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ARTICLE INFO ABSTRACT

Biomass is often seen as a key component of future energy systems as it can be used for heat and electricity
production, as a transport fuel, and a feedstock for chemicals. Furthermore, it can be used in combination with
carbon capture and storage to provide so-called “negative emissions”. At the same time, however, its production
will require land, possibly impacting food security, land-based carbon stocks, and other environmental services.

Keywords:
Bioenergy
Scenario analysis
Climate policy

];r:: us: stem Thus, the strategies adopted in the supply, conversion, and use of biomass have a significant impact on its
Bioc}ggm?cals effectiveness as a climate change mitigation measure. We use the IMAGE 3.0 integrated assessment model to

project three different global, long term scenarios spanning different socioeconomic futures with varying rates of
population growth, economic growth, and technological change, and investigate the role of biomass in meeting
strict climate targets. Using these scenarios we highlight different possibilities for biomass supply and demand,
and provide insights on the requirements and challenges for the effective use of this resource as a climate change
mitigation measure. The results show that in scenarios meeting the 1.5 °C target, biomass could exceed 20% of
final energy consumption, or 115-180 EJp,iy,/yr in 2050. Such a supply of bioenergy can only be achieved
without extreme levels land use change if agricultural yields improve significantly and effective land zoning is
implemented. Furthermore, the results highlight that strict mitigation targets are contingent on the availability

of advanced technologies such as lignocellulosic fuels and carbon capture and storage.

1. Introduction

Biomass is projected to be an important component of future energy
systems aiming to meet strict climate targets (Clarke et al., 2014; Rose
et al., 2014; Rogelj et al., 2018). From a policy perspective, the use of
bioenergy can be an attractive option to reduce greenhouse gas (GHG)
emissions and to improve energy security. Still, several problems exist
with large-scale bioenergy use, including competition with other forms
of land use and (in)direct greenhouse gas emissions (Searchinger et al.,
2008; Daioglou et al., 2017). Also, it is unclear how the overall re-
duction of GHGs varies across different biomass supply possibilities and
end-uses. Thus, the role of biomass in mitigation efforts depends on the
entire supply chain, including factors such as land use dynamics, the
volume and type of replaced fossil fuels and potential feedbacks in the
energy system. This means that when setting up policies to mitigate
climate change through the use of biomass, bioenergy, and biochem-
icals, it is important to understand the interactions and tradeoffs within
and between the energy and land systems (Dornburg et al., 2010;

Hoogwijk et al., 2005; Slade et al., 2014; Smeets et al., 2007; Doelman
et al., 2018).

The global and long-term development of these systems, and their
interactions, are influenced by a large number of uncertainties. These
include population dynamics, economic development, demand for food,
fodder, fiber and energy services, changes in production intensity of
agriculture and forestry, decisions concerning land conservation, and
the availability and costs of advanced energy conversion technologies.
Scenario analyses can illustrate plausible and consistent possibilities for
how these uncertainties may unfold (Nakicenovic et al., 2000). The
resultant broad set of potential outcomes can then provide insights into
the possibilities, requirements, ranges, and sensitivities of bioenergy
supply and demand (Clarke et al., 2014; Kriegler et al., 2012; Riahi
et al., 2017). Previous scenario studies have highlighted the potential
role of biomass and bioenergy in climate mitigation strategies of the
energy system and have investigated the sensitivity of these strategies
on fossil fuel prices, and the availability of biomass and different ad-
vanced technologies (Rose et al., 2014; Bauer et al., 2018; Calvin et al.,
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2016), however they have not addressed the uncertainties on the supply
side.

Popp et al. (2017) and Bauer et al. (2017) have used the Shared
Socioeconomic Pathways (SSP) scenario framework to explore potential
futures for the land and energy systems, respectively. However, as these
studies present results from multiple models and for the entire energy
and land systems, they do not provide clear insights concerning the
dynamics of biomass supply and demand and the sensitivities of its
efficacy as a climate change mitigation measure. In this paper we aim to
explore the sensitivities, synergies, and tradeoffs of biomass as a climate
change mitigation option in a consistent and integrated manner by
assessing different biomass supply and demand futures, and the asso-
ciated GHG emissions. We use the global long term (2100) projections
of the SSP scenarios according to the IMAGE 3.0 model (Doelman et al.,
2018; Stehfest et al., 2014; van Vuuren et al., 2017) to build upon and
go beyond previous literature by focusing on biomass pathways within
the broader energy and land system contexts. IMAGE 3.0 is an In-
tegrated Assessment Model (IAM) which projects the global and long
term interactions of the land-use, agricultural, energy, and climate
systems. The analysis aims to bring forward the dynamics which may
lead to different biomass supply and demand pathways, highlighting
the key issues which affect the climate change mitigation efficacy of
biomass and bioenergy.

In Section 2, the main model and scenario assumptions are outlined.
Section 3 presents the land use and energy system projections of the
baseline and mitigation scenarios. Following it presents details of the
scenario projections concerning biomass supply and demand, high-
lighting synergies and tradeoffs pertinent for climate change mitigation
strategies. Section 4 discusses key issues concerning the use of biomass,
and, finally, Section 5 draws conclusions, policy recommendations, and
proposes future research avenues.

2. Method

This study is based on projections of the IMAGE 3.0 model, which
integrates the interactions between the land-use, agricultural, energy,
and climate systems. The following sections outline some important
aspects of the method adopted in this paper. Further details and re-
ferences on the scenario description, and how the IMAGE 3.0 model
determines the supply and demand of biomass, and its effect on energy
and land-use emissions, are available in the Appendix.

2.1. Scope and definitions

All results are presented for a global and long-term basis.
Throughout this paper, biomass is defined as the primary resource for
bio-based energy and non-energy (biochemical) applications. Unless
otherwise stated, the term is used interchangeably for lignocellulosic,
sugar and starch crops, as well as agricultural and forestry residues.
Bioenergy consists of secondary energy carriers and final energy uses
supplied from biomass such as solids (for heat production in buildings
and industry), liquids (biofuels used in transport), electricity, and hy-
drogen. In this definition we exclude low quality traditional uses such
as heating or cooking in poor households.

