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Abstract: The international market of woody biomass for bioenergy is expected to have a major
role in future global scenarios aligning with a 2 or 1.5 ◦C target. However, the quantification
of the environmental impacts of energy and transportation services from novel technologies and
biomass production systems are yet to be extensively studied on a case-specific basis. We use a life
cycle assessment approach to quantify environmental impacts of four bioenergy systems based on
eucalyptus plantations established in abandoned pastureland in Brazil. The alternative bioenergy
systems deliver energy and transportation services in Europe (cradle-to-gate analysis), including
modern technologies for production of heat, electricity (with and without carbon capture and storage),
and advanced liquid biofuels. We find that all bioenergy systems can achieve sizeable climate benefits,
but in some cases at increased pressure in other impact categories. The most impacting activities
are biomass transport stages, followed by eucalyptus stand establishment, and pellet production.
An estimate of the potential large-scale bioenergy deployment of eucalyptus established in marginal
areas in Brazil shows that up to 7 EJ of heat, 2.5 EJ of electricity, or 5 EJ of transportation biofuels
per year can be delivered. This corresponds to a climate mitigation potential between 0.9% and 2.4%
(0.29 and 0.83 GtCO2 per year) of the global anthropogenic emissions in 2015, and between 5.7% and
16% of European emissions, depending on the specific bioenergy system considered. A sensitivity
analysis indicated that the best environmental performance is achieved with on-site biomass storage,
transportation of wood chips with trucks, pellets as energy carrier, and larger ship sizes. Our
quantitative environmental analysis contributes to increased understanding of the potential benefits
and tradeoffs of large-scale supply of biomass resources, and additional research can further improve
resolution and integrate environmental impact indicators within a broader sustainability perspective,
as indicated by the recently established sustainable development goals.
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1. Introduction

Bioenergy is expected to have an important role in global scenarios for achieving global low
temperature stabilization targets. Using renewable energy sources to displace fossil fuels, enhancing
terrestrial carbon sinks, and capturing and storing carbon are among the key mitigation options
to achieve climate targets [1]. For example, the different Shared Socio-economic Pathways (SSPs)
indicate that the demand for dedicated crops for bioenergy can range from less than 5000, up to
about 20,000 million tonnes per year by 2100, corresponding to about 200–1500 million ha of land
for dedicated energy crops [2,3]. In these scenarios, bioenergy deployment is often considered, in
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combination with technologies for capture and storage of carbon emissions (BECCS) [3]. BECCS allows
achieving negative CO2 emissions, after energy and transportation services are used to replace fossil
fuels. However, many studies alert to the fact that feasibility of large-scale deployment of BECCS has
not yet been demonstrated, nor have its potential and risks been fully examined [1,4–6].

The international market of forest biomass in the form of wood pellets have increased dramatically
in the recent years, with Europe being the main importer and North America the main exporter [7–11],
mostly due the Renewable Energy Directive (RED) [12]. In this policy, the European countries aim to
increase the share of renewable energy in their gross final energy consumption to 20% by 2020. Much
has been written about the environmental issues of this increasing use of woody biomass for bioenergy,
e.g., [1,7,13–15], in terms of net climate change mitigation benefits, competition for land resources, and
potential adverse side-effects on biodiversity and other ecosystem services. A large body of work has
also quantified the life cycle greenhouse gas (GHG) emissions of wood pellets from short-rotation
coppice (SRC) systems [16–25], roundwood [1,26–29], logging residues [8,25,30,31], and wood industry
residues [32,33], as well as the energy and transportation services from the international market of
wood pellets, e.g., [28,30,34–38]. Results, including the international trade of bioenergy products,
usually suggest that the highest avoided emissions occur when wood pellets are used to replace energy
systems from high-emission fossil fuel, such as coal e.g., [6–8]. For example, climate impacts savings
are reported ranging between 50% and 85% for electricity derived from imported wood pellets from the
United States, in comparison to electricity derived from fossil fuels in Europe [30,37]. Climate impacts
related to wood pellet production and transatlantic shipment (e.g., from North America to Europe) are
found to contribute as of approximately 50% and 30% of total climate impacts, respectively [37]. Other
environmental impacts are reported, varying mostly due to technical aspects of the chosen bioenergy
system (e.g., biomass production system, transportation, plant efficiency and technology), modelling
assumptions, and methodological issues (e.g., methods to deal with the coproducts) [17–19,28].

High-density energy wood plantations managed on short-rotation coppice (SRC) are seen as
a promising source of biomass for different final uses, since they could help to mitigate some of
the environmental issues arising from using forest wood resources for bioenergy [17,18,39,40]. It is
mostly because SRC production systems present relatively higher yields than conventional forestry
systems [39], and the possibility to be gown on marginal land to reverse grassland degradation, thereby
being beneficial under both a climate change mitigation and land restoration perspective [16,41].

