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Socio-environmental and land-use impacts of
double-cropped maize ethanol in Brazil

Marcelo M. R. Moreira®'?*, Joaquim E. A. Seabra?, Lee R. Lynd?, Sofia M. Arantes?, Marcelo P. Cunha*
and Joaquim J. M. Guilhoto ®>

Agricultural intensification, and particularly double cropping, has been suggested as a practical strategy to reconcile biofuel
feedstock production with other land-use priorities. Here we assess ethanol production under conditions representative of cur-
rent practice in the west central region of Brazil: maize grown as a second crop with soybean on land that formerly grew a single
soybean crop, and energy processed from a combined heat and power plant using plantation-grown eucalyptus chips. For maize
ethanol thus produced we find large reductions in greenhouse gas emissions compared to gasoline, and considerable economic
and employment benefits at both local and national levels. We also calculate reduced land-use emissions with maize ethanol
production compared to the situation without it. Our study thus documents an example of how the complex linkages of bioen-
ergy to food production and security, environment and economic development can be—and indeed appear to be—managed for

positive outcomes using current technology.

and offer potential benefits in terms of rural economic devel-

opment*’. Aggressive expansion of biofuel production is a
prominent feature of Brazil’s Nationally Determined Contribution
responsive to the Paris Agreement’, and is targeted by the recently
initiated Brazilian biofuel program, RenovaBio”®. Assessments are
widely disparate, however, with respect to the feasibility and desir-
ability of using land for biofuel production without compromising
food production, wildlife habitat, livelihoods of rural populations
and ecosystem carbon stocks”'’. Recent studies reinforce the value
of ecosystem services'!, and induced land-use change (LUC) aris-
ing from displacement of food production by biofuel feedstocks
has contributed to this disparity'>. Agricultural intensification and
double cropping have been suggested as strategies that could recon-
cile biofuel feedstock production with other land-use priorities'*-".
On-the-ground examples of biofuel production directly coupled to
intensified land use are, however, scarce.

One such example, ‘perhaps the largest to date, is unfolding in
Brazil today in the production of ethanol from maize grown as a
second crop with soybean on land that formerly grew a single soy-
bean crop. This situation is quite different from the single-crop pro-
duction of maize as practised in the United States, where winters
are more severe. In addition to increasing production on existing
agricultural land, production of maize as a second crop improves
soil protection and nutrient recycling'®.

The development and deployment of double cropping has led
to the rapid expansion of grain production in west central Brazil
(Fig. 1), particularly in Mato Grosso State (MT). Between 2006/2007
and 2016/2017, total maize production increased from 4million
tons to 29 million tons in MT, resulting in it becoming by far the
largest grain-producing state in Brazil"”. Essentially all (99%) of this
additional maize is produced as a double crop.

Expanded production has not, however, been accompanied
by commensurate development of logistical systems, resulting in
inadequate road conditions®, accumulation of maize stocks and

B iofuels are probably needed in order to stabilize climate'~

in local prices far below international norms®. Infrastructural
improvements are under way but will take time and are still far
from complete. (Simultaneously, imports of ethanol are rising
to meet increasing domestic fuel demand in Brazil, particularly
in the northern and northeastern regions*>”. [Future logistical
improvements to expand maize access to markets would also ben-
efit ethanol logistics.

In light of this situation, local producers—together with the state
government—are currently developing a programme to transform
the region’s maize surplus into ethanol and value-added prod-

ucts*.|Growth of ethanol production capacity in both Brazil and

the United States has occurred in the past, largely during windows
of time during which economic conditions were advantageous and
payback periods were short, and suggests that such windows need
last for only a few years to motivate investment®. A previous study
indicated that profitability of maize ethanol in Brazil is robust with
respect to changes in corn prices™.

Production of ethanol from maize in Brazil was initially adopted
in ‘flex’ plants, using infrastructure available at existing ethanol
plants during the summer when sugarcane is not harvested. Early
studies indicated that the environmental benefits of sugarcane etha-
nol would not be jeopardized by maize ethanol production, while
economic viability is higher in regions with corn supply at low prices
and high demand for animal feed.”® With the current high volumes
of maize production and relatively low farm gate prices, aggressive
investments in maize ethanol have been made. The first stand-alone
maize ethanol plant started operation in 2017 (refs. *) and, within
its first year of operation, the company initiated doubling of annual
production capacity from 250 to 500 millionlyr' based on favour-
able economics. Further investment is expected.

Stand-alone facilities for ethanol production are expected to grow
more rapidly than flex plants in MT.The provision of process energy
in these facilities is based on integrated steam and electricity pro-
duction using wood chips from rapidly growing eucalyptus plants
as the primary fuel. For this representative scenario, we analysed
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the impacts of maize ethanol expansion in Brazil with respect to
socioeconomic indicators at the local and national levels, green-
house gas (GHG) emissions, energy balance and land use.

Socioeconomic impacts

Based on an interregional input-output model”*~’' (considering
500 million] of ethanol per year, we addressed total economic out-
put, gross domestic product (GDP), employment and tax collec-
tion from substitution of imported fuels. Impacts are disaggregated
with respect to MT and the rest of Brazil. The impacts of the con-
struction and operation phases of ethanol production from maize
in MT are presented in Table 1. During the 2-year construction
period, approximately 8,500direct and indirect jobs were gener-
ated in Brazil as a whole, of which 19% are in MT. This is accom-
panied by US$456 million in total economic output, an additional
GDP of US$206 million and increased tax collection of US$25 mil-
lion (adjusted throughout the current article using an exchange
rate of 3.21reals (R$) per dollar based on official statistics’>*).
Of these national totals, MT realizes 12.6, 13.9 and 6.3% of total
output, GDP and taxes, respectively. Despite the plant being
located in MT, it is evident that many other Brazilian states benefit
due to spillover effects.

