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Despite this incentive to grow more sugarcane
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A B S T R A C T

Concerns about impacts of biomass growth for biofuel production emphasize the importance of planning energy
crops expansion considering land, water, food and biodiversity. Brazil is the second largest ethanol producer
worldwide and sugarcane is cultivated in many regions, including the Brazilian Cerrado (a Savannah-type
biome). This paper analyses the impacts of first-generation sugarcane expansion in the Paranaíba basin (Goiás
State), focusing on how future demand for ethanol could affect local resources availability. The study area is a
sugarcane expansion frontier in Brazil, thus, the Cerrado biome should be focus of research considering com-
petition for land and water uses. An economic-ecologic Input-Output (IO) framework was applied to develop a
water-energy-food (WEF) nexus analysis. The Goiás’ IO table was expanded to assess water, energy and land
uses, GHG emissions and employment levels through six different ethanol supply scenarios.

Results show that if sugarcane expansion projected to 2030 considers the Goiás’ extended IO structure for the
year 2008, it should cause little impact on land and water availability in the state, due to both the ample
availability of suitable pasturelands for sugarcane expansion as well as water in most of the Paranaíba basin. The
WEF nexus analysis is a valuable tool on guiding the sustainable management of natural resources considering
water, energy, land use and GHG emissions as goals to the same policy. In particular, the hybrid extended IO-
WEF nexus framework is useful to design effective biofuel policies, collectively addressing impacts on en-
vironmental, social and economic spheres, in a local or broader context.

1. Introduction

Debates on energy security, oil price variability and the growing
global commitment to address climate change have intensified
throughout the 21st century, motivating increasing investments in re-
newable energy resources. Researchers have focused on liquid biofuels,
which in Brazil have long contributed to reduce greenhouse gas emis-
sions (GHG) from the transport sector, besides contributing to agri-
cultural development and reducing oil imports dependency.

Biofuel production has attracted the attention of policy makers and
the current debate is largely focused on the environmental and socio-
economic implications of first-generation (1G) biofuel crops, since they
impact food production, water security and biodiversity [1–10].

Concerns about the impacts of biofuel production emphasize the
importance of planning the expansion of energy crops considering all

the resources involved [11–13]. In this context, a water, energy and
food nexus approach (WEF nexus) is currently quite popular in en-
vironmental management [14–18], finding fertile ground in policy-
making and science. The logic behind the WEF nexus concept is that it
shifts attention from a one-sector view to a more integrated one [18].

Brazil is the second largest producer of fuel ethanol worldwide, with
a record production of 30.23 hm3 in 2015 [19]. Considering the
country's still wide availability of land for energy crops, Brazilian 1G
sugarcane ethanol is a well-known success story of commercial use of
biomass for energy purposes, given 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 [20–22].

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
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substitute in properly adapted engines. The program has attracted sig-
nificant investments in agricultural and industrial processes related to
1G ethanol production, stimulating sugarcane growing and the con-
struction 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 con-
sumers the choice of fuelling their car 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 1G ethanol production rose from 10.6 hm3 in 2000/01 to
17.8 hm3 in 2006/07, and then to 30.2 hm3 in 2015/16, with significant
increases in agricultural and industrial productivity [19]. In 2016, su-
garcane biomass energy accounted for 17.5% of Brazil's internal energy
supply, whereas ethanol had a 5.6% share of the final energy con-
sumption [23]. Currently, anhydrous ethanol is employed as an oxy-
genated additive to gasoline (from 18% to 27% blending). 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 [24], as of February 2017, the country had 384 ethanol
mills, producing 334 dam3 d−1, with sugarcane being the feedstock
used in 97% of authorized mills [24]. According to ANP [25], 36.7% of
all ethanol produced in the country between 2008 and 2015 was an-
hydrous ethanol, while the hydrous ethanol share was 63.3%. In the
same period, 95% of all ethanol consumed was for energy purposes
[25].

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. The largest sugarcane-producing area is the Centre-
South region, accounting for more than 90% of the country's production
[19,26]. Sugarcane is also the most irrigated crop in the country (30%
of total), with about 17,000 km2 [27], and the National Irrigation
Policy [28] encourages the expansion of irrigated areas. However, 98%
of that is the so-called salvage irrigation, i.e. 20–80mm year−1 irriga-
tion aiming to partially reduce the water stress in the dry season, which
corresponds to the application of vinasse in the soil. Vinasse is a po-
tassium-rich ethanol distillation by-product produced in large amounts
(about 10 L for each litre of ethanol) and diluted with water recycled
from the process (when necessary) [29]. Therefore, despite the sig-
nificant share of sugarcane in the total irrigated area, it is noteworthy
that the water demand by km2 is much lower than other crops mainly
due to low application levels (salvage irrigation) and high water reuse
of industrial processes (vinasse application).

The projected increase in ethanol consumption in the transport
sector over the next decade (about 54 hm3) [30] is inducing the ex-
pansion of sugarcane production to areas such as the Brazilian Cerrado
(a Savannah-type biome, located mainly in the Centre-West region)
[31,32]. There has been a rapid growth of sugarcane crop in this region,
from about 3700 km2 in 2000 to about 19,600 km2 in 2015, a 5-fold
increase [19]. Goiás and Mato Grosso do Sul states were the main
drivers behind this increase, accounting for 85% of the region's current
production [19]. The growing demand for new production sites has led
to the exploration of water-stressed areas and it justifies further analysis
on the Paranaíba basin, a river basin located in the state of Goiás which
has recently raised concerns on water and land resources availability.

Although the country has great potential for expanding sugarcane
production, as well as the logistics required for ethanol production and
export in large scale [33], sugarcane crops impact the soil and water
through erosion, and its irrigation can reduce the water availability to
irrigate food crops, meet human consumption, as well as industrial and
power generation demands. Water, energy and land are basic resources
to any production process, but the intensity by which they are being
exploited has led to growing environmental impacts.

Thereby, this paper analyses the impacts of the ongoing 1G su-
garcane ethanol production expansion towards the Brazilian Cerrado

(specifically to the Paranaíba basin, Goiás State), aiming to understand
how the interlinkages between the local economic sectors may influ-
ence the availability of resources in the region and how future demand
for ethanol could impact local resources availability, based on current
Brazilian ethanol policies and targets. The analysis performed herein is
based on the WEF nexus approach, which is carried out through Input-
Output (IO) model concepts.

