratic precipitation patterns and, overall, low precipitation rates,
being very concentrated in fewer months of the sugarcane growing season. Industrial
hazards are noticed less, since water availability in the basin never decreased to a point in
which water was not available for industry. However, drought in the agriculture system
is felt by the industrial phase due to the reduced recovered water and sucrose content.
The exposure results showed a sharp difference between the agriculture and industrial
phases. Sugarcane expansion grew 1.8 times between 2004 and 2015, and continues to
expand. In terms of exposure values, the irrigated sugarcane increased from 0.08 to 0.14,
and the rain-fed sugarcane from 0.04 to 0.07. This is not a surprise, since farmers and the
mill agriculture managers prefer to plant sugarcane in areas that are accessible to irrigation.
It is expected that sugarcane will be expanded first into areas closer to surface water bodies.
The agriculture exposure is low due to the other agricultural areas, protected forests,
permanently protected areas, and protected areas with native vegetation. Those values will
be repeated in other basins, or if the area under analysis is expanded to neighbouring basins.
On the other hand, industrial exposure was steady at 0.84. The value was steady as a result
of the absence of installed potential expansion. Contrary to agriculture expansion, which
could happen on a yearly basis, installed potential increases require strong investment and
attractive economic revenues from the sale of energy, which are not done on a yearly basis.
There are two sugar mills within the study area basin, and the mill under analysis is the
largest, which explains the large industrial exposure. Contrary to the agriculture exposure,
the industrial exposure would change if the area under analysis is larger and if the other
mills are located within those boundaries.

Results on the vulnerability showed the importance of technical interventions and
regulations on land use to reduce the drought risk. In the particular case of bioenergy from
sugarcane bagasse in Rio dos Patos, the system has been improved to use less water in
both subsystems. The implementation of actions took place to increase the overall mill
environmental sustainability rather than to reduce the drought risk; however, the analysis
shows that these actions also reduced the drought risk. The agriculture vulnerability was
reduced, especially after the access to the weather forecast for agriculture planning and the
enforcement of the CAR. Weather forecasting is a private initiative that was welcomed by
farmers in the region to better plan crop planting and harvesting. The CAR, on the other
hand, was implemented to protect areas and to easily monitor agriculture expansion, and
it is mandatory to present the documents required to operate agriculture activities. This
increased the recognition of key areas to be protected to keep the ecosystem healthy in
the basin and reduce the drought risk. Another key result that must be mentioned is the
cooperation between research institutes, farmers, and sugarcane industry managers, as
well as its impact on decreasing vulnerability. Farmers cooperating with research and in
partnerships with the mill are less vulnerable, since they are applying and supporting the
improvement of new deficit-controlled irrigation techniques, different quantities of soil
inputs, and crop rotation, and the mill supports them with access to machinery to plant,
harvest, and monitor areas registered in the CAR. The synergy between sugarcane mills,
farmers, and research institutes strengthens the sector and enables sustainable growth.

The industrial vulnerability has decreased significantly due to the use of water col-
lected from sugarcane during the crushing, the recirculation of water within the industrial
processes, and the reduction in water in the processes. The improvements are part of the
sector’s efforts to reduce the environmental impact, which aim to reduce the demand for
freshwater to a minimum. In this sense, industrial vulnerability is expected to decrease.
Another relevant technological improvement in the sector is the changes in the temperature
and pressure in which the Rankine cycle performs to generate more electricity which can be
sold to the national grid. Those changes are also subject to the Brazilian electricity market
opportunities and targeted auctions to bioenergy suppliers. That analysis was out of the
boundaries of this analysis.
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The methodology included as an indicator the access to dammed water for periods
with low water availability. Farmers in the region and mill operators agree on the impor-
tance of these dams to reduce the vulnerability to drought events that, according to their
experiences, are increasing in frequency and intensity. The river flow analysis showed that
dams have slightly modified the natural river regime, increasing the minimum flow during
the dry season due to the mandatory minimum dam flow release, and decreasing the high
flow peaks. Water damming has allowed farmers to irrigate crops when the precipitation
is not enough to cover the crop’s water demand. Dams are considered the most relevant
action in the region to decrease the vulnerability of farmers. The government grants permits
to build them and monitors their implementation; however, the farmers are the ones who
look for suitable places to build them. Small dams are going to continue to be built in the
region; for this reason, it is important that there is more involvement by the government in
mapping areas where small areas can be built, regulating the area flooded, and monitoring
closely the river flow to revise future water grants as well as modify them according to the
changes in water availability.

In practice, the results help to identify exposed areas and develop policies and technolo-
gies targeting drought risk mitigation in agriculture and sugarcane mills. The vulnerability
analysis shows that farmers can decrease, to some extent, the vulnerability, and that the
government can stimulate the development of initiatives related to it. Risk analyses could
be performed periodically (e.g., monthly) and used as a means for farmers and mills to
better plan production.

5. Conclusions

Risk assessments can help to identify and highlight important actions required to
reduce the hazard, vulnerability, and exposure, and thus overall risk. This paper assessed
the risk in sugarcane-bagasse-based electricity generation based on an approach considering
socioecological and technological factors. Considering both the agriculture and industry
phases helped to identify hotspots in the system and create solutions aiming to reduce
the risk via government and legislative actions, through water and natural resources
management, and through technological improvements. Historical and dynamic analysis
also helps to understand the potential of different actions in reducing risk; those actions
could eventually be replicated in similar systems to reduce risk. This approach also helps
to identify in which subcomponents the hotspots are and to create solutions targeting
strategic indicators.

Analysing the entire system also highlighted the importance of considering the agri-
culture and industrial phases. Excluding the industrial phase would have led to omitting
the implication of drought events on the industry and the role it plays in partially covering
crop water demand. On the other hand, excluding the agricultural phase would have led
to overlooking the importance of measures to protect strategic areas or the role of weather
forecasting for agriculture planning, among other measures.

Despite the limitation of historical data available for one indicator in the vulnerability
assessment, the approach and framework used in this paper can be the starting point
to further develop risk analyses by considering a dynamic and historical approach to
formulate actions and measures to reduce risk.
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Abbreviations

AD Access to a dam
APPs Permanent preserve areas
ARL Legal reserve area
CAR Rural Environmental Register
Erts kWh used per tonne of sugarcane processed
ESR Ecosystem susceptibility and robustness
Ets kWh generated per tonne of sugarcane processed
FC Field capacity
HMU Hydrological management unit
IPCC Intergovernmental Panel on Climate Change
LAC Lack of adaptive capacity
LCC Lack of coping capacity
PCI Precipitation concentration index
PWP Permanent welting point
SEMAD Secretary of State for Environment and Sustainable Development
SIN National Interconnected System
SoS Social susceptibility
SPI Standard precipitation index
SWC Soil water content
WL Water lost in the industrial system
WRts Percentage of water recovered and reused from sugarcane
Wts Volume of fresh water per tonne of sugarcane process
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