Once the plant is operational, total additional annual output is
US$791 million and annual added GDP is US$283 million, with
about 80% of this total staying within MT. Increased tax collec-
tion, not to be confused with total tax collection, is US$23 mil-
lion, with 56% remaining in MT. In contrast to the construction
phase, the economic benefits of the operation phase occur pri-
marily in the state where production occurs. Total direct and
indirect job creation increases by approximately 4,500, with 65%
of these jobs within the MT. Detailed results by economic sector,
region and variable (output, GDP, employment) are presented in
Supplementary Information.

Table 1| Socioeconomic impacts related to a plant processing
500 million lyr™

Region  Total output GDP Employment Taxes
(US$ million) (US$ million) (US$ million)

Construction phase (aggregated over 2 years)

MT 58 29 1,627 2

Restof 398 177 6,846 23

Brazil

Brazil 456 206 8,473 25

Operation phase (annual)

MT 630 223 2,919 13

Restof 161 60 1,597 10

Brazil

Brazil 791 283 4,516 23

The economy-wide total output increase is 1.9-fold higher than
the economic output of the maize ethanol plant. Maize and planted
forests account for 27 and 4% of the increase in total output, respec-
tively. Some national sectors were negatively impacted, mainly
due to displacement of substitute products and co-products. The
conventional feed sector in MT accounted for 46% of the output
decrease, mainly due to the market introduction of distiller’s dried
grains with soluble (DDGS), a co-product resulting from maize
ethanol production used in animal feed.

With respect to GDP, the maize sector in MT had the highest
increase at US$100 million (35% of the total GDP increase). The
sector next most positively impacted was the maize ethanol produc-
tion facility, with US$88 million (31%). There is therefore a shift in
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Fig. 2 | Life cycle GHG emissions of second crop maize ethanol. Emissions by allocation approach. T&D, transport and distribution.

ranking position compared to total output. Those two sectors, along
with planted forests (MT), are responsible for 75% of the national
increase in GDP. The conventional feed sector in MT was the most
negatively impacted, with a total decrease of US$11 million in GDP,
followed by other sectors displaced by maize ethanol co-products.

In terms of employment, the operation phase results in the net
creation of 340 direct and 4,176 indirect jobs, with a strong spillover
effect to other sectors. This effect is due to the high participation
of labour-intensive upstream agricultural inputs. The maize sector
generated 2,000jobs, corresponding to 44.5% of total jobs gener-
ated. The planted forest sector contributed 308 additional jobs, 7%
of the total. The maize and planted forest sectors, together with the
maize ethanol production facility and road transportation sectors,
represented approximately 66.5% of the increased employment at
the national level. The conventional feed and cattle sectors (both
in MT) were the most negatively impacted from an employment
standpoint, with a 47% decrease corresponding to a loss of 800 jobs.

With respect to local taxes in MT, the maize ethanol plant and
maize production contributed 36 and 24% of the total tax increase
of US$14 million, respectively. The diesel and biodiesel industries,
as well as the fertilizer and other petroleum-refining products
for the rest of Brazil, represent together 20% of increased taxes at
the national level, corresponding to US$4.7 million. Because sub-
stitution based on monetary value is assumed (see Methods), the
US$22.7 million is in addition to the US$40.5 million sales tax payed
by the ethanol mill in their final products and co-products. The sec-
tors with greatest negative impacts on taxes follow the same trend as
for the variables considered above.

Maize is the only crop planted on a significant scale as a double
crop in MT today. Since construction of the first stand-alone facility
in 2017, additional purchase of maize for ethanol production has
absorbed all additional maize production in MT. Ethanol produc-
tion is thus the most likely use for additional maize production
capacity in MT for the near future®. Recognizing that it is possible
that this situation might not persist in the medium-to-long term,
we analysed the possibility of maize produced as a double crop and
exported to international markets rather than being used to pro-
duce bioethanol. Either the expansion of the ethanol industry or
the alternative export scenario (or both) could lead to expanded
planting of maize as a second crop. Nine per cent more jobs would
be generated if maize were sold for export as compared to its use
for bioethanol production. However, total output, GDP and taxes
would be lower for maize export compared to bioethanol produc-
tion, by 47, 36 and 26%, respectively (see Supplementary Table 12).
The higher number of jobs in the maize export scenario occurs
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because jobs in the feed sector are not displaced by DDGs, as occurs
in the maize ethanol scenario. Total output, GDP and taxes are
higher when maize is used for ethanol production because the
products have higher added value. As presented in Supplementary
Table 12, socioeconomic impacts are more positive for maize
ethanol production compared to maize export in MT. However, the
opposite is the case for the rest of Brazil.

Carbon footprint
In this section we present the results from two approaches to life
cycle assessment: attributional and consequential.

Attributional life cycle assessment. Annual emissions from soy-
bean-maize rotation were estimated at 2.7tCO,eha”!, of which
1.8tCO,eha resulted from maize cultivation, mainly in the form
of N,0O and CO, derived from limestone and synthetic and organic
nitrogen applied to crops.

Maize cultivation is by far the leading source of emissions in the
ethanol life cycle. For emissions calculated via the ‘separate treat-
ment’ approach (described in Methods), ethanol emissions resulted
in 25.9gC0O,eMJ"', 78% of which was due to maize cultivation
and its transport (Fig. 2).(Using the economic allocation approach,
which seeks to better reflect the underlying rationale behind the
soybean-maize system, emissions drop to 18.3gCO,eqMJ.

Emissions from maize processing, on the other hand, are lower
than for maize cultivation, with >60% of processing emissions
attributable to utilities (steam and electricity) from the wood
chip-fired co-generation plant. Sensitivity analysis indicated that
uncertainties regarding eucalyptus production in the region have
only minor effects on ethanol life cycle emissions (Supplementary
Fig. 2), while maize cultivation parameters such as yield and nitro-
gen application have larger effects. Given the rapid expansion of
second-crop maize in MT, along with farm-to-farm variation in
cultivation practices, a wide range of maize environmental perfor-
mance across farms can be expected. Furthermore, N,O emissions
from nitrogen fertilizers are also a relevant source of uncertainties,
which must be addressed with continuous field experiments and are
dependent on management practices. Even though it is still prema-
ture to adopt a specific emission factor for MT, empirical evidence
suggests that IPCC’s default factors (used in our reference case) may
overestimate emissions for the case of Brazilian agriculture™.