To the best of our knowledge, no previous studies examined the environmental implications
of alternative energy and transportation services in Europe form novel technologies and pioneering
eucalyptus short-rotation coppice (SRC) systems in Brazil. This research gap is particularly important
because many global temperature stabilization scenarios aligning with a 2 or 1.5 ◦C target predict a large
increase in the biomass supply to the international markets, especially from land-rich regions, such as
Latin America and Africa, to high energy-demanding regions, such as Europe and East Asia [2,3,42,43].
However, most of the existing literature focuses on the climate impacts of SRC systems in North
America, e.g., [17,44], or Europe, e.g., [16,18,19,41], while a few focus on other regions, e.g., [27,40].
The environmental conditions and locations in which biomass resources grow considerably affect
yields, management systems, and the product characteristics [40]. Wood pellets from eucalyptus SRC
produced in Brazil are a promising option because eucalyptus is the most important forest species for
wood supply in the country [39], and plantation trials have demonstrated that it is possible to double
productivity when eucalyptus is grown under SRC management [45].

In this study, we apply the life cycle assessment (LCA) methodology to quantify relevant
environmental impacts of different bioenergy systems delivering energy and transportation services
in Europe from imported wood pellets from pioneering eucalyptus SRC systems produced in Brazil,
including production of heat, electricity, advanced liquid biofuels, and BECCS. Using this approach, we
aim to determine the best bioenergy systems to convert biomass resources in energy and transportation
services in Europe, identify the supply chain stages with higher environmental impacts, and compare
the environmental benefits and adverse side effects of bioenergy displacing fossil fuel products.
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Finally, we carry out a comprehensive sensitivity analysis to address the influence of changes in key
technical aspects, modelling assumptions, and methodological issues in the environmental impacts of
bioenergy systems.

2. Materials and Methods

2.1. Life Cycle Assessment

The life cycle assessment (LCA) is a broadly recognized methodology to quantify relevant
environmental impacts due to resource use and emissions to air, water, and soil, along the entire
life cycle of products and services [46]. The general objective of LCA is to provide a comprehensive
view of environmental impacts due to activities involved in the extraction, refining, transport, and use
of the materials and fuels, considering direct and indirect inputs in the entire value chain. This study
considers an attributional cradle-to-gate life cycle assessment of bioenergy systems delivering different
energy and transportation services from eucalyptus SRC resources. Results are primarily compared
using 1 tonne of biomass (dry basis) as reference flow. Environmental impacts are also presented as
1 GJ of energy and transportation services at factory gate to be benchmarked against each other and to
the reference products derived from fossil fuels.

For the product systems with more than one output, exergy content of outputs is employed as
allocation criterion based on similar studies considering combined heat and power (CHP) plants
e.g., [47]. Specific exergy of electricity is assumed to be 1, while the exergy of heat is set to
0.309 J J−1 (considering water at 90 ◦C, based on simulations from [48], see allocation factors in
Table S1). The modelled product systems are linked with the background processes from the ecoinvent
database [49] using the software SimaPro v. 8.1.1 (see Tables S4–S6 for the individual life cycle inventory
flows) [50]. Selected environmental impact categories from the CML-IA methodology, developed by
the Center of Environmental Science (CML) of Leiden University in The Netherlands, are acidification
potential (AP), eutrophication potential (EP), global warming potential (GWP, assessed with GWP100
only) with a 100 years’ time horizon, and photochemical oxidant formation potential (POFP) [51].
These four categories were selected due their relevance to the bioenergy systems [16,17,32].

2.2. Description of the Bioenergy Systems

Four bioenergy systems are considered in this study, representing different conversion options in
Europe for pellets from eucalyptus SRC systems produced in Brazil. The product systems include the
entire value chain of bioenergy systems, from seedling production to eucalyptus wood harvesting,
chipping, pellet production, transportation systems (including transatlantic shipping), and conversion
to energy and transportation services in Europe, as depicted in Figure 1. Selected inputs form
background systems are exemplified in this diagram.
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2.3. Wood Pellet Production