GHG emissions are presented for energy supply, energy demand,
agriculture, and land use change (LUC). Energy supply includes emis-
sions from energy supply chains (including fertilizer use for biomass
production) and conversion to secondary energy carriers. Energy de-
mand emissions are due to combustion at final use. LUC emissions are
changes in carbon-stocks due to changes in land cover (deforestation,
abandonment, etc.). CH4 and N,O emissions from land (including rice
cultivation, animal waste management etc.) and energy use are pre-
sented separately, converted to CO,-equivalents (CO5-eq).
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2.2. Biomass and its energy and non-energy applications in IMAGE 3.0

In IMAGE 3.0 primary biomass can be produced on abandoned
agricultural lands or other natural lands (grasslands, shrubland, sa-
vannah, tundra), or supplied by residues (Hoogwijk et al., 2009, 2003;
Daioglou et al., 2016). This method explicitly assumes a “food-first”
principle, where biomass supply cannot directly displace agricultural
production for food. Additionally, biomass production is excluded from
areas of high environmental value such as forests (for more details see
the Appendix). Potential energy crops are sugarcane, maize, and lig-
nocellulosic crops which consist of perennial grasses (miscanthus) and
woody crops (willow and eucalyptus). Biomass supply from residues is
based on production volumes and intensity in agriculture and forestry.
The supply is limited by environmental factors and competing demand
options such as livestock feed and traditional fuel use in poor house-
holds. Supply costs for both energy crops and residues are based on
capital, labour, transport costs, and the intensity of production.

The energy system is represented in IMAGE 3.0 by the TIMER dy-
namic simulation model (van Vuuren et al., 2007). This model assumes
primary biomass can be converted to a number of secondary and final
energy carriers: solid fuel, liquid fuel, electricity and hydrogen. Both
first and second generation liquid fuels are included. Potential elec-
tricity production routes include steam turbine, combined cycle, com-
bined heat and power, and combinations with carbon capture and
storage (CCS). Hydrogen production is based on gasification and can be
combined with CCS. It is important to note that in IMAGE 3.0 there is
no representation of liquid biofuels with CCS. Besides energy carriers,
biomass can also be converted into a feedstock for chemical production,
competing with petrochemicals (Daioglou et al., 2014). The model
projects energy demand for different end-use sectors (industry, feed-
stocks, transport, residential, services and “other”). Biomass-based en-
ergy carriers and chemicals compete with other secondary and final
energy carriers (including fossil fuels and other renewables) in order to
supply this demand. The final market shares of different energy carriers
are based on their relative costs. The Appendix provides further details
on how IMAGE 3.0 projects the supply and demand of biomass, and the
associated effects on GHG emissions.

2.3. Scenario description

The model is used to project three different reference baselines.
These are scenarios with varying socio-economic futures and assume no
action on climate change. Following, we also project different mitigation
scenarios for each baseline, where a given climate target is achieved
through the application of climate policy. The scenario framework is
based on the Shared Socioeconomic Pathways (SSPs) which describe
plausible alternative trends in the evolution of society over a century
timescale (Riahi et al., 2017; O’Neill et al., 2017). These pathways
explore the different socioeconomic development possibilities, char-
acterized by their challenges to climate mitigation and adaptation (see
description below), which lead to varying land and energy use, and
resultant GHG emissions. Here we compare and contrast the results of
SSP1, SSP2, and SSP3. These scenarios span a range of possible techno-
economic and land use futures relevant for the supply and demand of
biomass. Below we describe the main qualitative elements of the
baselines and how they are applied in IMAGE 3.0. Relevant technolo-
gical and socioeconomic indicators for each baseline are shown in Ta-
bles A2, A3 and A4 in the Appendix. Further details about the im-
plementation of the SSPs scenarios in IMAGE 3.0, as well as
quantitative results for energy and land use can be found in van Vuuren
et al. (2017) and Doelman et al. (2018).

The SSP1 baseline describes a world with low challenges to adap-
tation and mitigation. Population reaches a maximum by mid-century,
decreasing thereafter, while global GDP per capita increases sig-
nificantly. There are efforts to conserve biodiversity, and behavioral



V. Daioglou et al.

changes lead to diets with a reduced demand for meat as well as fewer
energy services. Meanwhile, there are sustained improvements in crop
and livestock yields, and investments in research and development
allow for significant improvements in efficiency and costs of energy
technologies and a reduction in energy intensity. SSP2 assumes a
middle of the road development, based on the extrapolation of current
trends. Population continues to increase, stabilizing towards the end of
the century. Some efforts are made to conserve natural lands and there
are moderate improvements in agricultural production and energy
technologies and intensity. SSP3 projects a world with high challenges
to both adaptation and mitigation. It assumes a regionalized world with
very high population growth and only small increases in GDP per ca-
pita. Behavioral choices follow an inefficient use of mostly fossil based
energy carriers while diets increasingly shift towards meat consump-
tion. This baseline assumes that there is fragmentation between regions,
few restrictions on land use and expansion, and only minor improve-
ments in technologies and energy efficiency take place.

Mitigation scenarios are projected by simulating the application of
climate policies through the adoption of global carbon taxes in order to
meet the radiative forcing targets consistent with 1.5 °C and 2 °C global
mean temperature change. These carbon taxes are endogenously de-
termined and their application promotes the adoption of low-green-
house gas technologies and improvements in efficiency. Furthermore,
as shown in Table 1, stricter constraints on land availability are exo-
genously placed, restricting agriculture and bioenergy expansion on
lands with high carbon stocks (Doelman et al., 2018). Non-CO, GHGs
from energy, land and agricultural sources are also curtailed through
the application of the carbon tax through the use of marginal abatement
cost curves (Lucas et al., 2007). Projections of climate indicators (ra-
diative forcing and mean global temperature change) and carbon taxes
across all scenarios are available in the Appendix (Figure A2).

Long term radiative forcing targets are used to define the mitigation
scenarios. The 2.6 W/m? and 1.9 W/m? targets have a 66% likelihood of
meeting a 2°C and 1.5 °C mean global temperature change targets re-
spectively by 2100 (Collins et al., 2013; van Vuuren et al., 2011). Since
the socio-economic and technological storyline of the SSP3 baseline
makes strict climate goals infeasible, the SSP3 baseline only has one
mitigation scenario, with a radiative forcing target of 3.4 W/m?, im-
plying a low (< 50%) likelihood to meet to 2 °C target. The inability of
this baseline to meet strict mitigation targets is also reflected in other
IAMs (Fujimori et al., 2017).

