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Simulation of macauba palm cultivation: an energy-balance and

greenhouse gas emissions analysis

The expansion of the production and use of bioenergy is deemed as one of the most
efficient mechanisms to reduce greenhouse gas (GHG) emissions. Nevertheless,
the environmental impact of the production processes for many raw materials
remains unexplored. Several studies have pointed to macauba palm (Acrocomia
aculeata (Jacq.) Lodd. ex Mart.) as a promising species for biofuel production in
the tropics, but investigations on the environmental benefits of the cultivation of
this palm as a source of raw material for biofuel production have not been reported
so far. The aim of this work has been to conduct an analysis of macauba production
system in terms of GHG emissions and CO, uptake for a productive cycle,
considering a 30-year horizon. The energy conversion efficiency (energy
outputs/inputs ratio) per unit area of land has been put in relationship with crop
productivity and related to the dilution effect of production inputs. Results of the
simulation estimate that GHG emissions from macauba crop would be around 180
Mg CO.eq-ha*, whereas CO; fixation during cultivation would range from 796 to
1137 Mg COzeq-ha™’. The energy assessment shows that the net energy balance for
macauba crop would reach 512.3 GJ-ha™ and that the energy efficiency would be
ca. 24.2 GJ-GJ™. These results, compared with those of traditional energy crops
such as sugarcane, oil palm, sunflower, corn or jatropha, suggest that macauba crop
may have the potential to outperform them in terms of efficiency. The
domestication and exploitation in extensive farming of this species as an

agroforestry crop, although still at an early stage, has a bright future.
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Introduction

Greenhouse gas emissions (GHG), which result in impacts on natural and human systems
(IPCC 2014), are directly influenced by the type and amount of energy consumed in the
world. World energy consumption is expected to increase from 575 quadrillion Btu in
2015 to 736 quadrillion Btu by 2040 (a 28% increase) (U.S. Energy Information
Administration 2017). Nowadays, collectively, all forms of renewable energy, including
the traditional use of biomass, account for 14% of the global energy mix. According to
the IEA (International Energy Agency 2016), in the 450 Scenario, modern renewables
would account for 27% of the primary energy mix in 2040 and renewables would provide
nearly 60% of power capacity additions in the New Policies Scenario (reaching 5170 GW
in 2040), becoming the largest source of electricity supply before 2030.

In spite of their inherent limitations (Pulles 2017), the growth in renewables-based
capacity is expected to be based on wind, solar technologies and bioenergy. The latter has
the potential to contribute to decarbonization of the power, heat and transport sectors, as
well as bring wider benefits in terms of rural development and diversification of energy
supply. However, it is important that these benefits are balanced against the sustainability
considerations that are unique to each bioenergy supply chain application. An analysis of
the emissions of each raw material and an assessment of its environmental impact
throughout the whole process of fuel production are required.

When biofuels are produced from energy crops, the possible environmental
benefits differ depending on parameters such as the chosen crop, the management system
and the land use change (Fazio et al. 2014; Fargione et al. 2008; Monti et al. 2009). This
has led to search for new multipurpose energy crops with high productivity, potential to

be cultivated in marginal lands, low production costs, low environmental impact and



which have not been traditionally used as a food source (Araujo et al. 2017; Delucchi
2010; Kline et al. 2017; Tomei et al. 2016).

In this regard, several studies have pointed to macauba palm (Acrocomia aculeata
(Jacg.) Lodd. ex Mart.) as a promising species for biofuel production in the tropics due to
its outstanding productivity, comparable to that of Elaeis guineensis Jacq., and its fruits’
high oil content (Motoike et al. 2009; Ciconini et al. 2013; Nunes et al. 2015; César et al.
2015; Evaristo 2015; Evaristo, Grossi, Carneiro, et al. 2016; da Silva Lacerda, Lopez-
Sotelo, Correa-Guimaraes, Hernandez-Navarro, Sdnchez-Béascones, et al. 2015; da Silva
Lacerda, Lopez-Sotelo, Correa-Guimardes, Hernandez-Navarro, Sanchez-Bascones, et
al. 2015; Plath et al. 2016). The macauba is a perennial, fruit-producing thorny
arborescent palm tree, native to tropical forests. It is widely distributed throughout Central
and South America, with the largest concentrations in Brazil (Henderson et al. 1997). Its
natural occurrence is associated with areas of open vegetation and semideciduous and
disturbed forests, being commonly found in anthropized areas with pasture or in
association with crops (Scariot et al. 1991; Scariot et al. 1995; Falasca et al. 2016).