As with feedstock production, conversion to ethanol is also
affected by the allocation method used in its treatment, DDGS and
maize oil at the conversion stage. If energy allocation is adopted
rather than economic allocation, emissions fall from 25.9 to
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Fig. 3 | Environmental performance of ethanol (EtOH) from sugarcane and double-cropped maize ethanol. Elaborated based on refs. “°¢°, Cl, confidence
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22.8gCO,e MJ ™. For mass-based allocation, emissions are reduced
to 17.5gCO,eMJ .

Compared to US maize ethanol™, estimated GHG mitigation
for maize ethanol production in Brazil is markedly higher. The
main reason for this is that process energy is provided by eucalyp-
tus chips in Brazil but is provided primarily by natural gas in the
United States™.

Using the analytical framework developed in another study®
for comparison of maize and sugarcane ethanol in Brazil, we find
that Brazilian maize ethanol under current conditions, as analysed
here, has a mitigation capacity of approximately 90% compared to
gasoline, with renewable energy ratios of 7.1 and 9.4, respectively
for separate treatment and economic allocation for maize emissions
estimation (Fig. 3). These figures are very close to the performance
of sugarcane ethanol in Brazil®’. US maize ethanol would achieve
similarly high mitigation if wood chips were substituted for natural
gas' Additional data for maize ethanol production in the United
States with process energy from either natural gas or biomass are
presented in Supplementary Table 1, along with comparative data
for sugarcane.

Maize yields are still considerably lower in Brazil than in the
United States, given the different latitudes, soil types, cultivation
practices and so on®, but have increased by >50% during the past
decade” due to better technology and cultivation practices. This
development tends to have a positive effect on the environmen-
tal performance of maize ethanol. As illustrated in Fig. 3, assum-
ing a hypothetical case for maize ethanol production in MT under
2005/2006 conditions™, the renewable energy ratio (RER) would
be 4.2 and the mitigation capacity ~60%. Given current conditions,
notably yield, RER is 7.1 and mitigation capacity 88%.

Consequential life cycle assessment. From a consequential per-
spective, marginal emissions from maize ethanol expansion in
Brazil would derive mainly from variation in agro-industry output
(increase in maize and reduction in soybean production), maize

processing and ethanol transport and distribution. However, those
emissions are counterbalanced by significant credits from electric-
ity surplus (given the premise of displacing generation from natural
gas) and LUGC, so that net emissions reach 4.5gCO,e MJ™" (Fig. 4).

Four scenarios were analysed: S1 is the reference case with
additional production of maize ethanol and co-production of both
DDGS and vegetable oil, which requires additional maize and euca-
lyptus production. Scenario S2 is the same as S1 but excludes the
expansion of eucalyptus areas, assuming that existing eucalyptus
areas would be used. Scenarios S3 and S4 are the same as S1 but with
different assumed values for the nutritional equivalence of DDGS.
Further details may be found in Methods.

Sensitivity analyses was performed by changing one individ-
ual parameter compared to S1. Emissions could increase up to
9.8gCO,eMJ™ if land conversion of pasture to eucalyptus (with
higher carbon stocks) does not occur (scenario S2). It could be
7.6gCO,eMJ ™" in the case where DDGS have lower displacement
ratios with respect to maize grain and soybean meal (scenario S3),
but could also be close to zero in the case of scenario S4, for which
case DDGS have a higher displacement ratio (see Methods).

LUC

Opverall, production of maize ethanol has a direct effect in maize and
eucalyptus areas, primarily in the west central Cerrado and North
Amazon from the Brazilian land-use model (BLUM) regions (see
Supplementary Fig. 1), where feedstock and biomass are sourced.
Almost all expansion of maize area is as a second crop, but with
indirect effects impacting other regions and agricultural activi-
ties (see Supplementary Information). Higher DDGS availability
reduces the need for crop area for both soybean and maize used
as animal feed. Similarly, but at a much lower scale, maize oil co-
produced with ethanol reduces the need for other vegetable oil pro-
duction. The lower soybean area for the scenario with maize ethanol
compared to that without maize ethanol is due to reduced feedstock
demand for feed. Therefore, lower conversion of pasture land for
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Table 2 | LUC emissions (1,000t CO,e) of maize ethanol: scenario S1

Culture/region South Southeast West central North Amazon Northeast coast Northeast Cerrado  Total
Cerrado
Annual to perennial 223 582 0 0 0 -2 803
Pasture to perennial 0 -4 -23 -1 13 0 -15
Pasture to annual 706 0 —-2190 -128 144 -25 -1,492
Pasture to eucalyptus O 0 -2,368 -1,643 (0] 0 -4,011
Natural to annual 0 0 0 -3,713 195 -3,517
Natural to perennial 0 0 0 0 0 0 0
Natural to pasture 0 17 1,070 3,936 0 210 5,233
Total 930 595 -3,512 -1,549 353 183 -2,999

soybean production is observed in the west central area. Direct and
indirect deforestation corresponds to 16% of maize and eucalyptus
area expansion.

By coupling the results of area variation and emissions matrices,
a total net removal of approximately 2,999,000t CO,e is obtained
(bottom row, Table 2). Although 5,233,000t CO,e are emitted due
to the conversion of natural vegetation to pasture (possible indirect
effects of additional demand for maize), there is a significant CO,e
removal of 4,011,000t due to land conversion from pasture to euca-
lyptus (with higher carbon stocks).

Decreasing the demand for cropland due to maize ethanol pro-
duction leads to the maintenance of pasture and natural vegetation
areas, which have higher carbon stocks when compared to annual
crops. As presented in Table 2, negative emissions arise because
annual area decreases and pasture area increases compared to base-
line (see also Supplementary Tables 13 and 14).

Although the model includes indirect conversion of native vege-
tation, this effect does not preclude achieving negative overall emis-
sions from induced LUC. Direct and indirect LUC hence resulted in
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a factor of —4.7 g CO,e MJ™! anhydrous ethanol for a 30-year amor-
tization period in scenario S1.

