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ABSTRACT

WATER-ENERGY-FOOD NEXUS IN SUGARCANE ETHANOL
PRODUCTION IN THE STATE OF GOIAS, BRAZIL: A REGIONAL INPUT-
OUTPUT ANALYSIS

by
Rodrigo Augusto Bellezoni

Concerns about the impact of biomass growth for biofuel production emphasise the
importance of planning the expansion in energy crops, taking into consideration water,
energy and land resources, as well as greenhouse gas emissions (GHG). This research
analyses the impacts of first-generation sugarcane ethanol expansion in the Paranaiba
basin (Goiés State, Brazil), focusing on how future demand for ethanol could affect the
socioeconomic, energy and environmental outcomes in the region. An economic-
ecological input-output (IO) framework was applied to develop a water-energy-food
nexus (WEFN) analysis on ethanol production. A Leontief 10 price framework was also
applied to analyse the economic and environmental impacts of changes in factor input
prices, resulting from the imposition of a US$10 carbon tax. The results show that
sugarcane expansion would apparently have little significant direct impact on land and
water availability in the Paranaiba basin, when price change effects (through a carbon tax
policy) are not taken into account. Conversely, however, when a US$10 carbon tax policy
is applied, the negative environmental impact (of economic changes) of expanding
sugarcane crops in Goids would be 5-fold higher as compared with the non-carbon pricing
scenarios; thereby significantly changing the big picture of promoting biofuels expansion
in the state when physical and economic models are jointly applied. Therefore, any
ethanol scenario under a carbon pricing initiative would turn into a high-impact
development option for Goids, showing much higher environmental impacts when
compared to non-carbon-pricing scenarios and the long-term environmental impacts
would offset any economic gains. This significant difference between the results of a
physical approach and a price approach is an important way of assessing environmental
impacts in terms of their economic implications, and a means of aligning both results and
policy recommendations more closely to reality. Additionally, the impacts on the return

of a sector’s value-add show that no Goias’ economic sector would be significantly
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impacted in carbon price scenarios up to US$10/tCOze, except for the Agricultural sector;
this would face huge challenges even under 45% and 35% emissions reduction scenarios,
with impacts of 17% and 20% in value-added terms, respectively. Finally, the unintended
impacts of expanding biofuels, such as the possibility of indirect deforestation and its
related GHG emissions, must always be considered before promoting sugarcane
expansion in the Paranaiba basin. Therefore, the WEFN analysis is a valuable tool for
guiding the sustainable management of natural resources, including water, energy, land
use and GHG emissions. In particular, the hybrid extended IO-WEFN framework is
useful for designing effective biofuel policies and collectively addressing impacts on

environmental, social and economic spheres, in a local or broader context.

Dissertation directed by Professor Deepak Sharma

School of Information, Systems & Modelling (ISM)
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1 Introduction

1.1 Background

Debates on energy security, oil price variability and the growing global commitment to
address climate change have intensified in the 21% century, motivating increasing
investments in renewable energy resources, even though fossil fuels still dominate the
global energy markets. Since the Transport sector heads up oil consumption worldwide
and air, marine and heavy freight transport rely on the high energy density of liquid fuels,

the transportation sector is on the lookout for alternative renewable fuel sources.

On a global scale, biofuels accounted for about 3% of the fuel consumed by the transport
sector in 2014 (IEA, 2016), and the United States and Brazil lead the world in biofuel
production. Brazil accounted for 22.5% of global biofuel production in 2016, which
represents 83% of South and Central America’s total output. Researchers and planners
have focused on liquid biofuels, which in Brazil have long contributed to reducing
greenhouse gas emissions (GHG) from the transport sector, besides contributing to

agricultural development and reducing oil import dependency.

Besides the energy and environmental aspects, traditional biofuel production may have
many social benefits that can help developing countries grow in a more sustainable way.
Some studies have highlighted the employment and income generation related to biofuel
programs in developing countries and their positive effects on living conditions (Lynd
and Woods, 2001; Moraes et al., 2010). Thus, as technological improvements emerge,
the potential environmental and economic benefits of biofuels are becoming more

evident, making them a promising renewable energy source.

It is noteworthy that biofuels can be produced from different raw materials, generating
sources of energy with distinct characteristics. Traditional biofuels use conventional food
and feed crops, also known as ‘flex-crops’ or ‘flex-commodities’. Flex-crops are
agricultural crops that can be used for food, feed, fuel and industrial material. First-
generation biofuels (/G) usually refers to ethanol produced from sugar-rich (e.g.
sugarcane, sugar beet, sweet sorghum) and starch-rich flex-crops (e.g. corn, wheat,
cassava, rice), and to biodiesel made from oilseed crops (e.g. soybeans, rapeseed,
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sunflower, palm) or animal fat (Gasparatos and Stromberg, 2012; OECD/IEA, 2010).
Most of the current global biofuel production is the result of targets and incentives that
players such as Brazil, the United States and the European Union have set up to diversify

transport fuel supplies, improve energy security and reduce GHG emissions (IRENA,

2016).

Biofuels made from non-edible biomass and cellulose, hemi-cellulose and lignin,
biomass-to-liquids (BTL) and bio-synthetic natural gas are called second-generation
biofuels (2G) (FAO, 2008b; OECD/IEA, 2010). Typical lignocellulosic feedstocks are
agricultural by-products (e.g. cane bagasse, corn stover, husks, stalks), forestry residues
(e.g. thinning, treetops and branches), perennial grasses (e.g. switchgrass and
miscanthus), short rotation coppice (e.g. eucalyptus, willow, poplar, acacia) and
municipal waste (HLPE, 2013). Lignocellulosic feedstocks often do not compete for
high-quality land with food crops due to their high yields and growing capacity on land
poorly suited to food crops. Before converting sugars into ethanol through the well-
known fermentation and distillation stages, firstly the cellulose and hemi-cellulose
components of the biomass must be broken down into sugars, typically in a so-called
biochemical conversion route (OECD/EIA, 2010; HLPE, 2013; IRENA, 2016).
Feedstocks can also be submitted to a high-temperature process (gasification/pyrolysis)
to be converted into a synthesis gas via the thermochemical route. This gas can then be
transformed into different types of liquid or gaseous fuel, so-called ‘synthetic fuels’
(OECD/IEA, 2010). Most biochemical and thermochemical technologies are currently in

a pilot or demonstration phase.

Because of their current early-stage of development, third-generation (3G) biofuels are
not yet cost-effective and typically refer to algae-based biofuels. 3G biofuels usually refer
to biofuels that are grown on much less land than /G and 2G biofuels and that do not
compete with either food crops or with arable lands, while producing a variety of useful
co-products. Conversion of algae to biofuel (biodiesel and jet fuel) involves the same
steps needed to convert oilseeds to biodiesel, such as extraction of oil, purification and
transesterification of lipids. Several countries have now intensified their research and
development efforts into both 2G and 3G biofuels due to their technical, economic and

environmental potential (IRENA, 2016).



Considering the range of variables involved in biofuel production (including the different
raw materials, the biofuel crop considered, the scale of production, the land category
considered, cultivation practices, water availability, fertiliser application, conversion
technologies and the region or country of production, not to mention climate change
considerations in future scenarios) viewpoints on socioeconomic and environmental
implications of biofuels are likely to vary widely (Ravindranath et al., 2011). In this
regard, traditional biofuels have been criticised for two main reasons. The first is that they
may compete with food crops for land, water, nutrients and other resources; the second is
that they may impact the agriculture itself, food security, food prices, the local
environment and the economy (FAO, 2008), all of which frequently offset the positive

impacts of reduced GHG emissions.

First-generation biofuel production may result in both direct and indirect land-use change.
Direct land-use change (DLUC) occurs when feedstocks for biofuel production are new
crops directly established on arable land, forest or grasslands. Indirect land-use change
(ILUC) occurs when the feedstocks for biofuel production are not triggering land-use
change on-site, but elsewhere due to the need to compensate foregone production now
used for biofuels (Lapola et al., 2010; 2014; HLPE, 2013). Switching native ecosystems
to biofuel production by deforestation may drastically harm the desired GHG emission
reduction, besides threatening biodiversity (Tilman et al., 2009; Fargione et al., 2010;
Lapola et al., 2010; Karp and Richter, 2011; FAO, 2013; Dhillon and Wuehlisch, 2013).

A study conducted by the World Bank targeting land investments by resource-poor,
capital-rich countries has shown a weak correlation with cultural affinity between
countries of origin and countries of destination. Conversely, a strong correlation was
observed between high levels of land investment intentions and ‘weak land governance
and protection of local land rights’ (Arezki et al., 2011). According to the International
Water Management Institute, water is in fact the key resource behind these investments
(Williams, 2012). Water and land resources are subject to independent regulatory systems
and different government responsibilities, and this lack of interlinks between agencies
and policies has been leading to land deals that do not consider the water implications of
large-scale projects, which can lead in turn to water being overdrawn and the diversion
and the drying up of water sources (HLPE, 2013). In this context, it is clear that there is

a strong link between environmental (resource availability and use) and economic
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systems. Therefore, any change in price for any resource can directly and indirectly affect
both the price and availability of other resources (e.g. water, energy, land, food),
impacting society’s access to key resources on either a local or national scale. However,
price change mechanisms and price impacts on key production inputs are frequently not
considered in environmental impact analyses; that is, these analyses are strictly physical
in that they focus on the physical flow of resources and ignore the economic implications

on the system.

Besides the lack of an integrated governance framework, much of the physical impact of
biofuel policies and production on water, energy and food security arises from the choice
of feedstock and technology for that production. These factors determine the form of
competition for food, feed and land, with diverse land and water needs depending on the
feedstock (HLPE, 2013). Therefore, governments should assess the amount of biofuel
that can be produced sustainably, giving priority to approaches that complement rather
than compete with water use and food production, and that use available land with neither

direct nor indirect land-use change (IRENA, 2016).

Regarding the feedstock chosen, Brazil is the biggest sugar producer in the world, the
biggest sugar exporter (respectively 21% and 58% of the world total) (FAO, 2017) and
the second largest producer of fuel ethanol, with a record production of 30.23 hm? in 2015
(UNICA, 2017). Global bioethanol output is mainly concentrated in Brazil and in the
United States, which combined account for 85% of total production (MME, 2017b).
While Brazilian ethanol is produced from sugarcane, US ethanol is produced mainly from
corn. The US ethanol is competitive in terms of its production costs, but its energy balance
is not as high as sugarcane-based ethanol and its productivity is lower in terms of area.
Considering Brazil’s large availability of land for energy crops, its sugarcane ethanol is
a well-known success story of commercial use of biomass for energy purposes, based on
its low ‘well-to-wheels’ GHG emissions, the crop’s very high yield (typical of C4 plants),
low water footprint and its low induced deforestation (Goldemberg, 2008; Pereira et al.,

2008; La Rovere et al., 2011).



The use of ethanol as an alternative fuel in Brazil expanded after the first oil crisis, with
the PROALCOOL! Program in 1975. First it was employed as an octane booster to
gasoline and later as a complete substitute in properly adapted engines. The program has
attracted significant investment in agricultural and industrial processes related to /G
ethanol production, stimulating sugarcane growing and the construction of ethanol plants
in the country. Additionally, an important domestic ethanol market was consolidated
through a huge investment cycle focusing on promoting flex-fuel engines, which gives to
consumers the choice of fuelling their cars with petrol or ethanol in any proportion,
according to their selling prices. Brazilian ethanol can be produced both in autonomous

distilleries and in the most common mixed-sugar ethanol plants.

Brazilian ethanol production rose from 10.6 hm? in 2000/01 to 17.8 hm? in 2006/07, and
then to 27.3 hm?® in 2016/17, with significant increases in agricultural and industrial
productivity (UNICA, 2017). In 2016, sugarcane biomass energy accounted for 17.5% of
Brazil’s internal energy supply, whereas ethanol had a 5.6% share of the final energy
consumption (MME, 2017). When considering all liquid fuels used in the road transport
sector alone, the share of ethanol accounted for 18% of the total in 2016, led by diesel oil
(45.4%) and gasoline (31.2%) (MME, 2017). Currently, anhydrous ethanol is employed
as an oxygenated additive to gasoline (from a blend of 18% to 27% blending of gasoline-
ethanol, also called gasohol). Hydrous ethanol is employed in dedicated engines or in

flex-fuel engines (up to E100).

As stated by Brazil’s National Agency of Petroleum, Natural Gas and Biofuels — ANP
(ANP, 2017), as of February 2017, the country had 384 ethanol mills, producing about
334,000 m? a day, with sugarcane being the feedstock used in 97% of the authorised mills
(ANP, 2017). According to ANP (2016), 36.7% of all ethanol produced in Brazil between

! The Brazilian National Alcohol Program — PROALCOOL — was based on several interventions by the
federal government. ‘Phase 1 (1975 — 1979). Government effort launched with an initial target to blend
anhydrous ethanol to gasoline up to 22.4% (by volume). Phase 2 (1979 — 1986): Government support to
strong ethanol production increase. Industry agreement to start producing ethanol powered cars. Phase 3
(1986 — 1989): Ethanol production stopped increasing in 1986. Major supply crisis in 1989 reduced the
share of ethanol fuelled cars. Phase 4 (1989 — 2003). Ethanol is mixed up to 24% with gasoline. Phase 5
(from 2003 on): New and huge investment cycle. High oil prices, energy security, and climate change
concerns stimulate world demand, increasing export opportunities. Domestic demand growth thanks to
flex-fuel cars’ (La Rovere et al., 2011).



2008 and 2015 was anhydrous ethanol, while the hydrous ethanol share was 63.3%. In
the same period, 95% of all ethanol consumed was for energy purposes (ANP, 2016).

Sugarcane is cultivated in many Brazilian states, being the top crop in terms of raw
biomass production and third in terms of area, after soybeans and corn (IBGE, 2017). The
largest sugarcane-producing area is the Centre-South region, accounting for more than
90% of the country’s production (Figure 1); within that region, Sdo Paulo State produces
56% of the total in Brazil (IBGE, 2017; UNICA, 2017). Sugarcane is also the most
irrigated crop in the country (it accounts for 30% of total irrigation in Brazil), with about
17,000 km? (ANA, 2012), and the National Irrigation Policy (enacted in 2013) (BRASIL,
2013) encourages the expansion of irrigated areas. However, 98% of that is the so-called
salvage irrigation, i.e. 20 — 80 mm/year irrigation aiming to partially reduce water stress
in the dry season, which corresponds to the application of vinasse in the soil. Vinasse is
a potassium-rich ethanol distillation by-product produced in large amounts (about 10
litres for each litre of ethanol) and diluted with water recycled from the process (when
necessary) (ANA, 2017). Therefore, despite the significant share of sugarcane in the total
irrigated area, it is noteworthy that the water demand per km? is much lower than that of
other crops mainly due to low application levels (salvage irrigation) and high water reuse

in industrial processes (vinasse application).
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Figure 1. Sugarcane crops and ethanol plants areas of influence areas in Brazil.
Note that the current study focuses on sugarcane expansion in Goidas State (GO), Centre-West
region.

Source: Author’s adaptation from CONAB (2017).



The projected increase in ethanol consumption in the transport sector over the next decade
(about 54 hm?®) (EPE, 2017) includes the expansion of sugarcane production to areas such
as the Brazilian Cerrado (a savannah-type biome, located mainly in the Centre-West
region) (Manzatto et al., 2009; Fachinelli and Pereira, 2015). There has been rapid growth
of sugarcane crop in this region, from about 3,700 km? in 2000, to about 19,600 km? in
2015, a 5-fold increase (UNICA, 2017). Goias (50%) and Mato Grosso do Sul (38%)
states were the main drivers behind this increase, accounting for 88% of the region’s
current production (UNICA, 2017). The growing demand for new production sites has
led to the exploration of water-stressed areas and it justifies further analysis of the
Paranaiba river basin in the state of Goias, which has recently raised concerns about water

and land resource availability.

In this regard, biofuel production has attracted the attention of policymakers and the
current debate is largely focused on the environmental and socioeconomic implications
of first-generation biofuel crops, since they impact food production, water security and
biodiversity (IEA, 2007; Barker et al., 2007; RFA, 2008; FAO, 2008; Fargione et al.,
2008; De Fraiture et al., 2008; Lapola et al., 2010; La Rovere et al., 2011; Walter et al.,
2011; Ravindranath et al., 2011; Howells et al., 2013; Rulli et al., 2016).

Regarding the important role of Brazil in the global biofuel market and the natural
conflicting perspectives on assessing biofuel sustainability, many authors have been
investigating the socioeconomic and environmental issues related to Brazil’s biofuel
production (Macedo et al., 2004, 2005, 2008; Coelho et al., 2006; Pousa et al., 2007;
Goldemberg et al., 2008; Garcez and Vianna, 2009; Goldemberg and Guardabassi, 2009;
Hall et al., 2009; Lehtonen, 2009; Pacca and Moreira, 2009; Kohlhepp, 2010; Rathmann
et al., 2010, 2011; Takahashi and Ortega, 2010; Borzoni, 2011; La Rovere et al., 2011;
Nogueira, 2011; CGEE, 2012; Galdos et al., 2013; Nogueira and Capaz, 2013; HLPE,
2013; Herrera, 2013, 2014; Lapola, 2010, 2014; Maroun, 2014; Wilkinson, 2015;
UNCTAD, 2016; Carvalho et al., 2016; Watanabe et al., 2016; Obermaier et al., 2017).
However, different sustainability analyses frequently use different methodologies and,
due to their complexity, which also involves a great number of dependent and
independent variables that directly impact on the results, they arrive at very different
conclusions. Nor do Brazilian and other international studies on biofuel production

usually consider price change effects either when analysing, designing or promoting
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biofuel policies and their trade-offs in terms of environmental and socioeconomic
implications. There is, therefore, an urgent need to include price change effects in
traditional environmental analyses to improve the decision-making process with high-

quality information.

Thus, there is no consensus on a specific methodology to analyse water, energy and land
issues related to biofuel production. In this regard, authors have been studying biofuels
through a range of perspectives and by applying distinct methodologies, such as water
footprint assessment (Gerbens-Leenes et al., 2009, 2012; Yang et al., 2011; Hernandes et
al., 2013; Fachinelli and Pereira, 2015), energy balances (Macedo et al., 2005; Shapouri
etal., 2002,2008), land-use changes (Fargione et al., 2005; Rathmann et al., 2010; Lapola
et al., 2010, 2014; Ravindranath et al., 2011; Walter et al., 2011; Howells et al., 2013),
GHG emissions (Macedo et al., 2004, 2008; Goldemberg, 2008; Walter et al., 2011;
MCTI, 2016), and biofuel sustainability concerns (UNEP, 2009; Sheehan, 2009; La
Rovere, et al., 2011; Schaeffer et al., 2011; Mata et al., 2013; FAO, 2013; Castanheira et
al., 2014; Rulli et al, 2016; Obermaier et al, 2017). Besides including the
aforementioned approaches, examining price change effects may be highly desirable from
a policy point of view, because managing physical and economic implications in

designing different biofuel policies can be mediated through price change analysis.

Therefore, concerns about the impact of biofuel production highlight the importance of
taking into consideration all the resources and socioeconomic effects involved when
planning an expansion of energy crops (Berndes, 2008; Gerbens-Leenes et al., 2009; IEA,
2012). In this regard, a water, energy and food nexus approach is currently quite popular
in environmental management, finding fertile ground in policymaking and science (Hoff,
2011; Bazilian et al., 2011; Fingerman et al., 2011; Yang and Goodrich, 2014; Al-Said
and Elagib, 2017).

Focusing on water, energy and food security simultaneously is often referred to in the
literature as the water-energy-food nexus (WEFN). The logic behind the WEFN concept
is that it shifts attention from a one-sector view to a more integrated one (Al-Said and
Elagib, 2017). Overall, the concerns expressed in the literature emphasise the relevance
of water-energy-food (WEF) interlinkages in different time scales for activities that have

limited access to water, energy and land resources and for fast-developing regions with



rapidly growing demand for all elements of the WEFN (Hoff, 2011; Bazilian ez al., 2011;
ICIMOD, 2012; WEF, 2011, Rulli et al., 2016).

Two-sector nexus thinking is also not new, particularly when linking water-food, water-
land and land-food. Since agricultural irrigation is the activity that makes the greatest
demand on water worldwide, knowledge of the water-food linkage is particularly
important for water and food policies, especially in countries such as Brazil. Much less
has been done on the land-energy, energy-land, energy-water, and energy-food linkages
(Ringler et al., 2013). The energy-land linkage is mostly defined by fertiliser applications
on land and by fuel use in agricultural machinery. The energy-water and water-energy
nexuses have been increasingly investigated, as water (i.e. good quality water) is
becoming scarcer and energy is becoming less affordable, meaning each of these factors
has an impact on the other’s development (Pate et al., 2007). At the same time, the rise
in water scarcity is increasingly affecting energy production (Van Vliet et al., 2012; Miara

etal., 2013).

Despite the growing recognition of WEFN and the existence of a number of examples
worldwide, the understanding of how to conduct assessments and tackle complex
relationships between the WEFN elements is relatively limited. More innovative
frameworks have been developed recently, with a focus on describing the interlinkages
in the WEFN, as well as assisting in case studies and, ultimately, identifying policies and
actions (IISD, 2013). In this context, most of the nexus studies follow the WEFN
mainstream, focusing on physical (flow) analysis and the interdependence between
environmental resources (interlinkages). However, these studies do not consider the
effects of changes in input prices, such as water, energy, land, etc., on production sectors
and, therefore they lack the ability to assess an important variable in the system that could

directly affect the policymaking process.

Against this background, Brazil may become again the main player in the global ethanol
industry, given its technological capacity, favourable environmental conditions and
competitive costs; additionally, examining price effects when promoting future ethanol
expansion in the country may be highly desirable from a biofuel policy point of view.
The country has great potential for expanding sugarcane production, as well as the

logistics required to produce and export ethanol on a large scale (Szklo et al., 2007).



However, this expansion has raised concerns about the sector’s sustainability and
recently, on food security. For instance, global demands for water, energy and food are
estimated to increase by 40%, 50% and 35% respectively by 2030 (US NIC, 2012). Given
growing global demand for resources directly involved in ethanol production, such as
water, land, energy, labour and capital, the sustainability of Brazilian ethanol has been

put at the centre of the country’s national policy debates.

Additionally, Brazil has committed to international environmental policies, is a signatory
to the Kyoto Protocol and recently submitted its Nationally Determined Contribution
(NDC) to the United Nations Framework Convention on Climate Change — UNFCCC —
at the 21%* Conference of Parties (COP 21) held in Paris, France, 2015. The country has
committed to reducing GHG emissions by 37% by 2025 and has indicated a 43%
reduction by 2030, with 2005 emissions as the baseline. Such measures encompass the

energy, agriculture, forest, wastes and industry sectors (EPE, 2017b).

Regarding production and use of energy, the commitments include maintaining an 18%
share of sustainable bioenergy in Brazil’s final energy consumption throughout 2030.
This will entail an expansion of biofuel production and consumption, including raising
the share of advanced biofuels (e.g. second-generation ethanol) and increasing the
biodiesel content in diesel blending. The additional biomass is also intended to expand
the share of non-hydro renewable sources in power generation to at least 23% by 2030

(EPE, 2017b).