Since there is no uniform framework to analyse the issues of WEF
nexus [10,15–18,34–39], researchers have been seeking for a suitable
method to analyse it. Due to its robustness, the IO model is one of the
most widely applied methods in economics. It analyses the inter-
dependence of sectors in an economy, showing how the output of a
given sector is an input to another, on a national or regional level [39].
IO models can also be expanded to account for energy and environ-
mental impacts [40,41], by considering a proportion between the sec-
tor's output and the corresponding impact levels. Additionally, some IO
model interactions of the Brazilian ethanol sector with the national
economic system has been applied to analyse the impacts of ethanol
and sugar exports [42,43], impacts from adding ethanol plants to
system [44], studies on ethanol demand forecasts [45] and socio-
economic analyses from different technological approaches for produ-
cing ethanol [46–48]. Since most of these studies have focused on
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 considering
energy and carbon intensities of different ethanol technological routes
[49,50] and by integrating IO models with Life Cycle Analysis (LCA) to
appraise economic and GHG emissions of 1G and 2G ethanol production
in Brazil [51]. Also, some studies have applied IO models coupled with
linear programming approaches for distinct objectives [52,53]. Finally,
the use of hybrid IO models with multi-objective linear programming
[54–56] focusing on the analysis of the economic-energy-environ-
mental-social spheres coupled with LCA estimates for ethanol produc-
tion in Brazil was carried out by Carvalho et al. [56]. These authors
have concluded that hybrid IO models are useful tools to assess the
impacts from changes in the output of economic sectors in ethanol
prospective scenarios, highlighting the importance on analysing direct
and indirect impacts from technical and political choices [56].

As stated, while IO models have many applications, there has been
little investigation considering environmental commodities in hybrid IO
models applied to WEF nexus [52,56–60]. However, despite some re-
levant recent studies considering hybrid IO models focusing on the
analysis of environmental impacts of the Brazilian ethanol system
[51,54,56], they only consider GHG emissions and one single resource
of the WEF nexus, i.e. excluding water and land resources. Indeed,
studies on hybrid IO models considering GHG emissions and water,
energy and land uses as variables to the same nexus analysis (as ex-
plored herein) are rare (see Ref. [60], which have not analysed GDP and
employment indicators). In this context, we justify the use of hybrid IO
models as a WEF nexus tool aiming to analyse 1G sugarcane ethanol
expansion in the Paranaíba basin, located in the Brazilian Cerrado.
Additionally, this work overcomes the lack of integrated analysis fo-
cusing on water-energy-land resources, as well as GHG emissions and
socioeconomic aspects from a river basin/state perspective, i.e. IO
model concepts coupled with WEF nexus approach. This hybrid IO-WEF
nexus framework was chosen because of its wide potential to assess
integrated impacts throughout the economy, besides being a reliable
decision-making tool for planning purposes and it can also be applied to
other energy commodities and target sectors, as well as economic sys-
tems and regions to promote the sustainability of biofuels and policy
integration. The WEF nexus approach; IO model concepts; the hybrid IO
modelling and data sources are presented in section 2. Section 3 covers
Brazilian sugarcane industry status; study site; Brazilian ethanol out-
look and policy scenarios. Section 4 presents the results of Goiás State
case study, and discussions about the potential impacts of sugarcane
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crops expansion in the region are presented in section 5. Section 6
provides conclusions on the hybrid IO-WEF nexus framework applied to
the 1G sugarcane ethanol expansion in Goiás State.

2. Methodology

2.1. The water-energy-food nexus

Focusing on the promotion of inseparable links between the use of
resources to provide basic rights to food, water and energy security, the
2011 World Economic Forum has first postulated the ‘nexus thinking’.
This approach has become an advanced tool on sector-specific gov-
ernance of natural resource use [34].

There are three reasons for the need for WEF nexus debate [18]:

a) 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) [18].
b) 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.
c) failures of sector-driven management strategies. Increasing de-
mands for food and energy, for example, are ultimately converted
into increasing pressures on water resources, emphasizing the nat-
ural interlinkages between resources [18].

In fact, assessments of land use, energy and water are often carried
out in isolation by disconnected institutions. An institution focusing on
water resources is likely to consider food and energy systems as end
users [61]. Assessments on agriculture might see energy and water as
resources [62,63], whereas 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 water re-
sources and GHG emissions could counteract one of the main objectives
of biofuel policies [10].

Since there is no uniform integrated framework to analyse the issues
of WEF, analyses will depend on the existing resource links and the
purpose of the analysis. The WEF nexus approach is conceived and
measured using varying methods, among others: indicators for macro-
level assessments [64]; integrated modelling approach (LCA) [15];
Climate, Land, Energy and Water model – CLEW (resource planning
use) [10]; and hybrid Input-Output (IO) approach by adding WEF
commodities [54,65], which was applied to the current work.

The IO approach was chosen 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. Environmental impacts
have been accounted through modified IO models using three basic
modelling approaches: generalized IO models [36]; economic-ecolo-
gical models [37]; and hybrid IO models [39]. The economic-ecological
model results from extending the interindustry framework to include
additional “ecosystem” sectors, where flows will be recorded between
economic and ecosystem sectors along the lines of an inter-regional IO
model [39]. To analyse the WEF nexus through a case study, this paper
applies a hybrid economic-ecological IO approach in attributing water,
energy, land use and emissions to the various sectors, and in calculating
the interdependence of sectors regarding changes in final demand. It is
noteworthy mentioning that “hybrid” does not refer here to the linkage
between IO models and other methodologies, but to the combination of
physical and monetary units in the IO model. Although our estimates
generate results in hybrid units, as explained below, we will refer to the
applied model as an extended IO model hereafter, to avoid

misapprehension.

2.2. The Input-Output model

Firstly, an IO model (also named Leontief model) 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 [66]. In the model, the economy is
constituted by sectors which 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 [39]. By providing economic and
environmental data in a consistent Leontief-type framework, the ex-
tended IO matrix is well suited for analytical purposes [67].

It is noteworthy that there are two fundamental hypotheses re-
garding the economic system in the IO model [39]: 1) Homogeneity –
each product is supplied by a single activity (and only one technology is
used to produce a product) and; 2) Proportionality – the inputs con-
sumed by each activity are to be as a function of the production level of
the activity itself. Therefore, the constraints considered and the corre-
sponding solutions are to be viewed as policy targets.