2.3.1. Eucalyptus Short-Rotation Coppice System

The biomass production system is modelled considering a eucalyptus (Eucalyptus. urograndis)
short-rotation coppice (SRC) produced in the state of São Paulo, Brazil. The eucalyptus SRC system was
modelled based on data from ref. [39], selecting data maximizing yield under the constraint of lower
fertilization levels. The emission inventories of eucalyptus SRC system considers seedling production,
soil preparation, fertilization, planting, and harvesting. The production system is characterized by
dense stands of plants (more than 7000 trees ha−1) and biomass harvesting every 2 years. During
the harvesting operation, all aboveground biomass (stem, branches, and leaves) is chipped, and
not debarked stems, as in conventional eucalyptus plantations [39]. Biomass yield in eucalyptus
SRC system is assumed as 19 tonne(db) ha−1 year−1 with a carbon content of 44.8% (see Table S2
for details about biomass characteristics) [39]. Yields have been known to decline in SRC stands
after five harvesting cycles (i.e., 10 years), and re-establishment of stands may be necessary after this
period [52,53]. The biomass harvesting operation considers modern cut-and-chip harvester [54], and
wood chip loading is also included in the life cycle inventory [32]. On-site biomass drying from 63%
to 35% moisture(wet basis) is included to reduce transportation impacts [55]. Biomass losses of 2% in
mass(db) are considered at this stage [30,56,57].

2.3.2. Wood Pellet Production

In general, pellet production promotes the conversion of woody resources into a uniform product
with superior combustion properties and improved performance in terms of handling, transportation,
storage, and combustion performance [19]. Wood pellets are produced from the eucalyptus wood
chips in a pellet plant. The pellet production process comprises mechanical drying, grinding, and
densification stages [28,32]. This process presents relatively high energy demand, both in the form of
heat and electricity. Wood pellets are considered with 5% moisture(wb) [58] and additional biomass
losses of 2% in mass(db) are considered at this stage. Low moisture content of pellet production is
recognized as an important parameter to rationalize long-distance transportation systems from Brazil
to Europe.

2.3.3. Transportation Systems

Four transportation stages are included in the product system. The first one is the forwarding of
harvested eucalyptus chips to the pellet plant (50 km). Next, the pellets are transported from the pellet
plant to the port of departure in Brazil (320 km), followed by the transatlantic shipping to Europe
(11,000 km) [59]. The final step is transportation, from the port of arrival in Europe to the industrial
plant where the feedstock is converted into the different energy and transportation services (10 km).
The mode of all road transportation systems is considered to be trucks with high loading capacity
(>32 tonnes). Detailed information on the transportation systems is provided in Table S3.

2.4. Bioenergy Conversion Plants

We considered four bioenergy systems for the conversion of the wood pellets in Europe. They are
a heat plant (i); a combined heat and power plant without (ii) and with (iii) carbon capture and storage
facility; and a plant converting wood pellets in synthetic diesel for transportation using gasification and
Fischer–Tropsch synthesis (iv). Table 1 provides a summary of the process efficiencies, including energy
services output per tonne of biomass processed and per hectare-year. The conversion efficiencies were
adjusted from literature data, aiming to better represent the lower moisture content of wood pellets
instead to wood chips. Complete life cycle inventory information is provided in Tables S4–S6.
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Table 1. Energy conversion efficiencies and outputs for the different industrial conversion technologies.

Bioenergy System
Energy and

Transportation
Service

Conversion
Efficiency (%) a

Adjusted
Conversion

Efficiency (%) b

Energy Output
(GJ tonne−1)

Energy Output
(GJ ha−1 year−1)

Heat plant (HP) heat 80.0 c 80.9 14.7 279.2

Combined heat and power plant
(CHP)

electricity 27.8 d 28.7 5.20 99.0
heat 50.8 d 52.4 9.50 180.9

Combined heat and power with
carbon capture and storage (BECCS)

electricity 22.7 d 23.4 4.24 80.9
heat 48.2 d 49.8 9.01 171.7

Fischer–Tropsch diesel (FTD) FT diesel 46.7 e 54.3 9.83 187.2
a Conversion efficiency as reported in the original reference. b Conversion efficiency adjusted to wood pellets
instead of wood chips, proportionally to the lower water content of pellets. c [49]. d [48,60]. e [61,62].

2.4.1. Heat Plant (HP)

The heat plant is modelled from a modern small-to-medium scale (300 kW) wood chip furnace in
the ecoinvent database [49]. This inventory is adapted to consider wood pellets instead of wood chips.
The plant is equipped with modern pollution control technologies, including filters and an electrostatic
precipitator for particulate matter. The emission inventory includes infrastructure, industrial inputs,
emission to air, and the disposal of ashes. In this bioenergy system, heat (at the factory gate) is the
only energy service output. The heat plant has a considerably smaller scale than the other conversion
options. This is to reflect the fact that district heating is normally generated with decentralized facilities,
linking production and consumption within short distances, to avoid major heat losses. This is opposed
to the processes based on gasification of biomass, where larger scales are preferable to rationalize
high capital cost of the gasification plant. Although scale is a major issue in economic analyses, some
environmental studies have addressed the importance of scale in the environmental assessment of
energy systems, indicating little effects for the environmental assessment of stationary bioenergy
plants [47,63,64]. Therefore, no major deviances in the results are expected here, due to differences of
scale in the bioenergy plants.