Specifically, the Brazilian NDC aims to achieve a 45% share of renewable energy in the
national energy matrix by 2030, with a target of raising /G ethanol production to about
50 billion litres? (i.e., 50 hm? of ethanol), significantly increasing 2G ethanol production,
to 2.5 billion litres (2.5 hm?®) from 2023 onwards, and tripling power generation from

biomass, with an emphasis on sugarcane by-products (EPE, 2017b).

Despite this incentive to grow more sugarcane, the crop impacts soil and water through
erosion and pollution, and its irrigation requirements can reduce the water available to
irrigate food crops, meet human consumption and meet industrial and power generation

demands. Water, energy and land are basic resources for any production process, but the

2 Brazil’s current (2016/17) ethanol production amounts to 27.3 hm? (UNICA, 2017).
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intensity to which they are being exploited has led to increased environmental impacts. It
is also noteworthy that the use of each of these resources affects demand for the others
(IAEA, 2009), thereby also affecting their price and availability. Further, water, energy
and land use also affects the climate, inducing a negative cycle, since climate change will
amplify the challenges of balancing the WEFN elements (Bazilian et al, 2011;
Waughray, 2011; IISD, 2013). In addition, when taking climate change concerns and
economic aspects into account simultaneously, the impact of carbon pricing on the
ethanol sector (and other sectors) can be estimated through the imposition of a fictitious
carbon tax policy, for example. As a result, the price of production factors will change
according to different carbon prices and these price change estimates may help in
designing biofuel policies that consider both the economic and environmental impact of

biofuel expansion.

The relationship between water-energy-land resources and their respective policies can
be explained briefly. Water policies, for example, are commonly based only on water
analysis (elaborated and regulated by a specific agency) and they might have adverse
unforeseen effects specially on energy and land resources and the climate. The same
happens to energy/land resources, where policies are also based only on analysis of
energy/land issues. Since the current policies are based on existing models that usually
focus on one resource and ignore interconnections with other resources, better methods
and models that consider all the interlinkages among water, energy and land are needed
(IAEA, 2009). While this traditional analysis is useful for assessing interconnections
through the physical relationships between resources or demand sectors, such physical
analyses are not enough to be translated into public policies. That is because they do not
include the economic aspects and they will become more useful only if the effects of price
changes are taken into consideration as well. Thus, a WEFN approach that considers both
the physical and the economic implications of different policy strategies could be a major
opportunity for integrated solutions that respond to the interdependencies of water,

energy, food and economic systems (IISD, 2013).

1.2 Research Objectives

Against the above background, the main objective of this research is to analyse the wider

impacts of the ongoing expansion of sugarcane ethanol production is the Brazilian
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Cerrado (specifically in the Paranaiba basin, Goids State) in order to understand (i) how
the interlinkages between the local economic sectors may influence the availability of
resources in the region, and (ii) how future demand for ethanol could impact local
resource availability, based on current Brazilian ethanol policies and targets.
Additionally, this research intends to understand the impact of input price changes (for
example, by imposing a carbon tax) on the local economy and environment, including

economic arguments that support the physical analysis mentioned above.
Therefore, the main objective of this research is to answer the following questions:

1. Is there room for ethanol expansion in the state of Goids without significantly

impacting water, land and energy resources in the region?

2. What are the economic and environmental impacts when input price changes are

considered for this Brazilian case study?

In order to achieve the main objective, five specific objectives have been set. These are

as follows:

i)  Review biofuel-related policies in Brazil and WEFN studies in order to develop
a wider perspective on the environmental and economic impacts of ethanol

production in the country

i1) Review the sugarcane ethanol production through the Goids State case study in
order to develop ethanol production expansion scenarios and, ultimately,

analyse environmental and economic impacts of ethanol expansion in the state

iii) Develop medium-term ethanol production scenarios for Goids, taking into
account national official forecasts, agro-ecological zoning for sugarcane

production, river basin plans and land use in the state

iv)  Apply 10 concepts to assess the environmental and economy-wide impacts of
ethanol expansion in Goias, assuming an economic-ecological IO framework,

and
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v) Apply the IO price model to assess the impacts of price changes due to the
imposition of a carbon tax policy and analyse the overall impacts on the

economy and the local environment.

1.3 Framework, Scope and Significance of this Research

The analysis performed herein is based on the WEFN approach, which is carried out
through input-output (IO) model concepts. Since there is no uniform framework to
analyse WEFN issues (Leontief, 1970; Isard et al., 1972; Victor, 1972; Bazilian et al.,
2011; Fingerman et al., 2011; Howells, et al., 2013; Yang and Goodrich, 2014; Biggs et
al., 2015; Al-Said and Elagib, 2017), researchers have been seeking a suitable method to
undertake such analysis. Due to its robustness, the 10 model is one of the most widely
applied methods in economics. It analyses the interdependence of sectors in an economy,
showing how the output of a given sector is an input to another, on a national or regional
level (Miller and Blair, 2009). IO models can also be expanded to account for energy and
environmental impacts (Gay and Proops, 1993; Cruz et al., 2009), by assuming a
relationship (i.e. proportionality) between the sector’s output and the corresponding
impact levels. Additionally, some IO model interactions between the Brazilian ethanol
sector and the national economic system have been applied to analyse the impact of
ethanol and sugar exports (Burnquist et al., 2004; Costa et al., 2006), the impact of adding
ethanol manufacturing plants to the ethanol production system (Terciote, 2006), to studies
on ethanol demand forecasts (Filho and Filho, 2009) and to socioeconomic analyses of
different technological approaches to producing ethanol (Cunha and Scaramucci, 2006;
2006a; Scaramucci and Cunha, 2008). Since most of these studies have focused on the
economic aspects of the ethanol sector, they unfortunately could not properly address

environmental issues regarding the sector itself and the Brazilian economy.

Conversely, some studies have developed IO analysis that considers the energy and
carbon intensities of different ethanol technological routes (Compéan and Polenske,
2011; Figueiredo et al., 2008) and by integrating IO models with life cycle analysis (LCA)
to evaluate the economic and GHG emissions of /G and 2G ethanol production in Brazil
(Watanabe et al., 2016). Other studies have applied 10 models coupled with linear
programming approaches to distinct objectives (Hristu-Varsakelis ef al., 2010; Tan et al.,

2012). Finally, the use of hybrid 10 models with multi-objective linear programming
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(Carvalho et al., 2015; 2016; 2016a) that analysed the economic-energy-environmental-
social spheres coupled with LCA estimates for ethanol production in Brazil was carried
out by Carvalho et al. (2016a). These authors have concluded that hybrid IO models were
useful tools to assess the impacts of changes in the output of economic sectors in ethanol
scenarios, highlighting the importance of analysing direct and indirect impacts that result

technical and political choices (Carvalho et al., 2016a).

As stated, while IO models have many applications, there has been little investigation of
environmental factors (or commodities) in hybrid IO models applied to WEFN (Karkacier
and Goktolga, 2005; Hristu-Varsakelis et al., 2010; Li et al., 2012; Holland et al., 2015;
White et al., 2017). However, despite some recent relevant studies that use hybrid 1O
models and focus on analysing the environmental impacts of the Brazilian ethanol system
(Watanabe et al., 2016; Carvalho et al., 2015; 2016a), these studies consider only GHG
emissions and only one resource in the WEF nexus, i.e. they exclude water and land
resources. Indeed, studies with hybrid IO models that take GHG emissions and water,
energy and land uses into account as variables in the same nexus analysis as explored in
this thesis are rare (see White et al., 2017, who have not analysed GDP and employment
indicators). Finally, researchers have been doing traditional WEFN analysis, placing
much emphasis on the physical elements of the nexus and neglecting input price change
impacts. While such analysis is very useful, it is inadequate from a policymaking point
of view: physical relationships are not enough to produce high-quality outcomes for the
policymaking process and this is the main shortcoming of the traditional nexus analysis.
In fact, policymaking demands economic arguments to justify the choice of a specific
policy option; these physical interdependences can best be translated into policies when

price change effects are included into the analysis.

In this context, we justify the use of hybrid IO models as a WEFN tool to analyse /G
sugarcane ethanol expansion in the Paranaiba basin, which is located in the Brazilian
Cerrado. Additionally, by using 10 model concepts coupled with a WEFN approach that
focuses on water-energy-land resources, as well as on the GHG emissions and
socioeconomic aspects from a river basin/state perspective, this research overcomes the
lack of integrated analysis. Additionally, by including price change effects in the analysis,
this work also overcomes the criticism related to traditional WEFN analysis (i.e. that it is

exclusively physical) when applied to the design and promotion of (biofuel) policies. This
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hybrid IO-WEFN framework was chosen for a number of reasons. The first is its broad
potential to assess integrated impacts throughout the economy. Second, it is a reliable
decision-making tool for planning purposes and third, it can also be applied to other
energy commodities and target sectors, as well as economic systems and regions to

promote the sustainability of biofuels and policy integration.

Since the state of Goias (GO) is one of the leading Brazilian states in sugarcane
expansion, it was selected as the case study for analysis in this thesis. The existence of a
water resource plan for the important Paranaiba river basin in the state was taken into
account when choosing the study area. The Paranaiba basin covers about 220,000 km? in
Brazil’s Centre-West region and it comprises 63% of Goids (ANA, 2015). This basin is
the second largest river basin in the Parana hydrographic region, which takes up about
30% of Brazil’s entire national water consumption. However, as it has less than 7% of

national water availability, there are potential water-use conflicts and even shortages.

The analysis of the issues related to energy was conducted using Brazil’s current energy
policies, the ‘Ten-Year Energy Expansion Plan: 2026 — PDE’ (MME, 2017b) and the
‘Ethanol Supply and Demand Scenarios — extended version to 2030’ (EPE, 2017), both
produced by Empresa de Pesquisa Energética — EPE (the Brazilian Energy Research
Centre, an applied research centre in the Ministry of Energy and Mines — MME). Both
Brazil’s (MME, 2017) and Goias’ Energy Balance (GOIAS, 2010, MME, 2016) were
analysed and different ethanol supply scenarios were applied to identify future impacts

on the availability of resources in the region of study.

Besides the overview of both energy and water regulations, land use was also considered
through analysing ‘Sugarcane Agro-Ecological Zoning — ZAE Cana’ (Manzatto et al.,
2009) and data from the public (IMB, 2014; IBGE, 2017, 2017a; CONAB, 2017), private
(UNICA, 2017) and third sectors (MAPBIOMAS, 2017).

Due to the multidisciplinary nature of this research, a combination of methodologies is

applied, and the overall methodology framework employed is shown in Figure 2.
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1.4 Organisation of the Thesis

This thesis consists of five sections, namely, Introduction, Biofuel Policies in Brazil,

Methodology, Case Study and Conclusions.

Section 2 presents an overview of the Brazilian national biofuel policy, i.e. the RenovaBio
policy, recently in force in the country and currently in its implementation process. This
section also includes a brief historical overview of the Brazilian ethanol program from its
inception to the present time, including the motivations for the implementation of the
current national biofuel policy, its rationale and future trends. Additionally, the section
provides useful insights into the Brazilian Forest Code and the Brazilian Climate Policy,

highlighting their interconnections to biofuel production in the country.

Section 3 describes the methodology and scope of this research. It provides an overview
of the WEF nexus approach and its applications, as well as different frameworks to
analyse the nexus of water, energy and food. This section also describes 10 model
concepts along with their fundamental formulas, required for the understanding and
application of the proposed methodological framework. Regional IO model development
and the hybrid IO modelling framework are explored by including water, energy, land-
use and GHG emissions as input and output vectors in the original model. Finally, the
Leontief price model concepts and the Goids’ economic-ecological IO model are
presented; the former, to analyse environmental impacts from sugarcane expansion
policies and the latter, to analyse the impacts of input price changes from a carbon tax
policy imposition. This section provides all data sources for socioeconomic (employment,

GDP and prices) and environmental resources (land, water, energy and GHG emissions).

Section 4 covers the Brazilian sugarcane industry and environmental concerns in the
country, and presents the Goids State case study. Additionally, the Brazilian ethanol
outlook and policy scenarios for expanding ethanol production in Goias are provided.
Section 4.3 presents the results of the case study, including the environmental (local water
resources, indirect land-use change, etc.) and economic impacts (on input prices from a
carbon tax policy, on sectoral value added, etc.). Section 4.4. provides some discussion
about the potential impacts of sugarcane crops expansion in the region, highlighting

concerns about such impact on local water resources management and indirect land-use
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change, the impact of price changes on ethanol production and the overall economy, and
the lack of integrated policies for WEF and GHG emissions in the country. Finally,

section 4.5 presents some insights into the limitations of this research.

In section 5, the main conclusions on the WEFN framework applied to the sugarcane
ethanol expansion in the state of Goias are provided, as well as some recommendations

for future studies.
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2 Biofuel Policy in Brazil

The use of ethanol as an alternative fuel in Brazil expanded after the first oil crisis, with
the Brazilian Alcohol Program — PROALCOOL — in 1975, impelling the country to
increase the production of /G bioethanol based entirely on the fermentation of sugar juice
from sugarcane and/or molasses. Ethanol was first employed as an octane booster to
gasoline and later as a complete substitute in properly adapted engines. The program has
attracted significant investment in agricultural and industrial processes related to /G
ethanol production, stimulating sugarcane cultivation and the construction of ethanol
processing plants in the country. Additionally, an important domestic ethanol market was
consolidated through a huge investment cycle focusing on promoting flex-fuel engines,
which gives consumers the choice of fuelling their car with petrol or ethanol in any
proportion according to their sale price. Brazilian ethanol can be produced in both

autonomous distilleries and in most mixed-sugar ethanol plants.

The institutional restructuring of the ethanol industry was established in 1997 with the
creation of two important institutions: the National Energy Policy Council (CNPE), and
the National Oil Agency (ANP), later renamed the National Agency of Petroleum, Natural
Gas and Biofuels. The CNPE is responsible for establishing directives for specific
programs for biofuels use while the ANP oversees the regulation, contracting and
inspection of biofuel-related economic activities and implements national biofuel policy,
with an emphasis on ensuring supply throughout the country and protecting consumer

interests in relation to product price, quality and supply.

The PROALCOOL and its subsequent policies (which are not considered formal
programs) have been in place now for more than 40 years, setting up Brazil as an
important ethanol producer in relation to technological achievements and ethanol use.
The PROALCOOL has been analysed in several comprehensive studies that have used
different approaches, such as history (Geller, 1985; Goldemberg and Moreira, 1999),
policy implementation (Oliveira, 2002), GHG emission reductions (Goldemberg et al.,
2004; Szklo et al., 2005; Pousa et al., 2007; Goldemberg et al., 2008), social aspects
(Nardon and Aten, 2008; Lehtonen, 2009) and biofuel programs (Hira and Oliveira, 2009;
Hall et al., 2009; Garcez and Vianna, 2009; Takahashi and Ortega, 2010, La Rovere et
al., 2011, Nogueira and Capaz, 2013).
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The Brazilian Biodiesel Production Program (PNPB), launched in December 2004, is a
much more recent initiative, and literature and performance history about it are
consequently scarcer. In recent years, because of increasing concern about the
sustainability of energy systems, as well as the evolution of biodiesel production in
Europe, interest in biodiesel has expanded in Brazil. Several institutions have begun to

develop activities in this field, and some government actions have been taken.

The PNPB was developed to encourage small producers and farmers from the least
developed regions of Brazil to become involved with biodiesel production and to set
progressive targets for the mandatory use of biodiesel blends in all diesel oil sold in gas
stations. Initially launched with the compulsory addition of 2% in volume to diesel oil
(B2), the 2008 PNPB mandate set a target of up to 5% (B5) of biodiesel to mineral diesel.
Currently, biodiesel blend accounts for 10% (B10) in almost all diesel oil sold in the
country (EPE, 2017b).

From the history of the two programs, it is not difficult to notice the conceptual
differences in the motivation for developing each program. The PROALCOOL was first
conceived to reduce Brazil’s dependency on oil imports and, over time, the program has
become a major means to guarantee the sugarcane market and to seek an alternative fuel
to gasoline. On the other hand, the PNPB was created mostly on the basis of social
inclusion and regional development. Despite this orientation, biodiesel production has
developed in Brazil based essentially on extensive soybean production in the Centre-West

region, where agroindustry is already well established.

Therefore, government interventions and the focus on value-chain have been very
important in increasing ethanol and biodiesel production and use in Brazil, as well as

developing their respective technologies during all phases of both programs.

Currently, the Brazilian Energy Research Centre (EPE) publishes an annually-updated
Ten-Year Energy Expansion Plan (PDE), which considers the expansion of the Brazilian
energy sector and is one of the main tools for planning demand and supply expansion for
different energy sources, including biofuels. This report is an important guide from the
government to help formulate Brazil’s energy policies. The latest report is the PDE 2016-
2026 (MME, 2017b), which shows the projected expansion of the energy sector in the
decade 2016-2026. Additionally, there are specific publications from EPE/MME
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regarding ethanol demand and supply scenarios to 2030 (EPE, 2017), as well as the
Demanda da Energia 2050 (2050 Energy Demand) technical report (EPE, 2016) that

introduces the Brazilian long-term energy targets.

In order to design a national biofuel policy, the Brazilian government has been discussing
strategies to implement the RenovaBio, a policy that aims to recognise the strategic role
of all biofuel sources, i.e. ethanol, biodiesel, bio-methane, bio-kerosene, 2G ethanol and
others, in the Brazilian energy matrix. The national biofuel policy, RenovaBio®, focuses

on energy security as well as on mitigating GHG emissions from the fuel sector.

The RenovaBio does not propose the creation of carbon taxes, subsidies or credits, it does
not mandate volume blending of biofuels into traditional fuels and it does not change the
existing mandates (such as adding anhydrous ethanol to gasoline and biodiesel to diesel

oil). The main goals of the national biofuel policy are:

e to promote a contribution in compliance with the Paris Agreement

e to promote the proper expansion of biofuels in the Brazilian energy matrix, with

emphasis on the regularity of fuel supply, and

e to ensure predictability to the fuels market by inducing energy efficiency gains

and GHG emission reductions in the production, marketing and use of biofuels.

To meet these goals, the RenovaBio has been designed to introduce two basic market
mechanisms to recognise the potential of each biofuel in reducing GHG emissions,

individually and by each processing plant:

e cstablishment of national emission reduction targets for the fuel matrix,
determined for a 10-year period, whereby national targets will be turned into

individual targets. These targets are important for establishing some

3 Federal Law n. 13.576, enacted on the 26™ of December 2017, ‘establish the National Biofuel Policy
(RenovaBio) and makes other provisions’. Federal Law available at:
http://www.planalto.gov.br/ccivil 03/ ato2015-
2018/2017/1ei/LL13576.htm?TSPD_101_R0=78070d6f3fb51e1519¢b38135a4d9fd1r220000000000000000
9£a9deb3{fff00000000000000000000000000005aafcec000bac78138. Presidential Decree n. 9.308,
enacted on the 15" of March 2018, “provides the definition of annual compulsory GHG emission reduction
targets for the fuel trade referred to the Federal Law 13.576°. Presidential Decree available at:
http://www.planalto.gov.br/ccivil 03/ at02015-2018/2018/Decreto/D9308.htm.
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predictability and, therefore, enabling private players to undertake their

planning and investment analyses in an environment with less uncertainty, and

e certification of biofuel production with different scores being attributed to each
producer (the higher the producer’s score, the higher the net energy produced

with less CO» emissions in the life cycle).

The connection between these two instruments will occur through the creation of biofuel
decarbonisation credit (CBIO), a financial asset traded on the stock exchange and issued
by the biofuel producer from biofuel sales (invoices). In summary, the RenovaBio’s
trading scheme is based on national emission reduction targets that, in order to be met,
are shared among regulated players, such as fossil fuel distributors; these distributors, in
turn, have to meet their individual targets to reduce emissions by purchasing the CBIO
credits issued by certified biofuel producers/importers, thus ensuring that the fossil fuel

producers themselves contribute to GHG emissions reduction.

2.1 Motivations for the National Biofuel Policy

2.1.1 The Brazilian Biofuel Market

The increased oil production over the decade to 2026 forecast by the Ten-Year Energy
Expansion Plan (PDE 2026 (MME, 2017b)), associated with maintaining Brazil’s
refinery production levels, lead Brazil to being a net crude oil exporter. However, the
balance between demand for and supply of the main oil products indicates that the country
is likely to continue being a net importer of oil products through to the PDE 2026 horizon,
especially due to the large imported volumes of naphtha, aviation kerosene (QAV) and

diesel oil.

The balance between demand and supply for gasoline A (that, is, gasoline without
ethanol) indicates periods when Brazil will vacillate between the threshold of self-
sufficiency (i.e. about 2,000 m*/day in 2026) and being a net gasoline importer, despite

such RenovaBio biofuel policy impacts as bringing important investments in the
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expansion of ethanol production to the Otto Cycle* (EPE, 2017b). In other words, to
improve sugarcane ethanol supply and help promote the country’s energy security,
thereby reducing its dependency on imported oil products, Brazil should expand its
ethanol production significantly and improve its sugarcane and ethanol productivity.
According to the PDE 2026 (MME, 2017b), the forecasts regarding the Otto Cycle’ have
already considered the impacts of the RenovaBio policy and, therefore, in order for these
projections to be feasible, RenovaBio’s mechanisms should be implemented as soon as

possible.

2.1.2 External Dependence on Qil Products

Brazil's dependence on fuel imports has grown substantially since 2010, with net imports
surpassing more than 10 hm?®/year, and reaching a maximum of 14.3 hm?® in 2013 (EPE,
2017b). For comparison purposes, and to indicate the significant size of this dependence,
Brazil is the second largest global biodiesel producer, with 3.8 hm? produced in 2016
(EPE, 2017b).

External dependence on fuel represents a direct transfer of resources to other countries
and a lost opportunity to generate income in Brazil. The country’s net expenditure on fuel
imports alone surpassed US$10 billion annually between 2011 to 2015. This amount, sent
abroad during only six years, would be enough to build more than 500 biodiesel plants or

about 130 brand new ethanol mills in the country (EPE, 2017b).

A challenge for the future is to balance the growing external dependence with the
expansion of domestic fuel supply. The current deficit will grow in the years to come with
the resumption of economic growth and the resulting increase in domestic demand. The
solution will include the resumption of investment in ethanol, biodiesel and new biofuels
production. However, the lack of a specific public policy until early 2018 and the

unpredictability of the ethanol market, coupled with the effects of oil geopolitics, have

4 An Otto Cycle is an idealised thermodynamic cycle that describes the functioning of a typical spark
ignition piston engine. It is the thermodynamic cycle most commonly found in automobile engines (Chih,
2004).

5 PDE 2026 (MME, 2017b) also states that electrical vehicles (EV) will account for less than 1% of the
total Brazilian fleet by 2026, pointing out some difficulties in introducing this technology into Brazil, such
as high EV prices, issues around supply infrastructure, unpredictability of electrical demand, lack of tax
incentives due to current budget crisis and public policies that focus mostly on biofuels as the main source
of GHG emission reductions in the transport sector.
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brought some uncertainty to private enterprise and discouraged market forces from

expanding their investment in biofuels.

2.1.3 Observed Growth in Ethanol Imports

There were no significant registered quantities of ethanol imported into Brazil before
2010. However, in recent years, ethanol imports have been increasing, from 0.132 hm? in
2013/2014, to 1.83 hm? in 2016/2017 (Figure 3). After a long period as a net exporter of
ethanol, Brazil became a net ethanol importer in 2017 (i.e., 0.445 m?), just at it is for

diesel oil, gasoline and QAYV, etc.

4,000 4,000

3,032 2,917
3,000 3,000

Thousands m?*
Thousands m?