For scenario S2, assuming no expansion of eucalyptus area,
LUC results in a net emission of 0.4 gCO,e MJ}, in response to the
greater use of land for pasture and smaller cultivated forest areas
when compared to S1. For 3, assuming the equivalence of 1/1kg
between maize/soybean meal and DDGS, LUC emissions were
—2.6gCO,e MJ ™! because of the higher conversion of pasture areas
to annual crop (particularly soybean).

For S4, which assumes a higher displacement ratio of 1/1.30kg
between maize/soybean meal and DDGS, LUC emissions were
—7.4gC0O,eMJ”!, mainly due to the reduced planting of annual
crops on pasture land. Consequently, total ethanol emissions varied
from 9.8 to 0.8 g CO,e MJ™! between S2 and S4, for which the varia-
tion effect of agro-industry production was only marginal.

Discussion
Based on the current maize ethanol industry operating in west cen-
tral Brazil, this study shows that avoided GHG emissions increase
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substantially and become roughly comparable to those of sugar-
cane when the dominant ethanol production technology used in
the United States is adapted to conditions in Brazil. The two larg-
est contributors to this increase are the use of biomass for energy
process (all approaches) and maize production by double cropping
(consequential approach).

The range of maize cultivation practices can significantly affect
the environmental performance of ethanol, while sensitivity tends
to be lower with respect to eucalyptus parameters. Utilization of
eucalyptus in lieu of natural gas, and details of the supply chain,
are important determinants of the sustainability of maize ethanol
as practised in Brazil. A detailed study* found that short-rotation
eucalyptus plantations do not have an adverse effect on local hydrol-
ogy or water production and that eucalyptus forests appear to have
greater water and nutrient use efficiency than other Brazilian forests
and agricultural crops*. Confirming these observations, another
recent study* found that eucalyptus forests feature efficient nutrient
recycling, protect soil against erosion and contribute to biodiversity
through provision of shelter for wildlife. On the other hand, on a
life cycle basis some local impacts related to eucalyptus bioenergy
(for example, eutrophication) can be higher than for alternatives
based on fossil resources®. Yet another study” pointed out that
the sustainability of biomass production where exotic species have
been adapted to the seasonality of high rainfall, as with eucalyp-
tus in Brazil, requires managing the trade-off between growth and
recharge control to allow for more efficient use of resources.

The consequential approach brings new insights into land-use
optimization. Although indirect conversion of natural vegetation
is identified, this effect is more than counterbalanced (in terms of
GHG emissions) by the expansion of planted forests and a smaller
expansion of soybean area on pastures. Negative LUC emissions
have not been reported previously for maize ethanol, although they
have been anticipated for cellulosic biofuels. Our observation of
such negative emissions underscores the importance of consider-
ing—and potentially optimizing—local circumstances in analysis
and planning related to biofuels and GHG emissions.

The results of our analysis are similar to those reported previ-
ously for a Brazilian sugarcane/maize ethanol plant (attributional
approach)®, but very different from the 85gCO,eMJ™ found in
another study®. The differences between the results of that study
and ours stem primarily from different estimates of LUC emis-
sions, and secondarily from consideration of co-generated electric-
ity. The previous study that calculated higher GHG emissions for
maize ethanol production in Brazil used data for MT for the period
1993-2013 to calculate direct land-use change, and concluded that
expansion of crops may have occurred in either areas of perennial
crops or primary forests. This type of land conversion indeed gener-
ates high quantities of GHG emissions. However, second cropping
does not require additional land beyond the status quo, but rather
uses existing soybean land that is currently fallow for part of the
year. Our results are aligned with international modelling efforts
that recognize the importance of intensification'*"".

Socioeconomic analysis identifies significant increases in total
output, employment, GDP and tax collection. In the construction
phase, much of the added value occurs outside MT; in the opera-
tion phase (which is the long-term legacy of investments), this is
reversed. Our analysis considers the short-term socioeconomic
impacts of substituting imported maize ethanol for locally pro-
duced ethanol. We do not consider potential structural changes in
the economy that could occur over the longer term.

An alternative scenario, in which maize is exported (rather
than converted to ethanol), would generate marginally more jobs
but GDP, total output and taxes would be significantly lower. As
with all scenarios considered in this paper, the comparison of
maize conversion to ethanol and maize export assumes that sub-
sidies are not in play. Carbon-pricing mechanisms—for example,

RenovaBio—would favour ethanol production over export.
Evaluation of economic feedbacks for longer-term analysis is rec-
ommended in future work.

In analysing GHG emissions, indirect LUC and economic
impacts, we have endeavoured to address key factors determining
the sustainability of biofuels. In terms of these factors we find that
maize ethanol production, as it is practised in Brazil, is aligned
with positive outcomes. Other dimensions of social and environ-
mental sustainability should, however, be analysed in future stud-
ies to broaden and deepen our understanding. Examples include
air pollutant emissions, impacts on biodiversity, landscape and
watershed studies, and impacts on low-income populations. Such
analyses can be expected not only to add more evaluative metrics,
but also to inform benefit optimization going forward. Such opti-
mization will be fostered by close stakeholder consultation and
participation®*’.

Methods

Production system. The analysis is based on a newly installed stand-alone maize
ethanol plant in MT. Conversion of maize to ethanol is carried out according to
the ‘dry mill’ process as developed in the United States’"”?, using eucalyptus chips
in the energy process rather than natural gas, and with certain other differences.
Process energy (steam and electricity) is supplied by an attached biomass
co-generation plant.

The production system thus involves a melding of features from both US and
Brazilian agricultural and biofuel sectors. Fermentation of maize to ethanol in
Brazil is based primarily on technology developed in the United States involving
batch processing of high-solids maize mash, which may be contrasted to the
solids-free fermentation of cane juice with cell recycling used for sugarcane
fermentation in Brazil.

Processing 1,000 kg of maize requires 464 kg of eucalyptus chips to meet the
energy demand of the plant, which still allows 151 kWh of surplus electricity to be
sold to the grid. Each 1,000kg of maize produces 4301 of anhydrous ethanol, 363 kg
of DDGS and 13 kg of raw maize oil.