The basic equation of the IO model can be expressed as follows:

X = Z + f (1)

where X is the total output, Z is the intermediate input matrix, and f is
the final demand. The matrix A, called the direct technical coefficient
matrix, is given by:

A=Zx−1 (2)

where A=[aij] coefficient denotes the quantity of sector i's product
required as input to produce a unit of sector j's final product. Thus,
Leontief model's solution can be represented by equation (3):

X = (I – A)−1 f (3)

where (I – A)−1 is the total impact matrix or Leontief Inverse matrix.
For a better understanding on IO theory, see Refs. [39] [67], and [68].

Guilhoto [69] has developed an inter-regional IO table for Goiás
State and the rest of Brazil, based both on the National and Regional
Accounts for the year 2000, considering 26 sectors of the economy. To
perform it, the methodology described in Refs. [70–72] was applied.
Focusing on the analysis proposed herein, these 26 Goiás’ economy
sectors were aggregated into 13 target sectors, as follows: agricultural;
mining; food, beverages and tobacco; textile, clothing and shoes; wood,
paper and printing; oil refining, coke and ethanol (biofuel sector,
hereafter); chemical and pharmaceutical products; other industries;
cement, construction and other non-metallic mineral products; me-
tallurgy; power sector; services and; transport, storage and mail.

Next, a nexus framework was developed by applying the Goiás’
extended inter-regional IO model to analyse its direct and indirect re-
lationships while considering the water, energy, land use and GHG
emissions that would be required due to any change in final demand.

2.3. The Goiás’ economic-ecologic Input-Output model

There are no market transactions of environmental requirements
(e.g. water, energy, land and emissions) and, therefore, they are not
represented in the standard national accounts [52]. In order to assess
environmental requirements, Goiás’ IO table was rearranged to include
them into the analysis (see Refs. [39,52,54,65]). In this regard, pro-
duction and consumption of water, energy, land and emissions were
incorporated into the original Goiás’ IO table as an ‘extended en-
vironmental account’ to allocate the environmental flows between
sectors.

This procedure generates an extended IO table with hybrid units,
where environmental flows are considered in physical units (i.e. hm3,
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PJ, km2, Tg) and all non-environmental sector flows are measured in
monetary units (US Dollar - $); assuming an average exchange rate of
3.23 R$ US$−1, for a year period [73]) (Table 1).

Therefore, we can estimate the environmental requirements of
productive sectors as well as the requirements to produce goods and
services in the economy, resulting in estimates of all resources used by
each sector, from changes in the final demand. To perform it, we have
defined a set of ecological commodity inputs, i.e.M=[mkj], an element
of which reflects the amount of ecological input of type k used in the
production of economic sector j's total output. Similarly, the same logic
can be applied to ecological outputs, i.e. N=[nkj]. Thus, the matrices of
ecological commodity input and output coefficients can be defined as:

R=Mx−1 , and (4)

Q=N′x−1 (5)

That is, the elements of R=[rkj] and Q=[qkj] specify the amount
of commodity k required or generated per dollar's worth of output of
industry j (Table 1) [39]. Note that N′ is the transpose of the matrix of
ecological commodity output flows. 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
written as:

R∗=R(I− A)−1 , and (6)

Q∗=Q(I−A)−1 (7)

The elements in R∗=[rij∗] reflect the amount of ecologic input i
required directly and indirectly to deliver a dollar's worth of industry j's
output to final demand [39]. Similarly, the elements in Q*, i.e. ecolo-
gical outputs, can be interpreted in the same way.

Therefore, this framework allows tracing the impacts associated
with interindustry production generated in response to any new vector
of final demands. To carry it out, a linear programming problem is
defined aiming at maximizing the GDP (Eq. (8)):

Max GDP= cT X (8)

where cT=[1,1, …,1]T (so that c is the column-sum of the IO matrix).
The matrix of technology coefficients (Eq. (2)) is obtained from the IO
matrix and, through some algebraic manipulation, it derives in the
basic linear Leontief model (Eq. (3)). Thus, the maximization of GDP
was subject to the following (linear) constraints:

a) cT (I – A) X≤ cT (fmin – M); where M represents imports and fmin is a
lower bound on the total sum of demand met across all sectors;

b) X≥ Xmin, where Xmin is the lower production bound;

c) X≥ 0, representing that gross value of production must be non-
negative in every sector;

d) R*≤ Rmin, where Rmin is the current use of environmental resources,
i.e. water, energy and land;

e) N′*≤N′min, where N′min is the current GHG emissions;
f) J*≤ Jmin, where Jmin is the current employment level.

Additionally, prospective ethanol scenarios were considered as the
main changing variable in the IO model. After estimating these sce-
narios (in terms of % change from current levels – 2015), the new
ethanol final demand requirement was incorporated into the extended
IO model aiming to estimate the impacts on energy, environmental and
economic systems to better understand whether ethanol expansion in
the region would threat local environmental resources.

Thus, this work addresses the nexus approach through the appli-
cation of the Goiás’ extended IO model, considering as environmental
aspects (i) inputs: water withdrawal (hm3), land use (km2) and energy
use (PJ); and (ii) outputs: GHG emissions (as mass of CO2eq GWP-AR5 – in
Tg). Also, since the Goiás’ IO model considers official jobs data, the
model can be used to estimate social impacts from future changes in
final demand for ethanol. Finally, the IO tables were processed through
multiple spread-sheets workbook structure (using Microsoft Excel) and
the optimizations were performed through the Opensolver. The
Opensolver is a free preprogrammed software, i.e. a closed non-editable
software, which uses the simplex linear programming method in solving
problems, where formulas depend on the variable cells and linear
program constraints (defined above).

2.4. Data sources

Due to Goiás’ IO table having been estimated for the year 2008, all
other data required to formulate the extended IO model (water, energy,
land use and GHG emissions) are also analysed for the same year to
calibrate the model.

Land use data for the agriculture sector covers all the crop area used
in Goiás State, i.e. mainly soybean, corn and sugarcane crops, which,
altogether, accounted for 71% of the total agriculture area in 2008
[74,75]. Also, total area used by livestock production was estimated
[75–77]. Despite the lower land footprint compared to agriculture, data
on total industry area was estimated from state government agencies
[78–80]. Both the land and water used by Goiás’ power sector was
estimated from the National Electrical System Operator – ONS [81–83].