2,000 2,000

1,000 1,000

-1,000 -832 -1,000

2,000 -1,826 2,000

-3,000 -3,000
2012 2013 2014 2015 2016 2017

Import Export Net export

Figure 3. Brazil’s ethanol exports and imports
Source: Author’s adaptation from ANP (2017b).

The excessive growth in all fuel imports is likely to increase in coming years, for two
reasons. The first is the resumption of economic growth in Brazil and the second is the
lack of any specific policies to encourage both fossil fuel and biofuels production, both
of which will involve distribution of imported fuel and that by road transport. In this
scenario of inefficiency and the high logistical costs of road transportation, Brazil will
impose higher fuel prices on society. In contrast, the option of supporting growth in
domestic biofuel supply will contribute to reducing the logistical inefficiency of imports,
since biofuels production would be much more decentralised than the production of oil-

based fuels.
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Regarding other sources of supply, national production of oil products is quite close to
the industrial support capacity and the country is already dependent on the foreign market
for gasoline and diesel oil. Petrobras refineries, which account for most of the national
production, have a high utilisation factor, and no new investment in expanding capacity

is envisaged in the short term.

Although ethanol has long contributed to slowing down the growth of gasoline imports,
its expansion in the energy matrix has been restricted by several factors, such as few
greenfield projects, restrictions on sugarcane expansion areas, the low viability of large-
scale 2G ethanol plants, international interest in Brazilian ethanol, and the economic
attractiveness of hydrous ethanol. Therefore, in order to become independent of gasoline
and diesel imports, Brazil has no alternative but to increase domestic production by
constructing new refineries and revamping existing ones, or through expanding domestic

biofuels, i.e. ethanol and biodiesel, production.

However, after the 2008/2009 international financial crisis, the Brazilian ethanol industry
suffered from a reduction in the sugarcane processing rate compared to previous years.
Additionally, sugarcane productivity itself has varied since 2010 (mostly due to
producers’ financial issues) from 77 t/ha in 2010/2011, to 67.1 t/ha in 2011/2012, 74.8 in
2013/2014, 76.9 t/ha in 2015/2016 and, finally, to 72.6 t/ha in 2016/2017 (EPE, 2017b).
There are several reasons for this, stemming largely from financial problems®. Gasoline
prices pushed down the price of hydrated ethanol, reducing its margins. This margin
reduction in an already indebted sector in turn jeopardised investment in the replanting
of sugarcane fields, investment that was fundamental to ensuring productivity to meet
demand for the coming years. This reduction also jeopardised investment in technological

development and in adopting new sugarcane varieties.

® Besides financial issues, sugarcane productivity was also affected by the introduction of compulsory
mechanisation in both the harvesting and planting stages. For instance, producers have had difficulty
handling machinery that could improve both sugarcane (i.e. t’ha) and ethanol productivity (i.e. 1/t). This is
because they had to set an ideal height to cut the cane: if they cut the cane too close to the ground, the cane
juice would be contaminated by the soil and this would reduce the total recoverable sugar (TRS); if the cut
was too far from the ground line, producers would lose a significant portion of the TRS, since there is a
high concentration of TRS in the lower part of the cane stalk. In addition, mechanisation means greater soil
compaction and lower density of plants per area since the crops must conform to the specifications of the
machines. Finally, climate conditions were not good enough (e.g. low rainfall volume and above average
temperatures) to improve sugarcane productivity in recent years (EPE, 2015).
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Therefore, this became a negative cycle whereby the deterioration in economic and
financial conditions could continue into the future. Further, if a policy to help reverse this
negative cycle is not implemented, stagnation or declining sugarcane productivity may
affect fuel prices, with negative impact on consumers. At the same time, there was an
increase in sugarcane production costs, largely due to the introduction of compulsory
mechanisation, both in the harvesting and planting stages. Besides damaging current
production and the productivity of the next harvests, this environment of financial
difficulties was not conducive to new investment in production capacity, and only seven

brand new ethanol plants were installed between 2012 to 2017 (EPE, 2017b).

2.1.4 Risks to National Fuel Supply

It is important to consider that the national fuel supply is considered a public utility.
Among other objectives of the National Energy Policy, under the terms of § 1° of art. 1°
of Federal Law n. 9,847/99, it is the duty of the state to ensure regularity and continuity
of supply, protecting the interests of the consumer related to price, quality and product

supply (Federal Law n. 9,478/97).

The economic recession experienced in recent years has contributed to mitigating the risk
of fuel shortages by reducing fuel consumption in Brazil. However, the resumption of
economic growth expected in the coming years will lead to an expansion in domestic
demand for fuel. Given the positive correlation between GDP and energy consumption,
which includes fossil fuels and biofuels, economic recovery will significantly increase
the risk of fuel shortages. However, even under the effects of the economic recession,

there are risk factors to the national fuel supply, such as:

¢ limited refining capacity

e unfavourable scenario for investments in new refineries

e long maturation and construction time of new refineries (at least four years)
¢ intensification of fuel transportation by road

e exponential increase in fuel imports, raising the country's exposure to the risks

of oil geopolitics, and
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e Jlack of both import and handling infrastructure to manage the increasing

volumes of imported fuels.

In summary, fossil fuel consumption in the country has increased at high average rates
but domestic production capacity has not developed at the same pace and investment in
import and storage infrastructure has not been sufficient to ensure a suitable fuel supply.

For biofuels, the following risks can be highlighted:

¢ limited biofuel production capacity

e unfavourable scenario for investment in ethanol production (which has been

affecting sugarcane productivity)
e unpredictability for new investment in biofuels
e debt and closure of several ethanol and biodiesel production units
e lack of investment in the sugarcane production cycle
e decrease in sugarcane productivity

¢ increased dependence on imported ethanol to ensure the mandatory addition of

anhydrous ethanol to gasoline, and

e lack of long-term pricing and contracting policies and mechanisms.

Considering the maturity of investment in fuels and biofuels, the inaction of the State
represents a risk to society, both in terms of supply (regularity of supply) and price

(external exposure and logistic inefficiencies).

Regarding energy security, the RenovaBio aims to promote the appropriate expansion of
biofuel production and use in the country. Brazil seeks to establish a biofuel policy that
takes into consideration the evolution of the market for oil and natural gas products
(which is often influenced by exogenous issues) but does not create imbalances in the
biofuels industry, given its importance for energy security, GHG emission commitments

and national development.

The proper balance of the various markets to which biofuels are related involves taking

market failures into account (i.e., externalities, imperfect competition, information
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asymmetries) and the public good, different business strategies and the influence of
external factors such as oil geopolitics. Therefore, balance depends on the reliability of
the state in encouraging and regulating economic activity, which requires specific public

policies and planning.

Currently, biofuels account for 26% of the Brazilian fuel matrix. Part of this share has
been achieved through mandates for blending biofuels into gasoline and diesel, i.e. 27%
of anhydrous ethanol blending to gasoline (EPE, 2017b) and 10% biodiesel blending to

diesel oil (http://mme.gov.br). Despite these mandates, the lack of a national biofuel

policy until early 2018, particularly in the case of ethanol (greater volumetric expression),

has resulted in a large variation in ethanol’s share of fuel consumption in the Otto Cycle.

2.1.5 Volumetric Targets for Biofuels

For nearly 90 years, the Brazilian fuel sector has met mandatory targets for biofuel blends,
a successful worldwide example of replacing fossil fuels with renewables. This policy
began in the 1930s, with the addition of anhydrous ethanol to gasoline, which was

essentially imported at that time.

With PROALCOOL in the 1970s, influenced by the two oil crises and their impact on the
Brazilian economy, the production and use of ethanol was developed on a large scale.
Anhydrous ethanol was the first product to gain notability in terms of scale, with the
increase in its content added to gasoline. As a result, for several years, the minimum
anhydrous blend to gasoline was equal to 20%, a percentage that surpasses any other
blend in the world. Still in PROALCOQOL, a new fuel appeared: hydrous ethanol. It was
initially used only in cars with engines dedicated to this biofuel and, as of 2003, in flex-
fuel vehicles, which can use any proportion of hydrated ethanol and gasoline. Since their
release, sales of flex-fuel vehicles have reached impressive levels, surpassing the sale of

gasoline vehicles after just three years (Figure 4).
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Figure 4. Evolution of car sales in Brazil
Source: Elaborated by MME (2017c¢), from ANFAVEA data.

In December 2004, the National Program for the Production and Use of Biodiesel (PNPB)
introduced biodiesel into the Brazilian fuel matrix. Taking advantage of the experience
of'adding anhydrous ethanol to gasoline, the PNPB set targets for blending biodiesel with
all fossil diesel traded in the country, starting at 2% (blend B2). This percentage was
increased until it reached 8% in 2017. The Federal Law n. 13,263/2016, which defined
B8 (8% blend), also established the schedule for introducing the B10 blend into the
market by March 2019, but CNPE anticipated this 10% blend in March 2018, i.e. it is

currently in force.

This Brazilian experience in biofuels was largely assured, maintained and renewed over
time through biofuel participation targets defined by law, a legacy of different
governments recognising that biofuels were so important they needed to be managed via
state policy. As a result of these private and public initiatives, there were three periods
when the share of biofuels exceeded a quarter of all fuel traded in the country, namely,
1989 (25.1%), 2009 (25.5%) and 2015 (26.4%) (EPE, 201b). This high proportion is not
found in any other country and is a result of the state's long-defined strategy regarding
the use of sustainable fuels and its links to regional development. However, even though
the share of biofuels in the mix is high compared to the rest of the world, it is relatively
small in the Brazilian energy matrix, which comprises other important renewable energy

Sources.

Therefore, assuming the resumption of economic growth, maintaining the biofuel share
will require major investment in both new ethanol and biodiesel plants and the

commercial introduction of other biofuels, such as bio-kerosene and biogas/bio-methane.

29



Regarding climate commitments, RenovaBio is also in line with Brazil's commitment to
the 215 Conference of the Parties (COP21) of the UNFCCC in Paris. The Conference
adopted a new agreement with the central objective of strengthening the global response
to the threat of climate change and strengthening the capacity of countries to deal with
the impacts of climate change. In order to achieve the ultimate goal of the Agreement,
governments made their commitments based on their so-called Nationally Determined
Contributions (NDC). Through the NDCs, each country presented its contribution to
reduce GHG emissions, following what each government considered suitable from its

own socioeconomic scenario.

Brazil committed to reducing GHG emissions by 37% by 2025 and it has indicated a 43%
reduction by 2030, with 2005 emissions as the baseline. Such measures encompass the
energy, agriculture, forest, wastes and industry sectors (EPE, 2017b; Brasil, 2015). To
this end, among other possible measures, the country undertakes to increase the share of
sustainable bioenergy in its energy matrix to approximately 18% by 2030. This
commitment assumed at COP21 offers the Brazilian society an opportunity to use
biofuels as a development vector that contributes to emissions reduction, among other

positive externalities.

2.2 The National Biofuel Policy Scheme

2.2.1 Biofuels Production Certification

The RenovaBio policy seeks to stimulate the improvement of biofuel environmental
performance relative to fossil fuels, focusing on energy efficiency and reducing GHG
emissions. This incentive translates into the concession of decarbonisation credits to fuel
distributors, according to the energy and environmental efficiency scores associated with
the biofuels in which they trade. The energy-environmental efficiency score of a biofuel
is defined as the difference between its carbon intensity and the carbon intensity of its
fossil fuel substitute, established by the certification process. Certification is the process
that verifies the correctness of technical data regarding the biofuel and biomass
production processes that feed RenovaCal, a support tool that calculates biofuel carbon

intensity (in mass of CO> equivalent by unit of energy — gCO:./M.J). The intention of the

30



certification process is to give credibility and transparency to the environmental

performance evaluation of the RenovaBio program.

Certification takes place within the biofuel production unit (plant) and the biofuel
importers and, in order to compare the national biofuel carbon intensity with that of
imported biofuels, GHG emissions from the distribution phase are also taken into
account. Foreign biofuel producers are now subject to the same verification procedures
as domestic producers. The methodology used to calculate the GHG emissions of
imported biofuels is the same as those used internationally, in that they include the GHG
emissions caused by the transportation of that biofuel into Brazil. This means that biofuel
importers can have confidence in the accuracy of the information they get about the
products they are bringing into Brazil. Equally, Brazilian biofuel can be compared fairly

with those imports.

Thus, focusing on determining the carbon intensity of biofuels, an environmental
performance assessment protocol based on the Life Cycle Assessment (LCA) was
developed internationally. The LCA evaluates the environmental impact of a product
throughout its life cycle in terms of the materials and energy consumed by the production
processes and released to the environment from natural resource extraction through
manufacture, transportation, use and final disposal of the product. Although a full LCA
covers several categories of environmental impact related to the protection of natural
resources, ecological systems and human health, climate change is the only category that
the RenovaBio LCA scheme analyses in its initial phase, using gCOxz as the standard unit.
However, neither the Federal Law n. 13,576 nor the Presidential Decree n. 9,308 mention
indirect land-use change GHG emissions in their estimates. The RenovaCal is therefore
unlikely to take into account ILUC GHG emissions when analysing and certifying biofuel
plants through the LCA approach. The RenovaBio thus excludes a significant source of
indirect effects that may offset GHG emission reductions achieved through the use of

biofuels.

In the first phase of the RenovaBio program, the following biofuels will be considered:
first- and second-generation sugarcane ethanol, corn ethanol, soybean biodiesel, animal

fat biodiesel, hydro-processed ester fatty acids (HEFA) bio-kerosene, sugarcane
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synthesised iso-paraffin (SIP) bio-kerosene, bio-methane from sugarcane by-products,

bio-methane from meat manufacturing and bio-methane from municipal solid waste.

A Committee for the Monitoring of Biofuels and Fuels (CMBC) will be constituted to
monitor and evaluate the regularity of national biofuel and fuel supply, and it will propose

to the CNPE (National Council for Energy Policy):

e annual compulsory targets to reduce carbon intensity in the total supply of fuel

in the market

e guidelines, criteria and parameters for accreditation of regulating companies

and certification of biofuels, and

e requirements for technical and economic regulation of decarbonisation credits.

The annual compulsory GHG emission reduction targets for the fuel market was expected
to be defined by June 2018, for a minimum period of 10 years. Carbon intensity reduction
targets will be individualised by the ANP for each distributor, based on their fossil fuel
market share of the total market for these fuels in the period before the mandate came
into effect, according to Presidential Decree n. 9,308 and until June 2019. The share of
each fuel distributor in the fossil fuel market will determine its obligation for the

following year.

2.2.2 Biofuel Decarbonisation Credits (CBIO)

The CBIO will be a financial instrument registered in book-entry form to record the
objectives of the individual fuel distributors. The number of decarbonisation credits to be
issued will take into consideration the volume of biofuel produced or imported by the
primary issuer, and according to the relevant energy-environmental efficiency score
contained in the primary issuer's certificate of efficient biofuel production. The energy-
environmental efficiency score consists of a score attributed to each primary emitter,
based on the difference between the carbon intensity established in the certification
process and the carbon intensity of its fossil fuel substitute, having a tonne of CO> as the

standard unit.
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To determine the standard unit for regulation purposes, the first step will define the

baseline of standard fossil fuel carbon intensity (gasoline, diesel, natural gas, etc.) and

identify the standard biofuel substitutes. The second step would be to apply the

RenovaCal LCA tool (the object of the certification process) to the specific biofuel

production unit. The result will indicate the biofuel’s carbon intensity, i.e. gCO2./MJ, for

each specific plant. The certification score will then be given by the difference between

the baseline of the fossil substitute and the RenovaCal result (Figures 5 and 6).
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Considering that in this hypothetical example, the hydrated ethanol energy content is

equal to 21.35 MJ for each litre, it has been verified that hypothetical plant I sold 640,500
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MIJ of energy by trading 30,000 litres. As its certification score is 50, multiplying 640,500
MIJ by the certification score results in 32 million CB/O. What is intended to happen in
reality, after trading a minimum quantity of certified biofuel (determined in specific
regulations), the biofuel producer or importer will have the right to issue decarbonisation
credits (CBIO) within 60 days. The biofuel producer or importer responsible for issuing
book-entry decarbonisation credits will hire a bookkeeper, bank or financial institution to
issue the CBIO on its behalf. Although this results in higher costs, the involvement of a
financial institution brings more security to CBIO operations, which in turn attracts
institutional investors (investment funds and banks) to the carbon credit market,
discourages fraudulently (without invoice) commercialisation of biofuel trading and adds

transparency to operations in the fuel market.

The organised market is therefore an environment with computerised systems and rules
for trading in securities (stocks and other assets). The main role of the stock and over-
the-counter markets is to organise, maintain, control and ensure favourable environments
or systems for meeting offers and conducting business with efficient price formation,
transparency and disclosure of information and security in clearing and settlement of
business. Finally, the costs of the CBIO (in the financial market) will be individually

negotiated with the bookkeeper and collectively with the organised market.

2.2.3 RenovaBio Impact Estimates

RenovaBio will promote the expansion of biofuel supplies in Brazil and seek efficiency
and productivity. The favourable trading environment will allow the program to add 1.4
trillion R$ in investments by 20307. This amount includes investment in new industrial
facilities and the implementation of new agricultural areas (CAPEX), valued at 0.54
trillion R$, by 20308. In turn, investments in OPEX will account for 0.86 trillion R$’
(EPE, 2017b).

7 Around US$433 billion, assuming an average exchange rate of 3.23 R$/US$ for a year period (BCB,
2017). R$ = Brazilian Reais.

8 Around US$167 billion, assuming an average exchange rate of 3.23 R$/US$ for a year period (BCB,
2017).

? Around, US$266 billion, assuming an average exchange rate of 3.23 R$/USS$ for a year period (BCB,
2017).
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These investments were estimated by EPE based on assumptions established by the MME
and primary information provided by biofuel industry associations. Taking CAPEX (land
price plus production unit cost, sugarcane cost, biodiesel raw material cost, soy crushing
units) and OPEX (sugarcane fields renewal cost, replanting of soybean, operational cost)
into account, EPE assumed a 3% GDP growth per year between 2017 to 2030, thereby

cancelling out the national oil product imports (gasoline and diesel).

Based on these assumptions, RenovaBio will add 24 /G new ethanol production units and
promote the expanded production of 31 existing plants, which will increase the national
ethanol production by 25 hm?. If we consider 2G sugarcane ethanol alone, 29 new plants
would be added to the system, producing 2.3 hm?/year, giving a total of 84 new /G and
2G production units in the sugar-energy sector. Biodiesel production will increase the
production units’ utilisation factor from 59% to 79% and lead to 27 new plants in the
country. Investment in 10 soybean crushing units is also planned. RenovaBio is expected

to add 7 hm?/year to national biodiesel production by 2030.

Given these expectations, it is can be seen that with the implementation of RenovaBio,
the biofuels sector will have added 22% to GDP in current values by 2030 (EPE, 2017b).
In addition to bringing new investment into Brazil and generating income, RenovaBio
will employ around 1.4 million workers in constructing and operating the new production
capacity added to the agricultural phase of the process. In this preliminary analysis, jobs
related to the production of raw material for biodiesel, ethanol and biogas production, as
well as to the construction and operation of new manufacturing plants, were taken into

account.

Therefore, the present proposal to create a national biofuel policy will have impact not
only on the production sector, but also on the national economy. The enactment of this
RenovaBio biofuel bill into law late in 2018 gives a positive signal to all the economic
agents involved who are waiting for the implementation of an energy policy by the
government regarding the role and importance of biofuels in the energy matrix.
RenovaBio is characterised as a market solution, with no tax changes, with positive effects
on tax collection and economic growth, without subsidies or any other form of burden on
public accounts. Finally, other effects of RenovaBio implementation worth highlighting

(EPE, 2017b) are as follows:
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e import savings of around 13 hm?®/year of gasoline, accounting for about

R$18 billion per year in 2030'°, at today’s prices, and

e under RenovaBio, increasing the share of biodiesel could generate savings

by more than R$9 billion per year by 2030!!.

Since the Brazilian government has just implemented a national biofuel policy that will
boost domestic ethanol production in the coming years, it is important to analyse the
impact of biofuels expansion on water, land and energy uses, as well as on the GHG
emissions related to the biofuel production process. The true impact of biofuel expansion
on society, despite the obvious economic gains, can best be evaluated by integrating all
the individual policy targets for water, energy, food and emissions, an approach that
should be encouraged. In this context, we justify our choice of using a nexus approach
by applying integrated tools that consider the socioeconomic, energy and environmental
aspects of biofuels production to analyse the Brazilian sugarcane ethanol expansion

through a case study.

2.3 Biofuels and the Brazilian Forest Code

The conflict between the need to increase agricultural production (including biofuels) and
the conservation of Brazilian forests has generated political pressures to revise the
Brazilian Forest Code, which provides, among others, environmental conservation in
private properties. The proposal for a new code, more flexible or less demanding, has
been debated for more than a decade in the Brazilian Congress and in society. Despite
controversy, the ‘New Brazilian Forest Code’ (Federal Law n. 12,651) was enacted in
October 2012, providing the main legislation for the protection of native vegetation and

national biodiversity (Brasil, 2012).

The Forest Code establishes general rules for the protection of vegetation in Permanent
Preservation Areas and areas of Legal Reserve, as well as for logging, supply of forest

raw materials, control of the origin of forest products and control and prevention of forest

19 Around US$5.6 billion, assuming an average exchange rate of 3.23 R$/USS$ for a year period (BCB,
2017).
' Around US$2.8 billion, assuming an average exchange rate of 3.23 R$/USS$ for a year period (BCB,
2017).
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fires. Overall, it provides economic and financial instruments to achieve the following

goals (Brasil, 2012):

1) confirm Brazil's commitment to the preservation of its forests and other forms
of native vegetation, as well as biodiversity, soil, water resources and the

integrity of the climate system

i1) reaffirm the importance of the strategic function of agricultural activity and
the role of forests and other forms of native vegetation in sustainability,
economic growth, improvement of the Brazilian population’s quality of life
and the country's presence in the national and international markets for food

and bioenergy, and

ii1) provide governmental actions for the protection and sustainable use of forests,
highlighting the country's commitment to the balance between the productive

use of land and the preservation of water, soil and vegetation.

For the general understanding and enforcement of the Forest Code, Permanent
Preservation Area (PPA) is defined as a protected area, covered or not by native
vegetation, with the environmental function of preserving water resources, landscape,
geological stability and biodiversity, which facilitates the genetic flow of fauna and flora,
protecting the wellbeing of human populations. In short, PPAs can be understood as areas
of significant environmental relevance, such as the margins of any natural and
intermittent natural watercourse, areas around lakes and natural lagoons, areas
surrounding artificial water reservoirs, areas around springs and perennial water springs,
slopes or parts thereof with a slope greater than 45°, restinga vegetations'?, as dune fixers
or mangrove stabilisers, mangroves in all their extent, the edges of plateaus, up to the
relief line of hills, mountains and areas at an altitude greater than 1,800 metres, regardless
of the vegetation. Therefore, according to the protection regime established, any

vegetation located in PPAs shall be maintained by the owner of the area and, in the case

12 Restinga is a geographical space always formed by sandy deposits parallel to the shoreline, in a generally
elongated form. The restinga vegetation is understood as a set of vegetation communities, physiognomically
distinct, under marine and fluvio-marine influence. These communities occur in areas of great ecological
diversity and are considered edaphic communities because they depend more on the nature of the soil rather
than the weather.
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of suppression of native vegetation in a PPA, the owner is obliged to promote native

vegetation recovery.