Global Environmental Change 54 (2019) 88-101

3. Results
3.1. Land use and energy system projections

Different SSP storylines (and their mitigation scenarios) lead to
different land use and the energy system futures. These in turn affect
the future availability of biomass, its energy and non-energy applica-
tions, and their emission mitigation possibilities. Below we outline
some of the land use and energy trends in order to put the results in
Section 3.2 into context. Further details and quantitative results for
energy and land use can be found in van Vuuren et al. (2017) and
Doelman et al. (2018).

3.1.1. Land use trends

Population and welfare growth in all three baselines lead to an in-
crease in the demand for crop and livestock production (see Table A4 in
the Appendix). These increases, combined with changes in production
intensity, lead to the different land use projections (Fig. 1). In 2010,
land use for food crops and pasture was approximately 4800 MHa
(FAO, 2013). The SSP1 scenarios has the lowest overall demand for
crop and livestock production and combined with a strong increase in
production intensity, this leads to a net abandonment of agricultural
lands and an increase in forest cover and other natural lands. Thus in
the SSP1 scenario, land use for food crops and pasture decreases by 300
MHa by 2050, and by almost 700 MHa in 2100. A portion of abandoned
and other natural lands are, in principle, available for biomass pro-
duction (see Section 2.2 and Table A1 in the Appendix). SSP3 forms the
other extreme. Here, increases in global population lead to a growing
demand for agriculture and pasture, while limited improvements in
yields drives land use to increase by over 800 MHa by 2050. By 2100,
total land use for food production in the SSP3 baseline stands at ap-
proximately 5800 MHa, putting further pressure on forests and other
natural lands.

As shown in Fig. 1, forests and other natural lands account for ap-
proximately 62% of land cover in 2010. For SSP1, the trends discussed
above lead to a small increase to 63% by the end of the century. Con-
versely, for SSP2 and SSP3 there is a continuing loss of natural lands
whose coverage decreases to 57% and 53% of land cover respectively in
2100.

Table 1
Outline of scenarios presented in this paper, and their most important characteristics concerning biomass supply and demand. Further details are available in the
appendix.
SSP1 SSP2 SSP3
Baseline High technological development and Moderate technological development and yield Low technological development and yield
agricultural yields; Preference for clean improvement improvement; Regionalized world
technologies and low meat diets; Globalized
world
Additional characteristics for the mitigation scenarios
Mitigation — - - No efforts towards reforestation or protection
3.4 W/m? of land based carbon stocks; Mitigation comes
primarily from the energy sector
Mitigation — High efforts towards reforestation; Protection =~ Moderate efforts towards reforestation; Protection of No efforts towards reforestation or protection
2.6 W/m? of high carbon stock areas moderate carbon stock areas of land based carbon stocks; Mitigation comes
primarily from the energy sector
Mitigation — High efforts towards reforestation; Protection = High efforts towards reforestation; Protection of high Not feasible
1.9W/m? of high carbon stock areas carbon stock areas; Increased biomass accessibility factors

for non-forest lands; Some biomass production in boreal
forests while ensuring long term maintenance of carbon

stocks’

! This scenario requires high volumes of biomass in order to meet the climate target. In order to increase biomass availability, direct deforestation in some boreal
forests is allowed with the assumption that nearly all the original above ground biomass is put into long-term carbon pools (i.e. it is not emitted). This is equivalent to

assuming that it is used for bioenergy purposes.
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Fig. 1. Land balance projections across all scenarios. "Other Natural Lands" includes natural grasslands, (non-forest) protected areas and built up lands (< 1%). Total

land area accounted for is 13GHa.

3.1.2. Energy demand and use

The projected development of the energy system also varies across
the baselines. Both primary and final energy demand are lowest in SSP1
and largest in SSP2 baselines. The lower welfare levels of the SSP3
baseline and the resultant lower per capita energy demands mean that
despite its larger population, this scenario has a lower overall energy
demand than SSP2. SSP1 sees a significant de-carbonization of primary
energy with coal and oil largely phased out by the end of the century
and with increasing importance of natural gas, modern biomass and
other renewables. Note that this takes place even in the baseline,
without the need for climate policy. Furthermore, high welfare levels
mean that traditional biomass is completely phased out by the end of
the century. The high energy demand of SSP2 and SSP3 require in-
creased use of fossil fuels, especially coal which becomes increasingly
competitive as oil and gas prices increase due to depletion (see Table A5
in the Appendix). Preferences and technological improvements also
affect the supply of primary energy, especially the contribution of re-
newable energy.

As shown in Fig. 2, primary energy demand increases from 500 EJ/
yr in 2010 to 747, 830 and 836 EJ/yr in 2050 for the SSP1, 2 and 3
baselines respectively. In SSP1 this decreases to 700 EJ/yr by 2100,
while in SSP2 and SSP3 it continue to increase after mid-century,
eventually surpassing 1000 EJ/yr. The lower projection of SSP1 is a
result of lower population growth as well as rapid improvements in
energy intensity. Currently, fossil fuels account for 80% of primary
energy use (I[EA, 2017a). By 2100, these shares are projected to change
to 55%, 79% and 84% for SSP1, 2 and 3 respectively with the latter two
seeing significant increases in coal use. For all baselines, growth in
electricity demand drives the changes in the final energy. This is caused
by increased access to electricity and an electrification of energy
functions (appliances in households, transport, etc.) as oil and gas
prices increase due to depletion. However, a significant volume of li-
quid fuels (from fossil and biomass sources) continues to exist due to
demand from the transport sector.
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In order to meet the climate targets, the energy system is projected
to undergo significant changes in the mitigation scenarios. For SSP1-
2.6, SSP2-2.6 and SSP3-3.4, total primary energy demand in 2050 is
projected to decrease by 25%, 36% and 32% compared to the respective
baselines. This is due to improvements in energy efficiency and changes
in behavior. By 2100, the decrease in primary energy with respect to
the baseline is 19%, 44% and 40%, highlighting that an SSP1 world
requires a lower effort than SSP2 and SSP3 to meet the climate targets.
Interestingly, in SSP2 and SSP3, there is a slight resurgence in coal
consumption by the end of the century. This is due to the high energy
demand of these scenarios and the eventual availability of CCS tech-
nologies - prompted by high carbon taxes. For scenarios reaching a
1.5 °C target (1.9 W/m?), the required changes are greater with primary
energy demand falling by 42% and 40% in 2050 with respect to the
SSP1 and SSP2 baselines respectively. In all mitigation scenarios the use
of fossil fuels decreases as the carbon taxes lead to an increased share of
biomass and other renewable energy sources (see Table 2).