Some of the advantages reported for A. aculeata are (César et al. 2015; da Silva
etal. 2017; Motoike and Kuki 2009; Pires et al. 2013): (i) this crop displays great potential
to generate employment since its production is perennial for over 100 years; (ii) its
productivity can reach 6 Mg oil-ha™!; (iii) it adapts to marginal soils and promotes the
recovery of degraded areas through tree cover restoration; (iv) it is a disease-resistant
palm tree and withstands large climate variations; (v) with regards to sustainability, this
crop enables intercropping and agroforestry systems (with forage and livestock
production) (Ali et al. 2017); (vi) throughout its production cycle, it allows high CO2
absorption from the atmosphere, with a reduction of approximately 10 Mg-ha™! of CO2

for each hectare planted (Silva 2007); (vii) there are good market opportunities for its oil,



which is not commonly used for food purposes due to its high acid index —so it does not
result in competition with food sources-; (viii) its cultivation is a profitable activity for
farmers (da Silva et al. 2017), even considering a cultivation period of 20 years.

To the best of the authors’ knowledge, environmental analyses on the cultivation
of macauba have not been reported in the literature, but would be of great importance to
subsidize the use of this palm for biodiesel production. This study presents a simulation
of macauba cultivation, based on literature databases and data from young macauba
plantations, with a view to assess its potential for bioenergy production and to estimate
GHG emissions and CO2 capture associated to its cultivation, providing an educated
guess of its energy conversion efficiency along a productive cycle, with a 30-year

horizon.

Material and methods

Scope, limits and functional unit of the study

This simulation case focused on the agricultural subsystem for the production of biomass
for energy purposes, covering the land preparation and maintenance, planting, crop
management and harvesting stages (see Figure 1). The system boundaries included the
production of raw materials, fuels and agricultural machinery, the supply of inputs, the
implementation, management and harvesting of fresh bunches (FB) of macauba palm
over a 30-year cultivation period and the transportation of fresh bunches to the farm gate.
A ‘cradle-to-farm gate’ life cycle assessment (LCA) approach was considered. Fruit
transportation to the processing unit, its storage and preservative treatments, oil extraction
and conversion to biodiesel processes (industrial phase) were not included in the analysis,
given the absence of a well-established ‘mainstream’ procedure for the latter.

The chosen functional unit for the agricultural subsystem was the megagram (Mg)

of fresh bunch of macauba per hectare per year (Mg FB-hal.y?), and the impact



categories analyzed in this work were referred to: (1) the energy balance, expressed in
Joules per hectare per year (J-hal-y?); and (2) to GHG emissions, measured in Mg
CO2eq-ha-y?, provided that these are the most often impact categories in biofuel LCAs
(Shonnard et al. 2015). All the presented results are average values referring to the 30-

year macauba cultivation period.

Site characterization and data collection

At the time of this study (2015), there were only two commercial plantations of macauba
palm in the Minas Gerais (Brazil) region: an 8-year-old one (property of Entaban
Ecoenergéticas do Brasil Ltda. (Lima Duarte, MG, Brazil)) and a 2-year-old one (property
of Acrotech Ltda. (Vigosa, MG, Brazil)) both with a planting density of 460 plants-ha™.
Since the former had been abandoned, only data from the Acrotech Ltda. plantation was
used to characterize the inputs of the crop in terms of soil preparation, cuttings, selection
and rooting, planting, cultivation, phytosanitary treatments, fertilization, harvest, etc. and
early care of the agroforestry exploitation.

Fruit production data were obtained from a native (i.e., not human-cultivated)
population of macauba palm trees, growing in a pasture area (Brachiaria decumbes). The
area around 16°29'54.90" S, 44°4'12.43" W coordinates, with an altitude of ca. 818 m,
had a gently rolling topography, representative of the northern region of Minas Gerais,
Brazil (IBGE 2006).

The chosen region belongs to the Cerrado biome, a neotropical savannah that
includes parts of eleven Brazilian federal states and extends from the Equator to the
Tropic of Capricorn. According to Kdppen classification, the Cerrado exhibits a typical
Aw climate (humid tropical savannah) with a distinct dry season between May and
September. The average annual precipitation is 1,200 mm (Antunes 1986; Ramos et al.

2009).