2.4.2. Combined Heat and Power Plant (CHP)

The combined heat and power plant considers a modern medium scale (10 MW) biomass
gasification plant coupled to a gas engine. Gasification is a high-temperature partial oxidation of
solid material containing carbon with air, steam, or oxygen, into a gas mixture called synthesis gas or
syngas, which is primarily composed of CO and H2, and contains various amounts of CO2, H2O, and
CH4. Several gasifier configurations have been proposed, and advantages and disadvantages of each
configuration have been extensively documented, e.g., [65]. In our study, the biomass is converted into
syngas in a fast internally circulating fluidized bed (FICFB) unit. Syngas is then fed into a gas engine
for electricity generation. In addition to electricity, heat is also coproduced by recovering heat from
both the gasifier and the gas engine. The life cycle inventory modelling is based on data from [48,60].

2.4.3. Combined Heat and Power with Carbon Capture and Storage (BECCS)

In this bioenergy system, a carbon capture and storage facility are implemented into a CHP power
plant, equivalent to the one in the CHP system. This set up allows achieving negative CO2 emissions.
Carbon capture considers pre-combustion and adsorption of CO2, with pressure-vacuum swing [48,60].
After gasification, 90% of the CO2 in the flue gas is recovered, considering an overall capture rate
of 49%. The captured CO2 is compressed, and considered to be transported through about 200 km
for storage in a saline aquifer using a pipeline [66]. Following the same approach as Singh et al., we
assume that one-third of the diameter of pipeline is used to transport the compressed liquid CO2 [67].
Pipeline and injection well data was retrieved from the ecoinvent database [68]. During the handling
and storage period, some CO2 is lost to the atmosphere as fugitive emissions, and these are to be
discounted to the total amount of captured carbon. The rate of fugitive CO2 was set as 290 mg kg−1
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CO2 [69]. The CO2 is stored in geological formations during enough time to justify being accounted
for as negative CO2 emissions, since the carbon in wood pellets is of biological origin (biogenic). In the
results, these negative CO2 emissions are indicated as part of carbon capture and storage stage.

2.4.4. Fischer–Tropsch Diesel (FTD)

This bioenergy system considers the biomass gasification process similar to CHP, but here syngas
is catalytically converted into synthetic liquid fuels with varied chain length using Fischer–Tropsch
synthesis. The catalyst, process conditions, and design of the catalysis reactor ultimately determines
the product mix, including methane, liquefied petroleum gas, gasoline, jet fuel, diesel, and waxes. The
process data was compiled from refs. [61,62]. The additional life cycle phases of fuel distribution and
vehicle operation were included in the emission inventories to compare Fischer–Tropsch diesel and
conventional fossil diesel.

2.5. Large-Scale Bioenergy Deployment

Pastureland is the largest land use in Brazil, comprising about 230 Mha [70]. More than half
of the pasture area in Brazil is associated to some degree of degradation, and challenges remain to
reverse grassland degradation [71]. We look at potential impacts of large-scale bioenergy deployment
considering the introduction of 25 million hectares of eucalyptus SRC systems in marginal areas in
Brazil. These marginal areas are considered to be previously occupied with pastureland under some
degree of degradation [70,72] and, due to lower yields, continued intensification in livestock production
systems and societal dietary changes [73,74] are considered to be available for bioenergy production.
In addition, SRCs production systems grown on marginal lands are identified as beneficial from a land
use perspective, mainly when used to reverse grassland degradation, as they can increase soil carbon
stocks and many key ecosystem services (including biodiversity) [15,16,41]. This reduces possible
concerns regarding additional pressure of bioenergy systems on productive agricultural land, and
minimizes competition with other land uses [75]. Results are then compared to the current European
demand of heat and electricity derived from the International Energy Agency (IEA) considering the
28 EU countries [76] and transportation liquid fuels from [77]. Environmental impacts are also related
to global anthropogenic emissions of fossil fuels in 2015 [78], and European environmental impacts
from the normalization scores of the CML-IA methodology [51].

2.6. Climate Impacts from Changes in Land Use

Land use changes are intrinsically uncertain to model, and difficult to reverse since, for
example, pasture abandonment does not lead to the spontaneous restoration of original old-growth
ecosystems [79]. Despite the fact that conversion of pasture to annual crops is the most frequent
conversion in Brazil [80], its conversion to forest or perennial bioenergy crops is likely to promote
many environmental benefits, including the increase in soil carbon stocks [81,82]. However, we take a
conservative assumption that production of eucalyptus SRC systems do not increase soil carbon stocks
when produced in areas previously occupied with pasture, with some degree of degradation in Brazil.
This assumption in supported by a meta-analysis of 101 sites planted with eucalyptus SRC in São
Paulo state, that showed little to no change (0.06 tC ha−1 year−1) after 20 years of harvest rotations,
while overall in 306 sites in Brazil showed a minor emission of 0.11 tC ha−1 year−1 [83].