3.1.3. Greenhouse gas emissions and climate change mitigation efforts

The GHG emissions of the baselines lead to an increase in the ra-
diative forcing (including contributions from all greenhouse gasses and
forcing agents, albedo, nitrate and mineral dust) from approximately
2W/m? currently to 3.8-4.3 W/m? in 2050 and 5-6.7 W/m? in 2100.
This leads to an increase of global mean temperatures of approximately
3-4°C by the end of the century compared to pre-industrial levels. The
upper limit refers to the SSP2 and SSP3 scenarios where GHG emissions
from energy use, agriculture and LUC continue to increase. In the mi-
tigation scenarios a carbon tax is introduced (applied to energy sources
and non—CO, gases) in order to meet the radiative forcing targets
consistent with 1.5 °C and 2 °C targets. See Figure A2 in the Appendix
for projections of radiative forcing, global mean temperature change,
and carbon taxes for each scenario.

The projections of baseline and mitigation emissions and their
sources are shown in Fig. 3 (numerical results are presented in Table A6
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Fig. 2. Projections of primary energy in the baseline and mitigation scenarios. Disaggregated per energy source. Note SSP3 has a more lenient forcing target as the
2.6 W/m? target is infeasible (as described in Section 2.3).
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Fig. 3. Projections of greenhouse gas emissions in the baseline and mitigation scenarios. Disaggregated per emission source. Note SSP3 has a more lenient forcing
target as the 2.6 W/m? target is infeasible (as described in Section 2.3).
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in the Appendix). Due to its lower overall population and energy in-
tensity, the baseline emissions of SSP1 are projected to decline after
2050. In all mitigation scenarios, energy-related greenhouse gas emis-
sions are reduced significantly compared to baseline. These arise from
reduced demand due to efficiency increases, fuel switching towards
cleaner sources and an increased use of CCS and bioenergy combined
with CCS (BECCS), the latter of which may lead to net-negative emis-
sions.

Concerning the land-system, as explained in Section 2.3, the miti-
gation scenarios have additional measures (with respect to the baseline)
which constrain the loss of natural lands based on protecting carbon
stocks and reforestation of degraded forest lands. This leads to a slight
increase in forest land in the SSP1 and SSP2 mitigation scenarios.
Consequently, although LUC CO, emissions are projected to decrease
from today’s level in all the baselines, this decrease is more pronounced
in the mitigation scenarios of SSP1 and SSP2. In the SSP1 and SSP2
mitigation scenarios, anthropogenic LUC emissions become negative
towards the end of the century. For the SSP3 mitigation scenario, the
lenient carbon stock constraints and limited reforestation combined
with biomass demand lead to continued CO, emissions throughout the
projection period. These dynamics and their relationship with biomass
production are discussed further in Section 3.2.4.

3.2. Biomass supply and demand

The land use and energy system projections outlined above lead to
vastly different contexts for biomass supply and demand. These affect
the availability and quality of land to grow biomass, and the competi-
tiveness of different bioenergy options in the energy system.
Consequently, the GHG emissions from biomass production and the
avoided emissions from bioenergy use vary across these scenarios. In
the following sections we present the different biomass supply and
demand pathways according to the different baseline and mitigation
scenarios, and highlight how the effectiveness of biomass as a climate
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mitigation measure depends on the scenario storylines.

3.2.1. Demand of bioenergy and biochemicals

Fig. 4 shows the projections of bioenergy and biochemical use for all
the scenarios, indicating an increase in their demand throughout the
projection period. The favourable technological assumptions and bio-
mass supply curves of SSP1 (see Section 3.2.2) give this storyline the
highest biomass final energy penetration, despite the fact that SSP1 has
the overall lowest demand for primary and final energy (see Section
3.1.2). By 2050, bio-based energy and chemicals account for over 8% of
the total primary energy supply (TPES) for all the baselines, with SSP1
increasing further to 19% by 2100. In the mitigation scenarios, the
carbon tax increases the competitiveness of biomass (and other re-
newables) and thus drives up their demand as shown in Fig. 2 and
Table 2. For the 1.9 W/m? scenarios the share of bioenergy in TPES
reaches 50% for SSP1-1.9 and 32% for SSP2-1.9 by 2100, highlighting
the increased importance of biomass for strict mitigation targets. Note
that when comparing SSP2-1.9 and SSP2-2.6, while the use of primary
biomass increases, this is not the case for final energy based on biomass
(Fig. 4). This is because in the SSP2-1.9 case the primary biomass is
mostly used for the production of electricity (with CCS), which has a
lower conversion efficiency than liquid fuels and hydrogen produced in
the SSP2-2.6 case.

The preferred use of biomass in the baseline scenarios is in the form
of liquid and solid fuels. This is due to the transport sector demanding
liquid fuels amid increasing oil prices, as well as heat in the residential
and industry sectors. Another important use is the production of che-
micals. The relative importance of solid fuels increases in SSP2 and
SSP3 baselines due to the pessimistic assumptions on the improvement
of 2"d generation biofuel technologies (details on biofuel conversion
technologies across baselines can be found in Table A2 in the
Appendix). In SSP1, the higher technological improvements also allow
for small amounts of hydrogen to be produced (3 EJ/yr) by the end of
the century.
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Fig. 4. Final energy carriers and chemicals produced from biomass in the baseline and mitigation scenarios. Numerical results are available in Table A7 in the
Appendix. Note SSP3 has a more lenient forcing target as the 2.6 W/m? target is infeasible (as described in Section 2.3).
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2100

Fig. 5. Locations (abandoned agricultural or other natural lands) available for production of biomass (short rotation crops) in 2050 (left) and 2100 (right) for all

baselines. Note: Locations vary slightly in mitigation scenarios.