Maize is assumed to be sourced from within a radius average of 50 km
from the ethanol plant, whereas longer distances (690 km) are assumed for
ethanol transport. DDGS, used to feed animals, is transported distances of up to
250km. Maize oil is used for biodiesel production in an industrial complex near
the ethanol plant.

Evaluation of socioeconomic impacts. The socioeconomic impacts (direct

and indirect over the entire value chain) were evaluated using an estimated
interregional input-output matrix***, also used in other studies™*. The 2011
matrix is disaggregated in 187 sectors and two regions—MT and the rest of Brazil.
Input-output analysis represents a ‘snapshot of the economy’ that shows how
sectors are interrelated. The results provide a detailed view of the productive
structure of the Brazilian economy and identification of the different flows of
goods and services production, and can be used to assess the degree of sectoral
interconnection of the economy as well as the impacts on final product demand,
GDP, employment, total output and taxes™.

This part of the study focused on short-term impacts (that is, to 2020). We
considered a maize ethanol plant producing 500 millionlyr and co-products,
from 1.2 milliont of second-crop maize. Socioeconomic impact assessment was
divided into construction and operation (production) phases.

The displacement of products and co-products for socioeconomic analysis is
based on equivalence in monetary expenditure. The basic assumption is that there
is no greater possibility of arbitration between substitute goods taken at consumer
prices. As a premise, each R$1 of ethanol and co-products of the plant displaces
the same value (in R$) of the related substitute product. The displaced products
considered were imported ethanol (without affecting production and final demand
of Brazilian sugarcane ethanol), conventional feedstuff, electricity from natural gas
and soybean oil.

Supplementary Table 2 gives a summary of the quantity, basic price and value
for products and co-products. All values presented in this study are based on those
in US$ (as of January 2018).

During the operation phase, the main inputs are maize, eucalyptus, industrial
inputs (enzymes and chemicals) and employee compensation (340 direct jobs),
profit-type income and capital consumption allowances in the plant. Considering
average prices received by the mill, the production of 500 million1 of ethanol
and co-products generates a total annual value of US$428 million, of which
US$317.5 million is ethanol, US$84 million is DDGS, US$14 million is bioelectricity
and US$12.7 million is maize oil. This production leads to a final annual sales tax
of about US$40.5 million

In the alternative scenario it is considered that the same amount of corn is
produced and sent directly to international markets. In this case no displacement
of other existing economic activity was considered.
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Carbon footprint. Carbon footprint assesses the net GHG emissions of a product o Scenario S4: similar to Scenario S1, assuming that 1kg of DDGS displaces

or service throughout its production and use, following the principles of life cycle 1.30kg of maize and soybean meal (70% for maize and 30% for soybean meal).
assessment™”’. Here we used attributional analysis to evaluate GHG emissions
associated with the production of maize ethanol in a dedicated plant (static
system), and a consequential analysis to assess how GHG emissions would change
in the face of an additional demand of maize ethanol in the medium term (2030),
considering induced effects.

The attributional approach considered two options for the separate
assessment of maize from the soybean-maize rotation system: ‘separate
treatment’ and allocation by ‘economic value’ In the former, flows associated
with the cultivation of each crop were individually assigned to each culture
despite the crop rotation practice. Thus, all resources used and emissions created
after soybean harvesting were attributed to maize cultivation. In the allocation
by economic value case, annual flows related to the cultivation of both crops
were pooled and allocated in proportion to the income of each crop. Economic
allocation was also used to treat the co-products from the distillery (DDGS and
maize oil), while in the co-generation plant the allocation between electricity and
steam was based on exergy.

The consequential approach, however, considered a ‘shock’ scenario—
marginal change relative to a reference scenario—that includes both direct
and indirect effects of the additional production of 1billion] of maize ethanol
in 2030. In this approach, it was assumed that new products introduced to
the market would displace in the following proportions: 1kWh of electricity
surplus would displace 1kWh of natural gas thermoelectricity (given the
characteristics of the Brazilian power system*'), 1kg of DDGS would displace

0.81 kg of maize and 0.34 kg of soybean meal*® and 1kg of maize oil would Data avallablllty
displace 1kg of soybean oil. The data that support the findings of this study are available from the

In summary, S1 considers the expansion of maize ethanol production in MT
assuming additional market demand for maize, greater supply of DDGS and maize
oil and additional area for eucalyptus. Agricultural markets are governed by prices
and linked by scale and competition elasticities. Additional demand for maize
increases prices, which has both competition and synergic effects on soybean
production. At the same time, DDGS (as a co-product of corn ethanol) increases
competition on the feed market, putting downward pressure on the price of both
maize and soy. The net effect of changes in maize demand on the price is a small
increase of about 0.9%. According to economic modelling, the competition effect
of maize to soy prevails compared to synergic, and soybean area reduces.

The second scenario (S2) is equivalent to S1 but excludes the area expansion for
eucalyptus. This sensitivity was considered because, despite the additional demand
for eucalyptus, there is also the possibility of some use of the existing eucalyptus
area without additional demand on it.

There is ample discussion in the literature regarding the nutritional substitution
levels of maize and soybean by DDGS, focusing on the US market®”**. In Brazil,
however, uncertainty increases once DDGS is considered as a novel product
facing new marketing conditions, including variation in local cattle genetics
and feedstock producers’ commercial strategies. Scenarios S3 and S4 represent
a sensitivity to the equivalence parameters of DDGS, considering alternative
replacement ratios.

Common assumptions for both approaches include: (1) biogenic CO, corresponding author on request.
emissions are synchronized; (2) all environmental burdens of eucalyptus )
cultivation were attributed to wood chips; (3) soil N,O and CO, emissions (from Received: 15 January 2019; Accepted: 19 November 2019;

fertilizers and agricultural residues) were estimated according to IPCC guidelines™;  pyplished online: 13 J anuary 2020
(4) diesel was assumed as B8 (8% volume blend with soy biodiesel); and (5) capital
goods were disregarded. Emissions related to LUC were accounted for only in the
consequential analysis (see details below).