3. Results

The breakdown of environmental impacts over the life cycle stages is presented in Figure 2.
In these results, unallocated environmental impacts are presented as having 1 tonne(db) of eucalyptus
SRC pellets processed in the four bioenergy systems as the reference flow. The shipping of pellets
from Brazil to Europe has remarkably high impacts in most of the environmental impact categories.
Eucalyptus SRC establishment has high impacts on eutrophication (EP) and acidification (AP), notably
due to use of nitrogen fertilizers. The pellet production stage presents a significant contribution
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to climate change (GWP100) and photochemical oxidant formation (POFP), mostly because of its
high power and thermal energy demand. Harvesting and chipping of eucalyptus SRCs shows
relatively moderate contribution to the selected environmental impacts. The BECCS bioenergy system
undoubtedly promotes a significant reduction in the climate impacts, while additional inputs needed
to capture, compress, transport, and store the carbon account for only 3% of its total climate impacts.
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The environmental impacts of different energy and transportation services provided by the four
bioenergy systems are presented in Table 2. In this table, environmental impacts are allocated to the
different outputs based on the exergy content of outputs, as described in the methods section. Fossil
fuels impacts are also presented in the table as reference systems. All the energy and transportation
services from eucalyptus SRC pellets presented lower climate impacts in comparison with fossil
counterparts. The second lower climate impacts for heat and electricity production is obtained with
the CHP system, logically after BECCS, which yields negative CO2 emissions.

Considering the other environmental impact categories, HP and FTD options presented higher
impacts than to fossil references. These aspects are better visualized in Table 3, where environmental
impacts per tonne(db) of eucalyptus SRC processed are shown before and after substitution of their
fossil reference systems. Most of the bioenergy systems presented slightly higher impacts on EP
and AP in comparison to fossil reference systems; however, these categories have a local scope and,
therefore, especially important for consideration in site-specific development projects. The CHP and
BECCS options reduce environmental impacts in POFP and AP categories when substituting its fossil
references. This is mostly due to the electricity from wood pellets substituting electricity from natural
gas. In all the bioenergy systems, EP impacts are higher for the bioenergy systems in comparison to
the fossil references, due to the use of fertilizers in eucalyptus SRC production systems.
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Table 2. Environmental impacts for the energy and transportation services provided by the four bioenergy systems and fossil references systems.

Bioenergy System
Energy and

Transportation
Service

Unit Climate Change (kg
CO2eq. unit−1)

Photochemical
Oxidant Formation

(kg C2H4eq. unit−1)

Acidification (kg
SO2eq. unit−1)

Eutrophication (kg
PO4

3-eq. unit−1)

Heat plant (HP) Heat GJ−1 19.9 0.013 0.252 0.159

Combined heat and power plant
(CHP)

Heat GJ−1 13.8 0.005 0.128 0.085
Electricity GJ−1 39.5 0.017 0.396 0.269

Combined heat and power with
carbon capture and storage

(BECCS)

Heat GJ−1 −19 0.006 0.147 0.098
Electricity GJ−1 −66.7 0.019 0.410 0.338

Carbon capture tC−1 −2.11 0.001 0.015 0.010

Fischer–Tropsch diesel (FTD) Fuel production GJ−1 32.3 0.014 0.376 0.233

Fossil reference
Heat GJ−1 73.4 0.007 0.097 0.023

Electricity GJ−1 153 0.029 0.597 0.025
Fossil diesel GJ−1 84.8 0.010 0.271 0.054

Table 3. Environmental impacts per tonne(db) of biomass processed in the bioenergy systems before (B) and after substitution (A) of their fossil reference systems.

Impact Category Unit
Heat Plant (HP) Combined Heat and Power

Plant (CHP)
Combined Heat and Power with Carbon

Capture and Storage (BECCS) Fischer-Tropsch Diesel (FTD)

B A B A B A B A

Climate change kg CO2eq. tonne−1 292 −784 327 −1165 −437 −1748 318 −620

Photochemical
oxidant formation kg C2H4eq. tonne−1 0.20 0.09 0.13 −0.09 0.13 −0.06 0.14 0.04