The increased use of bioenergy in mitigation scenarios is largely
driven by the adoption of advanced bioenergy technologies (i.e. ad-
vanced biofuels, hydrogen production, and its combination with CCS in
order to achieve so-called negative emissions). These advanced tech-
nologies are used primarily in the transport sector. By the end of the
century, it is projected that these technologies account for 67%, 61%
and 40% of bioenergy use in SSP1-2.6, SSP2-2.6 and SSP3-3.4 respec-
tively. For SSP1-1.9 and SSP2-1.9 advanced technologies make up 67%
and 76% of bioenergy use. In the projections, passenger transport is
decarbonized through electrification, or (bio-)hydrogen. However, the
production of liquid fuels persists for aviation and freight where bio-
fuels are the only cost-effective substitute for oil. Biomass used with
BECCS technologies is crucial in IMAGE 3.0 for meeting strict climate
targets, something reflected across a number of IAMs (Kriegler et al.,
2014; Luderer et al., 2014). This technology is projected to become
competitive in the latter half of the century, promoted by technological
improvements and carbon taxes exceeding 100$/tCO,. It is important
to note that in IMAGE 3.0 there is no representation of liquid biofuels in
combination with CCS. Other IAM projections have shown that when
available, this technology plays a very important role at decarbonizing
the energy system and contributing to negative emissions (Bauer et al.,
2018).

3.2.2. Drivers and constraints of biomass supply

3.2.2.1. Residues. The availability of residues depends on the
production and intensity of agricultural and forestry operations,
ecological constraints, and competing uses such as feed for livestock
or traditional fuel use in poor households (for details see the Appendix
and Daioglou et al. (2016). In the SSP1 baseline, overall agricultural
and forestry production is relatively low, but the intensive nature of
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agriculture and the limited demand of residues for competing uses
implies that a large portion of the potential residues are available. In
contrast, in the SSP3 baseline high population growth (and consequent
agricultural production) drives up the potential for residues. However
extensive land use for agricultural production (and thus the need for a
large volume of residues to maintain ecological services), and increased
dependence of livestock feed and traditional fuel use on residues limits
the final availability. These counteracting effects lead to similar residue
potential across the three baselines (66-74 EJ/yr in 2050 and 83-84 EJ/
yr in 2100, see Table 2), with SSP1 having slightly lower costs due to
geographical concentration of the supply (Fig. 6).

3.2.2.2. Energy crops. Fig. 5 shows IMAGE 3.0 maps of land availability
for future energy crop production, highlighting lands classified as
abandoned agricultural or other natural lands (see Section 2.2 and
the Appendix for an overview of the method). As explained in Section
3.1.1, in SSP1 the eventual (post 2050) stabilization of agricultural
production, together with further increases in agricultural efficiency,
allows for significant volumes of abandoned agricultural lands, while
the stricter environmental constraints limit the volume of other natural
lands. The SSP3 baseline shows the exact opposite behavior, with SSP2
occupying a middle ground.

The type of land available is very important for the overall biomass
potential, and the land-use change emissions. Abandoned agricultural
lands tend to have the highest yields since these are the most attractive
locations, while moving into unused lands (which tend to be of lower
quality according to the allocation rules of IMAGE 3.0) results in re-
duced marginal yields. In IMAGE 3.0, primary biomass can be supplied
by maize, sugarcane or lignocellulosic crops (including miscanthus,
willow, and eucalyptus). As lignocellulosic crops have higher yields,
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A: Primary Biomass Supply Curves for Different Biomass Resources and Baselines
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Fig. 6. Global biomass supply curves (< 15$/GJp;im) in 2050 and 2100 for the three baselines. (A) disaggregated between abandoned lands (grey), other natural
lands (red) and residues (green), and (B) Total for all baselines. Note: supply curves vary slightly in mitigation scenarios (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article).

they have a lower land demand and thus benefit from lower costs. This
makes them the preferred biomass feedstock in all projections.

Globally, aggregate yields of lignocellulosic crops are projected to
increase from approximately 220 GJ/Ha today to 272 GJ/Ha, for SSP1,
240 GJ/Ha for SSP2 and 247 GJ/Ha SSP3 by 2050. By 2100, yields
further increase of 498 GJ/Ha, 330 GJ/Ha and 290 GJ/Ha for the three
baselines, respectively. Potential yields across different regions and
scenarios are shown in Figure A3 in the Appendix. The differences
across the scenarios arise due to the varying land quality available in
each case as well as improvements in management consistent with the
scenario storyline. Specifically, for abandoned agricultural lands in
SSP1 yields approach 300 GJ/Ha by 2050 and 500 GJ/yr by 2100. For
other natural lands, aggregate yields are 280 GJ/yr and 400 GJ/yr in
2050 and 2100, respectively. These yield improvements indicate in-
creased efforts towards closing the yield gap globally, especially in SSP1
where global aggregate yields reflect current best practices.

Fig. 6 shows global cost-supply curves in 2050 and 2100 for primary
biomass from each of the considered sources and the total across all
baselines as projected by IMAGE 3.0. Overall, SSP1 has the highest
long-term biomass potential despite the stricter constraints on land use.
This high potential is driven by the availability of abandoned agri-
cultural lands with high yields, as explained above. While the SSP3
baseline has more lenient constraints on land use, increases in agri-
cultural land for food production limits biomass production to lower
quality lands reducing the overall potential. Primary biomass potential
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is projected to be 130-140 EJp,/yr in 2050 and 150-400 EJp,ip,/yr in
2100 for the baselines. As stated above, the supply from residues is
relatively constant across the scenarios with availability and quality of
land for energy crops forming the major uncertainty. The supply curves
shown in Fig. 6 are based on the baseline projections. Due to the
carbon-stock constraints and changes in agricultural production in the
mitigation scenarios, the supply curves for those scenarios have minor
changes but similar overall patterns.