For the foreground data, the study considered specific information from a
newly installed stand-alone maize ethanol plant in MT, while agricultural data were
based mainly on west central and MT characteristics and practices as reported
in the literature® (see Supplementary Table 3). Other background data were
extracted from the Ecoinvent database and the GREET model®'. The modelling
and connection of life cycle sub-processes were performed using SimaPro, GREET,
Excel spreadsheets and BLUM. Results are expressed in g CO,e MJ™! of anhydrous
ethanol, using GWP100 (AR5 from IPCC)® as characterization factors (except for
land-use emission factors, which were modelled differently)®.

To allow further comparisons to the literature™, we also assessed the RER of
maize ethanol production in Brazil according to equation (1):

References

1. Brown, A. & Le Feuvre, P. Technology Roadmap: Delivering Sustainable
Bioenergy (IEA Publications, 2017).

2. Fulton, L. M., Lynd, L. R,, Korner, A., Greene, N. & Tonachel, L. R. The need
for biofuels as part of a low carbon energy future. Biofuel. Bioprod. Biorefin.
9, 476-483 (2015).

3. Caspeta, L., Buijs, N. A. A. & Nielsen, J. The role of biofuels in the future
energy supply. Energy Environ. Sci. 6, 1077-1082 (2013).

4. Moraes, M. A. E. D,, de, Bacchi, M. R. P. & Caldarelli, C. E. Accelerated
growth of the sugarcane, sugar, and ethanol sectors in Brazil (2000-2008):
effects on municipal gross domestic product per capita in the south-central
region. Biomass Bioenergy 91, 116-125 (2016).

5. Lynd, L. R. et al. Bioenergy and African transformation. Biotechnol. Biofuels

R Bioenergy ;. 8, 18 (2015).

Fossil Energy;,,, — Fossil CreditSnon—cnergy co-products (1) 6. Federative R‘epyblzc of Bm'zzl: ‘Intended Na?zonally Petermmatzon Contrlbut'zon
towards Achieving the Objective of the United Nations Framework Convention

on Climate Change (UNFCCC, 2015).

Lei no. 13.576, Politica Nacional de Biocombustiveis (RenovaBio) e dd outras

providéncias (Brazil, 2017).

8. Grassi, M. C. B. & Pereira, G. A. G. Energy-cane and RenovaBio: Brazilian
vectors to boost the development of Biofuels. Ind. Crops Prod. 129,

This indicator was calculated for a farm-to-gate scope, assuming the 7.
foreground and background systems described above.

Land use change. Emissions from LUC were considered only in the consequential

approach. These include direct and indirect emissions from carbon stock changes 201-205 (2019).

(from biomass and soil—that is, deforestation and conversion of pastures inannual g [pcC Climate Change 2014: Mitigation of Climate Change (eds Edenhofer, O.
crops) and combustion/decomposition processes, but also removals of carbon et al.) (Cambridge Univ. Press, 2014).

from the atmosphere when the change occurs in the reverse direction (that is, 10. Slade, R., Bauen, A. & Gross, R. Global bioenergy resources. Nat. Clim.
reforestation or replacement by crops with greater carbon stocks). Emission factors Change 4, 99-105 (2014).

are dependent on phytophysiognomies, soil, climate, changes in soil carbon stocks 11. Strand, J. et al. Spatially explicit valuation of the Brazilian Amazon Forest’s
for each of the BLUM regions® and are complemented by data from a national Ecosystem Services. Nat. Sustain. 1, 657-664 (2018).

inventory®. Final emission factors values are available in Supplementary Table 12. Yan, X., Inderwildi, O. R. & King, D. A. Biofuels and synthetic fuels in the

14. The BLUM model***° was used to analyse economic-land-use interactions,

S . ; . . ; US and China: a review of well-to-wheel energy use and greenhouse gas
considering a 30-year integration period. The economic model—with a

emissions with the impact of land-use change. Energy Environ. Sci. 3,

comparative statistics approach—allows the induced land-use effects to be 190-197 (2010).
attributed to the marginal amount of biofuels produced. 13. Woods, J. et al. in Bioenergy & Sustainability: Bridging the Gaps (eds Glaucia,
Emissions were estimated from area conversions throughout Brazil S. et al.) 258-300 (Scientific Committee on Problems of the Environment -

disaggregated in six macro-regions (South, Southeast, west central Cerrado, SCOPE, 2015).

North Amazon, Northeast Coast and Northeast Cerrado) and five types of land 14. Feyereisen, G. W, Camargo, G. G. T, Baxter, R. E., Baker, ]. M. & Richard, T. L.

use (annual crops, sugarcane, pasture, native vegetation and planted forests). In Cellulosic biofuel potential of a winter rye double crop across the US

addition to carbon stock changes, the study also considered life cycle emissions corn-soybean belt. Agron. J. 105, 631-642 (2013).

resulting from v.ariation in agro-industry output as indicated by BLUM. 15. Laborde, D. Assessing the Land Use Change Consequences of European Biofuel

Four scenarios were analysed for LUC, as follows: Policies (International Food Policy Research Institute, 2011).

e Scenarijo S1 (reference case): additional production of 1billionl of maize 16. Taheripour, E, Zhao, X. & Tyner, W. E. The impact of considering land
ethanol by 2030. This requires 2.3 milliont of maize and 29,000 ha of new intensification and updated data on biofuels land use change and emissions
eucalyptus area (replacing pasture areas). Annual co-production of 844 estimates. Biotechnol. Biofuels 10, 191 (2017).
million t of DDGS (equivalence 1/1.15), 351 GWh and 30,000t of maize oil. 17. Carriquiry, M., Elobeid, A., Dumortier, J. & Goodrich, R. Incorporating

o Scenario S2: similar to Scenario S1, excluding area expansion for eucalyptus. sub-national Brazilian agricultural production and land-use into US biofuel

o Scenario S3: similar to Scenario S1, assuming that 1kg of DDGS displaces 1kg policy evaluation. Appl. Econ. Perspect. Policy https://doi.org/10.1093/aepp/
of maize and soybean meal (70% for maize and 30% for soybean meal). ppy033 (2019).