Regarding water use, there is an issue to determine the sectoral
technical coefficients, which ideally should be differentiated by pro-
ductive sectors, micro-region and by technological process [84]. Many
studies [82,84–86] have tried to find some water use coefficients re-
lated to water withdrawals. The industrial water use coefficients ap-
plied to this paper were related to water withdrawal (m3) per unit of
production, considering the findings of [84]. In this context, the total
national production for 2008 was obtained from Refs. [69] and [87], by
sector.

The water used by the agriculture (blue water) and livestock sectors
was based on [74] and [88–90]. Regarding sugarcane production in
Goiás State, the blue water coefficient applied was 0.075m3 kg−1 of
sugarcane [32].

Data on both Brazil's and Goiás’ energy balances were obtained from
Goiás State government [91] and the Ministry of Energy and Mines
[23,92]. Ethanol and gasoline demand and supply forecasts were ob-
tained from the Brazilian Energy Research Centre – EPE [30], a Ministry
of Energy and Mines agency responsible for the energy planning in the
country. Additionally, GHG emissions for Brazil and Goiás State were
obtained from the Brazilian National GHG Inventory [93], the National
Emissions Record System – SIRENE [94] and the Emission Estimating
System for GHG – SEEG [95]. Direct and indirect land use change –
DLUC and ILUC, respectively – GHG emissions were excluded due to
data constraints. However, due to its importance in a country such as

Table 1
General structure of an Input-Output table with hybrid units.

Interindustry
Transactions

Environmental
Commodity Outputb

Consuming Sectors

Sector 1 Sector n Final
Demand

Total
Output

Emissionsc

Producing Sectors
Sector 1 Z ($) f ($) X ($) Tg
Sector n

Environmental Commoditya

Land km2

Water hm3

Energy PJ

Source: Adapted from Ref. [39].
a Land, water and energy represent the input matrix M= [mkj].
b GHG emissions represent the output matrix N= [nkj].
c As mass of CO2eq.
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Brazil, LUC issues were considered in this paper's discussion.
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, 1M$).
Therefore, the IO model helps analysing future scenarios regarding
changes for ethanol demand and how it could impact the use of inputs
and outputs production throughout the whole economy, by applying an
integrated analysis considering water, energy, land and emissions as
targets for a given policy goal.

3. Case study

3.1. Sugarcane industry and environmental concerns in Brazil

According to the Brazilian Sugarcane Industry Association – UNICA
[19], Brazil's 2014/2015 sugarcane planted area amounted to
103,000 km2. This represents about 14% of total cultivated area in the
country, 3% of all agricultural properties, 5% of pasturelands and 1% of
Brazil's total area [26,76].

The Brazilian sugarcane agro-ecological zoning indicates the Centre-
West region as the one with the largest total of suitable areas for su-
garcane expansion [31]. The “Agribusiness Outlook in Brazil, 2015/16
to 2025/26” [96], estimates an expansion of 19,000 km2 of sugarcane
crops in the country by 2026, 8000 km2 of which in the Centre-West.
The states of Mato Grosso do Sul (45.6%) and Goiás (34.3%) are pro-
jected to present the highest growth rates regarding sugarcane planted
area, which confirms the sector's tendency in expanding near tradi-
tional producing areas (Fig. 1).

However, the Brazilian Cerrado is typified by water shortage per-
iods and watersheds with economic, social and environmental conflicts
related to multiple water uses. Thus, the expansion of sugarcane crops
towards Centre-West region may trigger a water constraint on ethanol
production.

While São Paulo State has shown less available areas for expansion,
sugarcane area in Goiás State soared 18%, twice the Centre-West re-
gion's growth rate (Table 2 and Fig. 2). Also, Goiás’ sugarcane pro-
duction accounts for about half the entire Centre-West's sugarcane area
and production.

3.2. Study site

As one of the leading states in sugarcane expansion, this work focus
on the Goiás State (Fig. 1), situated in Brazil's Centre-West region. The
Paranaíba basin covers about 220,000 km2 in this region (Fig. 2), and it
comprises parts of the states of Goiás (63%), Minas Gerais (32%), Mato
Grosso do Sul (3.5%) and the Federal District (1.5%) [82]. This is an
important basin from both an energy and agricultural point of view.

The activities developed in the Paranaíba basin result in growing
water demand, 89.5% of which for irrigation. Moreover, most industrial
water demand (3.5%) comes from agribusiness, specifically the su-
garcane industry [99]. The basin has been undergoing rapid agri-
cultural expansion, with sugarcane replacing pasturelands, corn and
soybean crops. Irrigated sugarcane has expanded 2300 km2 since 2010;
overall, irrigated area in the basin rose from 2100 km2 in 1995 to
6100 km2 in 2010, virtually tripling the area in 15 years [99]. However,
as previously mentioned, most of the irrigated sugarcane in the region
is the so-called salvage irrigation which corresponds to the application
of vinasse in the soil. Conversely, although about 3800 km2 of irrigated
sugarcane crops were identified in Goiás in 2016 through analysing
recent geospatial images, the National Water Agency states that the
water used in irrigated sugarcane is relatively unknown [29].

Also, there are 20 hydropower stations in Goiás with 4.8 GW total
capacity plus 309MW from small hydroelectric plants (SHP) [100],
which were omitted from this study. In addition, there are 163 hy-
dropower plants in planning stage, totalizing 3.2 GW [99].

In Brazil, sugarcane bagasse (a by-product) is used to co-generate
electricity (and heat) to be used in ethanol plants and the surplus ex-
ported to the national electricity grid. As stated by the Ministry of
Energy and Mines [92], hydropower generation accounted for 81% of
the total electricity supply in 2015 in Goiás State (28,468 GWh), while
sugarcane by-products represented 15%. Additionally, Goiás is the na-
tion's second largest ethanol producer with 37 mills, which produced
4.72 hm3 of fuel in 2015 (an 11% increase over 2014) [19,24].

Goiás main economic activities contribute little to GHG emissions,
as renewable sources are predominant in the power grid. In 2015, the
highest emissions have occurred in the agricultural sector (71%),
transport (22%) and waste (6%), had the highest emissions, with little
contribution from industries [93,95].

Current land use in the Paranaíba basin shows the predominance of
livestock (35%) and agriculture (34%), with emphasis on soybeans,
corn and sugarcane. The basin still has about 27% of native vegetation
coverage [99].

3.3. Ethanol policy scenarios

The analysis uses the 2008 IO table for the Goiás economy as a
baseline for making comparisons with a set of policy scenarios which
will be briefly described next. As stated, this paper's aim is to analyse
both the environmental impacts of sugarcane expansion on Paranaíba
basin and its consequences on Goiás’ economy.