For the purposes of the Forest Code, a Legal Reserve (LR) is an area located inside a rural
property that ensures the sustainable economic use of a property’s natural resources,
assisting the conservation and rehabilitation of ecological processes and promoting
biodiversity conservation, as well as providing shelter and protection for wildlife and
native flora. The code states that all rural properties shall maintain an area with native
vegetation cover as a LR, without prejudice to the application of the rules on PPAs,
observing the minimum percentages with regards to the area of the property, i.e. 20%
when the property is located outside the Legal Amazon'3. However, if the property is
located in the Legal Amazon, a minimum of 35% of the area shall be kept as native
vegetation in the Cerrado biome and 80% of the area shall be preserved in the case of

rural properties located in forest areas (Brasil, 2012).

In this context, LR areas must be preserved with native vegetation cover by the owner of
the rural property (even if the economic exploitation of the LR is approved), provided
that it occurs by the means of sustainable management. However, any activity on a LR
shall be previously approved by the agency in charge and in the sustainable management
of the LR forest vegetation, selective exploitation practices shall be adopted in the ways
of sustainable management without commercial purpose for consumption in the property

and sustainable management for commercial exploitation.

The aforementioned aspects of the Brazilian Forest Code constitute the main changes to
the previous Forest Code in force before 2012 and, therefore, these aspects were and still
are the most important controversial points of the ‘Brazilian New Forest Code’. Overall,
the Brazilian Forest Code has been criticised for eliminating or reducing several
safeguards previously in force, such as the annulment of the need for vegetation recovery

in consolidated areas!# in small farms, and a reduction in the size of PPAs.

13 Legal Amazon consists of an area that covers the Brazilian states of Acre (AC), Para (PA), Amazonas
(AM), Roraima (RR), Rondonia (RO), Amapa (AP) e Mato Grosso (MT) and the regions located north of
the 13° S parallel in the states of Tocantins (TO) and Goias (GO) and West of the 44° W meridian in the
state of Maranhao (MA).

4 A consolidated rural area consists of an area of rural property with anthropic occupation pre-existing on
the 22 of July 2008, with buildings, improvements or agricultural activities (Brasil, 2012).
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In this context, several studies indicate that there was a reduction in the need to recover
native forests on rural properties. Soares-Filho et al. (2013) estimated that Brazilian forest
liabilities' were reduced by 58% (i.e. from 500,000 to 210,000 km?), accounting for
deforestation in LRs and PPAs. However, even with the reduction in reforestation
obligations and other concessions introduced by the New Forest Code, Brazilian forest
liabilities are still high (Soares-Filho et al., 2013; Soares-Filho, 2015; Young et al., 2016).
Overall, environmental liabilities are concentrated on the edges of the Amazon, for almost
the entire length of the Atlantic Forest and in the Southern Cerrado, where agricultural
occupation is higher. Biomes with greater environmental liabilities are Amazon (i.e.
80,000 km?), Atlantic Forest (i.e. 60,000 km?) and Cerrado (i.e. 50,000 km?, of which
about 7,500 km? is in the state of Goids) (Soares-Filho et al., 2013; 2015; Young ef al.,
2016) (Figure 7).
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Figure 7: Environmental liabilities after the Brazilian Forest Code revision.
Source: Adapted from Young et al., 2016.

The revision of the Forest Code caused great loss in areas that needed to be revegetated.
On the other hand, its improved mechanisms make revegetation more feasible. One of
these mechanisms is the Environmental Reserve Quota (ERQ), which represents an area
with native vegetation or in the process of recovery with recovery surplus to the Legal

Reserve. The ERQ of one property can be used to offset the Legal Reserve deficit of

15 Forest liabilities refers to the area of native vegetation that a particular rural owner should add due to the
native vegetation being below the minimum requirements required by the Forest Code.
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another, provided that it has an area equivalence and is situated in the same biome and
preferably in the same state. It is estimated that with the implementation of the ERQ, a
monetary credit market for forested land can be consolidated, thereby adding value to

native forests.

Soares-Filho ef al. (2013) have confirmed the viability of this market by pointing out the
sources of forest assets (surplus) and demonstrating that it is possible to reduce
environmental liabilities in LRs by 55% (i.e. about 160,000 km?), offsetting the deficit by
means of ERQs from the same biome and state. They state that the conflict between areas
that need to be revegetated/reforested but are currently used for agricultural activities are
relatively small in Brazil. Overall, Brazil has about 3 million km? occupied by agricultural
activities, of which 680,000 km? are covered by crops and the rest by pasturelands in
varying degrees of occupation, productivity or degradation. From the PPAs liabilities (i.e.
48,000 km?), it is estimated that only 6,000 km? may be occupied by crops, accounting
for less than 1% of national agriculture (Soares-Filho et al., 2013). Of the 2.3 million km?
of pasture, 60% could be used for agriculture if climatic restrictions are not taken into
account (Figure 8). Therefore, livestock production has to increase its productivity so
that the same level of meat production is maintained at the same time as land is made

available for the agricultural transition.
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Figure 8: Available pasturelands suitable for agriculture production for each Brazilian
state, without considering climate restrictions.
Note: the state of Goids highlighted by the red circle.
Source: Adapted from Soares- Filho et al., 2013.
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Although solutions exist, the costs of forest recovery are not negligible. If the opportunity
costs of avoiding CO; emissions from deforestation are low, the costs of recovering PPA
and LR can be prohibitive, especially for small and medium-sized rural producers
(Soares-Filho et al., 2013; Young et al., 2016). There is also a need to enhance the
recovery effort and forest preservation through payment for environmental services
(PES). Environmental services are the benefits generated by ecosystems for society and
can generally be grouped into four categories: i) carbon capture and storage, ii)
biodiversity protection, iij) watershed protection, and iv) scenic beauty protection. The
starting point of the PES is that conservationist behaviours revert to benefits for the whole
society. However, the task of pricing is fraught with enormous technical complexity and
political and economic sensitivity, as it impacts groups of paying and recipient agents. In
general, it constitutes an intervention mechanism in the economic domain, deliberately
constructed to change the relative opportunity cost of environmental services over other

possible allocations of the assets involved.

Through estimating costs and benefits from a PES policy in Brazil, Young ef al. (2016)
have concluded that the cost of avoiding deforestation per unit of preserved area is
significantly lower than the cost of recovering those areas with environmental deficits,
mainly due to the high cost of revegetation and labour. For this reason, PES programs
aimed at recovering deforested areas require payment values to owners and

implementation costs that are much more expensive than those for forest conservation.

There is therefore a need to develop a national strategic plan to guide the responsible
expansion of agriculture and biofuels. Also, there is need to invest in the conservation of
the Brazilian environmental patrimony, thus transforming apparently divergent interests
into complementary strategies. Solutions for agriculture encompass engagement in
environmentally sustainable agricultural production by agents who promote
deforestation. Improvements can also be achieved by creating international certification
standards that include a ban on cultivation in newly deforested areas and areas of
outstanding conservation interest, as well as compliance with local laws. As access to
special markets or financial reward usually results from certification schemes, farmers,
ranchers and loggers, among others, are joining together to create voluntary records, in
which participants undertake to improve their socio-environmental performance. This is

particularly important for the Cerrado biome due to its 400,000 km? forest asset, which
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may be legally deforested in the future, mostly due to increasing livestock production, as

well as expansion of food and biofuel crops.

2.4 Biofuels and the Brazilian Climate Policy

Climate change is one of the greatest economic and political challenges faced by the
world’s economies today (IPCC, 2014). In recent decades, the increasing risks posed by
climate change have motivated businesses, cities, states, national governments and the
international community to commit to reduce their GHG emissions. Given the scale of
the problem, the breadth of action must be effective and must set the foundation for
increasing mitigation efforts over time (Aldy, 2016). Thus, meeting these commitments
will require effective policies now to drive the deployment of low-carbon technologies
and, in the future, the development of technological innovation that may help reduce
exposure to climate change risks. Accordingly, required actions imply the need to
reconcile the global nature of the problem with actions at regional, national and/or local

levels (PMR, 2016; Aldy, 2016; Schiitze, et al., 2017).

With the current pressure to decarbonise the global economy rapidly, policymakers have
turned to market solutions to reduce its carbon intensity (Da Mota, 2011; ICAP, 2018;
Santos et al., 2018). There is strong debate in international spheres about alternative
policies and instruments that can be used to determine a price on carbon, hence signalling
to economic agents a development strategy based on lower emission activities (CPLC,
2016; WB, 2017). In this context, policymakers have at their disposal command-and-
control measures (e.g. emissions targets) and market-based instruments (including the
commercialisation of GHG emissions permits through emissions trading schemes and the

taxation of emissions through the imposition of a carbon tax) (GVCES, 2013).

2.4.1 Carbon Pricing Instruments

The monetary internalisation of external costs'¢ should consider how to value these costs

and which environmental policy instruments should be used to achieve the ‘optimal level

16 External costs or externalities are unintended consequences to third parties from an economic activity. If
real markets do not exist to evaluate the cost of an externality, the government needs to find a proxy market
(such as the hedonic pricing approach, contingent valuation approach, dose-response relationship approach,
travel-cost approach, among others) to determine the external costs of a given activity. That is, internalising
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of pollution’ (social optimum) (Pierce and Turner, 1989). In this sense, the main
differences between the classical environmental policy instruments (mandatory
command-and-control impositions or incentives through market instruments) are their
cost-effectiveness, costs associated with monitoring, equity, distribution and flexibility
and the level of information required (Pearce and Turner, 1989; Da Mota, 2011; WB,
2017). When compared to command-and-control instruments, market instruments are
seen as more cost-effective since they reach the environmental goal at the lowest
abatement cost, achieved by equalising the marginal abatement cost among the different
firms (Narassimahn et al., 2017; Santos et al., 2018; ICAP, 2018). Compared to
command-and-control mechanisms (such as technological, efficiency and emissions
standards), economic instruments provide flexibility to polluters in order to choose the
economically best alternative to achieve the objectives of improving environmental

quality and their timing (Rathmann, 2012; Thomas and Callan, 2016).

Overall, carbon pricing instruments are based on the ‘polluter pays’ principle (PPP),
which defines responsibility and establishes a cost for GHG emissions, thereby
internalising negative externalities (Santos, et al., 2018). This principle can be
implemented through fiscal policies, for example a carbon tax, or by establishing a carbon
market or a pollution trading system, known as emission trading schemes (ETS). By
determining a price for GHG emissions, firms are encouraged to change their production
processes to reduce their emissions per unit of output. These policies also affect consumer
decisions, because rising prices of carbon-intensive goods encourage changes in

consumption patterns towards less carbon-intensive goods.

Fiscal policies and trading schemes set the carbon price differently (PMR, 2016;
Narassimahn, 2017). An ETS defines the amount of emissions allowed (as defined in the
RenovaBio scheme), rather than the price. That is, the price of emissions is set indirectly;
the regulatory authority determines the total allowed amount of emissions and then the

price is established by the supply and demand of licences in the carbon market. With a

externalities occurs when polluters compensate people who suffer from pollution caused by polluters.
Therefore, by accepting that amount of money (the cost of externalities), it means that there is virtually no
environmental problem anymore (because in economics, receiving money means that the welfare
improves). Overall, in poor countries the cost of externalities is lower than that in developed countries;
therefore, developed countries move their production to developing countries, thereby moving their
pollution to the poorest.
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carbon tax, the price of carbon emissions (usually $/tCO; or $/tCOxc) is straightforward

and defined by the regulatory authority (Thomas and Callan, 2010).

In the first year after the Paris Agreement came into effect, emissions trading worldwide
took a significant step forward. Developments in 2017 brought the global ETS count to
21 systems in operation by early 2018, at different levels of government. With the launch
of China’s national ETS, the share of global emissions covered by a domestic ETS
reached almost 15%. Now, economies with an ETS in place produce more than 50% of
global GDP and are home to almost a third of the global population (ICAP, 2018). These
figures reflect the steady expansion of ETS policy and the strengthening of

implementation around the world.

Recently, the world has seen the emergence of new ETSs as well major reviews, reforms
and new legislation in four of the world’s pioneering systems, namely, the Western
Climate Initiative (WCI) jurisdictions of California, Québec and Ontario, the Regional
Greenhouse Gas Initiative (RGGI)!7, the European Union ETS (EU ETS) and the New
Zealand ETS (NZ ETS). The reforms are coming at a crucial time, as policymakers are
taking on board the lessons from past years of ETS operation, while sharpening their
systems in preparation for the declared climate targets of the next decade and beyond. In
this regard, the effect of the Paris Agreement has been to crystallise the international
response into national and sub-national commitment to climate action, providing

momentum to domestic policy at all levels of government (ICAP, 2018).

2.4.2 Carbon Pricing in the Brazilian Climate Policy

Brazil’s National Policy on Climate Change (NPCC)!8, enacted in December 2009
(Federal Law n. 12,187/2009), is the regulatory framework that guides the government
through the climate change institutional arrangements. It aims to reduce anthropogenic
GHG emissions, foster measures promoting adaptation to climate change and promote

the development of a Brazilian market for emissions reductions.

17 The RGGI was the first mandatory market-based program in the United States to reduce greenhouse gas
emissions. RGGI is a cooperative effort among the states of Connecticut, Delaware, Maine, Maryland,
Massachusetts, New Hampshire, New York, Rhode Island, and Vermont to cap and reduce CO: emissions
from the power sector. For more details please refer to: https:/www.rggi.org.

8 PNMC in Portuguese — Politica Nacional sobre Mudanga do Clima.
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As part of its activities under the Partnership for Market Readiness (PMR), the Brazilian
government is considering the implementation of market instruments to meet Brazil’s
voluntary GHG reduction commitment and reduce overall mitigation costs!®. Brazil is
currently assessing different carbon pricing instruments, including an ETS and a carbon
tax. In this sense, the Ministry of Finance is developing design options and conducting
comprehensive economic and regulatory impact assessments for both instruments and it
has launched a strategy to strengthen the understanding of carbon pricing instruments
among stakeholders through engagement, communication, and consultation (MF, 2014;
ICAP, 2018). A proposal of a policy package analysing policy scenarios for carbon tax
and ETS is under development with the support of the PMR (MF, 2014) and, depending
on the impact assessment, the work stream is expected to culminate in a White Paper with

design recommendations for a carbon pricing instrument for Brazil.

‘The use of financial and economic mechanisms that are national in scope and referring
to mitigation and adaptation to climate change’ will be encouraged, as stated by article
5 (item VII) of the NPCC, emphasising that such mechanisms?° are among those already
existing within the framework of the UNFCCC, which must present environmental

standards and quantifiable and verifiable targets (Brasil, 2009).

Currently, the Brazilian government is working on the regulatory impact assessment of a
National GHG Reporting Program and a National GHG Emissions/Removals Registry,
with support from the German development agency Deutsche Gesellschaft fiir
Internationale Zusammenarbeit (GIZ), thus developing the fundamentals of a central
building block for carbon pricing (ICAP, 2018). Additionally, the country already has a
legal framework, including the use of economic instruments as mechanisms for
environmental protection, besides having experience in dedicating part of the taxes

collected for social and environmental purposes — for example, the Ecological Tax on

19 Article 12 of the NPCC specifically states that the country has adopted GHG mitigation targets from
36.1% to 38.9% of its 2020 projected emissions as a voluntary commitment (Brasil, 2009). This goal should
be achieved through sectoral plans for adaptation and mitigation of climate change that consider sectoral
specificities. For instance, the 2014 Brazil’s total GHG emission, i.e. 1,051 MtCOze, were divided into the
following sectors: waste (6%), industry (9%), agricultural (41%) and energy (45%) and excluded LULUCF
(land-use, land-use change and forestry) emissions (ICAP, 2018).

20 Article 6 (item VI) of the NPCC states that “fiscal and tax measures to encourage the reduction of
emissions and removal of GHG, including differentiated rates, exemptions, compensations, and incentives,
to be established in a specific law” may be used as mechanisms of the NPCC.
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Circulation of Goods and Services (Ecological ICMS) and the Contribution of
Intervention in the Economic Domain — Fuel (CIDE Fuels) (Santos et al., 2018).

Alternatively, the NPCC also refers to the possibility of adopting a market system for
trading emission certificates, stating in its article 4, item VIII, that ‘the development of
the Brazilian Emission Reduction Market (MBRE) will be fostered’ (BRASIL, 2009). As
described in the previous section, RenovaBio, the national policy for biofuels, was
approved in 2017 (Federal Law n. 13,576 of 26 December 2017), establishing mandatory
goals for the reduction of GHG emissions by avoiding fossil fuels. The policy provides
for a trading mechanism for emissions reduction units generated by switching from fossil

fuels to biofuels (ICAP, 2018).

Since 2013, a group of leading companies has been participating in a voluntary ETS
simulation in the country. The initiative offers a platform whereby they can gain
experience in and develop proposals for a wide-ranging and robust approach towards cap-
and-trade in Brazil with the purpose of promoting the reduction of national GHG
emissions at the lowest possible cost?!. According to the International Carbon Action
Partnership (ICAP 2018), 23 companies from diverse sectors of the Brazilian economy
took part in this exercise in 2015, when the allocation process and trading were managed
by the Rio de Janeiro Green Stock Exchange (BVRio) and the ETS design of the
simulation was coordinated by the Centro de Estudos em Sustentabilidade da Fundagao
Getulio Vargas GVCes/FGV (Centre for Sustainability Studies, Getulio Vargas

Foundation).

In addition, the Brazilian government presented its NDC at the 21%' Conference of the
Parties of the UNFCCC in 2015, the main result of which was the establishment of the
Paris Agreement. Through this document, Brazil committed to reducing GHG emissions
to 37% below 2005 levels by 2025, with a subsequent indicative contribution to reduce
emissions by 43% below 2005 levels by 2030 (Brasil, 2015). Through a more detailed
range of actions, Brazil intends to adopt further measures that are consistent with the 2°C

temperature goal, in particular (Brasil, 2015):

2l The NPCC states in its article 9 that this market for emissions trade “will be operationalized in
commodities and futures exchanges, stock exchanges and organized over-the-counter entities authorized
by the Securities and Exchange Commission (CVM), where securities will be negotiated representing
certified greenhouse gas emissions avoided” (Brasil, 2009).
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i) ‘Increasing the share of sustainable biofuels in the Brazilian energy mix to
approximately 18% by 2030, by expanding biofuel consumption, increasing
ethanol supply, including by increasing the share of advanced biofuels

(second generation), and increasing the share of biodiesel in the diesel mix;

ii) In land-use change and forests:

- strengthening and enforcing the implementation of the Forest Code, at

federal, state and municipal levels;

- strengthening policies and measures with a view to achieve, in the
Brazilian Amazonia, zero illegal deforestation by 2030 and compensating

for GHG emissions from legal suppression of vegetation by 2030;

- restoring and reforesting 12 million hectares of forests by 2030, for

multiple purposes;

- enhancing sustainable native forest management systems, through
georeferencing and tracking systems applicable to native forest

management, with a view to curbing illegal and unsustainable practices;,

iii) In the energy sector, achieving 45% of renewables in the energy mix by 2030,
including:
- expanding the use of renewable energy sources other than hydropower

in the total energy mix to between 28% and 33% by 2030,

- expanding the use of non-fossil-fuel energy sources domestically,
increasing the share of renewables (other than hydropower) in the power
supply to at least 23% by 2030, including by raising the share of wind,

biomass and solar;

- achieving 10% efficiency gains in the electricity sector by 2030;

iv) In the agriculture sector, strengthen the Low Carbon Emission Agriculture
Program (ABC) as the main strategy for sustainable agriculture
development, including by restoring an additional 15 million hectares of
degraded pasturelands by 2030 and enhancing 5 million hectares of
integrated cropland-livestock-forestry systems (ICLFS) by 2030;
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v) In the industry sector, promote new standards of clean technology and further

enhance energy efficiency measures and low-carbon infrastructure;

vi) In the transportation sector, further promote efficiency measures and
improve infrastructure for transport and public transportation in urban

areas.’

However, although the NDC document considers the use of economic mechanisms, the
configuration of the Brazilian climate policy is not clear in terms of economic instruments
for carbon pricing. As stated in the NDC document (Brasil, 2015), ‘Brazil reserves its
position regarding the possibility of using any market mechanisms that may be

established under the Paris Agreement’.

Finally, Brazilian states are also actively engaging in climate policy. In 2012, both Sao
Paulo and Rio de Janeiro states considered the implementation of a state-wide ETS
(ICAP, 2018). However, from analysis of the official documents associated with the
design of the country’s climate policy, it is not clear how a national climate policy will
be designed in terms of economic mechanisms and instruments for carbon pricing to reach
the goals assumed by the country (Brasil, 2009; 2015; Santos et al., 2018). Therefore, it
is recommended conducting additional studies that focus on the energy, industry,
agricultural and forestry sectors to design different carbon pricing instruments in order to

help evaluate the potential impact of different policy options.

In this context, since the Brazilian government has just implemented a national biofuel
policy and there are initiatives aimed at promoting carbon pricing in the country, it is
important to analyse the impact of biofuels expansion on water, land and energy uses, as
well as the carbon pricing impacts from GHG emissions in the biofuel production process.
The intention of carbon pricing analyses is to assess the impact of price changes (changes
in factor input prices, therefore, changes in the value added) due to a carbon pricing
initiative (e.g. a carbon tax policy imposition), thereby providing opportunities to analyse
overall impacts on the economy and local environment (discussed in sections 4.3.2 and
4.4.3). In this sense, the commitment made at COP21 offers the Brazilian society an
opportunity to use biofuels as a development vector that will contribute to emissions
reduction, among other positive externalities, provided that local specificities for

producing biofuels are respected. Additionally, analyses to assess the impact of biofuel
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expansion in an integrated way by considering water, energy and emissions as targets in

the nexus analysis previously mentioned should be encouraged. This is so that the full

impact of biofuel production on society, taking its economic trade-offs into account due

to an eventual carbon pricing initiative in the country, can be evaluated.

2.5 Summary and Conclusions

The main objective of this chapter was to provide an overview of the development of

Brazilian policies for biofuel, forests and climate. It also aimed to develop a perspective

on the Brazilian biofuel production and on carbon tax as a policy option to reduce Brazil’s

GHG emissions. The highlights of this chapter are summarised:

Through the Brazilian Alcohol Program — PROALCOOL (developed in 1975),
ethanol was first employed as an octane booster to gasoline and later as a complete
substitute in properly adapted engines. The program has attracted significant
investment in agricultural and industrial processes, stimulating sugarcane
cultivation in the country. An important domestic ethanol market was
consolidated. The PROALCOOL and its subsequent policies have been in place

now for more than 40 years, setting up Brazil as an important ethanol producer.

The national biofuel policy, RenovaBio, focuses on energy security as well as on
mitigating GHG emissions from the fuel sector. It has been designed to introduce
two basic market mechanisms to recognise the potential of each biofuel in
reducing GHG emissions: i) establishment of national emission reduction targets
for the fuel matrix; and ii) certification of biofuel production with different scores

being attributed to each producer.

The main motivations for the RenovaBio were: i) the fact that the country is likely
to continue being a net importer of oil products; ii) Brazil's dependence on fuel
imports has grown substantially since 2010; iij) Brazil became a net ethanol
importer in 2017; iv) fossil fuel consumption has increased at high average rates

but domestic production capacity has not developed at the same pace.