NATURE SUSTAINABILITY | www.nature.com/natsustain


https://doi.org/10.1093/aepp/ppy033
https://doi.org/10.1093/aepp/ppy033
http://www.nature.com/natsustain

ARTICLES

NATURE SUSTAINABILITY

18.

19.
20.

2

—_

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.
34.

35.

36.

37.

38.

39.

40.

4

—

42.

43.

44.
45.

46.

47.

48.

49.

50.

Chaddad, E. The Economics and Organization of Brazilian Agriculture
(Academic Press, 2016).

Séries Histéricas (Companhia Nacional de Abastecimento - CONAB, 2019).
Eckert, C. T. et al. Maize ethanol production in Brazil: characteristics and
perspectives. Renew. Sustain. Energy Rev. 82, 3907-3912 (2018).

. Entendendo o Mercado do Milho 1-53 (Instituto Matogrossense de Economia

Agropecuaria - IMEA, 2015).

Oil, Natural Gas and Biofuels Statistical Yearbook 2018 265 (Agéncia Nacional
do Petroleo Gas Natural e Biocombustiveis, 2018).

Plano Decenal de Expansio de Energia 2026 (Ministério de Minas e Energia,
Empresa de Pesquisa Energética, 2017).

Clusters de Etanol de Milho em Mato Grosso (Instituto Matogrossense de
Economia Agropecudria - IMEA, 2017).

Duffield, J. A., Johansson, R. & Meyer, S. US Ethanol: An Examination of
Policy, Production, Use, Distribution, and Market Interactions (US Department
of Agriculture, 2015).

Milanez, A. Y. et al. A Produgio de etanol pela integragio do milho-safrinha
as usinas de cana-de-agucar: avaliagio ambiental, economica e sugestoes de
politica. Rev. do BNDES 41, 147-208 (2014).

FS Bioenergia Inaugura 1a Indiistria Brasileira de Etanol e Coprodutos 100% a
Partir do Milho (FS-Bioenergia, 2017).

Mano, A. & Samora, R. Brazil launches first corn-only ethanol plant, hope for
more. Reuters (11 August 2017).

Input-Output Matrix, Tabela Recursos e Usos (Instituto Brasileiro de Geografia
e Estatistica - IBGE, 2011).

Guilhoto, J. . M., Junior, C. A. G., Visentin, J. C., Imori, D. & Ussami, K. A.
Construgdo da Matriz Inter-Regional de Insumo-Produto para o Brasil:

Uma Aplicagio do Tupi Working Paper TD NEREUS 03-2017 (Univ. of

Sao Paulo, 2017).

. Haddad, E. A, Junior, C. A. G., Nascimento, T. O. & Matriz Interestadual De

Insumo-Produto Para, O. Brasil: uma aplicagdo do método lioas*. Rev. Bras.
Estud. Reg. Urbanos 11, 424-446 (2017).

Cambio Serie Histérica (Instituto de Pesquisa Economica Aplicada —

IPEA, 2019).

Boletim Focus - Relatério de Mercado (Banco Central do Brasil, 2018).
Alves, B. J. R. et al. Emissoes de Oxdo Nitroso de Solos Pelo Uso de Fertilizantes
Nitrogenados em Areas Agricolas (Embrapa Soja—Comunicado Técnico, 2010).
Wang, M., Han, J., Dunn, J. B., Cai, H. & Elgowainy, A. Well-to-wheels
energy use and greenhouse gas emissions of ethanol from corn, sugarcane
and cellulosic biomass for US use. Environ. Res. Lett. 7, 045905 (2012).
LCFS Pathway Certified Carbon Intensities (California Air Resources

Board, 2017).

EPA Lifecycle Analysis of Greenhouse Gas Emissions from Renewable Fuels
(US Environmental Protection Agency, 2010).

European Commisison. RED. Directive 2009/28/EC of the European
Parliament and of the Council of 23 April 2009 on the promotion of the use
of energy from renewable sources and amending and subsequently repealing
Directives 2001/77/EC and 2003/30/EC. J. Eur. Union 140, 16-62 (2009).
Gallagher, P. W,, Yee, W. C. & Baumes, H. S. Energy Balance for the
Corn-Ethanol Industry (US Department of Agriculture, 2015).

Chum, H. L., Warner, E., Seabra, J. E. A. & Macedo, I. C. A comparison of
commercial ethanol production systems from Brazilian sugarcane and US
corn. Biofuels Bioprod. Biorefin. 8, 205-223 (2014)

. Pereira, L. G. et al. Comparison of biofuel life-cycle GHG emissions

assessment tools: the case studies of ethanol produced from sugarcane, corn,
and wheat. Renew. Sustain. Energy Rev. 110, 1-12 (2019).

Runge, C. E et al. Assessing the comparative productivity advantage of
bioenergy feedstocks at different latitudes. Environ. Res. Lett. 7, 045906 (2012).
A Cultura do Milho: Nos Anos-Safra 2007 a 2017: Companhia Nacional de
Abastecimento Vol. 12 (CONAB, 2018).

Anudrio da Agricultura Brasileira—Agrianual (FNP, 2006).

Couto, L., Nicholas, I. & Wright L. Short Rotation Eucalypt Plantations for
Energy in Brazil IEA Bioenergy Task 43 (IEA, 2011).

Cavalett, O., Slettmo, S. N. & Cherubini, F. Energy and environmental aspects
of using eucalyptus from Brazil for energy and transportation services in
Europe.Sustainability 10, 4068 (2018).

Cabral, O. M. R. et al. The energy and water balance of a eucalyptus
plantation in southeast Brazil. J. Hydrol. 388, 208-216 (2010).

Donke, A., Nogueira, A., Matai, P. & Kulay, L. Environmental and energy
performance of ethanol production from the integration of sugarcane, corn,
and grain sorghum in a multipurpose plant. Resources 6, 1 (2017).