As previously mentioned, sugarcane crops have steadily grown in
recent times, mainly because of ethanol demand by flex-fuel vehicles,
but also because of growing worldwide sugar demand. EPE [30] has

Fig. 1. Sugarcane crops and ethanol plants' influence areas in Brazil. Note that
the current study focuses on sugarcane expansion in Goiás State (GO). Source:
Adapted from Ref. [97].

Table 2
Sugarcane crop area and outputs in Brazil.

Site Crop area (km2) Output (Gg)

2013 2014 (%) 2013 2014 (%)

Brazil 102,230 106,457 4.1 588,480 651,290 10.7
São Paulo State 54,150 54,174 0.0 329,920 367,450 11.4
Centre-West region 17,864 19,479 9.0 106,380 120,500 13.3
Goiás State 8,605 10,183 18.3 52,730 62,018 17.6

Source: [19], [26].
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elaborated three different scenarios for ethanol supply in Brazil to
2030, i.e. low, intermediate and high supply scenario. Since the current
study focuses on the environmental impacts from changes in ethanol
production, we have selected the EPE high supply scenario, i.e.
12.4 hm3 of additional ethanol, totalling 54 hm3, as reference when
estimating our prospective ethanol scenarios.

As mentioned, Brazil has 334 dam3 d−1 of ethanol installed capacity
and Goiás accounts for 14%. This share of overall domestic installed
capacity was used as a proxy to determine future ethanol supply. Brazil
produces both anhydrous ethanol (gasoline additive) and hydrous
(employed mainly in flex-fuel engines, up to E100). Anhydrous ethanol
must have less than 0.4% water content, while hydrated ethanol has
between 4 and 4.9% water content; therefore, their lower heating va-
lues (LHV) differ. According to [23], Brazilian anhydrous ethanol has a
LHV=22.36 GJm−3, whereas hydrated ethanol's
LHV=21.35 GJm−3.

Historically, domestic ethanol to gasoline price ratio has varied
according to the vagaries of politics. Therefore, we shall consider that,
for the period up to 2030, the proportion between anhydrous and hy-
drated ethanol production in Brazil, in general, and Goiás State will
remain the same as the national average observed between 2008 and
2015, namely: 36.7% anhydrous and 63.3% hydrated [25]. Thus, an
average ethanol LHV=21.72 GJm−3 has been employed in the fol-
lowing calculations. Since most governmental scenarios are expressed
in energy terms, a weighed LHV value is necessary to derive the pro-
jected ethanol volume.

Goiás produced 4.72 hm3 of 1G ethanol (102.5 PJ) in 2015, of which
2.97 hm3 were exported to other states, i.e. 64.48 PJ, while consuming
1.75 hm3, i.e. 38.01 PJ, showing an exporter profile [19,92]. The fol-
lowing scenarios were considered to analyse the impacts of different
ethanol policies promoting sugarcane expansion towards the Brazilian
Cerrado. Additionally, the higher ethanol supply scenario from EPE was
applied aiming to determine the worst-case scenario in terms of en-
vironmental impacts in the region. Since the state of Goiás does not
produce any gasoline, we have considered four different scenarios in
order to estimate the gradual gasoline substitution for ethanol, i.e. 0%;
25%; 50% and; 100% of estimated future gasoline demand in the state.

3.3.1. Scenario 1 - Meeting ethanol demand by 2030
Considering the higher supply scenario of 54 hm3 of ethanol [30],

Goiás should produce 7.56 hm3 of ethanol to meet 2030 demand, as-
suming the state keeps its 14% share of Brazil's installed capacity
throughout the period. Since Goiás produced 4.72 hm3 of 1G ethanol in
2015, sugarcane crops should provide an additional 2.84 hm3

(61.68 PJ) to meet the required 7.56 hm3 by 2030. This future demand
might be met in two different ways:

a) By cutting ethanol exports to other states and;
b) By maintaining the exports to other states, while adding the future

2.84 hm3 of ethanol demand, totalling 7.56 hm3 (164.2 PJ)

3.3.2. Scenario 2 – Substituting Goiás State's gasoline consumption
According to [92] and [101], gasoline accounted for 45% of oil

products demand in Goiás’ transport sector in 2015, equal to 1.47 hm3

of fuel (47.39 PJ). As stated by Ref. [30], domestic gasoline demand in
the period 2015–2030 will increase at a constant annual rate of 0.8%. If
Goiás gasoline demand grows at the same rate, this will result in
53.41 PJ in 2030.

By converting this gasoline demand, i.e. 53.41 PJ, into an ethanol
energy equivalent, the state of Goiás should produce 2.46 hm3 of
ethanol to replace all projected 2030 gasoline demand in the state. This
scenario analyses the impacts of gasoline substitution for ethanol,
performed in four different ways:

a) By substituting all Goiás’ future gasoline demand but not meeting
either ethanol exports to other states or future demand for ethanol;

b) By meeting the exports required from other states and substituting
50% of gasoline for ethanol, but not meeting ethanol future de-
mands;

c) By maintaining the exports required from other states and meeting
ethanol demand projected for 2030 and displacing 25% of gasoline
with ethanol and;

d) By maintaining the exports required from other states, meeting
ethanol demand projected for 2030 and replacing all gasoline de-
mand with ethanol.

A summary of the scenarios is shown in Table 3. Of course, addi-
tional scenarios can easily be examined using the same methodology.
Additionally, estimates were based only on the 1G sugarcane ethanol
production due its technological maturity, while second-generation
(2G) ethanol (which is made from the conversion of lignocellulose, i.e.
bagasse, leaves, etc., into fermentable sugars) is not commercially
competitive in the country due to high production costs and technolo-
gical constraints. EPE estimates consider only few 2G ethanol plants in
Brazil by 2030 [30,102] and the water and land footprint (mainly) from
1G ethanol production are much higher than 2G ethanol, justifying
more pessimistic scenarios regarding the use of natural resources by 1G
ethanol on determining environmental impacts from sugarcane ex-
pansion in the state of Goiás.