Description of macauba palm fruits

Macauba palm usually emits four-six bunches per year (12-15 kg each) (Manfio et al.
2011), containing 150-500 fruits of the drupe type. These fruits are composed of a
chartaceous epicarp (husk); a thin, mucilaginous, and fibrous mesocarp (pulp); and a hard
and dense endocarp, which contains the seed (almond) adhered to the endocarp (Scariot
et al. 1995; Reis et al. 2012). All fruit components present interesting features for
bioenergy production: the husk has a high calorific value (20.24 MJ kg?) (Evaristo,
Grossi, Carneiro, et al. 2016; Evaristo, Martino, et al. 2016); the pulp has a high oil
content (45 to 58%), with a high concentration of unsaturated fatty acids -in particular
oleic acid (18:1)- and a low content in free fatty acids when the fruits are harvested
directly from the bunches (Evaristo, Grossi, Pimentel, et al. 2016; del Rio et al. 2016);
the endocarp has a high calorific value (20.45 MJ-kg®) and is rich in lignins (Evaristo,
Grossi, Carneiro, et al. 2016; Evaristo, Martino, et al. 2016); and the kernel is rich in oil
(61-63%), with a high concentration of short-chain saturated fatty acids (del Rio et al.
2016). However, genetic diversity is known to lead to large variations in the physical
characteristics and oil yield, affecting parameters such as the oil percentage in mesocarp,
the types of fatty acids in the mesocarp and kernel, or the weight of the whole fruit (da

Conceicao et al. 2015).

Analysis of the plant material

A random sampling from 100 native macauba specimens in a pasture area was conducted
(Figure 2 (a) and (b)), in agreement with the procedure described by Evaristo, Grossi,
Carneiro, et al. (2016), out of which 20 were used for the quantification of the constituent
parts of the fruit (husk, pulp, endocarp and almond), fresh weight, dry weight and
moisture content of each constituent part of the bunches and fruits. Moisture contents

were determined by drying the samples at 105 °C until constant mass was reached,



according to 1SO 18134-3:2015 methodology (ISO 2015).

As noted above, this random sampling had to be conducted on native plants,
provided that in the only operative extensive macauba plantation in the region the palm
trees were still in their early stage of growth and were yet to enter their productive years.

Samples from the constituent parts of fruits and empty fruit bunches (EFB) were
taken to determine the chemical composition (CHN), the net caloric value (NCV) and the
oil content in the pulp and kernel. The oil content in pulp and kernel was quantified by
nuclear magnetic resonance (NMR) with a Benchtop NMR MQC analyzer (Oxford
Instruments, Abingdon, UK) following the method proposed by ISO (ISO 1995). For the
other analyses, the samples were dried, ground in a Thomas Wiley stainless steel mill
(Thomas Scientific, Swedesboro, NJ, USA) and sieved with two overlapping screens (200
mesh and 270 mesh), using for the assays the fraction retained in the latter.

The determination of the chemical composition was done in accordance with the
methodology described by CEN/TS 15104, using a 2400 Series 11 CHNS/O elemental
analyzer (Perkin Elmer, Waltham, MA, USA).

As a prior step to the determination of the NCV of the fruit, of its constituent parts
and of EFB, the higher caloric value (HCV) of all the constituent parts of the plant was
determined according to the methodology described in the standard ASTM D 2015-77
(ASTM 1996), using an Fisher Scientific (Hampton, NH, USA) adiabatic bomb
calorimeter. To determine the higher caloric value of the whole fruit, HCViwit, the

following formula was used:

HCVfruit = (HCVepicarp X PWFepicarp) + (Hcvpulp bran X PWFpulp bran T
Hcvpulp oil X Mpulp oil) + (Hcvendocarp X PWFendocarp) + (HCVkernel bran X

PV\/errnelbran + HCVkernel oil X Mkernel oil) Eq (1)



in which

e HCV = higher calorific value (MJ-kg™)
e PWF = proportion of waste generated in relation to the fruit (kg-kg™).
e Mpuipoit = mass of pulp oil contained in the fruit (kg)

e Mukemel oit = mass of kernel oil contained in the fruit (kg)

PWF was calculated as the proportion of mass (dry matter) of each fruit waste
relative to the whole fruit mass (dry matter), according to the equation: PWF =
My aste/Mtruit, 1IN Which Mwaste is the mass of the residue (e.g., husk) and Mswit is the mass
of the fruit.

The NCV of the fruit residues (the metric used in the rest of the document, to
allow direct comparison to all fuels defined in the IPCC guidelines and IEA energy stats)
was calculated according to the following equation, considering 0.1 kg-kg™* moisture for

all residues:

NCV = [(HCV — y(W + 9H))(1 — W)] Eq. (2)

where

e NCV =net caloric value (MJ-kg™)

e HCV = higher caloric value (MJ-g%)

e v = latent heat of water = 2.31 MJ-kg™* at 25 °C

e H = hydrogen content (kg-kg?)

e W = sample moisture content (kg-kg™), that is, the average hygroscopic moisture

under equilibrium for this particular biomass.



Inventory and scenarios

Table 1 summarizes the operating yield of the agricultural machinery, human activities
and inputs used for the cultivation of macauba palm over a 30-year cultivation period.
The data were primarily obtained from the Acrotech Ltda. commercial plantation
mentioned above or from scientific publications (Pimentel et al. 2011b; Motoike et al.
2013; Pimentel et al. 2011a), but in some cases they had to be extrapolated from
analogous crops (viz., coconut palm trees and oil palm trees), in which the Universidade
Federal de Vicosa and Acrotech Ltda. have extensive experience.