Acidification kg SO2eq. tonne−1 3.70 2.27 3.18 −0.85 3.18 −0.23 3.70 2.05

Eutrophication kg PO4
3−eq. tonne−1 2.34 2.00 2.14 1.79 2.14 1.83 2.29 1.97
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4. Discussion
Climate impacts in Table 2 are generally in accordance with reported ranges for heat, electricity,

and transportation services from wood [84] and short-rotation woody crops [6]. Also, climate impacts
of heat production in HP and CHP bioenergy systems are similar to heat production from SRC systems
using willow in Canada [17], poplar in Spain [19], and eucalyptus in France [18]. Electricity impacts
are also similar to electricity from forest residues produced in the United States and transported to
United Kingdom [30]. However, it should be noted that the climate impacts of CHP systems, based
on wood feedstock, present high variability in the literature [84]. Similarly, emission savings ranging
from 61 to 115% for FT diesel, compared to fossil diesel, are reported for biomass-to-liquid fuels [85],
in accordance with our results, indicating a 66% reduction in climate impacts in comparison to using
fossil diesel.

These results from the other environmental impact categories confirm previous analyses,
indicating higher EP impacts for bioenergy systems from wood pellets in comparison to fossil
fuels [17–19]. The bioenergy system considering Fischer-Tropsch diesel production is the option
with the lowest climate change mitigation potential after substitution, meaning the lower climate
benefit per tonne(db) of processed biomass. It occurs mainly because heat and electricity are considered
to substitute relatively “dirty” natural gas power plants in the present study [49]. Some studies call the
attention that there are more alternatives for decarbonize electricity and heat (e.g., solar, wind, hydro,
etc.) than liquid fuels for transportation demand [86]. Therefore, the potential deployment of liquid
transportation fuels from Fischer-Tropsch option remains, especially in regions of increasing demand
for liquid fuels and lower capacity of investments for major changes in transportation infrastructure
(e.g., massive introduction of electric mobility systems), such as Southeast Asia and Latin America.

4.1. Sensitivity Analysis
A sensitivity analysis was performed to address how changes in key technical aspects, modelling

assumptions, and methodological issues, would affect the environmental impacts of the different
bioenergy systems. See Table S7 for details on the life cycle modelling changes implemented in the
sensitivity analysis. The sensitivity results in Table 4 are shown as a percent change in the unallocated
environmental impacts and total energy output per tonne(db) of processed biomass, in relation to the
indicated reference system (selected from one of the evaluated bioenergy systems in this study).

Our analysis indicated that alternative modelling choices in the bioenergy systems might
significantly alter the results. For example, considering higher moisture content in wood pellets
(from 5% to 10%) increased impacts to all categories, except climate change, due to lower energy
output (−6.2%). Using wood chips instead of pellets as energy carrier significantly promote higher
impacts, due to lower thermal efficiency of wood chips in comparison to wood pellets. In addition,
higher degradation of biomass is expected for wood chips, being translated into the lower energy
yields (−10.3%). Torrefaction of pellets is seen an interesting improvement to reduce climate impacts
in this value chain [28]. In this alternative, biomass goes through a torrefaction process before the
densification stage. The use of torrefied biomass, both as lose material or pellets, can promote lower
environmental impacts in comparison to wood pellets, mainly due to more efficient intercontinental
transportation system. Torrefaction is identified as a promising alternative from the environmental
impact perspective, but at the cost of significant reduction in the energy output. In addition, it is
important to highlight that lost torrefied biomass is an uncommon energy carrier, therefore, unlikely to
be traded in the international market without any densification step [87].

Different background energy mixes were investigated for pellet production and FTD processes,
since they present comparatively high energy demands. Using additional wood chips as energy source
for the pellet production process promoted a reduction on environmental impacts in relation to the
reference bioenergy system. However, this would introduce an additional demand on external biomass
(and, consequently, more resources, land, etc.). If these impacts are included in the product system
cannibalizing some of the wood chip feedstock for providing the energy demand for the pelletizing
process, the reduction in energy output is expressive (−8.2%). The emissions in Brazilian electricity
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mix were found to be particularly high in comparison to similar processes in other countries, mainly
due to emissions of CO2 and CH4 from flooded areas for hydropower production (the highest share
in the Brazilian electricity mix, of about 70%). These emissions are highly uncertain, and obviously
should be properly depreciated during the life span of the hydropower plant [88]. Excluding CO2

and CH4 emissions in the hydropower process led to a decrease in the climate impacts of about 11%,
and a minor decrease in POFP in comparison to the reference system. Considering, the FTD process
located in Brazil causes a decrease in all categories, except for climate change. This is mainly due to the
differences in the energy mixes between Brazil and the reference energy mix adopted for the reference
country used in Europe (i.e., Norway).