4. Results

Based on Brazilian government data, soybean crops have occupied

Fig. 2. Crop area in Centre-South region of Brazil, highlighting the Paranaíba basin (dotted) and the states of São Paulo (SP) and Goiás (GO) in a) 2003 and b) 2011.
Different grey scales represent different crop growth stages, unimportant to the current analysis. Source: Adapted from Ref. [98].
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44% of the total agricultural area in Goiás in 2008, i.e. 49,280 km2,
followed by corn (18%) and sugarcane (8.5%). Livestock represented
the main activity regarding land use in the region, accounting for
155,230 km2, 76% of total agricultural area. Industry (600 km2) and the
power sector (2800 km2) footprint were far less representative. Overall,
we estimated that the agricultural sector accounted for 80% of water
use in 2008 (3720 hm3), followed by the power sector (15%–700 hm3),
industry (4%) and human supply (1%).

Regarding GHG as mass of CO2eq, the agricultural sector has also
dominated the emissions in the state for the same period, accounting for
80%, i.e. 41.67 Tg, followed by the transport sector with 11%, i.e.
5.92 Tg. Industrial processes have accounted for the remaining 9%, i.e.
4.69 Tg. Thermoelectric power plant emissions were insignificant and
they have represented all the emissions from the power sector, since
hydropower reservoir emissions were not considered for lack of a uni-
versal accounting methodology. It is an important fact when con-
sidering the 81% share of hydropower generation in the state.

By simulating the Goiás’ extended IO table, we estimated the use of
energy, water and land, as well as GHG emissions, job creation and GDP
changing according to changes in future ethanol demand (Table 4),
following the aforementioned scenarios.

To meet the 2030 estimated ethanol demand, Goiás should produce
an additional 61.68 PJ. According to scenario 1a, it could be met by
simply cutting ethanol exports to other states, causing no additional
environmental impacts to the Paranaíba basin. On the other hand, other
states would have to increase their production to meet about 95% of the
64.48 PJ currently exported by Goiás. Since most of the remaining
suitable areas for ethanol production are in the Cerrado, this demand
would likely be met by Mato Grosso do Sul state. Therefore, the en-
vironmental impacts from sugarcane crop expansion would just be
transferred from one state to another, located in the same water-
stressed region.

Similarly, estimates of scenario 2a consider substitution of all the
2030 gasoline demand in Goiás, equivalent to 53.41 PJ. Again, there is
no need for additional ethanol production since the exports to other
states might be cut back. Just by reducing ethanol exports in 83%,
Goiás State could displace all its 2030 estimated gasoline consumption.
Since there are no refineries in Goiás, it imports all its gasoline, mainly
from nearby states. Also, the gradual gasoline replacement with ethanol
might be politically interesting for Goiás’ economic and environmental
agendas.

Some highlights are presented below based on the four remaining
scenarios (Table 4):

• Scenario 1b: 60% increase over 2015 production, i.e. additional
61.68 PJ, to satisfy both current (102.5 PJ) and future ethanol de-
mand, totalling 164.20 PJ

About 54.5 hm3 of water and 2815 km2 of land would be necessary.

According to [103], the required land to meet future ethanol demand
accounts for 2.4% of natural vegetation cover loss in the Cerrado
biome, from 2000 to 2010. All energy sources and industrial processes
would require an additional 80.1 PJ of energy, emitting 0.691 Tg as
mass of CO2eq, an 14.5% and 1.3% of increase, respectively. About
23,700 jobs would be created, i.e. 0.8% increase over current level, and
GDP estimates show an 0.87% increase, i.e. 177 M$, in response to
changes in ethanol demand, impacting mostly the biofuels (53%),
agricultural (1.4%), transport (0.55%) and chemical products sectors
(0.33%).

• Scenario 2b: 26% increase over 2015 production, i.e. additional
26.71 PJ, to substitute 50% of 2030 estimated gasoline consumption
but not meeting future internal ethanol demand

This scenario shows the lower additional ethanol requirement and,
therefore, lower impacts on state's energy, environmental and socio-
economic systems. It would demand less than 50% of scenario 1b re-
quirements in terms of water (23.6 hm3), land (1220 km2), energy
(34.72 PJ), GHG emissions (0.299 Tg as mass of CO2eq), jobs (10,300)
and GDP (76.5% M$). Direct and indirect impacts of changes in final
demand would increase the value added mainly in biofuels (23%),
agricultural (0.6%), transport (0.24%) and power sectors (0.14%).

• Scenario 2c: 73% increase over 2015 production, i.e. additional
75.16 PJ, to meet future ethanol demand and substitute 25% of
2030 estimated gasoline consumption in Goiás

The only difference between scenarios 1b and 2c is the 25% of ga-
soline substitution for ethanol. Therefore, the difference between esti-
mates of both scenarios would represent the impacts of this level of
gasoline substitution in the state, namely, additional 11.8 hm3 of water,
610 km2 of land, 17.4 PJ of energy, 0.149 Tg of GHG as mass of CO2eq,
5100 additional jobs and finally, 37.7 M$ of increase in GDP regarding
scenario 1b. The total requirements for scenario 2c can be verified in
Table 4. As one can expect, the biofuels sector would have its value
added increased by 64%, while agricultural (1.7%), transport (0.67%),
chemical products (0.4%) and power sectors (0.39%) would show lower
indirect impacts.

• Scenario 2d: 112% increase over 2015 production, i.e. additional
115.16 PJ, to meet future ethanol demand and substitute 100% of
2030 estimated gasoline consumption in Goiás

Regarding this major change in the state's ethanol supply chain,
GDP would increase 1.62%, (to 20,720M$) accounting for an addi-
tional 329.4 M$ due to changes only in final demand for ethanol. To
reach the new final demand requirement, it would be necessary an
additional 101.7 hm3 of water and 5250 km2 of land, an increase of

Table 3
Ethanol production scenarios considering Goiás’ internal demand, exports to other states, meeting 2030 demand and different levels of gasoline substitution for
ethanol.

Scenarios Internal ethanol
demand (hm3)a

Ethanol exports
(hm3)a

Meeting future
internal demand
(hm3)b

Gasoline substitution
levels (hm3)c

Total ethanol
production (hm3)

Total ethanol
production (PJ)

% of current
production (2015)

1a 1.75 0 2.84 0 4.59 99.69 97%
1b 1.75 2.97 2.84 0 7.56 164.20 160%
2a 1.75 0 0 2.46 (100%) 4.21 91.44 89%
2b 1.75 2.97 0 1.23 (50%) 5.95 129.22 126%
2c 1.75 2.97 2.84 0.62 (25%) 8.18 177.66 173%
2d 1.75 2.97 2.84 2.46 (100%) 10.02 217.63 212%

a Source: [92].
b Estimated from Ref. [30].
c Estimated from Ref. [101].