The energy-environmental efficiency score of a biofuel under the RenovaBio

scheme is defined as the difference between its carbon intensity and the carbon
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intensity of its fossil fuel substitute. Certification processes verify the data

regarding the biofuel, taking place within the biofuel production plant.

Biofuel decarbonization credits (CBIO) will be a financial instrument registered
in book-entry form to record the objectives of the individual fuel distributors. The
number of credits to be issued will take into consideration the volume of biofuel
produced, and according to the relevant energy-environmental efficiency score.
The costs of the CBIO (in the financial market) will be individually negotiated

with the institution and collectively with the market.

The proposal for a less demanding new Forest Code (FC) has been debated for
more than a decade in Brazil. Despite controversy, the ‘New Brazilian Forest
Code’ was enacted in 2012, providing the main legislation for the protection of
native vegetation and national biodiversity. The FC establishes general rules for
the protection of vegetation in Permanent Preservation Areas (PPA) and areas of
Legal Reserve (LR), as well as for logging, supply of forest raw materials, control

of the origin of forest products and control and prevention of forest fires.

Overall, it provides economic and financial instruments to achieve the following
goals: i) confirm Brazil's commitment to the preservation of its native vegetation;
ii) reaffirm the importance of the strategic function of agricultural activity and the
role of forests in sustainability, economic growth, and the country's presence in
the international markets for food and bioenergy; and iii) provide governmental

actions for the protection and sustainable use of forests.

The FC states that all rural properties shall maintain an area with native vegetation
cover as a LR, without prejudice to the application of the rules on PPA. Overall,
the new FC caused great loss in areas that needed to be revegetated. On the other

hand, its improved mechanisms make revegetation more feasible.

Brazil’s National Policy on Climate Change (enacted in 2009) is the regulatory
framework that guides the government through the climate change institutional
arrangements. The government is considering the implementation of market
instruments to meet Brazil’s voluntary GHG reduction commitment and reduce

overall mitigation costs. Brazil is currently assessing different carbon pricing

50



instruments, including an emission trading scheme (ETS) and a carbon tax. A
proposal of a policy package analysing policy scenarios for carbon tax and ETS

is under development.

e Currently, the Brazilian government is working on the regulatory impact
assessment of a National GHG Reporting Program and a National GHG
Emissions/Removals Registry. Additionally, the country already has a legal
framework, including the use of economic instruments as mechanisms for
environmental protection, besides having experience in dedicating part of the

taxes collected for social and environmental purposes.

e The Brazilian government presented its NDC at COP21 of the UNFCCC in 2015.
Brazil committed to reducing GHG emissions to 37% below 2005 levels by 2025,
with a subsequent indicative contribution to reduce emissions by 43% below 2005
levels by 2030. Brazilian states are also actively engaging in climate policy. The
commitment made at COP21 offers the Brazilian society an opportunity to use
biofuels as a development vector that will contribute to emissions reduction,

provided that local specificities for producing biofuels are respected.

Finally, analyses to assess the impact of biofuel expansion in an integrated way by
considering water, energy and emissions as targets in the nexus analysis should be
encouraged. In this context, Chapter 3 presents some methods used to analyse these
issues, highlighting the role of hybrid Input-Output models as useful tools in assessing
the water-energy-food nexus of biofuel production in Brazil. In addition, the next chapter
provides some insights on how changes in input price can affect the use of resources and
the associated emissions. Finally, it also analyses the price impact of a carbon tax and

CO; emissions abatement possibilities for Goids’ economic sectors.
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3 Methodology

3.1 Scope of the Study

Assessing the use of a specific resource (e.g. water, land or energy, etc.) by any activity
constitutes a complex task. There is often a lack of available data, as well as difficulties
in analysing different issues together and their multiple interlinkages. As a result, there
are few studies that focus on how to support decision-making at the nexus of water,
energy and land (Bazilian, ef al., 2011). Additionally, as previously mentioned, there are
very few studies that integrate water, energy and land concerns in relation to biofuel

production in Brazil, specifically /G sugarcane ethanol.

In this regard, Maroun (2014) performed an integrated assessment of sugarcane
expansion areas in the state of Sdo Paulo, Brazil, based on the interface between the
policies for each of the water, energy and land resource sectors. By integrating all three
resources and their respective policies through the methodologies proposed by DOE
(2012), TAEA (2009), Welsch et al. (2014) and Hermann et al. (2012), the results were
different from those obtained when the polices for each resource were analysed in
isolation, showing the importance of integrated analysis to the sustainable development
of biofuels in the country. Therefore, biofuel-related policies should consider integrating

the relevant individual policies.

This lack of policy integration linked to water, energy and land can create vicious cycles
that negatively impact biofuel sustainability. Debates on sugarcane ethanol production in
Brazil, for example, frequently focus on the impact caused by changes in land use, mainly
through deforestation, which can also indirectly lead to the reduction of water availability.
Water constraints in producing sugarcane would require more irrigation, energy
consumption would increase and more land would be required for power generation,
resulting in more competition for land between, for example, food, biofuels and power

generation, leading to deforestation and so on.

Another indirect effect of biofuel cultivation is that it may induce the movement of cattle
towards the Brazilian forests (e.g. mainly to the Amazon and Cerrado biomes), hence

contributing to the most important cause of deforestation and GHG emissions in the
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country (Palermo, 2011; La Rovere et al., 2011; Soares-Filho, 2013; Lapola et al., 2014;
MAPBIOMAS, 2017; SEEG, 2017b). Competition for land may impact land prices,
which may also lead to the use of poorer quality land for crops cultivation, requiring more
irrigation and inputs, increasing energy demand. These changes will impact both biofuel
energy balance and emissions, increasing production costs, pushing producers to seek
even lower-quality, cheaper land, thus establishing a vicious cycle (Figure 9) (Maroun,
2014). If these individual policies are not treated through a nexus perspective, therefore,

they can lead to misleading policy recommendations.

Deforestation

Use of less quall
land for biofuels

for energy water guailability  Cheaperignd ore inputs and

More energy Negative impact i

Higher energy for irrigation the energy balance required

demand

Figure 9. Justification for the nexus approach. Examples of vicious cycles due to
isolated policies for biofuels.
Source: Author’s adaptation based on Maroun (2014).

Assessments of land use, energy and water are often carried out in isolation by
disconnected institutions. An institution focusing on water resources, for example, is
likely to consider food and energy systems as end users (Hellegers, et al, 2008).
Similarly, agriculture assessments might see energy and water as resources (Khan and
Hanjra, 2009; Mushtaq et al., 2009), and the energy sector is likely to treat biomass and
water as inputs. Thus, promoting biofuel expansion through the current sector-driven
approach, disregarding indirect impacts on land and water resources and GHG emissions,

could counteract one of the main objectives of biofuel policies (Howells, et al., 2013).

Since there is no uniform way to analyse the interdependent resource issues of water,
energy and land using an integrated framework in scientific analysis and policymaking,
analyses will depend on the existing resource links in a certain region and the purpose of
the analysis. The WEFN approach is conceptualised and measured using varying

methods, such as macro-level assessments, life-cycle assessments (LCA), resource
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planning use modelling (CLEW) and multi-sectoral systems analysis (MSA), among

others.

Additionally, general equilibrium models (e.g. computational general equilibrium (CGE),
input-output analysis (IOA)) have been employed recently as decision-making tools for
sustainable development and planning in models that incorporate the impact of
environmental aspects and energy use on a national or regional level (Miller and Blair,
2009; Hristu-Varsakelis et al., 2010; Zhang et al, 2016; Wang and Chen, 2016). Overall,
IO models can evaluate indirect as well as direct flows to calculate the inputs required for
producing goods and services based on sectoral interactions and exchanges in complex
systems (Zhang et al., 2016; Cazcarro, et al., 2013). Unlike partial equilibrium models,
general equilibrium models consider the interdependence between the different markets
of a specific economy, making them more realistic than the partial equilibrium models

(Ely, 2015).

The next sections (sections 3.2 and 3.3) explore the reasons why both the WEFN and the
IO framework were chosen to perform the analysis required for this thesis. The general
objective of this study is to analyse the impact of sugarcane expansion on the Brazilian
Cerrado (Goias State), aiming to understand how future demand for ethanol could impact
water, energy and land availability and what the environmental constraints for ethanol
production in the region of study would be. This study also focuses on the economic and
environmental impacts of a national carbon pricing initiative on the Goids economy. The
state of Goias was chosen due to its role in the Brazilian ethanol production and the
historical trends of sugarcane expansion both in the state itself and into the state from
other, neighbouring, states. Section 4 presents the state of Goids as the case study chosen

for this thesis because of its major role in Brazilian sugarcane ethanol production.

3.2 The Water-Energy-Food Nexus

Through its focus on the inseparable links between the resources needed to provide basic
rights to food, water and energy security, the 2011 World Economic Forum was the first
global organisation to postulate ‘nexus thinking’. This approach has become an advanced

tool on sector-specific governance of natural resource use (Biggs et al., 2015) and it has
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been the basis for the development of alternative methodologies seeking to integrate the

issues related to sustainability.

Through its focus on ensuring integrated water-energy-food security, the WEFN seeks
greater policy coherence to overcome the unintended consequences of uncoordinated
policy across different sectors. It also constitutes a way of framing cross-sector and cross-
scale interactions in the context of growing concerns about the global economic crisis and
WEF security (Figure 10) (Hoff, 2011; IISD, 2013; Allouche et al., 2014; Weitz, et al.,
2017).
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Figure 10. The water, energy and food nexus framework.
Source: Author’s adaptation from FAO (2014).

Several studies have pointed out that the ultimate goal of nexus thinking focuses on
promoting action by providing policy entry points that explore synergies, seek a reduction
in trade-off and promote the transition to a more sustainable future (Hoff, 2011; Bazilian,
2011; 1ISD, 2013, Howells et al., 2013; Welsch et al., 2014; Al-Said and Elagib, 2017;
Weitz, et al., 2017). Most of the nexus studies follow the WEFN mainstream, focusing
on the interlinkage between environmental resources through their physical connections
(physical flows). However, anyone intending to design WEFN policies should add
economic implications to the traditional nexus analyses, such as price analysis (changes

55



in input prices from external changes) for water, energy, land or any other resource
involved. This is important because physical relationships are not enough to produce
high-quality outcomes for the policymaking process and physical relationships may be
the main shortcoming of the traditional nexus analysis. In fact, policymaking demands
economic arguments to justify the choice of a specific policy option; therefore, these
physical interlinkages can be translated into policies when price change effects are
included in the analysis. In this regard, biofuels are the focus of research because, first,
they largely rely on water, land and energy to meet their growing demand and, second,
they have a significant impact on the local and national economy where they are
produced. Therefore, it is worth checking methodologies that have already been applied

to integrate WEF resources.

There is no standard integrated framework for assessing WEFN issues in an
interdisciplinary way and so various methodologies to integrate WEFN concerns have
been applied to decision-making processes. The Climate, Land, Energy, and Water
System (CLEWS), proposed by the International Atomic Energy Agency (IAEA (IAEA,
2009)), evolved from the original nexus concept, focusing on the expansion of a systems
approach to support nexus analyses and it has its origins in LCA methodology (Figure

11).
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Source: Author’s adaptation from IAEA (2009).
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By applying CLEWS analysis, WELSCH et al. (2014) compared isolated conclusions
derived from energy planning models with those of an integrated CLEWS approach.
Aiming to evaluate CLEWS strategies applied to a study case conducted for the Republic
of Mauritius, Howells et al. (2013) used well-stablished tools such as general circulation
models (GCM) to estimate weather changes (IPCC, 1990; IIASA and FAO, 2012), the
Long-range Energy Alternatives Planning (LEAP) model (HEAPS, 2008), the Water
Evaluation and Planning System (WEAP) (SEI 2015), and the Agro-Ecological Zones
(AEZ) land production planning model (ITASA and FAO, 2012). By analysing different
policy scenarios, a significant difference between the results of isolated energy planning
models and the CLEWS approach was found. Howells et al. (2013) concluded that
integrated assessment was imminently achievable, and a range of tools are available that
could be adapted and used for CLEWS assessments. However, they also pointed out that
‘although achievable, the process of integrating individual tools into a module-based
framework requires considerable effort to ensure compatibility and efficient data

transfer’ (Howells, et al., 2013).

In a report of the University of Texas at Austin (UT Austin), King (2014) sought to inform
actions for Hawaii’s sustainable water use in agriculture by applying a systems approach.
The report focused on the water and energy inputs and outputs for producing both biofuel
feedstocks and food crops. This systems approach assumed water was available for
multiple purposes to assess, using different policy scenarios, how Hawaii’s water
resources could be used to achieve multiple sustainability objectives. The overall
conclusion was that there was a significant opportunity to meet multiple sustainability
goals using the same or a lesser quantity of water for large-scale farming of biofuel crops

in the country.

The WEFN of /G biofuels was explored by Marta et al, (2011) from a net energy
produced standpoint and the resulting implications for water and food security. A long-
range climatic series of meteorological data was analysed through a crop model (i.e.
CropSyst) to simulate water requirements, crop production and cultivation techniques in
Tuscany, Italy. The results determined the real cost of producing energy crops in terms
of net energy and water balances from an integrated point of view. However, this study
estimated the real cost of producing energy crops from a physical point of view only, and

did not consider input price change effects on the local economy and other assessed
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resources. Anyone intending to design biofuel policies should include economic
arguments in order to translate physical analysis into policy more effectively and the
mediation between the environmental and economic spheres will occur through price

change analyses.

In 2013, an innovative accounting framework for the WEFN was proposed by the FAO
(2013a), where a multi-scale integrated assessment of society and ecosystem metabolism
(MuSIASEM) was applied to three case studies: (i) analysis of sugarcane biofuel
production in the Republic of Mauritius, (ii) future grain exports in the Indian state of
Punjab and (ii7) assessment of two alternative energy sources to generate power in South
Africa. The MuSIASEM model was originally developed to analyse the metabolic pattern
of energy of modern society and it has been extended to consider the WEFN (FAO,
2013a).

Newell ef al. (2011) have discussed practical ways in which policymakers can take up the
systems challenge. They focused on resilience thinking and the use of influence diagrams,
causal-loop diagrams and system archetypes. Taking a climate-energy-water nexus
perspective, they used system concepts and tools to study the factors impacting the
resilience of the Australian National Electricity Market (Figure 12). Their overall
recommendation was that policymakers should work to reduce reliance on conventional
market mechanisms, should institute continuing cross-sector dialogue and should

promote basic education in system dynamics.

Since the seminal work by Leontief>? (1936), several studies have used the traditional 10
framework coupled with energy and environmental data for different purposes (see Isard
et al., 1972; Miller and Blair, 2009; Hristu-Varsakelis et al., 2010; Cazcarro et al., 2013;
Zhang et al., 2016; Wang and Chen, 2016). In fact, the IO framework can be extended to
estimate environmental impacts from economic activities by determining a

proportionality between sector outputs and their corresponding impact levels (Table 1).

22 Wassily W. Leontief first described the Input-Output methodology and its application to the economy in
his article ‘Quantitative Input-Output Relations in the Economic Systems of the United States’ (1936), and
later in the book The Structure of the American Economy, published in 1941. The basic input-output
framework principle is how changes in one economic sector may affect other sectors. Input-output analysis
has been traditionally used to study the interlinkages among different sectors in the economic system,
describing the relationship between the inputs used and the outputs produced. Leontief won the Nobel
Committee's Nobel Memorial Prize in Economic Sciences in 1973. For Leontief’s biography, see
https://www.nobelprize.org/nobel prizes/economic-sciences/laureates/1973/leontief-bio.html.
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In this regard, White ez al. (2017), have applied a transnational inter-regional IO approach
in a tele-connected WEFN analysis of the East Asia global value-chain to assess
competing demands for these resources and environmental outcomes. This analysis has
shown the hidden virtual flows of water, energy and food embodied in intra-regional and
transnational inter-regional trade. The results demonstrate a mismatch between the
regional water, energy and land availability and the final resource consumption. The
results also highlight the lack of attention given in national economic growth strategies

to environmental impacts.
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Figure 12. The electricity-water nexus in Australia.

According to the authors, this causal-loop diagram illustrates the Tragedy of the Commons
system archetype as applied to the competition for water between the electricity sector and other
sectors that use water. Overuse of this resource leaves all users vulnerable to the effects of climate
change.
Note: The blocks of text represent system variables and the arrows represent causal links. Each
arrow has been assigned a ‘polarity’ indicated by a plus (+) or minus (-) sign. The encircled R
indicates that this is a reinforcing feedback loop that can cause runaway behaviour.

Source: Newell et al. (2011).

Table 1. Basic structure of economic-ecological IO models.

Industries Ecologic process
. Flows between economic Flows from industry to the
Industries
sectors ecosystem
. Flows from the ecosystem to s
Ecologic process M Flows within the ecosystem

industry
Source: Miller and Blair (2009).

Additionally, Carvalho et al. (2015, 2016, 2016a) used a hybrid IO framework that
focused on assessing the trade-offs between economic, energy, environmental and social
objectives in the Brazilian economic system. The traditional 10 framework was
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reorganised to include the National Energy Balance, creating a hybrid IO framework that
was extended to assess GHG emissions and employment levels. Although this work
produced a comprehensive picture of the Brazilian ethanol production sector and its
impact on the overall economy and environment, the authors did not include price change
analysis in order to allow some level of substitution between factors of production, based
on their new prices (prices may change for a number of reasons, such as political, social,
technical and economic, among others). Price changes may lead to a certain level of
substitution that impacts the technical coefficient ratios in the IO model, thereby changing
the input requirements for the same level of output (this is discussed further in sub-section

3.3.2 below).

For further examples on approaches to and methodologies for the nexus of water, energy,
land, GHG emissions and climate change, please refer to Bazilian ef al. (2011), Stillwell
et al. (2011), Hussey and Pittock (2012), Ringler et al. (2013), Lawford et al. (2013),
IISD (2013), SEI (2014), FAO (2014), Biggs et al. (2015), Feng et al. (2016), Wang and
Chen (2016), Garcia and You (2016), White et al. (2017), Al-Said and Elagib (2017),
Weitz et al. (2015, 2017), Endo et al. (2015, 2017), among others.

Regardless of the methodology applied, there are three main reasons for the need for the

WEFN debate:

1) increasing resource interlinks due to growing scarcities. As an example, many
dams worldwide are primarily built for energy purposes, although their
benefits extend to other issues (e.g. flood control, irrigation and drought

management) (Al-Said and Elagib, 2017).

i1) resource supply crises. This concern lies in recent water and food crises, as
well as drought and heat waves across the globe. Since 2013, Brazil has
experienced a severe water crisis that has impacted large sections of the
country through water rationing for agriculture and human consumption, as
well as hydropower supply, resulting in high energy prices and low reservoir

levels, and

ii1) failure of sector-driven management strategies. Increasing demand for food

and energy, for example, is ultimately converted into increasing pressure on
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water resources, emphasising the natural interlinkages between resources (Al-

Said and Elagib, 2017).

In fact, assessments of land use, energy and water are often carried out in isolation by
institutions operating alone. The WEFN frameworks all focus on security challenges,
taking into account the social, economic and environmental domains and changes in
human behaviour to analyse different approaches to economic growth and promoting
ecosystem services (IISD, 2013). Thus, promoting biofuel expansion through the current
sector-driven approach, which disregards the indirect socioeconomic and environmental
impacts on the resources used as inputs to bioenergy production could counteract one of
the main objectives of biofuel policies, namely, GHG emissions reduction (Howells, et

al,, 2013).

Since there is no uniform integrated framework to analyse the issues of water, energy and
land, analyses will depend on the existing resource links and purpose of the analysis,

reinforcing that the WEFN approach is conceived and measured using varying methods.

Among the usual methods to analyse the WEFN, the IO approach was chosen for our case
study because of its wide potential to assess integrated impacts throughout the economy,
besides being a reliable decision-making tool for planning purposes. Another reason was
the data availability for the region under study. Moreover, environmental impacts have
previously been considered through modified 10 models using three basic modelling
approaches: generalised 10 models (Leontief, 1970), economic-ecological models (Isard
et al., 1972) and hybrid 10 models (Miller and Blair, 2009). The economic-ecological
model resulted from extending the inter-industry framework to include additional
‘ecosystem’ sectors, where flows between economic and ecosystem sectors are recorded
along the lines of an inter-regional 10 model (Miller and Blair, 2009). To analyse the
WEFN through a case study, this thesis applies a hybrid economic-ecological IO
approach in attributing water, energy, land use and emissions to the various sectors of the
economy, and in calculating the interdependence of sectors regarding changes in final
demand. Additionally, an IO price change analysis is carried out in order to include
economic arguments in the traditional IO-WEFN approach and it aims to allow for
substitution between factors of production when their original prices change. These price

changes (for example, from the imposition of a carbon tax) impact the sectors’
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relationships in the traditional IO model and, therefore, they impact the final
environmental requirements, because of changes in final demand for the biofuel sector

(or any other target sector).

IO models with hybrid units have been developed to assess the Brazilian economic system
and interactions between economic, energy and environmental systems (see Hilgemberg
& Guilhoto, 2006; Imori and Guilhoto, 2010; Imori et al., 2011; Carvalho et al., 2015,
2016; Obermaier et al., 2017). Thus, the IO approach has been used as a decision-making
tool for sustainable development and planning in models that examine environmental and
energy impacts by tracing the flow of resources from consumption activities, supported
by outputs from production sectors (Hristu-Varsakelis et al., 2010; Wang and Chen, 2016;
Carvalho et al., 2015, 2016).

Regardless of the methodology used to assess the WEFN, the nexus approach has tended
towards technical assessments focusing on productivity, synergies and trade-offs across
nexus sectors (Howells ef al., 2013). As previously stated, they have traditionally put
much emphasis on physical analysis, neglecting the economic sphere. This correlates to
the origin of the nexus framework, based mostly on systems analysis and backed by
scientific evidence, but only recently beginning to take hold in policymaking and
planning (SEI, 2014). Therefore, when the term ‘security’ is used in WEFN analyses
aimed at ensuring water, energy and food availability, it is noteworthy that this security
is not driven solely by availability of resources but also by access to resources, the
capacity to use those resources, the dynamics of social power relations and the strength
of institutions (Pritchard et al., 2013; Biggs et al, 2015). In this context, traditional
environmental analyses of the nexus are useful but not sufficient to translate these
physical aspects into policies because the policymaking process requires additional
socioeconomic indicators; therefore, traditional environmental analysis of the nexus will
become more satisfactory if price effects are considered in policymaking (i.e. the

mediation between physical and economic aspects will occur though price analysis).

Similarly, Weitz et al. (2017) have identified three governance gaps in the nexus
literature, which indicate that while governance matters to the nexus approach, it does not
go into enough depth. According to the authors ‘it falls short on providing insights on (i)

conditions for cross-sector coordination and collaboration, (ii) dynamics that influence
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the nexus beyond cross-sector interactions, and (iii) political and cognitive factors as
determinants of policy change’, arguing that governance theory can help to fill these gaps.
Although the nexus approach can explore interlinkages between water, energy and land
and hence help to determine physical limits to the use of resources, governance issues
have made it difficult to implement the WEFN and deliver real-world solutions
(Wichelns, 2017; Leck et al., 2015; White et al., 2017). Although important to the nexus
approach, governance issues are not the focus of this thesis and they will be discussed

only briefly in the Conclusion section (section 5) of this thesis.

