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Abstract

Large-scale biomass plantations (BPs) are a common factor in climate mitigation scenarios as
they promise double benefits: extracting carbon from the atmosphere and providing a
renewable energy source. However, their terrestrial carbon dioxide removal (tCDR) potentials
depend on important factors such as land availability, efficiency of capturing biomass-derived
carbon and the timing of operation. Land availability is restricted by the demands of future food
production depending on yield increases and population growth, by requirements for nature
conservation and, with respect to climate mitigation, avoiding unfavourable albedo changes. We
integrate these factors in one spatially explicit biogeochemical simulation framework to explore
the tCDR opportunity space on land available after these constraints are taken into account,
starting either in 2020 or 2050, and lasting until 2100. We find that assumed future needs for
nature protection and food production strongly limit tCDR potentials. BPs on abandoned crop
and pasture areas (~1300 Mha in scenarios of either 8.0 billion people and yield gap reductions
of 25% until 2020 or 9.5 billion people and yield gap reductions of 50% until 2050) could,
theoretically, sequester ~100 GtC in land carbon stocks and biomass harvest by 2100. However,
this potential would be ~80% lower if only cropland was available or ~50% lower if albedo
decreases were considered as a factor restricting land availability. Converting instead natural
forest, shrubland or grassland into BPs could result in much larger tCDR potentials-but at high
environmental costs (e.g. biodiversity loss). The most promising avenue for effective tCDR
seems to be improvement of efficient carbon utilization pathways, changes in dietary trends or

the restoration of marginal lands for the implementation of tCDR.

Introduction
Terrestrial carbon dioxide removal (tCDR) strategies use the potential of the biosphere to
sequester CO; from the atmosphere, thereby reducing the rise in global mean temperature

(GMT) (Caldeira et al., 2013; Lenton and Vaughan, 2009). For such purpose, highly managed
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woody and herbaceous bioenergy plantations (BP) could be cultivated and harvested regularly
with subsequent storage of the extracted carbon, for example in geological reservoirs, biochar
or as building materials. In this manner so-called negative emissions could be achieved, i.e. net
extraction of CO; from the atmosphere (Fuss et al.,, 2014; Lenton, 2010; Smith et al., 2016;
Vaughan and Lenton, 2011). These are a crucial part of many projected mitigation pathways for
ambitious climate protection (Fuss et al., 2014; Klein et al., 2014; Kriegler et al., 2013) and also
part of a climate engineering (CE) portfolio (Caldeira et al., 2013; Keller et al., 2014) proposed
as a potential counter-measure in case of failed mitigation. Understanding the relationship
between land availability for BPs and their potentials, trade-offs and side-effects for the
environment, human well-being and climate itself is therefore crucial in determining the

properties of such near-future mitigation pathways.

Optimistic studies on tCDR consider biomass plantations and afforestation projects to be a
carbon extraction tool that is relatively safe and affordable (Shepherd, 2009) compared to other
CE-methods like solar radiation management and, together with the biomass conversion to
bioenergy and carbon capture and storage (BECCS), also an effective tool (Klein et al., 2014;
Kriegler et al., 2013; Lenton, 2010; Lomax et al., 2015). However, substantial uncertainties
remain regarding BP’s scalability and the time- and space-consuming properties linked to high
carbon extraction potentials which could ultimately turn tCDR into a rather expensive (Caldeira
et al, 2013), ineffective (Fuss et al, 2014; Shepherd, 2009) and ecologically and socially

intolerable (Dornburg et al., 2010; Smith et al,, 2016, 2013) CE method.

Previous studies agree that land availability for tCDR is, among others, tightly linked to food
demand and production efficiency, associated land management practices and ecosystem
conservation: It will likely be a challenge to simultaneously meet the needs of food production