The sensitivity to higher fertilizer inputs in eucalyptus SRC systems assumes figures that are
about four times higher than the reference case, reflecting the faster growing rates reported in ref. [39].
Our results indicated that higher impacts due the higher fertilization rates are not compensated by
the higher energy outputs. The use of a smaller ship size, for transoceanic transportation of pellets
from Brazil to Europe, is translated to an increase in about 5% to 30% on the various environmental
impact categories, highlighting the importance of transportation systems in the results. In particular,
it draws attention to more efficient long-haul marine transportation systems. Higher impacts are also
observed when using a tractor for forwarding wood instead of a large lorry, once more, highlighting the
importance of efficient transportation systems in the bioenergy value chains. Transporting wet biomass
to the pellet factory will increase road transportation emissions. However, these impacts are relatively
small in comparison to the other supply chain alternatives’ sensitivities presented here. Finally, the
alternative of performing carbon capture and storage by using the post-combustion absorption [48]
increases environmental impacts and decreases energy output, mainly because this technology requires
additional energy inputs in comparison to the reference case for carbon capture and storage facility.

4.2. Large-Scale Bioenergy Deployment
The quantification of energy outputs and environmental impacts from an idealized large-scale

bioenergy deployment, with the introduction of 25 million hectares of SRC eucalyptus in Brazil being
used for bioenergy production in Europe, is presented in Tables 5 and 6. In this exercise, we assume that
SRC eucalyptus plantations are established on marginal areas previously occupied with pastureland.
This premise avoids concerns about the additional pressure of bioenergy systems on productive
agricultural land, while minimizing competition with other land uses. This ideal analysis is performed
to estimate a benchmark for the possible environmental profile of a large-scale bioenergy production
as envisioned by many future energy scenarios.

The considered large-scale bioenergy deployment would be able to deliver significant shares of
current energy and transportation demands in Europe (Table 5). Highest energy services are obtained
with the HP and CHP. With the idealized large-scale bioenergy deployment, the heat demand in Europe
can be outreached by approximately 2 to 3 times, while the demand of liquid fuel for transportation is
attained by 34%, and electricity by 18% to 22%, depending on the bioenergy system. BECCS is a very
promising bioenergy alternative regardless of presenting the smallest energy output. The magnitude
of the environmental impacts due to large-scale bioenergy deployment in Table 6 results from the
upscaling of figures shown in Table 2. The energy and transportation services produced in the different
bioenergy systems achieve a reduction between 0.9% and 2.4% of global CO2 emissions in 2015. When
compared to emissions from Europe only, large-scale bioenergy deployment is able to provide climate
change mitigation between 5.7% and 16%. For the other environmental impact categories and their
effects on European total impacts, results largely vary for the different bioenergy systems. POFP is
increased with HP (1.7%) and FTD (0.7%), but decreased with CHP (1.5%) and BECCS (1.0%). AP
shows the same trend, although with larger relative increases (6.4% for HP and 5.8% for FTD). EP
impacts uniformly increase between 4.6 and 5.1%. BECCS delivers the smallest fraction of energy
service (Table 5), but it achieves the highest emission savings, while presenting moderate co-benefits
in POFP and AP, and the smallest trade-offs in EP in comparison to the other bioenergy systems
considered here.
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Table 4. Sensitivity analysis on environmental impacts and energy outputs for selected life cycle modelling assumptions. GWP100 climate change with a 100 years’
time horizon; POFP: photochemical oxidant formation; AP: acidification; EP: eutrophication.

Change in the Product System Reference Bioenergy System GWP100 (%) POFP (%) AP (%) EP (%) Energy (%)

Energy carrier

Higher moisture pellets HP −1.3 1.6 2.3 0.6 −6.2
Wood chips HP 3.6 156.2 46.9 35.5 −10.3

Torrefied pellets HP −23.1 −19.6 −5.1 −19.0 −5.1
Torrefied biomass (lose) HP −1.3 1.6 2.3 0.6 −6.2

Background
energy

Additional chips as pellets
production heat HP −1.5 1.6 - 0.5 0.0

Own chips as pellets production heat HP −0.1 −0.3 −0.8 - −8.2
No direct emissions in Brazilian

electricity mix HP −10.9 −1.3 - - -

FTD production in Brazil FTD 14.5 −3.4 −24.1 −2.6 0.0

Supply chain
choices

High fertilizer input HP 37.3 13.8 59.0 203.1 1.4
Smaller ship size HP 20.7 14.2 30.0 5.2 -

Forwarding with tractor HP 15.0 9.4 8.9 3.6 -
No on-site drying HP 1.5 0.4 0.4 0.1 -

End use Absorption carbon capture and
storage BECCS 28.6 7.8 1.0 0.5 −11.9

Table 5. Large-scale energy outputs of bioenergy systems providing energy and transportation services in Europe a from eucalyptus SRC produced in Brazil. Energy
outputs are also shown as relative to the European demand.