The fresh bunches production was estimated on the basis on the assessment of 100
adult native palm trees in the study area, close to the commercial plantation. The number
of bunches per plant, number of fruits per bunch and average weight of both bunches and
fruits were quantified by weighing the native macauba palm fruits and counting the
number of bunches per native palm (Figure 2).

To estimate the productivity, three simulation scenarios were proposed (Table 2)
on the basis of the data collected from the native plants, taking a plant selection criteria
based on the number of bunches per plant (NBP). Scenario S1 considers the average
productivity for all the native plants; scenario S2 would correspond to the average
productivity for the plants above percentile 50 (P50) in terms of NPB; and scenario S3
would correspond to the productivity of the best 30% of the plants (above P70 in terms
of NPB). For all scenarios, the values were expressed in megagrams of fresh bunches
(FB) per hectare, considering a density of 461 plants per hectare, witha 5 m x 5 m
equilateral triangle spacing (21.65 m?/palm tree), following the recommendations of
Motoike et al. (2013). The productivity in the first years (until the adult phase), in

percentage terms, was estimated taking as a reference the evolution of the productivity of



oil palm (Elaeis guineenses) (Corley et al. 2015), adjusting the fruit production according

to the average number of fruits per bunch in macauba palm.

Crop energy balance

The use of machinery, raw materials and labor were estimated taking into consideration
the cultivation site and technical coefficients data. The flow of incoming and outgoing
materials for agricultural production was converted to equivalent energy and evaluated as
cumulative energy demand (CED) and gross energy (GE).

The equivalent energy inputs, or energy consumed for agricultural production, are
shown in Table 3.

The energy used for mechanized operations was calculated according to fuel
consumption and the amount of greases and lubricant required for each mechanized
operation, multiplied by their respective equivalent energies. The energy used in the
manufacturing of tractors and implements was estimated using the energy depreciation
methodology (Doering et al. 1977).

The energetic calculation of cuttings production was conducted using data
provided by Acrotech Ltda., which was converted to energy using the equivalent factors
presented in Table 3.

Energy spending in relation to the transportation of production inputs (cuttings,
fertilizers and agrochemicals) was estimated considering the consumption of fuels,
greases and lubricants for road transport, according to load capacity and truck models
used in Brazil (Ministério do Meio Ambiente 2011). For the transportation of the macauba
cuttings, a load capacity of 10 t per truck and a distance of 710 km from the greenhouse
where the cuttings are produced to the cultivation area were considered. The transport of
fertilizers involved a truck with a 20 t load capacity and distances of 116 km and 490 km

to transport limestone and fertilizer, respectively (distance from the nearest plants in the



cultivation area). In relation to agrochemicals, the capacity of truck and travel distance
were 10 tand 70 km, respectively. The fuel mixture for tractors and trucks was 95% diesel
and 5% biodiesel, according to the federal law of Brazil enforced in 2015.

Quantification of gross energy (GE) was calculated using the formula below:

GEbunches: (NCVfruits X l:)fruits)'l'(NCVEFB X 1:)EFB) Eq- (3)

where GE is the gross energy (GJ-hal), NCViwits is the net caloric value of the fruits
(GJ-Mg™?), NCVEre is the net caloric value of the empty fruit bunches (GJ-Mg™), Pswits is
the productivity of fruits (Mg-ha) and Pers is the productivity of EFB (Mg-ha™).

Based on CED and GE, two different indicators were used for energy assessment:
net energy (NE) and energy efficiency (EE), which were calculated according to the

following formulas:

NE = GE — CED Eq. (4)

EE = GE/CED Eq. (5)

Inventory of greenhouse gas (GHG) emissions

Based on the technical crop coefficients and inputs used, the GHG emissions were
estimated and converted to CO: in global warming potential units (GWPS)
(Intergovernmental Panel on Climate Change (IPCC) 2006). The estimation of the GHG
emissions over the 30-year cultivation period considered in this simulation included the
changes in land use, mechanized operations, supply of inputs, application and production
of fertilizers, production of pesticides and fossil fuels (diesel), soil management and
indirect emissions from fertilizers.

GHG emissions due to changes in land use were put in relation to the conversion

of grasslands into a perennial crop (macauba palm) (Colombo et al. 2017; Plath et al.



2016; Cesar et al. 2015), in line with the need for restoration of degraded areas in the
Cerrado biome (which would correspond to 60% of the pastures in this biome, over 32
million hectares, according to EMBRAPA (Bayma 2014)). A stored carbon debit in the
soil for five years, based on the patterns of land use change values in the country, was
considered (British Standards Institution 2011).