for a growing world population, nature conservation and climate protection through avoided
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deforestation or BPs (Beringer et al.,, 2011; Kraxner et al,, 2013; Lenton, 2010). Most likely, only
a shift towards highly efficient food production systems with low meat consumption would
release sizable agricultural areas for tCDR without compromising forest protection and
biodiversity conservation (Kraxner et al., 2013; Powell and Lenton, 2012, 2013). Nevertheless,
tCDR potentials - generally assumed to be climate-beneficial - identified in these studies could
increase if the emissions incurred the conversion of biomass to long-lived carbon products were
reduced through technological improvements (Lenton, 2010). Negative biogeophysical effects
due to land conversion to BPs (e.g. changes in moisture fluxes and albedo) and biogeochemical
effects (e.g. through increased water and nutrient applications) on climate have recently been
investigated, too (Davin et al., 2014; Heck et al,, 2016; Smith et al., 2016). The potential of tCDR
to mitigate climate change is furthermore linked to the timing of their implementation and
duration of operation. Implementation of BPs in the near-future rather than later (Bertram et
al, 2015; Luderer et al,, 2013) increase their accumulation of carbon while emissions might
continue to rise. So far, most studies have investigated these land-constraining factors
individually, in some form of limited combination or using an integrated assessment model but
not within a comprehensive and internally biophysical process consistent single modelling

framework as provided by this analysis.

To advance the above-mentioned studies, we ask under what conditions arable land could
possibly be available for climate protection through tCDR, with food production secured for a
growing population and natural areas preserved. In light of an increasing number of mitigation
scenarios relying on tCDR (Fuss et al., 2014), we aim to reduce uncertainties in such scenarios
from a biosphere perspective using a well-established biogeochemical process model for

natural vegetation and managed land, LPJmL (Bondeau et al., 2007).
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Specifically, this study analyses, spatially explicitly, three prioritizations that could severely
restrict large-scale land availability for tCDR. First, security of agricultural food production is
prioritised over tCDR (“food first”) considering different assumptions about food demand
(determined mainly by global population growth). Second, (unmanaged) natural areas are
prioritized over tCDR depending on a combination of published data sets on areas of
conservation concern and simulated biomes (“conservation first”). Third, climate protection is
prioritized, i.e. negative emission potentials are maximized (“climate first”). On the one hand,
this last factor means increasing tCDR potentials by extending the operational time of BPs (e.g.
near-term establishment) and improving the effectiveness of carbon utilization pathways (e.g.
reducing the emissions incurred along the subsequent process chain through technological
innovations). On the other hand, this simultaneously implies avoiding negative albedo changes
induced by land conversion to BPs - one possible affected biogeophysical variable next to
moisture and momentum fluxes. Along this line of argumentation, we examine tCDR potentials
and trade-offs of BPs that are assumed to be grown from either 2020 (as required, e.g., for near-
future projections as in most mitigation scenarios) or 2050 (for the purpose of CE) until 2100.
Using these constraints enables us to quantitatively explore the global opportunity space of
convertible land for tCDR as shown schematically in Fig. 1a. The link between these foci and
tCDR potentials is explained in the following paragraphs. We do not study optimal solutions to
these trade-off conundrums but rather analyse their respective influence on tCDR potentials,

whereby results for the conversion of natural land or agricultural land are additive

Materials and Methods:

The model LPJmL:

We conduct spatially explicit simulations with the biogeochemical process model LPJmL for
vegetation (including agricultural managed land) and the terrestrial carbon and water cycle

(Bondeau et al., 2007; Schaphoff et al., 2013). The model is spun up for 5000 years without land
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use and by cycling the climate of 1901-1930 to reach equilibrium in carbon pools. Then, another
spinup of 390 years follows with gross transient historical land-use of 1700-1900 to bring the
distribution of potential natural vegetation represented by nine plant functional types (PFTs)
into equilibrium. Only after that, the growth and productivity of the dynamic natural and gross
transient historical land-use (Bondeau et al., 2007; Fader et al, 2010), including crop and
pasture areas and irrigation patterns following Jagermeyr et al. (2015), are simulated for the
period 1901-2005. Climate data for this period are monthly data on temperature, precipitation
and cloudiness as well as annual CO; concentrations (Ostberg et al., 2015) disaggregated to
daily time-steps (Gerten et al., 2004). Simulated natural PFTs compete for light, space and water
(Sitch et al., 2003), the latter provided by precipitation, snowmelt and permafrost thawing
(Schaphoff et al., 2013). Plants can access water by extracting infiltrated soil water through
their roots to the extent this is accessible after subtraction of evaporation and (sub)surface
runoff (Gerten et al., 2004). Carbon uptake by plants through photosynthesis (Collatz et al.,
1992; Farquhar et al., 1982) is allocated in leaves, heart and sapwood and roots and is
transferred to the litter and soil carbon pools after leave shedding, disturbances (e.g. wind or
fire) or mortality. The model’s performance has successfully been evaluated e.g. by Peylin et al.
(2005) and Sitch et al. (2003, 2008) for carbon cycling, Cramer et al. (1999) for NPP, Lucht et al.
(2006) for LAI, Friend et al. (2014) for turnover rates and Schaphoff et al. (2013) for carbon and

water fluxes.