3.2.3. Projections of biomass production

According to IMAGE 3.0, lignocellulosic crops (such as miscanthus,
and to a lesser extent woody biomass such as willow and eucalyptus)
are the dominant energy crops. These are preferred over 1° generation
sources due to their higher yields and ability to be grown in many di-
verse locations, which lower their supply costs.

Table 2 summarizes key indicators for biomass supply and demand
across all scenarios. As shown, primary biomass production is projected
to increase to 64-74 EJp,in,/yr in 2050 and 78-134 EJp,i,/yr in 2100 for
the baselines. In the mitigation scenarios, these numbers increase to 71-
174 EJppim/yr in 2050 and 151-246 EJp,/yr in 2100. The supply from
residues is relatively constant across the scenarios with energy crop
production being the major uncertainty, due to differences in the
availability and quality of land. As shown in Fig. 7, for all cases, re-
sidues make up most of the short term supply of primary biomass in the
IMAGE 3.0 projections as they are the cheapest resource at volumes less
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Projections of key indicators for biomass, bioenergy and biochemicals across all scenarios. “Potential” denotes volumes which are in principle available, while
“Production” concerns the actual supply and demand. Note that the primary energy production of SSP2-1.9 is greater than that suggested by the supply curves
presented in Fig. 6. As the SSP2 world requires very large scale bioenergy deployment in order to meet this climate target, this scenario allows biomass to be
produced on lands otherwise deemed unavailable. For details see Table 1 and Doelman et al. (2018).

Baseline Mitigation (1.5 °C) Mitigation (2-3 °C)
SSP1 SSP2 SSP3 SSP1-1.9 SSP2-1.9 SSP1-2.6 SSP2-2.6 SSP3-3.4
Primary Potential(EJprim/yT)

2050 Residues 74 74 66 72 71 72 71 66
Energy Crops 66 59 66 56 122 58 46 66
Total 140 132 132 128 193 130 117 132

Primary Production (EJpyim/yr)
Residues 41 30 22 68 69 50 67 60
Energy Crops 23 43 45 47 105 21 54 56
Total 64 74 68 114 174 71 120 116
% of Total Primary Energy Supply
Biomass 9% 9% 8% 26% 35% 13% 23% 20%
Fossil 79% 81% 82% 47% 41% 67% 55% 59%
Other Ren. 12% 10% 10% 27% 25% 21% 22% 21%
Potential Land for Biomass (MHa)
424 412 472 Similar to baseline Similar to baseline
Land Use for Biomass Production (MHa)
84 181 184 172 438 78 223 226
Secondary Bi gy, incl. feed: ks (EJsec/yT)
w CCS 0 0 0 13 43 5 15 12
w/o CCS 72 65 53 74 26 64 49 42
% Total Final Consumption
13% 11% 9% 27% 20% 16% 15% 13%
Primary Potential(EJp;im/yT)

2100 Residues 83 84 83 81 82 81 82 83
Energy Crops 314 90 66 276 223 276 91 68
Total 397 174 149 357 305 357 173 151

Primary Production (EJprim/yr)
Residues 52 59 38 80 77 69 81 83
Energy Crops 82 46 41 166 136 135 88 68
Total 134 105 78 246 213 203 169 151
% of Total Primary Energy Supply
Biomass 19% 9% 7% 50% 32% 36% 26% 23%
Fossil 55% 79% 84% 19% 35% 33% 37% 47%
Other Ren. 25% 12% 9% 30% 33% 32% 36% 30%
Potential Land for Biomass (MHa)
987 480 435 Similar to baseline Similar to baseline
Land Use for Biomass Production (MHa)
165 139 141 334 414 270 268 234
Secondary Bi gy, incl. feedstocks (EJse./yr)
w CCS 0 0 0 80 43 65 34 28
w/o CCS 125 107 79 84 40 82 74 74
% Total Final Consumption
20% 13% 10% 46% 18% 34% 23% 20%

than 25-30 EJ/yr (see supply curves in Fig. 6). This finding is consistent
with several other IAM models (Popp et al., 2014; Rose et al., 2014).
While residues dominate biomass supply in the short term, the annual
potential of this low-cost resource is limited to less than 80 EJ/yr. Im-
provements in yields of energy crops (and thus lower costs) as well as
increased demand means that after mid-century energy crops become
the dominant primary source of biomass. This is especially the case for
SSP1 and SSP2, which have higher biomass demands.

Fig. 8 shows the projected production of residues and energy crops
across all scenarios for five different world regions. Asia and OECD are
the most important supply regions for residues since they produce crops
with high residue potential (maize, rice and oil crops) and lower vo-
lumes of residues are diverted for ancillary uses such as livestock feed
or cooking/heating fuel in poor households (Daioglou et al., 2016). For
energy crops, in the SSP1 baseline, Latin America and Reforming
Economies (consisting of countries of the Former Soviet Union) are
projected to become increasingly important, while in the SSP3 baseline
Asia and OECD regions (which are the main consumers) increase their
relative production due to trade barriers in this baseline. For details on
the how international trade of biomass is modelled see the Appendix.
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In the mitigation scenarios, the relative importance of the Asia and
OECD regions increases, accounting for approximately 30% each of the
total supply. This is because in the mitigation scenarios land with high
carbon stocks are protected, thus limiting further expansion in Latin
America and Africa. Furthermore, as mentioned above, Asia and the
OECD continue being important as supply regions of residues in the
mitigation scenarios. For all scenarios, Latin America and the former
Soviet Union each provide about 5-15% of the global demand, while the
Middle East and Africa provide 10-30%.