GHG emissions from supply inputs and mechanized cropping practices were
estimated on the basis of the consumption of diesel for each activity multiplied by the
GHG emissions, in agreement with PAS 2050 (British Standards Institution 2011) and
IPCC protocols (Intergovernmental Panel on Climate Change (IPCC) 2006; Ministério
do Meio Ambiente 2011). Emissions from diesel production were determined according
to Vianna (2006), using specific data of GHG emissions for diesel production in Brazil.

Direct and indirect emissions of GHG for soil management, application of
fertilizers and limestone were calculated according IPCC protocol (Intergovernmental
Panel on Climate Change (IPCC) 2006). The GHG emitted during the production of
agricultural inputs (pesticides, herbicides, nitrogen-based fertilizers, potassium and
phosphorus) were calculated by multiplying the amount used by the coefficients
suggested by Macedo et al. (2008) and by UNFCCC (2010).

The COz2 fixed in the macauba crop was estimated according to Tolédo (2010),
who determined the carbon stock for various components (stipe, leaves and roots) of
native adult plants of macauba of unknown age. Carbon content in bunches (fruits and
EFB) was calculated in agreement with CEN/TS 15104 methodology (European
Committee for Standardization (CEN) 2006). Subsequently, the carbon content was
multiplied by the productivity of bunches and the conversion of carbon to CO2 (44/12)

was made.



Results and discussion

Agricultural productivity

Table 4 shows the estimated yield of fresh bunches for the macauba palm exploitation
over 30 years, together with data corresponding to the dry matter yield and the carbon
and oil contents in the constituent parts of the fruit. The fruits represented 95% of the
bunches dry matter. The pulp was the most representative constituent of the fruit (46.8%)
and accounted for 46.27% of the bunches dry matter (Table 4). The oil percentage in the
bunches was 45.5% (0.455 g-g*), which can be deemed as high: 1 Mg of dry matter of
bunches would produce 235.3 kg of oil (203.05 kg from the pulp and the rest from the
kernel). The endocarp was the constituent with the highest percentage of carbon, followed
by husk, EFB and almond (Reis et al. 2012; Coimbra et al. 2011). The high carbon content
in the endocarp and husk can be ascribed to their constitution and function: the husk, as
the protective layer of the fruit, suffers sclerification and lignification when the fruit is
ripe; and the endocarp, the layer that protects the almond, is a compact and rigid structure
(due the high degree of lignification of the sclereids) (Reis et al. 2012).

Fruit yield grew over the years in all the predicted scenarios (Table 4). As plants
with the highest number of bunches per plant are selected, productivity would
substantially increase, achieving an average yield of 48.3 Mg FB-ha*-y* in S3 (10% of
the plants with the largest bunch numbers of a native population) after a 10-year
cultivation period. Studies show that the number of bunches per plant parameter has high
heritability and low environmental influence (Lopes et al. 2012; Gomes Jr et al. 2014). In
this regard, when plants that have large numbers of bunches are selected, they tend to
generate progenies with high number of bunches per plant too. Untamed plants or those
under a domestication process, such as macauba, show high genetic variability and the

initial gains through plant improvement tend to be high at the beginning of the breeding



program. Consequently, the base population choice and the mother plant selection
methods for the cuttings would be decisive as regards the increase in fruit productivity of
the macauba crop over the years (Berton et al. 2013; Coser et al. 2016; Montoya et al.

2016; Castro et al. 2017).

Energy balance of the crop

Estimates of CED and GE over the 30-year cultivation period in the different fruit
productivity scenarios are presented in Figure 3.

The average energy consumption over the years in different scenarios ranged from
20.9 GJ-hat-y! to 22.1 GJ-hal-y, for scenarios 1 and 3, respectively. In all scenarios,
the highest and the lowest energy consumption corresponded to the production of
fertilizers and pesticides and the production of machinery and implements, with 17.85
GJ-hat-ytand 0.0791 GJ-hat-y?, respectively. This can be readily explained by the fact
that the crop management was the same for all scenarios, with no difference in the use of
inputs such as pesticides and fertilizers.

Fuel consumption was the second largest contributor to the CED, ranging from
3.55 GJ-hal-ytin S1 to 3.63 GJ-hal-y! in S3. This variation among scenarios arises
from the increased bunches productivity, which would lead to higher fuel consumption
in their harvesting and transportation. The parameter that registered the highest increase
among the scenarios was the energy spent in human activities, which was 32% higher in
S3 than in S1. In a similar fashion to fuel consumption, the harvest operation would
require more labor due the increase in productivity between the scenarios.