LPJmL simulates 12 crop functional types (CFTs), pastures and a category with “other” non-
nutritious plant types (e.g. citrus, cotton or fibre). Crop yields are calibrated with annual
national FAO statistics between 1995 and 2005, which assures a realistic representation despite
the model assumption that there is no nutrient limitation. This calibration is achieved by

adjusting three crop-specific parameters: the harvest index (HI, range of 0-1; Bavec and Bavec,
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2002; Krysanova et al.,, 2000; Neitsch et al., 2005) as an optimum harvest proportion of the

storage organ (e.g. grains) and a parameter (ay,, range of 0.4-1) representing photosynthetic

activity of plants; which are both internally linked to the maximum leaf area index (LAlmax,
range of 1-7 in accordance with the majority of observed values (Anten, 2005; Scurlock et al,,
2001) as a proxy of plant density defining how efficiently plants capture incoming light. The leaf
area index (LAI) for a CFT is calculated following a prescribed sigmoid curve through the year
based on heat sum units needed to reach vernalisation, growing phase and senescence. It is
limited by the calibrated LAlnax and, additionally, downscaled under water stress. This is in
contrast to the dynamic LAI calculation of PFTs depending on leaf carbon, transport tissue,
specific leaf area and longevity as well as the crown area. LAl is linked to photosynthetic
active radiation absorbed, which levels off when approaching an LAln.x value of 7 (Haxeltine
and Prentice, 1996; Jung et al., 2007) i.e. the energy gain for the plant is small compared to the
increase of LAL This in turn means, that if, at present, maximum yields are locally reached with

a LAlmax=7 (and consequently ay =1) in some regions (Anten, 2005; Scurlock et al., 2001), only

new breeds with different carbon allocation rules between leaves and harvestable fruit organs,
new leaf structures or photosynthetic pathways could result in even higher yields (Kromdijk et
al, 2016; Srinivasan et al,, 2017). For example, breeds/species with as little LAI as possible
towards higher harvestable organs could be one solution in regions where LAl is already
approached today (i.e. maximum yields shown in Fader et al., 2010 and Neumann et al,, 2010).
However, we base our analysis on current knowledge of yields and processes but emphasize
that e.g. genetic modifications could shift these limits upward by introducing new relationships

between plant’s use of sunlight and fruit organs.

Crop yield refers to the harvested biomass and is translated to calorific values by first
converting biomass carbon to dry matter and further to fresh matter (Wirsenius, 2000) before

crop-specific calorific factors are being applied (FAO). The model’s performance in simulating
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agricultural properties has been demonstrated in many applications (Boit et al., 2016; Bondeau
etal,, 2007; Fader et al,, 2010; Jagermeyr et al., 2015; Maiorano et al., 2017; Rolinski et al.,, 2015;

Sakschewski et al., 2014; Schauberger et al.,, 2017; Waha et al,, 2012; Weindl et al., 2015).

We choose a climate forcing reaching 2.5°C of mean global warming above preindustrial in the
year 2100 (Heinke et al., 2013) on the basis of simulations with the MPI-ESM climate model
(Giorgetta et al., 2013). This forcing is similar to the RCP4.5 trajectory (Thomson et al., 2011)
similar to the current internationally agreed national emission reduction pledges (Jeffery et al.,
2015). Following this trajectory, we choose to start our tCDR scenarios in 2020 (when +1.1°C is

reached) and 2050 (+1.8°C), respectively.

Land-use and irrigation patterns are held constant from 2005 until BPs are introduced in 2020
or 2050 as we aim for a systematic analysis of biogeochemical potentials within today’s known
spatial and productivity limits without additional (and possibly speculative) assumptions about
optimized patterns or socio-economic drivers of land cover change. Any further expansion
would cause trade-offs with natural land conservation (Popp et al., 2014) which is, in this study,

only analysed in relation with replacement by BPs.