Integrated analyses use a WEFN approach and apply hybrid 10 models to better
understand the interlinkages between GHG emissions and water, energy and land uses
from biofuels production. Although limited by governance issues, the WEFN approach
can help shape bioenergy development and highlight the need for a specific biofuel policy

through the integration of basic resources for bioenergy production.

3.3 The Input-Output Model

An IO model (also called the Leontief model) is a linear equations system and is
understood as a direct technical coefficients matrix that denotes how much a given
economic activity needs to consume from other activities so that it can produce an
additional monetary unit (IBGE, 2008). In the model, the economy is made up of sectors
that produce goods and services (outputs), but to do so, they also consume goods and
services from other sectors (inputs). Thus, there are monetary flows of products from a

given sector to another in a given period and site (Miller and Blair, 2009).

The 10 approach is a simplified representation of the classical interdependence theory
between economic sectors and it highlights their respective income distribution issues
(Guilhoto, 2004). Thus, the IO model can be an interpretation of the circular flow of
income between the markets for goods and services and the markets for factors of

production (Figure 13).
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Figure 13. Circular flow of income diagram.
Source: Author’s adaptation from Miller and Blair (2009) and Mankiw (2010).

The Leontief model is developed from IO tables, allowing the calculation of the
production of each activity from an exogenous final demand (IBGE, 2008). Most national
statistical institutions construct such databases, both for the public and as a base for
estimating other databases for specific research goals (Ely, 2015). By providing economic
and environmental data in a consistent Leontief-type framework, the hybrid 10 model is
well suited for analytical purposes (Leontief and Ford, 1971). The economic-ecological
hybrid IO model, which considers environmental and energy data, is described more fully

in section 3.3.4.

The basic 10 table consists of a concise and systematic database that provides useful
information on a complete set of production and consumption accounts in an economy,
describing the flow of goods and services between all the individual sectors over a
particular time period. The allocation of a sector’s output throughout the economy is
described by each row of this table, i.e., the output of sectors from row i that are
distributed to other production sectors in each column j are called intermediate goods.
This product flow between industry sectors is called inter-industry flow, which is the

main item of interest in IO analyses (Figure 14, quadrant A).
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Figure 14. IO table main components.
Source: Author’s adaptation from Miller and Blair (2009).

According to the basic Leontief 1O structure (Miller and Blair, 2009), guadrant B is called
the final demand category (represented by exports, household consumption, govern
expenditures, investments, etc.) and it constitutes the national gross product of the
economy. The primary production factors (such as labour and capital) and imported
inputs are located in quadrant C. Overall, each column of the IO table describes the
composition of inputs required by a particular industry and it can be understood as a
production function (or cost function), since essentially, each column represents the total
cost of producing the corresponding total output of that industry. Thus, inputs are supplied
by other industries (in the form of intermediate inputs) from primary factors of production
(in the form of value added) and from imports. Finally, payments by end users for value-
added items are represented by the intersection of the value-added row and the final
demand column (Figure 14, quadrant D). In short, each row represents a complete
account of where the product is going (revenue received) and each column constitutes a

complete account of where the product is coming from (cost of production).

These basic IO relationships show that sector sales can be used as inputs in the productive
process by any sector of the economy or can be consumed by different components of
final demand. Inputs are needed to produce goods and services, taxes must be paid,
products are imported, jobs are created, and value is added to the economy (Figure 15)

(Guilhoto, 2004).
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Figure 15. Basic IO model relationships.
Source: Author’s adaptation from Guilhoto (2004).

Note that domestic inputs (obtained from domestic production), imported inputs and
primary inputs (labour, capital, land) are used in the productive process to produce
domestic products. Domestic products are then used by industries as intermediate inputs
or consumed as final products. In addition, it should be noted that imports may be
intermediate inputs, which are used in the productive process, or final goods, which are

directly consumed by end users (Figure 16).

Final products demand
Domestic Products > (Exports, Government Expenditures,
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[ } [ | Revenue
v
Domestic Imported Primary Inputs Imported
Inputs Inputs (Labour, Capital, Land) Products

Figure 16. IO model flowchart.
Source: Author’s adaptation from Guilhoto (2004).

Therefore, the revenue of the economy is generated from the remuneration of labour,
capital and land, which is used in consuming final goods and services, whether they are
destined for consumption or investment (Guilhoto, 2004). Government revenue is
obtained through the payments of taxes by companies and individuals. Thus, the IO model
assumes that there is equilibrium in all markets of the economy, thereby corroborating

Figures 13 and 15.
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There are two fundamental hypotheses regarding the economic system in the IO model

(Miller and Blair, 2009):

1) Homogeneity: each product is supplied by a single activity (and only one

technology is used to produce a product) and

i1) Proportionality: the inputs consumed by each activity are a function of the

production level of the activity itself.

Therefore, constraints considered, the corresponding solutions are to be viewed as policy

targets.

The system of equations of the IO model can be expressed in Table 2, as follows.

Table 2. 10O table for a 2-sector economy
Sector/ Sector?2 Households Government Investment Exports Total

Sector / Zi Z1 C; G 1 E; X
Sector 2 7> 72 C; G b E X5
Imports M; M, M. M, M; M
Taxes T, T T. T T; T. T
Value added W W, w
Total X X C G 1 E

Source: Author’s adaptation from Guilhoto (2004), Miller and Blair (2009).

where:

Z;; is the monetary flow between sectors i and j

Ci is households’ consumption from sector i’s products
G, is government’s purchases from sector i

1; is the demand for investments from sector i’s products
Ei is sector i ’s total exports

Xi is sector i s total output

T; is sector i’s total net indirect taxes

Mi; is sector i’s imports and

W; is sector i’s value added.
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Therefore, from the table above, we can establish the following equality:

By eliminating X; and X> from both sides, we have:

C+G+I+E=M+T+W (Eq. 3.2)
Arranged differently:
C+GH+I+(E-M)=T+W (Eq. 3.3)

In other words, the IO table preserves macroeconomic identities. From the above example

with two economic sectors and generalising to 7 sectors, we have:

n

Zzij+ci+gi+ii+ei =X
=

(Eq. 3.4)

where:

z; 1s the sector j s demand for the products of sector i
ci 1s sector i’s output consumed by households

gi 1s sector i ’s output consumed by the government

i; 1s sector i’s output destined to investments

ei is sector i’s exports and

x; is sector i s total domestic output.
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Considering that the intermediate flows per unit of final product are fixed, i.e., assuming
a linear production function?? (called Leontief production function), we can derive the

Leontief open system?*, that is,

n
Z aij.xj + Vi = X;
—
! (Eq. 3.5)
i=1,2 ...n
where:

a;j 1s the technical coefficient which denotes the quantity of sector i ’s product

required as input to produce a unit of sector j’s final output
;i 1s the sector i’s final demand, that is, ¢; + g; + i; + ¢; and

x; is the sum of final demand for that sector and its intermediate demand required

by sector ;.

The assumption of linear production function implies that there exists a fixed relationship
between a sector’s output and its inputs. In other words, it implies a fixed proportionality
of inputs with outputs in each sector. As a result, the IO model ignores the economies of

scale in production as well as the possibility of substitution between factors of production.

Therefore:
_ Zij 6

All other variables have been defined previously.

2 In basic microeconomics theory, a production function denotes the maximum output that could be
produced from a given set of inputs with the help of the existing technology (Miller and Blair, 2009). A
linear production function assumes that there is a fixed proportionality of inputs and outputs, i.e. the
technology is fixed throughout time. Aiming to overcome this issue, it is necessary to introduce more
flexible technologies in the system by including a flexible production function that allows for substitution
between factors of production (the use of flexible production functions is discussed further, in section
3.3.3).

24 The Leontief open system considers the final demand to be exogenous to the system, whereas in the
closed system the final demand is considered as endogenous.
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Note that Eq. 3.5 illustrates the interdependence between all sectors in an economy in
terms of inter-industry flows (Miller and Blair, 2009) and it can be written in a matrix

form:

Ax+y=x (Eq. 3.7)

where:

A is the direct technical coefficient matrix of size (n x n) and

x and y are column vectors of size (n x 1).

Solving the Eg. 3.7, we obtain the total output required to satisfy the final demand, that

is,
x=U-A)71.y (Eq. 3.8)
where:

I is the identity matrix>® and

(I— A)" is the direct and indirect technical coefficient.

We have L = (I — A)”!, where the element b; is the sector i’s total output that is required

to produce a unit of sector ;s final demand.

The Eq. 3.8 is the fundamental matrix representation of the IO model and this inverse
matrix (71— A4) is known as the famous ‘Leontief inverse matrix’. The matrix, also called
‘total requirements matrix’ (because it indicates all of the direct and indirect requirements
for production in the economy), is equivalent to (/ + 4 + A2+ 4° + ... + 4") by the power
series approximation. Leontief inverse is a way of measuring the total effects caused by

any y components variation (Ay) of the 10 table (Miller and Blair, 2009).

Considering x = (I — A)”. y as a system of linear equations representing an economic
system (with x being the economic output and y the final demand), we can measure any

variation of x, (i.e., Ax), resulting from any variation of y, (i.e., Ay), by Ax = Ay + AyA +

%5 The identity matrix of size n is the (n x n) square matrix with ones on the main diagonal and zeros
elsewhere.
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AyA? + AyA? + ... AyA"), in which the first element of the right side of the equation is
related to the initial output effect, i.e. totally computing the stimulus occurred by the y
matrix variation (Ay). The second element, Ay4, is the direct effects, i.e. the first order
effects, directly related to the technical coefficients. Beyond the second order, we find
the indirect effects (Ay4? + AyA® + ... AyA"), which measure the effects caused by the
variation of inputs demanded by such technical coefficients. We can have the total effects
by adding up all of them (Guilhoto, 2004; Miller and Blair, 2009; Ely, 2015). For a better
understanding of 1O theory, see Leontief (1970), Leontief and Ford (1971), Herendeen
(1978) and Miller and Blair (2009).

The Brazilian Institute of Geography and Statistics (IBGE) began to formulate national
IO tables in 1970. Its initial objectives were to create a structural framework for the
national accounts system and an instrument with which to develop the economic statistics
required to create macroeconomic frameworks (IBGE, 2011). To this end, the Brazilian
IO matrix was formed by a set of tables detailing the production and consumption
operations, by activity, which generated the technical coefficient matrices, which in turn
resulted in tables with up to 67 economic activities and 127 products (IBGE, 2018). The
IBGE recently released the latest version of the Brazilian 10 matrix for the year 20152,

Guilhoto (2010) developed an inter-regional IO table for Goias State and the Rest of
Brazil, based on both the national and regional accounts for the year 2000, and
considering 26 sectors of the economy (Appendix I). The methodology described in
Guilhoto and Sesso Filho (2005, 2010) and Guilhoto et al. (2010) was applied to create
it. However, all estimates provided by the Goids hybrid 10 model (presented below, in
section 3.3.4) were based on original Goids 1O tables for the year 2008 (from Guilhoto,
2010). The use of 2008 data can be identified as a limitation of the current analysis and

we strongly suggest further analyses using updated data from Brazil’s national accounts

26 Unfortunately, the latest version of the Brazilian 10 matrix was released after all the analyses for this
research were done, that is, early 2018 (the 2015 Brazilian 10 matrix is available through the link:
https://biblioteca.ibge.gov.br/visualizacao/livros/liv101604.pdf). Therefore, this research suggests in
section 5.2, future studies focusing on updating the analysis done herein through the use of data from the
most recent Brazilian IO matrix available. Another reason justifying the use of a late version of the Brazilian
IO matrix is because a full IO table for the state of Goias (the case study of this research) was available
only for the year 2008.
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system, such as those for 2015 recently released by the IBGE (for more details please

refer to footnote #26 and sections 4.5 — Work limitations and 5.2 — Future studies).

For the analysis proposed in this thesis, these 26 Goids economy sectors were aggregated
into 13 target sectors (Table 3 and Appendices II, III, IV and V). Next, a nexus
framework was developed by applying the Goias hybrid inter-regional 10 model to
analyse its direct and indirect relationships while considering the water, energy, land use

and GHG emissions that would be required due to any change in final demand.

Table 3. List of 26 sectors from the original Goias IO table (Guilhoto, 2010) and the
resulting 13 aggregated sectors.

Economy sectors

Original sectors Aggregated sectors
Agriculture and forestry .

Livestock and fishing e
Mining Mining

Food, beverages and tobacco

Textile, clothes and shoes

Wood, paper and printing

Oil refining, coke and alcohol
Chemical and pharmaceutical products
Plastic and rubber goods

10 Machinery and equipment

11 Electrical and electronic materials 8  Other industries’
12 Transport materials

13 Miscellaneous industries

14 Cement and other non-metallic mineral

Food, beverages and tobacco

Textile, clothes and shoes

Wood, paper and printing

Biofuels'

Chemical and pharmaceutical products

O 00 1O LD b W~
NV AW N~

Cement, construction and other non-

products 9 N
15 Construction metallic mineral products
16 Metallurgy 10 Metallurgy

17 Power, gas, sewage and public cleaning 1/ Power sector”*
18 Commerce
19 Private services
20 Financial and insurance
21 Real estate services
22 Accommodation and food services 12 Services
23 Public and private education
24 Public and private healthcare
25 Public administration and social
security
26 Transport, storage and mail 13 Transport, storage and mail
Note:'Biofuels sector hereafier since the state of Goids does not produce any oil or coke. The
charcoal production (from the energy balance) was also allocated to the Biofuels sector in the
following subsections
’Plastic and rubber goods, Machinery and equipment, Electrical and electronic materials,
Transport materials, and Miscellaneous industries.
It was assumed that 75% of the Power, gas, sewage and public cleaning sector (from the Goids
original 10 table) was allocated to the Power sector, which represents electricity generation in
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the state. The other 25% of the original sector was allocated to the Other industries sector, to
represent sewage and public cleaning activities.

‘Of the total electricity generated in Goids in 2015 (28,464 TWh), hydropower accounted for
81%, followed by thermal generation from sugarcane by-products (15%) and finally, by power
from conventional oil products (4%) (MME, 2016). However, according to the Energy Balance
for the Goias State (Brasil, 2010), hydropower plants accounted for 97% of total power
production in the state in 2008. Taking into account the low share of thermal energy sources in
Goias in 2008 (3% - conventional sources and sugarcane by-products together), we assumed
hydropower plants as the only technology used by the Power sector in the 10 analyses.

3.3.1 Inter-Regional 10 Matrix

The 10 model concept that was previously shown in section 1.3 refers basically to
national matrices, even when working with models from a single region or models from
several interconnected regions, that is, inter-regional models. In short, a regional matrix

shows the same structure as a national matrix.

The inter-regional 10 model, also known as the ‘Isard model’ (1951), requires a huge
amount of real or estimated data. In the inter-regional system, there are exchanges
between regions through imports and exports, which are expressed by the flow of goods

destined for both intermediate consumption and final demand (Figure 17).

Region L sectors Region M sectors

4
g
S Final Final Total
-l Intermediate Inputs (LL) Intermediate Inputs (LM) Demand | Demand | Output
5 w | em ©
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-]
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Region L Total Output Region M Total Output

Figure 17. 1O relationships in an inter-regional system.
Source: Author’s adaptation from Guilhoto (2004), Miller and Blair (2009).

In summary, we can present the model from a hypothetical example of inter-sectoral and
inter-regional flow of goods to regions L and M, as follows:
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Zi*t = monetary flow from sector i to sector j of region L and

Z;ML = monetary flow from sector i of region M to sector j of region L.

We can set up the matrix:

Z: [ZLL ZLM]

Z ML Z MM
(Eq. 3.9)

where:

7' and ZMM represent intra-regional monetary flow matrices and

7EM and ZME represent inter-regional monetary flow matrices.
Considering the Leontief equation,
Xi :Zi1+Zi2+"'+ ZU++ Zin+ Yl (Eq 310)
where

X; indicates sector i’s total output

zin the money flow from sector i to sector n and

Y; the sector i’s final demand
then, in a regional context:
Xt =zl 4z + 21+ 2+ v} (Eq. 3.11)

where X} is the total product / produced in the L region.

Considering the regional input coefficients for L and M regions, we have the intra-

regional coefficients:

LL
LL _ Zij LL _ LL yL

a
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where a{-“jL are the technical coefficients of production, and they represent how much the

sector j of region L demands from sector i of region L.

MM
MM _ Zij MM _ MM yM

J

where a% M are the technical coefficients of production, and they represent how much the

sector j of region M demands from sector i of region M.

Finally, the inter-regional coefficients:

QML = Zi = Ml =it X} (Eq. 3.14)

where a?} L are the technical coefficients of production, and they represent how much the

sector j of region L demands from sector i of region M and

aM =2 ZiLJM — al.L]M_X]M (Eq.3.15)

where a{-“JM are the technical coefficients of production, and they represent how much the

sector j of region M demands from sector i of region L.

These coefficients can be substitute in £q. 3.11, obtaining:

Xk = alixt + aiixi + ot XY + i X) + vt (Eq. 3.16)
The production for other sectors can be obtained in a similar way.

By isolating Y{* and evidencing X}, we have:

(1 —aiDX; — aizX; —aiy X' —aid' X3 = Y (Eq.3.17)

The final demand for other sectors can be obtained in a similar way.

Therefore, according to:
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AL = 7ML (X))~ we can make the AX" matrix for 2 sectors,

where AL represents the intra-regional technical coefficients of production matrix. Note
p g p

that the same formulation can be used to AXM, AMM and AML.

Now, we can determine the following matrices:

(Eq. 3.18)
X L
X M
(Eq. 3.19)
YL
YM
(Eq.3.20)
The complete inter-regional IO system can be expressed by:
(I-AX=Y (Eq. 3.21)
and the matrices can be set as follows:
I 1 0] | A% ¢ A™|]] x* Yt
R R AR
(Eq. 3.22)

By carrying out these operations, we obtain the basic models required for the inter-

regional analysis proposed by Isard (1951), that is:

(I — AMXE — ALMYM — yL

—AMEXL 4 (] — AMMYXM = yM (Eq.3.23)
resulting in the Leontief inter-regional model:
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X=(—-A)"? (Eq. 3.24)

For a deeper understanding of 10 theory and inter-regional IO models, please refer to
Isard (1951), Leontief (1970), Herendeen (1978), Guilhoto (2004) and Miller and Blair
(2009).

3.3.2 The IO Price Model

3.3.2.1 Supply Side 10 Model (Gosh Model)

In 1958 Ghosh presented an alternative IO model based on the same set of base-year data
that underpin the demand-driven model, as presented in section 3.3. In this case the
Leontief inverse relates sectoral gross outputs to the amount of final product (final
demand), i.e. to a unit of product leaving the inter-industry system at the end of the
process. The alternative interpretation that Ghosh suggests relates sectoral gross
production to the primary inputs, i.e. to a unit of value entering the inter-industry system

at the beginning of the process (Miller and Blair, 2009).

This approach is made operational by essentially ‘rotating’ or transposing the vertical
(column) view of the model to a horizontal (row) view. Instead of dividing each column
of Z by the gross output of the sector associated with that column, the suggestion is to
divide each row of Z by the gross output of the sector associated with that row. The direct-
output coefficients matrix that results is usually denoted by ‘B’ (Miller and Blair, 2009).
These bij coefficients represent the distribution of sector i’s outputs across sector j that
purchase inter-industry inputs from 7; these are frequently called allocation coefficients,

as opposed to technical coefficients, a;;. Therefore:
x'=XZ'"+7 (Eq. 3.25)

where V' = [vy, ... ,vi].

Thus, Z = xB:

x,j = Z bl] x,i + U’j (Eq 326)
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and hence

x'=v'(I-B)! (Eq. 3.27)

defining the ‘Gosh model’:

G=(-B)" (Eq. 3.28)

with elements g;;. This has been called the output inverse, in contrast to the usual Leontief
inverse, L = [[;] = (I — A)~! (the input inverse). In this view of the Ghosh model, row and
column sums in the output inverse, G = (I — B)! = [g;] were given interpretations that

parallel those in the Leontief quantity model (Miller and Blair, 2009).

Aiming to provide an alternative interpretation of the Gosh model, Dietzenbacher (1997)
suggested that the model be viewed not as a quantity model but as a ‘price model’. In the
demand-driven model (i.e. Leontief basic interpretation), all prices are assumed fixed and
quantities change as a result of changes in final demand. Dietzenbacher assumes that all
quantities are fixed and uses the Ghosh model to assess the repercussions throughout the
economy of changes in primary input prices, i.e. labour, capital, land, etc. Changes in
primary input costs are transmitted throughout the economy as they are passed on
(completely) by producers in the price of the products purchased by other intermediate
users, who in turn increase their prices accordingly (Miller and Blair, 2009). This is the

reason this reinterpretation of the Gosh model is also called a ‘cost-push 10 model’.

Similar to the Gosh model, primary input price changes generate relative price changes
in the Leontief price model as well, as presented below. Therefore, the next section
(section 1.3.2.2) shows that the Ghosh price model and the Leontief price model generate
exactly the same results. For a deeper understanding of the Gosh price model, the Leontief

price model and the connections between them, see Miller and Blair (2009), chapter 12.
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3.3.2.2 Leontief IO Price Model

In fact, the specification of the IO model allows duality — quantity and price — to be

considered?’. Therefore, the price identity can also be represented in the IO model as:

where:

pj: prices of sector j products
pi: price of input i paid by sector j and

v;: ratio of sector j’s value added to its total output, i.e. value added coefficients.

In short, the price of any particular sector j depends on the use of intermediate inputs and
the use of primary inputs as a factor of production. Similar to the basic Leontief IO model,

the Leontief price model is presented in its condensed matrix form, as follows:

P=AP+V (Eq. 3.30)

where:

P: vector of sectoral prices index and

V: matrix that represents the ratio of sectoral value added to total output.

Hence:

P=(-A)"1V (Eq. 3.31)

Eq. 3.31 is Leontief’s price model. This model can be used to ‘assess the impact on prices

throughout the economy of an increase in value-added costs in one or more sectors’

27 “The quantity and price models — either Leontief or Ghosh — are often described as “dual’ to each other,
while the Leontief variant of the quantity model has been described as the “mirror image” of the Ghosh
quantity model, and similarly for the Leontief and Ghosh price models’ (Miller and Blair, 2009).
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(Miller and Blair, 2009). Therefore, in the Leontief price model, it is also the case that

primary input price changes generate relative price changes?®:

P=[l-(A%] v} (Eq. 3.32)

P = (L)} (Eq. 3.33)

Similarly, in the Gosh model:

= (L°)v} (Eq. 3.34)

Therefore, the Leontief price (cost-push) model and the Ghosh price model generate the
same results; the former directly in terms of the vector of relative price changes, P, and
the latter in terms of new outputs, from which 7 (instead of P) is found as the ratio of
new-to-old output values. For a deeper understanding of 10 price model theory, concepts
and formulations, please refer to Leontief (1970), Kula (1998), Dixon and Rimmer (2000)
and Miller and Blair (2009).

3.3.2.3 Price Impact of Carbon Tax

The Leontief price model (Eq. 3.31) can be used to analyse the impacts of an increase in
value-added costs (in one or more sectors) on prices throughout the economy. Since a
carbon tax will increase value-added costs, the model is useful for assessing its impact,
and this (as well as any other policy initiative) can be estimated because the tax will
increase product prices through increases in sectoral value-added costs. In order to
perform the analysis, first the base-year price level needs to be calculated. When applying
Eq. 3.31 to base-year data (including base-year 10 technical coefficients and sectoral
value added), one obtains a vector of base-year prices for all sectors equal to one [1],

which means there is no change in prices:

0 = (L)? = [1] (Eq. 3.35)

28 The superscript () denotes the base-year data (in this case, original technical coefficients and original L
matrix) and the superscript / denotes new values for that variable (in this case, for the year */ or new value-
added coefficients after changes in the previous value-added, i.e., (v/) = (v)) + (4v).
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where v2 = [v°/x°], i.e. base-year value added coefficients.