As regards to the total GE (fruits+EFB), the differences among scenarios were
highly significant: in S3, a value of 534.4 GJ-hal-y! was reached, with an increase of
approximately 170% in comparison with S1 (Figure 3). The fruits contributed to ca. 96%

of the GE for all scenarios. This high increase in GE would be due to the increase in



calorific productivity of the EFB and the high energy of the fruit components (vegetable
oils have high calorific values, close to those of fossil fuels like diesel) (Ramadhas et al.
2004). In macauba bunches (fruits and EFB), 23.5% was pulp oil and kernel oil (Table
4). The endocarp constituted around 20% of the dry matter of the bunch, and its quite
dense and lignified structure also introduced high calorific energy (Reis et al. 2012; Vilas
Boas et al. 2010).

The estimate of the energy assessment (NE and EE) of macauba cultivation for
the proposed scenarios showed that this species has a great potential as an energy crop
for Tropical regions (Table 5). In S1, NE and SE already suggest that macauba would be
more efficient than annual crops such as sunflower, corn or the castor oil plant (Table 5).
By increasing the productive potential of plants (scenario S2), macauba cultivation would
become more energy efficient than perennial species such as Jatropha curcas L. (Table
5). For the most productive scenario, S3, the EE efficiency in the cultivation of macauba
palm would even approach that of Elaeis guineensis palm, the most cultivated oil-bearing
species in the world. In spite of the fact that it would be hard for a new and undeveloped
crop to achieve the same performance as the advanced Elaeis guineensis hybrids, these
values can be explained by the higher number of macauba plants per unit area (461
plants-ha) as compared to the African oil palm (with planting densities of ca. 120
plants-ha™t in Brazil), resulting from differences in the layout and angulation of leaves
between these two palm species, which allow macauba to have more plants per unit area.
Furthermore, macauba fruits have a much larger and dense endocarp than that of African
oil palm and a fibrous shell, and these two fruit constituents contribute to the higher
energy content of macauba fruits, provided that they have high contents of lignin
(Evaristo, Grossi, Carneiro, et al. 2016) and they are suitable for the production of

biofuels such as charcoal (Evaristo, Martino, et al. 2016).



In relation to CED, macauba cultivation would attain the second highest value of
all energy crops, after corn. It is also worth noting that the cultivation of this palm tree
proves to be highly dependent on raw materials and fuels (Table 1, Figure 3), which
caused a high CED for all scenarios. However, the increase in CED was small when the

productivity of macauba was increased (Table 5, Figure 3).

CO2eq balance

Estimates of GHG emissions and carbon sequestration by macauba palm tree during its
cultivation for the proposed scenarios are presented in Figure 4. In all scenarios, the GHG
emissions were similar, with only a very slight increase of about 1% from S1 to S3,
reaching 181.45 Mg CO2eq-ha* in 30 years. Crop management was responsible for most
of these GHG emissions (94 Mg CO2eq-ha! in 30 years), and the direct and indirect N2O
emissions associated to the use of urea and lime were the main emitters in this stage. In
fact, Monti et al. (2009) showed that for four perennial energy crops (viz., giant
miscanthus (Miscanthus x giganteus), giant cane (Arundo donax L.), switchgrass
(Panicum virgatum L.) and cardoon (Cynara cardunculus L.)) the greatest impact on
GHG emissions came from the use of fertilizers.

Another important component in terms of its contribution to GHG emissions was
the land use change (LUC), from pasture to a perennial species, which represented 42.5
Mg CO2eq-ha in all scenarios. This value results from a quantification of the GHG
emissions arising from a change from grassland to perennial cropland in Brazil (default
LUC value of 8.5 Mg CO2eq-hat-yr! in a 5-year period) (British Standards Institution
2011). GHG emissions due to LUC can greatly vary depending on the original vegetation
present before the ground change. For instance, larger GHG emissions would occur if a
conversion from forest land to perennial cropland took place (26 Mg CO2eq-hat-yr?).

However, in comparison, for the conversion from pasture —mainly degraded— emissions



would be significantly lower, and there may be gains in soil carbon (Fargione et al. 2008;
Germer et al. 2007). In fact, in a recent EU-funded 2.7 M€ INOCAS research project it
has been claimed that the silvipastoral system resulting from the implantation of the
macauba plantation would involve no LUC (Averdunk et al. 2012). Thus, the analysis
presented herein may be regarded as a conservative GHG balance estimation.

Agricultural machinery use and transport of agricultural supplies and fruit
bunches inside the plantation were the factors that accounted for the variation among
scenarios: in the most productive scenarios, there was an increase in GHG emissions
because of the higher diesel consumption in the harvesting and transportation of the
additional bunches. The increase between S1 and S3 scenarios was ca. 32% (1.75 Mg
CO2eq-hat) due to agricultural machinery use. Apropos of the transport of agricultural
supplies and fruit bunches inside the plantation, it only increased by ca. 11% (0.18 Mg
CO2eq-ha in 30 years) between S1 and S3 scenarios. This relatively small increase in
GHG emissions, which is not proportional to the productivity increase across scenarios,
can be ascribed to the fact that a lot of manual labor is involved in the harvesting
operations.