The model simulates two types of bioenergy plants, herbaceous and woody (Heck et al,, 2016),
with global distributions - as constrained by our diverse assumptions (see below) -- optimized
for best net carbon sequestration (see below). Herbaceous and woody BPs are modelled to be
harvested on a regular basis (annually or in a 8-year cycle, respectively) to keep productivity
rates high. In this study BPs are assumed to be non-irrigated but to have full nutrient supply.
The tCDR potentials given here always include the net carbon sequestration potential, that is

the net outcome of accumulated biomass harvest carbon depending on the conversion efficiency
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of the applied biomass carbon utilization pathway (see below) and changes in land carbon pools
(soil, litter and vegetation) due to the establishment in 2020 or 2050 and operation of BPs until
2100. The replacement of natural vegetation is accounted for as a one-time tCDR-harvesting
event, in that carbon emissions from the conversion are reduced by 50%. This value is assumed
to represent a reasonable global average for clearing natural forest with likely less developed
infrastructure and long transport ways for processing biomass compared to values assumed for
biomass plantations (see below). Annual mean albedo changes from land conversion including

snow cover effects are explicitly calculated in LPJmL as described in the Data S1: Section S2.

Scenario setup

The assumptions for the scenario building process prioritizing food security (“food first”, Fig.
1a), ecosystem (“conservation first”) or climate protection (“climate first”) are described in
detail in the following sections and listed in Table 1. The basic methodology is simple: First, land
grid cells on either crop, pasture or natural land are sorted according to their productivity
(given in kcal cap! day! on cropland and vegetation carbon in giga tons of carbon GtC on the
remaining agricultural and natural land). Second, along this gradient grid cells are protected
from conversion to BP to the point where the scenario-specific constraints such as food
production for a given global population or intended protection of ecosystems are fulfilled.
Third, the remaining, less productive grid cells are considered available for the establishment of
BPs (Fig. 1b). We investigate the opportunities and trade-offs for BPs on agricultural and
natural areas separately such that the results are additive. However, as in previous studies
(Humpenoder et al.,, 2014; Lenton, 2010; Powell and Lenton, 2013; Smeets et al.,, 2007; van
Vuuren et al,, 2011) we first concentrate on the conversion of degraded (Oldemann et al., 1991)
or abandoned cropland and pastures before converting natural land to BP, in order to protect
still existing natural ecosystems from further human interference through tCDR. The following

paragraphs introduce the constraints and the underlying rationale in more detail.
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Agricultural food production

The first set of scenarios investigates potential future food demand from agricultural
production and possible abandonment of agricultural land for tCDR (“food first” scenarios). The
underlying assumption is that food production per unit of arable land (crops, feed and fodder)
could be further increased in the future (e.g. through fertilizer input), and thereby, agricultural
land be made available for BPs. We apply a range of scenarios of food demand increases
(derived from population growth) and crop yield increases up to 2020 and 2050 (see Table 1).
For reasons of simplicity we assume that these numbers remain constant for the time after BP
implementation (in 2020 or 2050 and lasting until 2100) but account for different levels of yield

increases and population growth at these points in time reflecting changes over time.

Our model on average simulates crop yields providing 3240 kcal cap! day! given a world
population of 6.5 bn in 2005. The calibration also included crops that were used as feed for
animals. Further feed and fodder for animals is assumed to be sufficiently provided from
residues, pastures and the category “others”. We test different levels of global yield increases by
assuming relative (percentage-based) decreases in the global yield gap (potential minus actual
yield, see also Foley et al., 2011; Godfray et al.,, 2010; Neumann et al., 2010). This results in a
global heterogeneous pattern of yield increases with strongest relative gains in regions with
currently largest yield deficits (Foley et al., 2011). Following the yield-gap-approach, yield
increases are simulated by decreasing the difference of the current LAln.x value to the maximum
value of 7 for each crop type in each country by 5, 10 and 25% and 25, 30 and 50% (halving the
yield gap) until 2020 and 2050, respectively. These values were chosen systematically to
investigate levels of yield increases; they could possibly be reached through breeding, new
input resources or management techniques and are comparable to published levels under
different preconditions (e.g. based on historical maximum increases or socio-economic

estimates Foley et al,, 2011; Humpendder et al., 2014). Climate-driven simulations were carried
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out with these new management parameters and evaluated while other management
parameters (e.g. irrigation) were held constant. This way, global kcal production is simulated to

increase by 11, 16 and 31% until 2020 and 36, 45 and 62% until 2050.