R.A. Bellezoni et al.



2.1% and 2.5%, respectively. Also, overall energy supply would in-
crease 24% to 622.15 PJ, while GHG emissions as mass of CO2eq would
go up 2.4%, to about 53.72 Tg. Employment would increase by 1.5%,
accounting for 44,200 new jobs, 49% in the agricultural sector, due to
increased demand for ethanol. Besides the biofuel sector (98%), the
main impacted sectors in terms of value added would be agricultural
(2.56%), transport (1%), chemical products (0.61%), power sector
(0.59%) and metallurgy (0.28%). On the other hand, overall, 99% and
80% of land and water use change would occur in the agricultural
sector, respectively. The land use change estimated from future ethanol
demands would account for 4.6% of natural vegetation cover loss in the
Cerrado (equivalent to 2-fold the area of Luxembourg), when con-
sidered the 2000–2010 period [103].

Some general remarks can be made based on the results presented
above:

• To every 1% change in final demand for ethanol, the total energy
requirement will change by 0.28%, water demand will change by
0.019%, land-use by 0.023%, GHG emissions by 0.022%, job crea-
tion by 0.013% and finally, GDP will change by 0.014%.

• The assumptions made in scenarios 1b and 2c seem to be the most
realistic when considering policy goals, since these scenarios target
meeting both current and future ethanol demand, as well as ethanol
exports to other states. However, the potential ethanol supply does
not necessarily mean that this production level is feasible or desir-
able. It will also depend on the impacts on different variables, such
as land prices, production costs, externalities costs, required in-
vestment in production capacity and infra-structure.

• Respectively, Scenarios 1b, 2c and 2d represent 15%, 18% and 28%
of the Ministry of Agriculture's – MAPA forecasts for the whole
country, i.e. an expansion of 19,000 km2 of sugarcane crops in the
country by 2026 [96]. Considering only MAPA's projections for the
Centre-West region by 2026 (8000 km2), scenarios 1b, 2c and 2d
would respectively account for 35%, 43% and 66% of total area
projected for the entire region but produced only in Goiás State.

• The land use estimated in scenarios 1b and 2c account for 30% and
35% of the 2015 sugarcane crop area in Goiás, and for 2.6% and
3.2% in Brazil, respectively. Since sugarcane crops have been his-
torically replacing old pasture lands, there are still plenty of areas
available to their expansion in the state.

• Even in the worst-case scenario (2d), the additional water require-
ments due to changes in ethanol demand (3.2m3 s−1; equivalent to
1.5% of 2010 total water consumption in the Paranaíba basin
[32,99]) would cause little impact to its availability in the basin
[32]. However, it is fundamental to observe at which basin location
the sugarcane expansion would occur, focusing on minimizing
conflicts over this resource.

• Scenarios 2c and 2d would require a total energy demand of 570.1 PJ
and 622 PJ, respectively, an additional 28% and 40% regarding
2015 Goiás’ internal energy supply [92]. Note that changes in
ethanol demand would change the overall energy demand in Goiás’
economy, which is directly and indirectly used by interindustry
sectors to produce the inputs required for meeting that new ethanol
demand.

5. Discussion

Although the more realistic scenarios for sugarcane expansion in
Goiás require up to 35% increase in crop area growth compared to 2015
level, they would likely not impact land use in the region significantly,
given the availability of suitable pasturelands for sugarcane crops ex-
pansion. This is a very relevant point regarding GHG emissions, since
sugarcane crops store (much) more biomass than natural grasses. In
Brazil, pastures comprise roughly a quarter of Brazil's territory, three
times the land used in agriculture. On the other hand, Brazil's federal
agricultural research agency, EMBRAPA [104], points that 60% ofTa
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pastures in the Cerrado biome are degraded due to faulty management.
Cattle is still mostly raised free range, inefficiently from a land use
standpoint; therefore, there is considerable densification potential,
freeing up land for food crops being demanded throughout the world.

According to FAO [105], in order to feed a larger, more urban and
richer population, world food production must increase by 70% till
2050. On the other hand, UNEP [106] stated that worldwide, yield
increases of cereals and primary crops in general have been slowing
down since the 1960s. Yield growth for cereals is expected to drop from
an average of 1.96% per annum for the period 1980–2000 to 1.01% in
2000–2050, with even slower growth rates for developed countries.

Fischer and Shah [107] calculated the potentially available good
land in current grassland/woodland ecosystems for several food crops
and concluded that Brazil had more land available for rain-fed maize,
soybean, sugarcane and cassava than any other country in the world.
Thus, Brazil's importance in meeting future global food and biofuel
demand cannot be overstated.

The issue of food crop displacement due to biofuel competition has
been raised by UNEP [108], concluding that LUC is the main cause of
GHG emissions of biofuels in general. LUC is a complex process caused
by the interaction of natural and social systems at different temporal
and spatial scales. It can induce GHG emissions due to oxidation of soil
organic carbon and due to burning or decomposition of above-ground
biomass.

Biofuel crops account for about 4% of global agricultural production
area [109]. Therefore, the magnitude of GHG emissions due to LUC
from global biofuel production is small compared to the total LUC-re-
lated emissions, i.e. agricultural land expansion for food, feed, fibre,
cattle ranching, fuel wood and timber (loggings), and expansion of
infrastructure generates the greater part of LUC emissions.

The additional water demand from the increasing sugarcane pro-
duction would not likely impact significantly the region, given the high-
water availability in most of the Paranaíba basin, especially in the
western section. However, the National Water Agency [99] pointed out
some conflict areas regarding multiple water uses especially caused by
agricultural demands. Overall, water resources availability in the basin
are considered as unthreatened [32,110], but as cropland continues to
expand at the expense of Cerrado vegetation, it could affect the rainfall
regime that supports both natural vegetation and agricultural produc-
tion [111]. From a broader standpoint, the Cerrado feeds 8 of the 12
hydrographic regions of Brazil and because 80% of country's electricity
comes from hydropower plants, conservation of the biome is also cri-
tical for Brazil's energy security [112].

Although most of the basin is suitable for growing sugarcane, this
crop's expansion would greatly rely on supplementary irrigation when
analysed through climate scenarios considering local changes on tem-
perature, evapotranspiration and air humidity [110]. Also, it is note-
worthy mentioning the relatively low water impacts from irrigated
sugarcane in the region due to the so-called salvage irrigation, which
corresponds to vinasse application. However, the National Water
Agency [29] states that the water used in irrigated sugarcane in Brazil is
relatively unknown, raising concerns over the use of this resource.