Next, the sectoral ad valorem carbon tax rate (which is obtained from the tax assumptions,

explained below in section 3.3.2.4) is imposed on the sectoral value added, as follows:

P = (I =A%)~ (VO + ™) (Eq. 3.36)

where:

P" = vector of new sectoral price level
A’: matrix of IO technical coefficients for base year
J°: matrix of sectoral base-year value added coefficients, and

¢": vector of new sectoral ad valorem carbon tax rate (calculated as Eq. 3.39,

below).

This results in an index of price changes for the chosen sector inputs, compared to the

base year:

P (P™ - p9)

; = T (Eq. 33n

where P" and P° represent new and old prices, respectively.

3.3.2.4 Carbon Tax Estimates

In order to calculate the vector of a new sectoral ad valorem carbon tax ('), an approach
based on the PPP was assumed. According to the PPP definition, the allocation of CO»
emissions is straightforward, and the emissions are based on the quantities and types of
fossil fuels used directly at the point of combustion (SANDU, 2007). However, this
research did not add a sub-matrix into the IO model to calculate the emissions from the
energy used by the sectors of the economy; instead, it was developed using an estimation
of CO; intensities based on given CO- emissions to each target sector (SEEG, 2017) and
sectoral value added (Guilhoto, 2010). It is worth mentioning that the estimating system

for GHG emissions (SEEG (2017)) consider all emissions from each sector, including the
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energy used directly by each economic activity. Accordingly, CO; intensities (E/) can be

measured by the amount of CO; emitted (£) per unit of output (X):
E
El = " (Eq. 3.38)

Therefore, it can be assumed that the carbon tax is fully transferred through factor input
prices. As a result, a carbon tax (#") increases the price of factor inputs in proportion to

their CO; emissions:
th =T .EI (Eq. 3.39)
where:

T: level of tax on CO» emissions (in US$/tCOz), and

EI: CO; intensity (in tCO2/USS$ of total sectoral output).

In this context, the term 7' can be considered as equivalent to a set of indirect taxes
imposed on each sector i, which will be used to determine the impact of a carbon tax on
price increases in target sectors. In this research, the level of tax considered for CO:
emissions was US$10/tCOz, a value typically found in the literature and in carbon pricing
international experiences put in place so far (Nordhaus, 2007; Aldy, 2016; Narassimahn

etal.,2017; ICAP, 2018; Santos et al., 2018).

Therefore, the estimated sectoral ad valorem carbon tax rate (#) was finally imposed to
sectoral value added through Egq. 3.36, in order to analyse the index of price changes
caused by a carbon tax (for more details, please refer to Appendix XIX). After this, the
price change index was applied to alternative production functions to update the 10
original technical coefficients, in order then to analyse the outcomes of the hybrid

economic-ecological IO model with a more realistic approach, as explained below.

3.3.3 Modification of 10 Coefficients

Input prices are subject to change over time and, based on microeconomic theory, when

these changes take place, producers seek to substitute these price-affected inputs with
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other factor inputs, such as labour and capital. The fundamental theory of IO analysis
states that inputs are perfect complements® in an 10 model, ignoring the possibility of
substitution between different inputs due to price changes. Therefore, since IO models
are not equipped with a mechanism that captures the impacts of changes in technology
over time, substitution effects cannot be analysed using the traditional 10 framework. In
this context, the traditional IO model can be seen as a set of linear production functions.
Therefore, since substitution is not allowed, when the availability of a given factor input
decreases, it cannot be substituted with other input; rather, the producer has to decrease

the level of production, hence impacting overall output in the model.

In fact, technology in the real world cannot be considered fixed over time. Changes in
technology occur throughout time because it is constantly impacted through changes in
consumer behaviour, producer preferences, technology development, policy
implications, innovations, among others. Any of these changes may have an impact on
input prices and hence changes in technology through changes in factor inputs. Therefore,
an increase in the price of one production input will lead to some level of substitution
between other inputs and hence, this substitution effect will impact the input mix of a

technology or sector, depending on the substitution between various inputs.

A useful alternative to overcome the issue of fixed-input proportions in traditional 10
models is to use neoclassical production functions to update the original 10 technical
coefficients. Since neoclassical production functions are more flexible than the Leontief
production function, they allow the producer to substitute one input with another,

reflecting economic rationalist behaviour.

The neoclassical production function, first developed by Cobb and Douglas (Cobb and
Douglas, 1928), relates physical output to capital and labour inputs. The Cobb-Douglas
production function has a constant elasticity of substitution, i.e. equal to 1 (i.e. inputs are

perfectly substitutable):

2 Inputs in a traditional 10 model are considered perfect complements due to the assumption of fixed
proportionality of technical coefficients. This assumption implies a linear (and fixed) relationship between
a sector’s output and its inputs; therefore, it represents a linear production function that reflects constant
returns to scale. This type of production function is called a Leontief production function.
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Y=F(K,L) = aK*L*! (Eq. 3.40)
where:

Y: total production
K and L: factor inputs

a: relationship between industries in that country, i.e. structural coefficient (a > 0)

and

o. cost share (0 <a <1)

and in its IO form:

Pj

X = a; (P_) X; (Eq. 3.41)
where:

P;: price for input / and

P;: price for input ;.

The elasticity of substitution for the Cobb-Douglas production function is constant and is
independent of other parameters of the production function (coefficient a, i.e. it is
independent of the structure of the system). If the Cobb-Douglas function is constant, that
means the percentage change in the relative factor mix is the same as the percentage
change in relative factor prices, i.e. -1. Therefore, this characteristic represents the main
weakness of the Cobb-Douglas production function, because it assumes the rate of

substitution and factor shares of output are constant across all industries.

In order to overcome this issue, Arrow et al. (1961) developed a production function with
a constant elasticity of substitution, but it was not restricted to unity. This type of
production function is known as the constant elasticity of substitution (CES) production

function:

1
Y = F(K,L) = (aK? + bLP)» (Eq. 3.42)
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where:

a and b are structural parameters (scaling factors) and

p is the substitution parameter (p < 1, i.e., there is no complete substitution).

In short, the elasticity of substitution (o) can be defined as:

o= ﬁ (Eq. 3.43)
and if:

p=0 = Cobb-Douglas production function

p =—o =  Leontief production function and

p=1 = Linear production function.

By applying the CES production function to the IO model, we have:

AN\ O
x; = y°1 a(ﬂ) X; (Eq. 3.44)

Py
where:

y: scale parameter (constant returns to scale; CRS = 1) and

o: substitution elasticity.

In order to update the original 10 technical coefficients, the percentage changes in input
prices are derived in this research into the price impact model from the imposition of a
carbon tax, as discussed earlier in subsections 3.3.2.2 and 3.3.2.3. Therefore, it is
straightforward that elasticities of substitution can be derived by assuming other types of
production function, rather than the Leontief production function. Thus, the Leontief
price model and the aforementioned production functions were applied to estimate the
new technical coefficients. This was done after considering a more realistic analysis by

allowing the substitution between factors of production, in this case, through a carbon
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pricing initiative in Brazil. Accordingly, the updated 1O technical coefficients can be

derived from the following equation:

ot = Q(‘L) 1 (Eq. 3.45)

where:

a;;: updated IO technical coefficient and all other variables already defined.

It is also worthwhile to mention here that the CES production function turns into the

Cobb-Douglas form if substitution elasticities are restricted to unity. Therefore:

p=0;0=-1 =  Cobb-Douglas production function
p=1;,0=00 = Linear production function

p=xo;0=0 = Leontief production function.

Also, although the price elasticities of demand derived from the Cobb-Douglas and CES
production functions have limitations compared with those derived from more
sophisticated production functions, such as the Translog production function’, they are
still better than assuming zero elasticities, as is the case with the Leontief production
function (or traditional IO models). Finally, once the new sets of IO technical coefficients
(updated IO coefficients) were derived, they were used to analyse the environmental and
economy-wide impacts of price changes (through a carbon tax) in the Brazilian study

case. Therefore:
X=0U-4,)tY (Eq. 3.46)
where:

X: column vector of sectoral outputs

30 Developed by Christensen et al. (1971; 1973), the Transcendental Logarithmic (7ranslog) production (or
cost) function is a second-order approximation in logarithms of an arbitrary cost function and it imposes
no prior restrictions on the elasticities of substitution and the price elasticities of demand.
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A,: matrix of updated IO technical coefficients and

Y: column vector of sectoral final demands.

3.3.4 Goias’ Economic-Ecological IO Model

Since the late 1960s, the IO framework has been extended by many researchers to account
for environmental pollution generation and abatement associated with inter-industry
activity. This has been occurring because 10 models are good analytical tools for
measuring both direct and indirect impacts (Guilhoto, 2004; Miller and Blair, 2009).
Leontief (1970) himself provided one of the key methodological extensions, which has

since been applied widely and extended further.

The main goal of an environmental IO model is to analyse environmental (and energy)
flows to determine the total inputs (e.g. water, land, energy) used in producing a given

output for consumption in the final demand sectors (Miller and Blair, 2009).

Such an analysis requires the resetting of a hybrid IO table, in which the flows between
sectors are represented in hybrid units. In other words, in a hybrid analysis, an
environmental IO model shows its ‘environmental flows’ both in monetary and physical
units (e.g. m*> of water, m* of land, J of energy consumed, etc.), whereas non-
environmental flows are described only in monetary terms (Table 4). Through this hybrid
IO model, we can estimate the environmental (and energy) requirements of producing
sectors to produce goods and services in the economy. This will give us estimates of all

resources used by each sector, driven by changes in final demand.

Table 4. General structure of an 10 table with hybrid units”.

Inter-industry Environmental
Transactions Commodity
Consuming Sectors Outputs
Final Total o
Sector 1 Sector n Emissions

Demand  Output

Producing Sectors
Sector 1

e Z (USS$) Y(US$) X (US$)  gCOx
Environmental Commodity

Land m?

Water m3

Energy J

*Example of the Economic-Ecological 10 model.
Source: Author’s adaptation from Miller and Blair (2009).
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In environmental 10 models, we seek an analogous set of matrices to Z, 4 and L, that is,
respectively, an environmental transactions or flows matrix, a direct environmental
requirements matrix and finally a total environmental requirements matrix (Miller and

Blair, 2009).

To carry this out, we define a set of ecological commodity inputs, the magnitudes of
which we will capture in a matrix M = [my;/, an element of which reflects the amount of
ecological input of type & used in the production of economic sector j’s total output.
Similarly, we define a set of ecological commodity outputs (e.g. gCOaz). The
corresponding matrix of ecological commodity output flows is N = [ny;/, an element of
which specifies the amount of ecological commodity output k& associated with the output

of sector j.

From Table 4, we can identify the matrices of ecological commodity inputs and outputs,
respectively, i.e., M and N, as well as the inter-industry transactions (Z), the vector of
total final demands (Y) and the vector of total industry outputs (X) (highlighted in Table
5).

Table 5. Economic-ecological commodity flows: Matrix definitions.

; : Environmental
Interindustry Transactions

Commodity
Consuming Sectors Outputs
Final Total 3 3
Sector 1 Sector n Demand  Output Emissions

Producing Sectors

Sector 1

Sector n 4 Y X N
Environmental Commodity

Land

Water M

Energy

Source: Author’s adaptation from Miller and Blair (2009).

We can now define the ecological commodity input and output coefficients in much the
same way as we defined the direct impact coefficients earlier, by first recalling that A =
Z%~ 1, which defines the matrix of technical coefficients; hence, we define the matrices

of ecological commodity input and output coefficients as:
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R = MZ™1, which defines the matrix of ecological commodity input coefficients,
i.e., the elements of R = [ry;] specify the amount of commodity k& required per

dollar’s worth of output of industry j

Q = N'z™1, which defines the ecological commodity output coefficients, that is,
O = [qu] specifies the amount of commodity k generated per dollar’s worth of

output of industry j (Miller and Blair, 2009).

Note that N’ is the transpose of the matrix of ecological commodity output flows. Also,
note that in matrix algebra notation, a ‘hat’ over a vector denotes a diagonal matrix with

the elements of the vector along the main diagonal, so, for example:

w>
I

Thus, using R and Q as computed above, total impact coefficients — in this case, ecological
commodity input and output coefficients as a function of final demands — can be

respectively written as:
R*=R(I—-A)1andQ*=QU —A) ! (Eq. 3.47)
where

R* = [r;] reflects the amount of ecological input i required directly and indirectly

to deliver a dollar’s worth of industry j's output to final demand, and

Q" = [q";] reflects the amount of ecological output i associated with delivering a

dollar’s worth of industry j's output to final demand directly and indirectly.

Therefore, the use of hybrid economic-ecological 10 models to analyse GHG emissions
and water, energy and land use according to final demand is considered suitable both for
verifying the direct consumption of resources by final demand, as well as for calculating
the total environmental requirements to produce the outputs required by this final

demand. To analyse future changes in the use of inputs (i.e. water, energy and land) from
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changes in final demand for ethanol in the state of Goias, this thesis justifies the use of

the environmental analysis tool provided by the hybrid economic-ecological IO model.

However, there are no market transactions of environmental requirements and therefore
they are not represented in the standard national accounts (Hristu-Varsakelis et al., 2010).
In order to assess environmental requirements, Goias’ IO table was rearranged to include
them in the analysis (see also Miller and Blair, 2009; Hristu-Varsakelis et al., 2010;
Carvalho et al., 2015; Wang and Chen, 2016). In this regard, production and consumption
of water, energy, land and emissions were incorporated into the original Goias’ 10 table
as an ‘attached environmental account’ to allocate the environmental flows between

sectors (see Appendix VI).

This procedure generates an extended 10O table with hybrid units, where environmental
flows are considered in physical units (i.e., hm? PJ, km? TgCO) and all non-
environmental sector flows are measured in monetary units (US$) and an average
exchange rate of R$ 3.23/USS$ for the period of a year is assumed (BCB, 2017). This
framework therefore allows the impacts associated with inter-industry production and
generated in response to any new vector of final demands to be tracked. To carry out the
analyses with extended IO tables, a linear programming problem is defined aiming at

maximising the GDP (Eq. 3.48):

Max GDP =cT X (Eq. 3.48)

where
c'=11,1, ..., 177 (so that ¢ is the column-sum of the IO matrix).

The matrix of technological coefficients (from Eq. 3.5, A = Zx™1) is obtained from the
IO matrix and, through some algebraic manipulation, it results in the basic linear Leontief
model (Eq. 3.8). Thus, the maximisation of GDP was subject to the following (linear)

constraints:

i) c'(I—A)X < cT(Yypin — M), where M represents imports and Y, is a lower

bound on the total sum of demand met across all sectors
ii) X = Xpin, where Xy, is the lower production level
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iii) X = 0, representing that gross value of production, must be non-negative in every

sector

iv) R* < R,in, Where Ry is the current use of environmental resources, i.e. water,

energy and land

v) N < N, ;,, where N'pi is the current GHG emissions and

vi) J* < Jimin, Where Juin 1s the current employment level.

Additionally, ethanol scenarios were considered as the main changing variable in the IO
model. After estimating these scenarios (in terms of % change from current (2015)
levels), the new ethanol final demand requirement was incorporated into the extended IO
model to estimate the impact on energy, environmental and economic systems and from
there to obtain a better understanding of whether ethanol expansion in the region would

threaten local environmental resources.

Thus, this work adopts a nexus approach through the application of the Goids’ hybrid
economic-ecological IO model, taking into account the environmental aspects of (7)
inputs: water withdrawal (hm?), land-use (km?) and energy use (P.J) and (i) outputs: GHG
emissions (as mass of COz. gwp-4rs— in Tg). Since the Goias’ 10 model considers official
employment data, the model can also be used to estimate the social impacts of future
changes in final demand for ethanol. The impacts of a carbon tax can be assessed through
IO price change analyses that identify the overall economic impacts of carbon pricing
initiatives. As detailed in previous sections, these price change ratios were taken into
account through the use of a more flexible production function that allows for factor
inputs substitution between sectors of the economy, in order to update the original 10
technical coefficients for the state of Goids. An updated IO total requirements matrix
(updated Leontief matrix) was therefore used to assess the overall socioeconomic and
environmental impacts in the region studied, taking into consideration possible
technological changes in the inter-industry sector from changes in factor input prices
caused by a carbon tax policy. Finally, all the IO tables were processed through multiple
spread-sheets (using Microsoft Excel) and the optimisations were performed through the

Opensolver.
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3.3.5 Sectoral Value-added Impacts and CO, Emissions Abatement

To internalise negative externalities, the PPP defines responsibility and establishes a cost
for GHG emissions, i.e. carbon pricing. As previously explained in sub-section 2.4.1,
carbon pricing initiatives can be implemented through different approaches: by
establishing a carbon market, i.e. a pollution trading systems or emission trading schemes
(ETS), or by implementing fiscal policies, such as a carbon tax. It is worth mentioning
that a carbon tax policy affects not only the behaviours of producers, who have to pay for
their externalities under this policy, but also consumer decisions, because higher prices
due to carbon pricing may redirect consumer behaviour towards less carbon-intensive

goods.

Taking into account the PPP and the emissions intensity concepts (already presented in
subsections 3.3.2.3 and 3.3.2.4), the estimated impacts of the cost of carbon pricing on
sectoral value added is expressed as the relative weight of the cost of carbon over
production factors (Santos et al., 2018). These impacts were reached by the ratio of the
carbon cost to value added and they were estimated for different carbon prices, namely,
5, 10, 25 and US$50/tCOxe, reflecting a range typically found in the literature and in the
international carbon pricing experiences put in place so far (Nordhaus, 2007; Sandu,
2007; Aldy, 2016; Narassimahn et al., 2017; ICAP, 2018; Santos et al., 2018). Analyses
of the estimated impacts of carbon cost to value added consider full emissions for the year
2008 in the state of Goias, Brazil. This estimate can be seen as a conservative indicator,
assuming that the carbon cost is fully absorbed by the state’s economic sectors, i.e.,

without taking any mitigation measure into account.

Sectoral emissions intensity is therefore a useful indicator to analyse qualitatively the
impact of a carbon tax on sectoral competitiveness by indicating the ratio of sectoral
emissions over the sectoral value added (i.e. EI = E /V Ay). In fact, the sectoral emissions
intensity indicator is pretty similar to the output emissions intensity, as described by Egq.
3.38 (i.e. EI = E/X). In this regard, when including carbon prices to the emissions
intensity indicator, results can be seen as a carbon cost share (CCS) of the total value
added, i.e., how much carbon pricing could impact the return on the production factors of

these sectors:

92



cC
CCS = o (Eq. 3.49)

where:

CCS: carbon cost share (as % of total value added)

CC: carbon cost=TE; .CP

TE;: total sectoral emissions

CP: carbon prices (for different carbon prices: 5, 10, 25 and US$ 50/tCOac) and

VAg: sectoral value added.

Another possibility for interpreting the impact of a carbon tax on the value added is to
simulate a CCS according to different levels of reduction in absolute emissions, as
performed by Santos et al. (2018) for the Brazilian industrial sector. This alternative
analysis was also applied to the present research and it shows the effects (in terms of %
of the value added) of internalising a carbon price for the year 2008, used to analyse the
impact of different carbon prices and emissions abatement possibilities on Goias’

economic sectors. Therefore:

PE = TE, — ER (Eq. 3.50)

where

PE: priced emissions (in % of total value added) and

ER: emissions reduction (varying from 0 to 45%).

This range of emissions reduction represents the abatement of emissions needed to reach
Brazil’s NDC targets as presented in section 2 of this research, i.e. to reduce GHG
emissions to 37% below 2005 levels by 2025, with a subsequent indicative reduction of
emissions to 43% below 2005 levels by 2030. Another justification for the use of this
range is the abatement potential found in a study led by the Brazilian Ministry of Science,
Technology and Innovation (MCTI, 2016a), which was also mentioned by Santos et al.
(2018).
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3.3.6 Data Sources

Once Goias’ 10 table for the year 2008 was estimated, all the other data required to
formulate the hybrid IO model (i.e., water, energy, land use and GHG emissions) were
analysed for the same year to calibrate the model. The main purpose behind this initiative
was to capture (through the Goias’ 10 table) all the economic and environmental
conjuncture (through analysing specific data sources, explained hereafter) for a specific
year to understand the relationship between the inputs and outputs of that economy at that
time. Analogously, it can be seen as a picture of the economy during the target year.
Hence, it defined a pattern (ratio) between the sectors (coefficients) of the economy to be
used as a tool to estimate the impact of future changes in final demand by following the
structure (ratio) defined in the baseline year, i.e.,, 2008. Despite the fixed relationship
ratios between sectors, this method can be used to estimate economic and environmental
impacts on the economy for any future year and, in our case study, the scenarios
considered ethanol expansion in the year 2030. As already mentioned, the issues related
to the fixed nature of technical coefficients was addressed in section 3.3.3, by suggesting
the use of more flexible production functions in order to update the original technical IO

coefficients, thereby bringing the analysis closer to reality.

3.3.6.1 Economic Data (Elasticity Estimates)

To overcome the issue of fixed technical coefficients in IO analysis, this research applies
a flexible production function that allows for substitution between factors of production,
i.e. the Cobb-Douglas production function and CES production function, in order to find
out whether technological changes arising from substituting production factors among
target sectors would significantly impact the results initially found through the application
of the traditional 10 model, i.e. with its fixed technical coefficients. The methodological
steps used to estimate these technical coefficients were presented in previous sections. In
this case, a range of elasticity of substitution values was applied, namely -0.905, -0.5, 0.5,
1.0 and 1.5. These are similar to values found by previous studies focusing on income
and price elasticities of different products and services for Brazil (Hoffman, 2007;
Payeras, 2009; Wills and Grotera, 2015). For instance, Payeras (2009) found an average

price elasticity of -0.905 and an average income elasticity of 0.655 for a range of Brazilian
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products, while Hoffman (2007) estimated an average income elasticity of 0.795 (see

Appendix XVIII).

Nordhaus (1977) applied the Cobb-Douglas production function to analyse international
energy demand in seven countries (Belgium, France, Germany, Italy, the Netherlands,
the United Kingdom and the United States), focusing on four sectors (energy, transport,
industrial and residential sectors). The author estimated long-run price and income
elasticities. Results were attained for all possible levels of aggregation and the average
long-run price elasticity amounted to -0.85 and the average long-run income elasticity to
0.79. A more recent example from Joyeux and Ripple (2011) shows that between 1973
and 2008, the income elasticity of total energy demand in developing and industrialised
countries was 0.85 and 1.08, respectively; however, the income elasticity of residential
electricity demand in developing and industrialised countries was estimated to be
substantially lower (0.56 and 0.42, respectively). These average elasticity values were
therefore taken into consideration by the present research to determine the range of
elasticities of substitution to be used in calculating and hence updating the original 10
technical coefficients, in order to reach a more realistic outcome when analysing medium

and long-term policies.

3.3.6.2 Land-use Data

Land-use data for the agriculture sector covers all the crop area used in Goids State, i.e.,
mainly soybean, corn and sugarcane crops, which together accounted for 71% of the total
agriculture area in 2008 (Figure 18) (IBGE, 2009, MAPBIOMAS, 2017). The total area
used by livestock production, 155,234 km?, was estimated from IBGE (2009a, 2017) and
MAPBIOMAS (2017).