We assume that any yield increase on cropland linearly also increases meat production through
yield increases on pastures achievable through adequate management options (Rolinski et al.,
2015) or feed composition (Havlik et al., 2014; Weindl et al., 2015). We neither explicitly
distinguish between vegetal and meat or dairy products which would require a thorough
analysis of livestock systems, feed and fodder production and conversion to kilocalories nor
consider changes in diet. This simple approach is arguable as future meat demand might
increase disproportionally (Bajzelj et al., 2014; Erb et al., 2016), but can be justified by studies
focussing on abandonment of pasture land due to shifts to e.g. vegetarian diets (e.g.
Humpendoder et al., 2014; Riahi et al., 2016; Smith et al,, 2013; Thomson et al., 2011; van Vuuren
et al, 2011a) or even motivated by climate protection (Smith et al., 2013). We keep the ratio of
kcal (crops) and GtC (pastures and others) produced per capita in 2005 on both cropland and
pastures constant and take this ratio as a requirement for future food supply which must be met
along the gradient of sorted grid cells. Yield increases may thus be seen as opportunities for
tCDR if land can be spared where population-driven food demand is outpaced by productivity
increases (assuming a globally effective trade system for food supply). These productivity
increases could be incentivised by the competition for land as a limited resource (e.g. for food
and energy production, recreation, conservation, settlements) and achieved by giving farmer
access to knowledge, technology, input resources and infrastructure (Godfray et al, 2010).

Additionally, we provide results on tCDR potentials on cropland and pasture land separately.
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Global population numbers refer to 2005’s status of 6.5 bn, 2017’s status of 7.5 bn and a
moderate estimate of an increasing population up to 8.0 bn and 8.4 bn in 2020 reaching up to
9.5 bn an 11.0 bn in 2050, respectively (United Nations, 2015). Again, we do not simulate

evolving population numbers with time but account for different levels in 2020 and 2050.

Degraded and unproductive soils

Some of agricultural land is rather unproductive and contributes little to food, fibre or cotton
production and therefore could be made available for BP (at least theoretically, as it has many
other current functions and values). We identify these areas by taking the 90t percentile of
least productive cropland and pasture grid cells, which are mainly located at the margins of
deserts or mountainous regions and test whether BPs could make this land productive again
(possible e.g. through soil amelioration by roots and increased carbon input from litter fall).
Vice versa we test what the BP potential would be if BPs were to restore current land classified
as degraded (Qin et al, 2011; Xie et al., 2013). For this, we additionally use the Global
Assessment of Human-Induced Soil Degradation (GLASOD, Fig. S1; Oldemann et al., 1991) data
set to identify severely and extreme degraded land (not suitable for agriculture) as well as
slightly and moderately degraded land (reduced agricultural productivity). LPJmL does not
simulate degraded soils explicitly and thus, BPs could have higher productivity than crops that
were calibrated with observations in that same location. Therefore, we imitate the case that
such soils could be fully restored by 2020 or 2050 (e.g. through sufficient resource input) and

deduce optimistic potentials for (non-irrigated) BP on these areas.

Natural and areas of conservation concern

To avoid conflicts with food production, natural land might be considered alternatively for
conversion to BP. The value of these areas is difficult to measure quantitatively but they play an

important role in the climate system and their biodiversity supports resilience to natural
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disturbances such as pests, fires or droughts (Anderegg et al., 2013; Sakschewski et al., 2016)
besides having an intrinsic value to human culture. We therefore classify biomes and overlay
spatially detailed biodiversity maps to systematically screen tCDR suitability and potentials of
these areas “conservation first” scenarios). We analyse simulated biomes and published data on
areas of conservation concern separately and in combination. We consider biomes as well to
reflect their values (carbon, heat and moisture fluxes, air quality and cultural meaning) on top of

the value of only preserving today’s areas of concern.

Fifteen natural biomes are classified from model simulations until 2020 or 2050 using climatic
input data and simulated vegetation carbon at grid-cell level (Ostberg et al., 2013) and grouped
into forested areas (F), grassland (G) and shrubland (S) as a way of presenting results in a
simplified manner. Potapov et al. (2017) identified intact forest landscapes (IFL) which are
considered to be most valuable and which are part of the forest biomes considered here (Fig. 2
a). We further overlay maps of conservation concern (C) such as of biodiversity hotspots
(Mittermeier et al., 2011), protected areas (IUCN and UNEP-WCMC, 2015), endangered species
(including amphibians, birds, birds small-ranged and mamels, Pimm et al., 2014) and endemism
richness (for terrestrial vertebrates and vascular plants, Kier et al.,, 2009) (Fig. 2 b). We chose
these data sets as a subset of all available information on conservation concerns as they cover
different aspects such as biodiversity hotspots, already protected areas and range maps. While
hotspots and protected areas cover entire grid cells, areas of endangered species and endemism
richness were rasterized and normalized by their maximum values and thereby translated to
fractional shares of grid cells. The dominant share of all data sets is taken and protected from
land transformation as we assume that the areas of conservation concern of different data sets
overlap rather than being additive. In all grid cells, at least a fraction of 0.1 was excluded from

conversion to BPs.