Goiás economy would be slightly impacted in terms of economic
growth and social welfare in response to changes in final ethanol de-
mand. Still, a positive correlation between GDP growth and the em-
ployment level was observed. As expected, the biofuels sector shows
major changes in terms of value added, followed by the agricultural
sector for all scenarios.

As pointed out by some authors [52,54,56,60,65], our findings may
also be useful to theoretical and empirical research on specifying eco-
nomic and environmental effects of policies with the use of extended
and hybrid IO models. However, note that the deterministic nature of
the technical coefficients - which are constant and reflect the economic
structure in the base year - does not capture the fact that livestock and
sugarcane production expand towards less and less appropriate areas in
terms of soil quality, water availability, land slope, etc. That is, the

variation of the first unit of final demand has the same impact of the nth
unit in IO models, underestimating the real impacts. Additionally, some
estimates may be biased due to some inter-relationships among sectors
being different in 2030, when compared to the baseline year. Never-
theless, it is important to recognize any initiative focusing on introdu-
cing environmental and energy aspects into the conventional national
accounts, despite its limitations.

Overall, Brazil suffers from a general lack of integrated federal land
and water management, and environmental policy is similarly frag-
mented [113]. Sustainable management of resources imply actions at
various scales and, therefore, national management requires resource-
use planning policies considering biomass use and its social, environ-
mental and economic impacts through an integrated standpoint.

Although the nexus literature identifies policy barriers and options
for overcoming them, it is based on a technical-administrative view that
is a little distant from the reality of decision-making processes.
Conflicting objectives may rise from negotiation between varying in-
terests, represented by stakeholders with unequal power and, therefore,
nexus analysis must look beyond policy objectives and analyse the
principles they are built on [114]. Thus, connecting the nexus to de-
cision-making processes also requires rethinking the boundaries of the
nexus analysis, sharing principles which can guide decision-making
towards policy coherence and, viewing policy coherence as a con-
tinuous process of changing values and perception rather than as an
outcome [114].

5.1. Work limitations

Because the Brazilian government does not produce a statistical
information system that combines conventional national accounts and
environmental accounts, part of the data required to carry out the
analyses herein were estimated from different sources and based on a
set of assumptions. Thus, an uncertainty must be considered for anyone
intending to use the results found herein to perform further analysis.
However, all the assumptions applied to cover the lack of data avail-
ability were performed through scientific fundamentals focusing on
justifying and limiting that uncertainty. On the other hand, it is im-
portant to recognize the issues and limitations on introducing en-
vironmental and energy aspects into the conventional national ac-
counts.

It should be mentioned that estimates on water use were performed
from applying water use coefficients at the bulk production in the
country for the base year. Thus, some units of industrial production in
the National Accounts System are incompatible to some water use
coefficients, preventing precise estimates in these cases. However, in-
dustrial processes were less important in terms of water use in the Goiás
economy. Also, there were difficulties in estimating water use by the
power sector, mainly through estimates from reservoirs evapo-
transpiration, even though the country's best available data has been
employed [65–67].

Regarding livestock production, there are no official data precisely
covering the sector's land use in terms of area; the most recent available
data is the 2006 Agricultural Census. Most government data are related
to the quantity and types of animals and they are poorly related to the
area required for raising them. On the other hand, there are several
smaller and frequently non-governmental and research initiatives
aiming to map the livestock land use in Brazil, to better address this
issue in the country [see 75].

The estimated GHG emissions from the Goiás’ extended IO model
was conducted according to the sectors' emissions published by SEEG
[95] but land-use change GHG emissions were excluded from the
analysis (overall, “estimates of global ILUC are highly uncertain, un-
observable, unverifiable, and dependent on assumed policy, economic
contexts, and inputs used in the modelling” [115]). On the other hand,
since DLUC is not a significant source of GHG emissions in the Brazilian
ethanol life cycle assessment [116], the estimates may be slightly
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biased [95,116]. In addition, 70% of GHG emissions from the agri-
cultural sector in Goiás comes from livestock production, when land-use
change GHG emissions are not accounted [95].

Therefore, further improvements to extended IO models applied to
the Brazilian ethanol case can include more accurate (and local) data
and coefficients related to water and land uses by economic sectors, as
well as including LUC GHG emissions from the agricultural sector.
Finally, we strongly suggest analyses considering the use of dynamic IO
models, as well as general equilibrium models applied to Brazilian
ethanol system.

6. Conclusions

Overall, hybrid IO models coupled with WEF nexus approach are
useful in specifying integrated impacts of biofuel policies and they can
be applied to other energy commodities, economic sectors and regions
in order to collectively address economic, social, environmental and
energy goals. In this context, our results suggest that decision makers
must keep pushing 1G ethanol expansion in Goiás, since it has no major
negative impacts on local environment. However, the competition with
food crops for producing in Brazilian suitable areas must be identified
and analysed by further studies, considering variations of both land and
agricultural commodities' prices. Also, the Brazilian Cerrado has been
under increasing anthropic pressure since many years, but LUC in the
biome have been largely overlooked (also requiring specific policies).
Thus, understanding recent LUC patterns and visualizing a sustainable
land use pathway in Goiás might become even more strategic to local
and national political agendas. Considering the share of Goiás in the
national ethanol production, expanding 1G ethanol in the region would
contribute to Brazilian NDCs at the UNFCCC, i.e. to achieve 45% share
of renewable energy in the national energy matrix, with 43% of GHG
emissions reduction by 2030. Finally, it is important to restrict su-
garcane expansion to areas with water constraints, especially in the
water management units located in the central section of the Paranaíba
basin.

Also, since there are no refineries in Goiás, the government should
encourage ethanol substitution for gasoline in order to reduce its import
from nearby states. Policies should promote replacing 25% of gasoline
consumption in the state aiming to push both GDP and job creation,
since water and land use would be slightly impacted when compared to
no gasoline replacement. Therefore, given the central role of the state in
the governance of both the biofuels market and the impacts of its
production, Brazilian public agencies (e.g. MAPA, MME, ANA, EPE,
ANP, etc.) should develop policies to manage the nexus of energy,
water, food and GHG emissions, according to local conditions and by
using integrated tools to assist the decision-making process. In this
sense, this work presents an approach which may be used by decision
makers and planners to support and overcome some issues identified in
the traditional policy-making process, often carried out in isolation by
disconnected institutions.
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