The raw material choice for the biofuel production also has a direct impact on the
amount of emitted GHGs, so the use of biofuels would promote environmental benefits.
Studies on life cycle analysis of biofuels obtained from energy crops show that most of
the GHG emissions and other environmental impacts are due to the agricultural activities
(Hansen 2005; Fazio et al. 2011). Li et al. (2014) reported that GHG emissions related to
the production of camelina oil (Camelina sativa L. Crantz) for biodiesel production varied
from 66.5% to 70.3% depending on the scenario. Gonzalez-Garcia et al. (2012) reported
that 78% of GHG emissions associated with biodiesel production from rapeseed were due

to the agricultural stage.



On the other hand, apart from GHG emissions, it is important —from an
environmental point of view— to choose raw materials that have high CO: fixation rates.
In this regard, in the cultivation of macauba, bunches are responsible for most of the CO2
fixation, representing up to 71% of the COz2 fixed by the plants in S3 scenario (Figure 4).
When the presumable increase in bunch productivity was considered, total CO: fixation
(biogenic CO2 fixed by the crop in the palm trees + bunches) reached up to 1.14 Gg
CO2eq-hat in 30 years for S3. CO: fixation captured during the growth of palm trees
(excluding bunches) was estimated at 10.96 Mg COzeq-hat-y?, out of which below-
ground biomass accounted for ca. 2.63 Mg COzeq-ha*-y*, according to the 0.24 shoot-
to-root ratio proposed by (Tolédo 2010), based on IPCC data. The CO2eq emissions
balance for the macauba plantation ranged from -617 Mg CO2eq-ha* in S1 to -956 Mg
CO2eq-ha in S3. These values evince the great potential of this species in the mitigation
of climate effects. Germer and Sauerborn (2007) estimated that the GHG balance in the
oil palm cultivation ranged from -136(+37) Mg CO2eq-ha to 1,335(+690) Mg CO2eq-ha"
! depending on management and changes in land use. The comparatively larger amount
of CO2eq that would be fixed in the cultivation of macauba palm would be due to its
higher yield in fruits (Motoike and Kuki 2009; Evaristo 2015), the composition and
weight of the fruits (Evaristo 2015) and the planting density of this species (as noted
above, in this study, a planting density of 460 plants-ha® —usual in commercial
plantations— was considered (Motoike et al. 2013), which is about three times higher than

that recommended for the cultivation of palm oil (Corley and Tinker 2015)).

Conclusions

Macauba palm has been posed as a promising energy crop in tropical regions provided
that it can be a suitable raw material for the production of various solid, liquid and gaseous

biofuels. The simulation presented in this study, based on the defined boundary



conditions, has assessed the potential of macauba palm for bioenergy production in terms
of energy balance and greenhouse gas emissions. When plants with larger numbers of
bunches were selected, macauba cultivation presented very high energy efficiencies that
could exceed those of conventional energy crops (e.g., those of sunflower, corn, castor
oil plant, Jatropha curcas L.) and would be second after Elaeis guineensis palm in the
most productive scenario (S3). GHG emissions varied in small amounts amongst the
different proposed scenarios, but COz fixation clearly increased as a result of productivity
increases. The CO2eq emissions balance ranged from -617 Mg CQO2eq-ha? in the least
productive scenario (S1) to -956 Mg CO2eqg-ha? in the most productive one (S3).
Consequently, the domestication and genetic improvement of this species by selection
methods —aimed at increasing bunch productivity— holds great promise and can
substantially increase environmental (and economical) benefits. Further LCA analyses on

other environmental aspects and on the industrial phase are underway.
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Table 1. Agricultural inputs consumption, agricultural machinery and manual labor
required for macauba palm cultivation over a 30-year period. Values per year are shown

in brackets.

Activities Units OY_elars 55 69 10-30 Total

Land preparation and maintenance

Machinery and implements h-ha! 5.39 1.80 2.08 11.00 20.27
h-hal-year? 539 045 052 0.55

Manual labor h-ha' 1339 164 204 11.20 28.27
h-ha?-year?! 1339 041 045 0.56

Plantation

Machinery and implements h-ha'! 3.00 - - - 3

Macauba cuttings - 4757 - - - 475

Manual labor h-ha* 3095 - - - 30.95

Crop management

Machinery and implements h-ha* 3.83 10.08 13.60 77.70 105.21
h-hal-year? 383 252  3.40 3.70

Manual labor h-ha! 14.83 69.33 73.92 389.13 574.21
h-hal-year?! 1483 17.33 18.48 18.53