Souza, G. M., Victoria, R. L., Joly, C. A. & Verdade, L. M. Bioenergy &
Sustainability: Bridging the Gaps (SCOPE, 2015).

Dale, V. H,, Kline, K. L., Richard, T. L., Karlen, D. L. & Belden, W. W.
Bridging biofuel sustainability indicators and ecosystem services through
stakeholder engagement. Biomass Bioenergy 114, 143-156 (2018).

5

—

. Bothast, R. J. & Schlicher, M. A. Biotechnological processes for conversion of
corn into ethanol. Appl. Microbiol. Biotechnol. 67, 19-25 (2005).

52. Manochio, C., Andrade, B. R., Rodriguez, R. P. & Moraes, B. S. Ethanol

from biomass: a comparative overview. Renew. Sustain. Energy Rev. 80,
743-755 (2017).

53. Bonomi, A., Cavalett, O. & Pereira da Cunha, M. A. P. L. Virtual
Biorefinery: An Optimization Strategy for Renewable Carbon Valorization
(Springer, 2016).

54. Arantes, S. M. Avaliagdo dos Impactos Socioecondmicos da Intensificagio e da
Integracdo da Produgdo Pecudria ao Setor Sucroenergético no Estado de Sdo
Paulo (Unicamp, 2018).

55. Miller, R. E. & Blair, P. D. Input-Output Analysis: Foundations and Extensions

(Cambridge Univ. Press, 2009).

. ISO 14040. Environmental Management—Life Cycle Assessment—Principles
and Framework 2nd edn (ISO, 2006).

57. ISO 14044: Environmental Management—Life Cycle Assessment—Requirements

and Guidelines (1SO, 2006).

58. Hoffman, L. A. & Baker, A. Estimating the Substitution of Distillers’ Grains for
Corn and Soybean Meal in the US Feed Complex (US Department of
Agriculture, 2011).

. IPCC Guidelines for National Greenhouse Gas Inventories Volume 4:
Agriculture, Forestry and Other Land Use (IPCC, 2006).

60. Banco Nacional de Inventdrios do Ciclo de Vida (SICV, 2019).

61. GREET Model (Argonne National Laboratory, 2016).

62. IPCC Climate Change 2013: The Physical Science Basis (eds Stocker, T. E

et al.) (Cambridge Univ. Press, 2013).

63. Harris, N., Grimland, S. & Brown, S. Land Use Change and Emission Factors:
Updates since Proposed RFS Rule (EPA, 2009).

64. Mercedes Bustamante, M. et al. Terceiro Inventdrio Brasileiro de Emissoes E
Remogoes Antrépicas de Gases de Efeito Estufa- Emissoes no Setor uso da
Terra, Mudanga do uso da Terra e Florestas (MCTIC, 2015).

65. Harfuch, L., Bachion, L. C., Moreira, M. M. R, Nassar, A. M. & Carriquiry, M.
in Handbook of Bioenergy Economics and Policy Vol. 2 (eds Khanna, M.,
Scheffran, J. & Zilberman, D.) 273-302 (Springer, 2017).

66. Moreira, M. M. R. Estratégias para Expansio do Setor Sucroenergético e suas

Contribuicées para a NDC Brasileira (Unicamp, 2016).

. Shurson, J. Analysis of Current Feeding Practices of Distiller’s Grains with Solubles
in Livestock and Poultry Feed Relative to Land Use Credits Associated with
Determining the Low Carbon Fuel Standard for Ethanol (Univ. Minnesota, 2009).

68. Mumm, R. H., Goldsmith, P. D., Rausch, K. D. & Stein, H. H. Land usage
attributed to corn ethanol production in the United States: sensitivity to
technological advances in corn grain yield, ethanol conversion, and
co-product utilization. Biotechnol. Biofuels 7, 61 (2014).

69. Chum, H. L. et al. Understanding the evolution of environmental and energy

performance of the US corn ethanol industry: evaluation of selected metrics.

Biofuels Bioprod. Biorefin. 8, 224-240 (2014).

5

[=2)

5

Nl

6

N}

Acknowledgements

The research for this paper was part of the Land Use Initiative (INPUT), a project
supported by the Children’s Investment Fund Foundation. L.R.L. was supported by a
grant from the Center for Bioenergy Innovation, a US Department of Energy Bioenergy
Research Center supported by the Office of Biological and Environmental Research in
the DOE Office of Science. CAPES and CNPq are thankfully acknowledged for their
financial support.

Author contributions

J.E.A.S. performed life cycle assessment modelling. S.M.A. performed land-use
modelling. M.P.C. performed the socioeconomic analysis. L.R.L. provided a critical
review of the manuscript and background on maize ethanol production in the United
States. J.J.M.G. provided the interregional matrix for the socioeconomic analysis.
M.M.R.M. coordinated the study. All authors analysed the results and wrote the paper.

Competing interests

The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
$41893-019-0456-2.

Correspondence and requests for materials should be addressed to M.M.R.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2020

NATURE SUSTAINABILITY | www.nature.com/natsustain


https://doi.org/10.1038/s41893-019-0456-2
https://doi.org/10.1038/s41893-019-0456-2
http://www.nature.com/reprints
http://www.nature.com/natsustain

	Socio-environmental and land-use impacts of double-cropped maize ethanol in Brazil

	Socioeconomic impacts

	Carbon footprint

	Attributional life cycle assessment. 
	Consequential life cycle assessment. 

	LUC

	Discussion

	Methods

	Production system
	Evaluation of socioeconomic impacts
	Carbon footprint
	Land use change

	Acknowledgements

	Fig. 1 Sugarcane and corn mills enterprise.
	Fig. 2 Life cycle GHG emissions of second crop maize ethanol.
	Fig. 3 Environmental performance of ethanol (EtOH) from sugarcane and double-cropped maize ethanol.
	Fig. 4 Sensitivity analysis of ethanol life cycle emissions (consequential approach).
	Table 1 Socioeconomic impacts related to a plant processing 500 million l yr–1.
	Table 2 LUC emissions (1,000 t CO2e) of maize ethanol: scenario S1.