3.2.4. Land use change emissions due to biomass production

The effect of biomass production on LUC emissions depends on the
quality of available land for biomass (Section 3.2.2) and the production
of biomass from energy crops (Section 3.2.3). In the above scenarios,
the carbon stock constraints applied in the mitigation scenarios affect
the allocation of biomass production and thus the associated LUC
emissions. This can be seen in Fig. 9 which displays the projections of
energy crop production and overall LUC emissions for all scenarios.
Although the SSP1 scenarios have the highest biomass demand, they
also have the lowest LUC emissions due to the availability of high
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Fig. 7. Primary biomass production for different feedstocks for all scenarios. Note SSP3 has a more lenient forcing target as the 2.6 W/m? target is infeasible (as
described in Section 2.3).
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Fig. 8. Primary biomass production disaggregated across production regions for all scenarios. Note SSP3 has a more lenient forcing target as the 2.6 W/m? target is
infeasible (as described in Section 2.3).
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Fig. 9. Total LUC emissions (grey line, left axis) and Energy crop production (black line, right axis) for all baselines and mitigation scenarios. Note: LUC emissions
include all LUC operations including agriculture, pasture, afforestation/deforestation, etc. SSP3 has a more lenient forcing target as the 2.6 W/m? target is infeasible

(as described in Section 2.3).

quality abandoned agricultural lands. This is opposed to the other
baselines where biomass production largely depends on natural lands
due to the lack of availability of abandoned agricultural lands (there is
overall agricultural expansion) and more lenient constraints on natural
lands compared to SSP1. Furthermore, despite the fact that the demand
for energy crops in SSP1-2.6 increases by 64% with respect to its
baseline, the land sector acts as a carbon sink from an earlier moment in
time than in the respective baseline and achieves deeper negative
emissions. This is due to the additional carbon stock constraints applied
in the mitigation scenario. Thus, the overall disturbance of carbon-
stocks is very low.

In SSP3-3.4, a smaller increase in energy crop demand with respect
to its baseline (and overall lower volumes than SSP1-2.6) leads to a
doubling of LUC emissions (compared to its baseline) in 2100 as the
carbon stocks of unprotected natural lands are affected. The carbon
stock constraints are most effective when comparing the SSP2 baseline
with its mitigation scenarios. This baseline sees increasing demand of
agriculture throughout the projection period, and although LUC emis-
sions decrease, they only become negative towards the end of the
century. In this case the application of the carbon stock constraint in the
mitigation scenarios leads to negative LUC emissions after 2050, despite
maintaining agricultural production and more than doubling the de-
mand of energy crops. It is worth noting that the when comparing the
1.9 and 2.6 W/m? scenarios, the former scenarios show higher LUC
emissions for both the SSP1 and SSP2 cases. This is due to the increased
demand for biomass. This is compensated through increased use of
BECCS, as shown in Fig. 4 and Table 2.

4. Discussion
Biomass production, unless from residues, requires land which

raises concerns related to land-use change emissions. LUC emissions
vary significantly across different landscapes, and a limited volume of

98

biomass can be produced at LUC emission levels deemed acceptable for
climate mitigation efforts (Daioglou et al., 2017; Fargione et al., 2008).
In the above analysis, the relationship between biomass production and
LUC emissions, and how this varies across scenarios, has been high-
lighted in Section 3.2.4. As the model set-up assumes an idealised
“food-first” principle, we do not explicitly deal with land competition
between food and fuel production, and consequently we also do not
deal with the so-called indirect LUC (ILUC) (Searchinger et al., 2008).
Instead, our purpose is to explore the potential of biomass to contribute
to climate change mitigation which would be consistent with avoiding
deforestation and competition with food production, and how its con-
tribution is sensitive to different socio-economic scenarios. Moreover,
ILUC emissions have been shown to be exacerbated by, among others,
the production of oil-crop based biofuels, low food and fuel crop yields,
and the lack of land protection measures (Wicke et al., 2012; Plevin
et al.,, 2015). This highlights the favourable nature of the SSP1 im-
plementation where strict land utilization constraints, improved crop
yields and the reduction of extensive pastures would allow for low LUC/
ILUC emissions of biomass production, as well as land-based mitigation.

Due to up-front emissions from LUC and ILUC, biomass produced
from energy crops may only offer serious mitigation benefits when used
in long term contexts, as in these projections. This is often framed as the
“carbon-debt” of biomass. However, policy and investment time hor-
izons may be limited to 30 years or less (EU, 2009; EPA, 2010). Re-
search conducted with the IMAGE model recently highlighted that the
volume of biomass which can contribute to climate mitigation with
such short accounting periods is very limited, implying that the effec-
tive use of biomass as a climate mitigation measure would require
production in a given location over a longer time period (Daioglou
et al., 2017). In order to avoid situations where short-termism leads to
the interruption of biomass production at a given location before the
carbon-debt is paid off, it is important to ensure that policies and policy
continuity allow for long-term production. Improvements are also
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needed in the underlying carbon-stock data used in such assessments to
allow for a better understanding on where biomass production should
be avoided, and where it could have a positive effect (i.e. degraded
areas). Additionally, as the increased use of biomass is likely be sup-
plied through international trade (Matzenberger et al., 2015), the
protection of ecosystem services would ideally be achieved through
international mechanisms in order to avoid carbon leakage (Popp et al.,
2014; Overmars et al., 2014).

While this paper focused on the GHG emission impacts of the land
and energy systems, environmental and social issues including impacts
on biodiversity, water availability and quality, food versus fuel, land
tenure and security, and poverty alleviation have been highlighted as a
important issues. This is particularly true for Sub-Saharan Africa which
is potentially an important supply region. However, insufficient un-
derstanding of the different tradeoffs or potential synergies between
bioenergy production and socio-environmental effects pose barriers to
effective policy design which would allow the production of biomass
without the negative side effects (Gasparatos et al., 2015; Amigun et al.,
2011; Searchinger et al., 2015). The supply of biomass may lead to
other environmental effects and logistical issues which are not directly
assessed in the above projections. For instance, the use of residues
raises a number of issues. The supply methodology assumes that a given
volume has to remain in the field in order to avoid erosion and other
negative environmental effects, the exact relationship between residue
removal and yields, soil carbon, nutrient and hydrological cycles is still
unclear and requires further research. Additionally, an improved un-
derstanding of the tradeoffs of different residue uses (bioenergy, live-
stock feed, left on the soil) would allow for an optimized use of residues
in energy, agriculture and livestock systems. Furthermore, in our as-
sessment we assume that biomass (residues and energy crops) provided
from a number of crops and forestry operations are homogenous in
quality and we only account for differences in heating values and
moisture contents. This assumption allows for an explicit simplification
concerning the seasonality of certain biomass resources (as we assume
that the availability of different supply streams can maintain a con-
sistent supply), international trade, and substitution between biomass
feedstocks; all of which are important components of the results. Other
challenges exist concerning the dispersed nature of biomass resources,
and the required BECCS infrastructure implied by the projections. These
issues are included in our supply curves of biomass and BECCS tech-
nologies in a stylized manner (see the Appendix for details), and our
results are in line with techno-economic analyses (Moreira et al., 2016;
Kemper, 2015; da Silva et al., 2018; Tagomori et al., 2018). None-
theless, the required infrastructure to ensure the supply, trade, con-
version, and transport and storage of CO, poses significant difficulties
which may affect the feasibility of our results. Future analyses should
focus on the variable and heterogeneous nature of biomass feedstocks,
and the feasibility of the implementation of large-scale bioenergy sys-
tems such as those projected here.