Lime t-ha! 400 200 300 21.00 30
t-hal-year? 400 050 0.75 1.05

Fertilizers t-hat 037 252 617 44.03 53.09
t-hal-year? 037 063 154 2.10

Agrochemicals kg-hat 10.00 1352 8.72 45.78 78.02
kg-ha'-year?! 1000 338 218 2.18

Harvesting *

Machinery and implements h-ha! - 4.10 28.37 175.6 208.07
h-hal-year? - 1.02  7.09 8.36

Manual labor h-ha* - 752 52035 3220.75 3816.3
h-hat-year? - 18.8 130.09  153.37

461 rooted plants + 14 plants for replanting

* Transport to process plant not included

Table 2. Scenarios for the production of macauba palm fresh bunches based on the plant

selection index.

Parameters Scenarios

S1 S2 S3
Selection index Population average 50% 30%
Number of bunches per plant 2.36 3.48 4.08
Fruit production per plant (kg) * 57.87 85.33 100.04
EFB weight (kg) 1.17 1.17 1.17

T Selection index based on the evaluation of the number of bunches for 100 macauba palm native adult plants: 50% and
30% of the plants with the highest number of bunches. * Fruit production per plant = number of bunches per plant x
24.52 kg fruit/bunch (average fruit production), considering plants older than 10 years.



Table 3. Equivalent energy of the inputs required for macauba palm cultivation.

Energy resource

Units Equivalence in MJ

Reference

Fuel kg
Greases kg
Lubricants kg
Cuttings production ha
Lime t

Nitrogen kg
Phosphorus kg
Potassium kg
Insecticides kg
Herbicides L

Machinery manufacturing kg
Tires production kg
Manual labor h

42

39
40.2
176.63
30
60.6
11.1
6.7
152
331.65
14.62
85.83
2.3

(Empresa de Pesquisa Energética 2013)
(Empresa de Pesquisa Energética 2013)
(Empresa de Pesquisa Energética 2013)
This work

(Refsgaard et al. 1998)

(De et al. 2001)

(De et al. 2001)

(De et al. 2001)

(Pimentel 1980)

(Pimentel 1980)

(Doering et al. 1977)

(Doering et al. 1977)

(Yaldiz et al. 1993)

Table 4. Evolution of the productivity of fresh bunch (Mg-ha) for macauba palm over a
30-year cultivation period and production of dry matter (DM), carbon (C) and oil from

the constituent parts of the bunch.

Scenarios Years *

5 6 7 8 9 >10
S1 9.8 14.1 18.3 21.0 24.5 27.9
S2 14,5 20.9 27.0 30.9 36.1 41.2
S3 17.0 24.5 317 36.2 42.3 48.3
Bunch constituents DM (kg) C (%) Qil (g.gh

Husk 259.83 47.2 -
Eruit Pulp 446.27 43.8 0.45

Endocarp 196.59 48,0 -

Almond 51.92 45,0 0.62
Empty fruit bunch 45.40 45.9 -
Total Bunch (kg) 1000 456.9 235.3

* The evolution of productivity is based on the increase of bunch productivity over the years, taking oil palm as a

reference (Corley and Tinker 2015).

Table 5. Cumulative energy demand (CED), net energy (NE) and energy efficiency (EE)
for the three proposed macauba palm cultivation scenarios. Those of other energy crops
used in the tropics are provided for comparison purposes.

Crop CED (GJ-hatyr!) NE (GJ-hal-yr!) EE (GJ-GJY) Reference
Macauba - S1 21.9 287.2 14.1 This work
Macauba - S2 22.0 433.8 20.7 This work
Macauba - S3 221 512.3 24.2 This work
Coconut palm 8.2 213 13.1 (Fazio and Barbanti 2014)
Oil palm 12.1 571 25.1 (Fazio and Barbanti 2014)
Jatropha 5.9 130 16.7 (Fazio and Barbanti 2014)
Castor bean 8.6 108 10.5 (Fazio and Barbanti 2014)
Sugar cane * 20.7 577 28.9 (Fazio and Barbanti 2014)
Maize 28.2 141 6.6 (Fazio and Barbanti 2014)
Sunflower 18 141 7.8 (Fazio and Barbanti 2014)

* Lignocellulosic waste materials have been considered for sugar cane.



Figure 1. System limits for the functional unit under study.

Figure 2. (a) Total fruit weight per bunch; (b) histogram of the number of fruit bunches
per native macauba palm tree.

Figure 3. Estimated energy balance in 30 years of macauba palm cultivation for different
productivity scenarios. Annual average values for (a) energy input and (b) output.

Figure 4. Estimate of GHG and COzeq emissions over 30 years of macauba palm
cultivation in the different scenarios of bunch productivity.
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