Data on total industry area, whose footprint was lower than that of agriculture, was
estimated from state government agencies such as the Goias Secretariat of Planning and
Development (SEPLAN, 2009, 2010) and the Institute for Statistics and Socioeconomic
Studies (IMB, 2014). All the land-use estimates are presented in the Table 6 and were
applied as a land-use input vector in the Goids’ hybrid IO model (Appendix VI).
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4,161 9%

e 1o 21,806 44%

/ 9,057  18%

Sugarcane Soybeans Corn =Beans = Rice Other crops

Figure 18. Goias’ agriculture land use, by crop, in km? (2008).

Source: Author’s adaptation from IBGE (2009) and MAPBIOMAS (2017).

Table 6. Land-use in the state of Goias (2008), by economy sectors.

Economy sectors Ll;z’i ;se %
Agricultural 204,517  98.64
Livestock 155,234  74.87
Agriculture 49,283  23.77
Power sector’ 2,755 1.33
Industry 57 0.03
Mining 30 0.02
Food, beverages and tobacco 7 0.00
Textile, clothes and shoes’ - -
Wood, paper and printing 4 0.00
Biofuels’ 0 0.00
Chemical and pharmaceutical products 4 0.00
Other industries 2 0.00
Cement, construction and other non-metallic minerals 4 0.00
Metallurgy 7 0.00
T ransportz - -
Services’ - -
Total (km?) 207,330 -

Note: 'According to the Energy Balance for the Goids State (Brasil, 2010), hydropower plants
accounted for 97% of total power production in the state in 2008. Taking into account the low
share of thermal energy sources in Goias in 2008 (3% - conventional sources and sugarcane
by-products together), we assumed hydropower plants as the only technology used by the Power
sector in the 10 analyses. The land use for the Power sector, therefore, was estimated only for

hydro plants, from the area occupied by water reservoirs.

’The land use for the Services, Textiles, Clothes and Shoes sectors were not properly identified

from the available references. There is no land use for the Transport sector.

*The Biofuels sector shows a land use of virtually nil (0.09 km?) when considered as part of the

Industry sector, but its land use is accounted for in agricultural land use.
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Finally, the land used by Goias’ Power sector (through the area occupied by water
reservoirs) was estimated from the available hydropower stations and reservoirs data from
the national electrical system operator (ONS, 2004, 2005, 2017) and by applying

polynomial calculations to estimate the desired information.

To do this, each hydro station had at least two fourth-degree polynomial data sets with

the following properties:

a) Quota-Volume polynomial: It is possible to calculate the reservoir surface in
relation to the sea level from the water volume stock in the reservoir (in hm?).
Thus, for each hydro plant, the parameters aopvp, bove, cove, dove and egyp are
available. The equation 3.51 shows how the reservoir surface quota can be

calculated from the reservoir volume (Vol).

Quota = agyp + boyp. Vol + coyp.Vol? + dgyp. Vol® + eqyp Vol* (Eq. 3.51)

b) Quota-Area polynomial: From the reservoir quota (in metres), we can
calculate the reservoir surface area (in km?). So, from the reservoir surface
area, which depends on the volume of water stored, we can also estimate the
water lost to evaporation. Similarly, for each hydro plant, the parameters apap,
boap, coap, doap and egup are available. The equation 3.52 shows how the area

can be estimated from the reservoir surface quota relative to sea level:

Area = agap + boap. Quota + coap. Quota® + dgyap. Quota® + epap Quota* (Eq. 3.52)

The following hydropower reservoirs located in the study area were analysed (Table 7)
and the maximum, minimum and useful water volume data for the year 2008 were
obtained from the ONS’s Operation history. useful volume of the main reservoirs (ONS,

2017).
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Table 7. Maximum, minimum and useful water volume for the major hydro plants in the
study area, in hm’.

Hydropower plant Max Volume Min Volume Useful Volume
UHE Batalha 1,781 430 1,351
UHE Nova Ponte 12,792 2,412 10,380
UHE Corumba I 1,500 470 1,030
UHE Barra dos Coqueiros 347 300 47
UHE Salto 826 826 0
UHE Emborcag¢ao 17,725 4,669 13,056
UHE Cachoeira Dourada 460 460 0
Queimado 557 95 461
Corumba IV 3,708 2,936 771
Corumba III 972 709 263
Serra do Facdo 5,199 1,752 3,447
Itumbiara 17,027 4,573 12,454
Salto Verdinho 264 264 0
Cacu 231 197 34
Espora 209 71 138
Castelo Branco 11 879 878 1
Castelo Branco | 241 228 12
Miranda 1,120 974 146
Sdo Simio 12,540 7,000 5,540

Note: Useful volume = Max volume — Min volume; Min volume, also called ‘dead volume’.
Source: Author’s adaptation from the ONS (2017) data.

The Power sector’s total land-use area obtained from the estimates listed above represent
2,755 km? of surface, as shown in Table 6. Additionally, the useful volume (monthly
average), the real useful volume (monthly average), the relative quota and the average
monthly area for all the 19 hydropower reservoirs located in the study area can be verified
in Appendices VII, VIII, X and XI. Specifically, Appendix IX shows all the
polynomials made available by the ONS (2017) that were used to estimate the volume of

water and the area occupied by power plant reservoirs.

3.3.6.3 Water-Use Data

Since there is a lack of available data on water use by different activities in the country,
estimating water use by economy sectors is not a trivial task. Most of the analyses
performed herein were based on estimates on water use, from indicators such as water
footprint (in the case of the Agriculture sector), specific water consumption (in the

Livestock sector) and water-use technical coefficients (in the Industry sector).
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Additionally, after calculating the area of hydropower reservoirs presented in the previous
subsection, an estimation of evaporation from the reservoirs was carried out to determine

the amount of water consumed by the Power sector.

The water used by the agriculture (blue water) and /ivestock sectors was based on IBGE
(2009, 2009a), Mekonnen and Hoekstra (2011), EMBRAPA (2013) and FAO (2017).
Regarding sugarcane production in Goias State, the blue water coefficient applied was
0.075 m*/kg of sugarcane, a coefficient established by Fachinelli and Pereira (2015)

through their work on irrigated ethanol in the Paranaiba basin, Goias.

Regarding water use by the industry sector, there was an issue around determining the
sectoral technical coefficients, which ideally should be differentiated by product sector,
by micro-region and by technological process (FUNARBE, 2011). Many studies (ANA,
2002; ONS, 2005; FUNARBE, 2011; CNI, 2013) have tried to find some water use
coefficients related to water withdrawals. The industrial water-use coefficients applied to
this study were related to water withdrawal (in m?) per unit of production, based on the
findings of FUNARBE (2011). In this context, the total national production for 2008 was
obtained from Brazilian industrial research (IBGE, 2009b) and Guilhoto (2010), by
sector. All the water-use coefficients, the bulk production and the estimates of total water
use by sector can be checked in Appendix XII. Additionally, a short version of the water-

use data in Goids by economy sectors in 2008, is presented below (Table 8).

Finally, the water used by Goids’ Power sector was estimated from the national electrical
system operator data (ONS, 2004, 2005, 2017). Evaporation causes the surface of the
reservoir to drop, depending on the location of the reservoir and the month of the year.
Thus, for each hydropower plant, 12 indexes of the average local evaporation (in mm)
are available, corresponding to the months of the year. Evaporation is an important
parameter in the Brazilian Power sector, since the rainy season varies widely from region

to region.
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Table 8. Total water use in Brazil and in the state of Goids by sector, in 2008.

Economy sectors Brazil Goids
(hm?) (hm?)
Agricultural - 3,721.59
Agriculture - 3,394.86
Livestock - 326.73
Industry 3,850.02 200.49
Mining 1,125.77 64.09
Food, beverages and tobacco 858.45 22.49
Textile, clothes and shoes 76.78 2.01
Wood, paper and printing 502.47 13.16
Biofuels” 436.12 1.67
Chemical and pharmaceutical products 802.55 21.03
Other industries 6.67 0.17
Cement, construction and other non-metallic minerals 41.21 1.36
Metallurgy 2,862.33 74.50
Power sector’ - 699.26
Transport sector - -
Services/Human supply - 38.47

Note: “According to Table 3, the production of charcoal was allocated to the Biofuels sector in
the Goias’ aggregated 10 table. Therefore, the water used by the Biofuels sector considers
charcoal production and only the industrial phase of ethanol production.

'dccording to the Energy Balance for the Goids State (Brasil, 2010), hydropower plants
accounted for 97% of total power production in the state in 2008. Taking into account the low
share of thermal energy sources in Goias in 2008 (3% - conventional sources and sugarcane by-
products together), we assumed hydropower plants as the only technology used by the Power
sector in the 10 analyses. The water use for the Power sector, therefore, was estimated only for
hydro plants, from the water evaporated from water reservoirs. This water evaporation was used
to estimate the water footprint of hydro plants in the Paranaiba basin (Appendix XV) from the
average power generation in the basin during 2008 (data from ANEEL, 2017).

Source: Author’s adaptation from ONS (2004, 2017), IBGE (2009, 2009a, 2009b),
FUNARBE (2011), Mekonnen and Hoekstra (2011), FAO (2017), EMBRAPA (2013, 2016),
DNPM (2009), CETESB (2014), IPT (2013), GOIAS (2010), ANA (2012, 2015), Fachinelli

and Pereira (2015).

To estimate the volume of water lost by the evaporation from reservoirs (EVAV), the

following equation can be applied:

EVAC = Area .10% .EVAC; . 1075 (Eq. 3.53)

where:

EVAC; is the evaporation coefficient of month i

the /07 constant consists in converting km? into hm?, and
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the 10~ constant consists in converting the evaporation coefficient given in mm

into hm.

Thus, the volume of water lost by evaporation (EVAV) will be given in hm?3, the most
common unit used to determine water stocks in reservoirs. In short, the Eq. 3.53 can be

rewritten as follows:
EVAC = 1073 . Area .EVAC; (Eq. 3.54)

The monthly average evaporation coefficient (£VA4C) was obtained from the ONS (2004)
and can be verified in Appendix XIII. By applying the Eg. 3.54, the total net evaporation
of the reservoirs in the region of study in 2008 accounted for 1,219 hm? of water, as shown
in Appendix XIV. This value was used to estimate the water footprint of hydro plants in
the Paranaiba basin (Appendix XV) from the average power generation in the basin
during 2008 (data from ANEEL, 2017). Thus, the water footprint of the hydro plants in
the Paranaiba basin was equivalent to 28.742 m*/MWh. From this indicator of water used
by unit of energy, we calculated the total amount of water consumed by power plants
(i.e., 699.26 hm?) (Table 8) from the total amount of power generated in the state of Goids
in 2008 (BRAZIL, 2010). All the water-use estimates presented in Table 8 were applied
as a water-use input vector in the Goids’ hybrid IO model (Appendix VI).

3.3.6.4 Energy Data

Data on both Brazil’s and Goids’ energy balances were obtained from the Goias State
government (GOIAS, 2010) and the Ministry of Energy and Mines (MME, 2016, 2017)
(Tables 9 and 10). Ethanol and gasoline demand and supply forecasts were obtained from
the Brazilian Energy Research Centre (EPE (EPE, 2017)) and are explained in greater

detail in sub-section 4.2.
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Table 9. Summarised 2008 Goids’ energy balance (in /0’ toe).

Economy sectors’

Energy
source

n 2 3 “@ 6 © (7)) & (9 109 A1) (12) (13
Natural gas 0o 0 0 0 0 o 0 0 0 0 0 0 957
Hydropower o 0 0 0 0 0O 0 0 0 0 2092 0 0
Firewood? 29 0 27 0 12 545 2 9 22 0 32 0
Sugarcane 0 0 53 0 0 3011 o 0 0 0 137 0 0
products
I?rti}rlj;ry 0o 0 0 0 0 0o o0 0 15 0 0 0 0
Diesel oil 205 32 20 0 0 5 39 28 9 0 15 36 1282
Fuel oil 0 93 54 0 0 32 5 192 0 8 4 0
Gasoline 0o 0 0 0 0 o 0 0 0 0 0o o 713
LPG 2 0 5 0 0 o o0 1 18 0 0 5 0
Kerosene o 0 0 0 0 o 0 0 0 0 0 0 40
Electricity 87 43 98 3 6 0 14 28 63 3 110 133 0
Charcoal 0o 0 0 0 0 8 0 0 0 0 0 0 0
Ethanol o 0 0 0 0 o 0 0 0 0 0 0 435
Other sec oil 0o 0 0 0 0 0 0 0 45 0 0 0 0
Total 323 168 737 3 18 3,572 57 71 364 3 2365 180 3,427
Total(PJ) 135 7.0 308 01 08 1495 24 30 152 01 990 7.5 1435

Note: ' Economy sectors from Table 3. *Since there is no manufacture of coke in the state of Goids,
firewood production was allocated into the Biofuels sector. Similarly, since there is no oil refining
in the state, sugarcane products were also allocated into the Oil refining, coke end ethanol sector.

That is the reason why this sector has been called only by Biofuels sector.
Conversion factors: 1 toe = 41.87 x 10°J; 1 PJ=1x10"J.
Source: Brasil (2010) and MME (2016, 2017).

Table 10. Goids’ energy-use structure in 2008, in PJ.

Economy sectors

Energy use (PJ)

Agricultural
Industrial processes
Mining
Food, beverages and tobacco
Textile, clothes and shoes
Wood, paper and printing
Biofuels
Chemical and pharmaceutical products
Other industries
Cement, construction and other non-metallic minerals
Metallurgy
Power sector
Transport sector
Services / Commercial

13.5
208.9
7.0
30.8
0.1
0.8
149.5
24
3.0
15.2
0.1
99.0
143.5
7.5

Source: Brasil (2010) and MME (2016, 2017).
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All the energy use presented in the table above was applied as an energy-use input vector
in the Goias’ hybrid IO model (Appendix VI). Ethanol and gasoline forecasts demand
for the state of Goias were used to create future ethanol supply scenarios, aiming to

analyse future environmental impacts from changes in ethanol demand (sub-section 4.2).

3.3.6.5 GHG Emissions Data

GHG emissions for Brazil and Goiéas State were obtained from the Brazilian national
GHG inventory (Brasil, 2016), the national emissions record system, SIRENE (SIRENE,
2017) and the emission estimating system for GHG, SEEG (SEEG, 2017) (Appendices
XVI and XVII). After analysing the available data sources, data from SEEG (2017) was
considered the most suitable source for this study because it made available the GHG
emissions from the state of Goiés for all the economy sectors covered here. All direct
land-use (DLUC) GHG emissions were included in the Agricultural sector due to the
origin of the emissions (i.e. land-use change, liming and forestry residues). Indirect land-
use change (ILUC) GHG emissions®! were not included in the modelling exercise due to
data constraints regarding the state of Goias for the year 2008. However, ILUC GHG
emissions were estimated for the additional land required in each scenario (analysed in
the results of this paper, section 4.3.1.2) to identify ILUC GHG emissions when replacing
pasturelands for sugarcane crops and considering that cattle may be forced to move
towards Brazilian forests. Additionally, due to their importance in a country such as

Brazil, LUC issues were considered in this thesis’s discussions and conclusion.

A summary of the GHG emissions identified for the state of Goias in 2008 is presented
in Table 11. All the estimated GHG emissions were used as a GHG emissions output

vector in the Goids’ hybrid IO model (Appendix VI).

31 According to Chapter 11: Agriculture, Forestry and Other Land Use (AFOLU) of the IPCC 5%
Assessment Report (2014), indirect land-use change is difficult to ascertain because the magnitude of these
effects must be modelled, raising important questions about model validity and uncertainty and policy
implications. Available model-based studies have consistently found positive and, in some cases, high
emissions from LUC and ILUC, mostly of first-generation biofuels, albeit with high variability and
uncertainty in results (Hertel ef al., 2010; Taheripour et al., 2011; Dumortier et al., 2011; Havlik ef al.,
2011; Timilsina et al., 2012; Warner et al., 2014). However, as ILUC GHG emissions represent a
significant source of emissions in Brazil, these issues will be better addressed in the results of this paper,
taking into account the case study for the state of Goias.
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Table 11. Goias’ GHG emissions, in 2008 (in 7g¢CO:e Gwp-4rs).

Economy sectors GHG Emissions
Agricultural’ 89.4023
Industrial processes’ 4.6892
Mining 0.1894
Food, beverages and tobacco 0.5908
Textile, clothes and shoes 0.0005
Wood, paper and printing 0.0256
Biofuels 0.1540
Chemical and pharmaceutical products 0.0665
Other industries 2.4583
Cement, construction and other non-metallic minerals 0.4392
Metallurgy 0.7649
Power sector 0.0736
Transport sector 5.9243
Services / Commercial 0.0679
Total 100.1573

Note: 'Emissions from the agricultural sector (41.6740 TgCO:.) were added to all the emissions
from land-use change in the state (47.7283 TgCO:z.).
’The main emission sources are releases from industrial processes that chemically or physically
transform materials (for example, the blast furnace in the iron and steel industry, ammonia and
other chemical products manufactured from fossil fuels used as chemical feedstock and the
cement industry are notable examples of industrial processes that release a significant amount
of CO;). During these processes, many different greenhouse gases, including carbon dioxide
(CO>), methane (CHy), nitrous oxide (N>O), hydrofluorocarbons (HF Cs) and perfluorocarbons
(PFCs), can be produced. In addition, GHG often are used in products such as refrigerators,
foams or aerosol cans (IPCC, 2006).

Source: SEEG (2017), from MCTI (2016).

By using the 2008 Goias’ value added from the Goias’ original 1O table, it was assumed
a carbon price of US$10 per tonne of CO2 would be imposed on the emissions intensity
for each producing sector®?. As previously described in subsections 3.3.2.3, 3.3.2.4 and
3.3.5, this procedure was used to analyse the impact of the application of the 10 price
model on the sectoral value added and the overall impact of price changes on the

economy. This value of US$ 10/tCOx. reflects a value typically found in the literature and

32 The US$10 carbon price was used in this research to estimate new value-added coefficients from a carbon
tax imposition in order to update the original IO technical coefficients and, hence, analyse the impacts on
local environment and economy from changes in input prices; in this case, caused by a carbon tax policy.
Conversely, sectoral value-added impacts regarding a carbon tax imposition were analysed for a different
range of carbon prices, namely US$5, US$10, US$25 and US$50, to assess the carbon cost share in each
sector of the economy, according to different carbon prices and emissions abatement possibilities (from 0
to 45%).
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in international carbon pricing experience so far (Nordhaus, 2007; Sandu, 2007; Aldy,

2016; Narassimahn et al., 2017; ICAP, 2018; Santos et al., 2018).

With such information and by applying IO concepts, it is possible to estimate future
changes related to GHG emissions, water, energy and land use, value added and job
creation, when the final demand in any sector of the economy increases by a monetary
unit (in this case, US$1 million). The impact of carbon pricing can also be analysed
through the IO price model, which provides information to update the original IO
technical coefficients by applying a flexible production function. The updated total
requirement matrix can be used to analyse medium and long-term policies, providing a
more realistic outcome when compared to the traditional Leontief analysis (see section
3.3.3). Therefore, the hybrid economic-ecological IO model coupled with the 1O price
model helps in analysing future scenarios regarding changes in ethanol demand in the
state of Goias and how these could impact the use of inputs and the outputs production
throughout the economy, by applying an integrated analysis that considers water, energy,

land and emissions in a given policy goal.

3.4 Summary and Conclusions

This chapter has reviewed various methodologies that have been employed to develop
the WEF nexus framework. The purpose of this review was to analyse their strengths and
weaknesses and to use these insights to select an appropriate method for this research.

The main findings of this chapter include:

e There are few studies that focus on how to support decision-making at the nexus
of water, energy and land (WEFN). Even fewer studies are available integrating
water, energy and land concerns in relation to biofuel production in Brazil,
specifically 1G sugarcane ethanol. This lack of policy integration linked to water,
energy and land can create vicious cycles that negatively impact biofuel

sustainability.

e Through its focus on ensuring integrated WEF security, the WEFN seeks greater
policy coherence to overcome the unintended consequences of uncoordinated
policy across different sectors. Most of the nexus studies follow the WEFN

mainstream, focusing on the interlinkage between environmental resources
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through their physical connections. However, anyone intending to design WEFN
policies should add economic implications to the traditional nexus analyses, such
as price analysis. This is important because physical relationships are not enough

to produce high-quality outcomes for the policymaking process.

The WEFN approach is conceptualised and measured using varying methods,
such as macro-level assessments, life-cycle assessments, resource planning use
modelling, multi-sectoral systems analysis, multi-scale integrated assessment,
system dynamics and net energy production approaches, Input-Output

framework, among others.

Input-Output analyses have been employed recently as decision-making tools for
sustainable development and planning in models that incorporate the impact of
environmental aspects and energy use on a national or regional level. Overall, IO
models can evaluate indirect as well as direct flows to calculate the inputs required
for producing goods and services based on sectoral interactions in complex

systems.

In fact, the IO framework can be extended to estimate environmental impacts from
economic activities by determining a proportionality between sector outputs and
their corresponding impact levels. This process creates the so-called economic-
ecological IO framework with hybrid units. This model resulted from extending
the inter-industry framework to include additional ‘ecosystem’ sectors, where
flows between economic and ecosystem sectors are recorded along the lines of an

inter-regional 10 model.

Integrated analyses use a WEFN approach and apply hybrid IO models to better
understand the interlinkages between GHG emissions and water, energy and land
uses from biofuels production. Although limited by governance issues, the WEFN
approach coupled with 10 models can help shape bioenergy development and
highlight the need for a specific biofuel policy through the integration of basic

resources for bioenergy production.

The traditional Leontief’s 10 method is appropriate for the analysis of

disaggregated economic sectors, by making use of 10O tables which are publicly
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available. The “dynamic” version of IO method also allows for capital
adjustments in response to price changes induced by carbon tax. However, in
order to capture other aspects of economic reality (e.g., producer/consumer
behaviour in relation to prices), the underlying Leontief production function must
be replaced with other flexible forms of production functions. Such replacement
of production functions could allow 10 analysis to be used for analysing the

impacts of a price-driven policy like carbon tax.

e Based on the review in this chapter, the hybrid economic-ecological 10 method
with a flexible form of production function is selected as the methodological

framework for this research.

The specific objectives of this chapter were i) to develop a methodological framework
based on a hybrid WEFN-1O approach by including water, energy and land uses and GHG
emissions as ecosystem sectors in the original 10 model, for the analysis of the
environmental impact from sugarcane ethanol expansion in Goias, i) to develop a
methodological framework based on a hybrid WEFN-IO approach with a modified
production function — for the analysis of the impact of carbon tax on the wider economy,
and iii) describe the sources of data as well as the methodology used in this research. The

major conclusions from this chapter are summarised as follows:

e The methodological framework developed in this research comprises six

interlinked functional modules

a) In the first module, the original IO model was reset to a hybrid economic-
ecological 10 model, in which the flows between sectors are represented in
hybrid units. In other words, an environmental IO model shows its
‘environmental flows’ both in monetary and physical units (e.g. m* of water),
whereas non-environmental flows are described only in monetary terms.
Production and consumption of water, energy, land and emissions were
incorporated into the original Goias’ 10 table as an “attached environmental
account” to allocate the environmental flows between sectors. We can now
define the ecological commodity input and output coefficients in much the

same way 