As described in Section 3.2.2, all presented scenarios assume some
form of improvement in crop yields, with SSP1 having the highest and
SSP3 the lowest. The resultant yields for perennial grasses and short-
rotation lignocellulosic crops are within the current and projected
productivity ranges (Boehmel et al., 2008; Gerssen-Gondelach et al.,
2014). The figures imply aggregate energy crop yields increasing by
0.2-0.9% per year (2010-2100). It is important to note that improve-
ment rates vary depending on crop and location. These are global ag-
gregate improvement rates for perennial grasses as projected in IMAGE
3.0. Woody crops are slightly lower (0.4%-0.5%) and sugarcane crops
are higher (0.6%-0.8%). These growth rates are slightly lower than
those historically observed in food crops which have been shown to
range between 0.7-1.6% per year between 1961 and 2010 (Gerssen-
Gondelach et al., 2015). Yet, maintaining such yield growth rates of
such a long period of time is very ambitious and requires targeted po-
licies and investments.

Our results are sensitive to the availability of bioenergy and other
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low GHG emission technologies, as well as the timing of advanced
technology availability (especially for advanced biofuels and BECCS).
As mentioned, IMAGE 3.0 projects significant use of coal for power
production in the baseline, and replacing that coal is an effective way
for biomass to mitigate emissions, especially if implemented early on.
However, if the electricity sector could be decarbonized early enough
with other renewables, then more biomass could be directed towards
transport where it is most competitive, especially if biofuels can be
combined with CCS (Mollersten et al., 2003). This behavior is displayed
by other IAMs, which either include liquids with CCS or have more
optimistic assumptions on the availability and costs of other renewables
(Muratori et al., 2017; Rose et al., 2014; Luderer et al., 2014; Klein
et al., 2014; Daioglou et al., forthcoming). Similarly, the increased
adoption of technologies that would reduce the demand of solid bio-
mass as a heating fuel in the residential sector (improved insulation,
heat pumps, solar collectors, etc.) would further allow for this resource
to be converted to higher value and mitigation potential energy car-
riers.

5. Conclusions

This paper has presented integrated and internally consistent sce-
narios of biomass supply and use, and its potential contribution to cli-
mate change mitigation. The results highlight that while biomass can
supply a significant portion of primary energy demand at low - or ne-
gative — LUC emissions, these parallel goals are sensitive to uncertain
economic, technical and policy futures. The results can be used to
identify a number of areas on which policy could focus in order to at-
tain low GHG emission paths for biomass and bioenergy, and also
highlight areas where further research is needed.

Biomass has an important role to play in future energy supply,
irrespective of technological development or climate goals.
Biomass forms at least 8%, and up to 35% of total primary energy
supply by 2050 in all the baseline and mitigation scenarios presented,
with its contribution increasing in mitigation scenarios. In scenarios
meeting ambitious “Paris style” climate targets, bioenergy makes up
26-35% of primary energy in 2050 and 32-50% in 2100, primarily
used in the transport and power production sectors. After 2050, in order
to meet climate targets bioenergy is increasingly combined with CCS,
providing so-called negative emissions which are very important when
realizing the strict emission constraints of ambitious climate targets.

Mitigation scenarios depend on the availability of affordable
lignocellulosic (2nd generation) biofuels and carbon capture and
storage (from both fossil and biomass feedstocks). In climate miti-
gation scenarios, such advanced technologies account for 25-74% and
40-76% of bioenergy use in 2050 and 2100, respectively. Additionally,
there are important synergies between the development of these ad-
vanced technologies and efficiency gains in the energy system.
Bioenergy can meet heat demand in buildings and industry at a low
cost, however these are not the best uses for emission mitigation, as
production of liquid biofuels and/or combination with CCS would help
decarbonize sectors such as transport which otherwise have significant
difficulty in decarbonizing. In our scenario analysis, scenarios with such
technological improvements could meet very stringent climate targets
with relatively low carbon taxes. Improvements in energy intensity of
buildings and different transport modes can help limit the need for
biomass (thus avoiding land-use change and its associate issues), and
direct biomass towards uses where it can act as a more effective climate
change mitigation measure. Energy and climate policies should be de-
signed with such tandem approaches in order to optimize the use of this
resource.

Residues and lignocellulosic crops provide the most attractive
feedstock in terms of availability, costs and associated emissions.
Residues can form a significant low cost and low emission source, even
when taking into account ecological constraints and other current uses.
At low demand levels, biomass is projected to be supplied almost
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entirely by residues, while with increasing demand (> 20EJpyin,/yr)
energy crops become the predominant supply source. Lignocellulosic
crops, particularly perennial grasses are the preferred crop due to their
comparatively high yields (and thus lower costs), their diverse range of
applications for energy and chemicals, and their short growing cycles.
This is in contrast with current biofuel production which predominantly
depends on food crops (IEA, 2017b; WBA, 2016).

High land requirements for energy production, together with
other types of land use, run the risk of causing land-use change
emissions, which make biomass and bioenergy less effective at
mitigating climate change. As shown in our analysis, it is possible to
produce large volumes of biomass while also having net negative land
use change emissions. This however requires increases in productivity
of both energy and food crops as well as livestock. Minimizing land
required for food production (especially pasture) would allow for the
availability of large volumes of highly productive land for biomass
production, at low LUC emissions. Furthermore, it is important to en-
sure the protection of natural lands with high carbon stocks and other
ecosystem services.
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