Bioenergy System Bioenergy Output (EJ year−1)
Bioenergy Output Relative European Demand of Energy and

Transportation Services (%)

Heat Electricity Fuel Heat Electricity Fuel

Heat plant (HP) 6.98 - - 300 - -
Combined heat and power plant (CHP) 4.52 2.48 - 194 22 -
Combined heat and power with carbon
capture and storage (BECCS) 4.29 2.02 - 184 18 -

Fischer–Tropsch diesel (FTD) - - 4.95 - - 34
a European demand in 2014 is considered as of 2.3 EJ year−1 for heat [76], 11.5 EJ year−1 for electricity [76], and 14.8 EJ year−1 for liquid transportation fuels [77] (see Section 2.5).
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Table 6. Large-scale environmental impacts of bioenergy systems providing energy and transportation services in Europe from eucalyptus SRC produced in Brazil.
Bioenergy impacts are also shown as relative to the Global and European total impacts for each investigated environmental category.

Bioenergy System

Environmental Impacts of Bioenergy Systems after Substituting Fossil Reference
Products Bioenergy Impacts Relative to Global a and European b Impacts

Climate Change
(kg CO2eq.

year−1)

Photochemical
Oxidant Formation

(kg C2H4eq.
year−1)

Acidification (kg
SO2eq. year−1)

Eutrophication (kg
PO4

3−eq. year−1)

Global
Climate

Impacts (%)

European
Climate

Impacts (%)

European
Photochemical

Oxidant Formation
Impacts (%)

European
Acidification
Impacts (%)

European
Eutrophication
Impacts (%)

Heat plant (HP) −3.7 × 1011 4.4 × 107 1.1 × 109 9.5 × 108 −1.1 −7.2 1.7 6.4 5.1

Combined heat and
power plant (CHP) −5.5 × 1011 −4.1 × 107 −4.1 × 108 8.5 × 108 −1.6 −10.6 −1.5 −2.4 4.6

Combined heat and
power with carbon
capture and storage

(BECCS)

−8.3 × 1011 −2.7 × 107 −1.1 × 108 8.7 × 108 −2.4 −16.0 −1.0 −0.6 4.7

Fischer–Tropsch
diesel (FTD) −2.9 × 1011 1.8 × 107 9.7 × 108 9.3 × 108 −0.9 −5.7 0.7 5.8 5.1

a [78]; b [51].
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5. Conclusions and Future Work

All the energy and transportation services from eucalyptus SRC pellets presented lower climate
impacts in comparison with fossil counterparts. However, most of them presented slightly higher
impacts on EP and AP. Results indicate that the combined heat and power plant with carbon capture
and storage is the best option to convert imported biomass from SRCs of eucalyptus in Brazil,
in terms of maximizing climate change mitigation. However, this can raise the environmental
impacts in acidification, photochemical oxidant formation, and eutrophication, in relation to the
reference fossil system. The most impacting activities in the life cycle of a bioenergy chain are
primarily attributable to the biomass transport stages (including transoceanic shipping), followed by
eucalyptus SRC stand establishment and, finally, the pellet production process. Our sensitivity analysis
indicated that bioenergy systems with best environmental performance include on-site biomass storage,
transportation of wood chips with trucks, use of pellets as an energy carrier, and large ship sizes for
transoceanic transportation. This study supports that the international market of densified biomass
from eucalyptus SRC systems is an interesting alternative to decarbonize the transport and energy
sectors in Europe. Bioenergy options addressed here are appreciated as a sizeable climate change
mitigation measure, without major burden shifting in other relevant environmental impact categories,
although there can be some adverse side-effects that should be managed and mitigated. Future
refining of the life cycle inventory modelling of energy and transportation services from eucalyptus
SRC, during its initial deployment, will be instrumental to identify, manage, and prevent potential
conflicting implications of biofuel systems in several environmental areas of concern. Our analysis
considered only climate impacts from the life cycle of well-mixed greenhouse gases emissions, such
as CO2, CH4 N2O, and some fluorinated species. Further refinement in this analysis can entail the
contribution of short-lived climate forcers (such as NOx, SOx, organic carbon, and black carbon) [89–91],
biophysical aspects such as changes in albedo and evapotranspiration following establishment of
eucalyptus plantation [92,93], potential changes in biogenic carbon dynamics [94,95], as well as
applying complementary climate metrics tacking into consideration heterogeneities in the climate
system response [89,90,96]. In addition, the inclusion of other relevant environmental impact categories
that are normally included in the bioenergy debate, such as water depletion and biodiversity, would
provide a better understanding of the co-benefits and tradeoffs between the multiple environmental
sustainability implications of bioenergy systems. The inclusion of these aspects in a consistent life
cycle assessment framework will allow a better representation of the various environmental challenges
our society is facing, as recognized by the Sustainable Development Goals (SDG) agenda.
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