This article is protected by copyright. All rights reserved.



Biome classes and biodiversity maps are either excluded from transformation to BPs separately
(e.g. only forests, shrub land or protected areas) or in combination (e.g. forest plus protected
land), while the other classes of natural land are assumed to be available for tCDR. However,
grid cells are excluded in which non-irrigated BP saplings do not grow due to climatic
conditions. If BPs and areas of conservation concern (C) appear together in one grid cell, it is
assumed that BPs always interfere with the conserved areas although these could be located

anywhere in the cell which is a very strict assumption.

Albedo changes

Studies show that the conversion of grassland to BP in higher latitudes might shadow bright
reflective snow, causing a warming effect (Arora and Montenegro, 2011; Schaeffer et al., 2006).
Similarly, albedo might decrease with a replacement of crops by less reflective BPs which,
however, also depends on management practices: herbaceous biomass harvest left on the field
for drying tends to cover dark soil and thus, increases overall albedo compared to traditional
crop management, while a complete or partial - as in LPJmL where only straw and stubble
remain on field - removal would decrease albedo (Davin et al., 2014; Horton et al., 2015; Merlin
et al, 2013). LPJmL calculates annual mean surface albedo depending on area covered by
vegetation and snow cover in each grid cell (Data S1: Section S2 and Fig. S2 and S3a; Forkel et
al,, 2014; Strengers et al., 2010). In the analysis, we only include changes that exceed -0.02 of
the original albedo value to account only for pronounced alterations of the surface reflectivity
(“climate first” scenarios) and that therefore exceed the change of historical albedo changes due

to the conversion of natural land to crop land in opposite direction (Pongratz et al., 2011).
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Carbon conversion pathways

Harvested biomass from BP contains carbon that needs to be further processed to be
climatically beneficial: i.e. carbon needs to be extracted from the carbon cycle to achieve
negative emissions. Methods include in particular the substitution of fossil fuels by
transforming biomass into biofuels in combination with carbon capture and storage (BECCS) to
geological reservoirs. Further applications are the increased traditional use of wood as a
building material or the production of biochar which is brought back onto fields and might act
as a fertilizer and reduce the use of nitrogen and phosphorus (Lenton, 2010). The ultimate
carbon extraction depends not only on the decay time of the end product but also on the losses
and leakage rates during harvest, transportation and, especially, conversion techniques and

feedstocks used (Edenhofer et al,, 2011).

Biomass utilization pathways therefore influence tCDR potentials in two ways: First, the
conversion efficiency (CEff) defines how much of the biomass carbon is actually immobilized
permanently depending on the emissions occurring along the process chain (Lenton, 2010).
Second, for higher conversion efficiencies less land will be needed to gain the same amount of
carbon extraction. We here span the range of possible conversion efficiencies, including all
losses, from a pessimistic 20% (e.g. wood combustion or fermentation; Edenhofer et al.,, 2011;
Lenton, 2010) to a medium level of 50% to improvements up to 70% (e.g. for gasification or
pyrolysis processes; Lenton, 2010; Woolf et al.,, 2010). CEff could in theory be as large as 90%
(e.g. biomass to hydrogen, pyrolysis; Edenhofer et al., 2011; Lenton, 2010), however accounting
for leakage during transport, processing and storing as well as the large-scale application
(Cannell, 2003; Smeets et al., 2007) we assume lower values. In the following, all tCDR
potentials refer to values of CEff of 50% unless stated differently which represents a reasonable

global average accounting (Lenton, 2010).
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Results

tCDR potentials on agricultural land (“food first”) depend on two main assumptions in our
study: land availability (depending on yield increases and food demand) and time of operation
of BPs (from 2020 or 2050 to 2100). Thus, agricultural land can only be spared for BPs if yield
increases until 2020 or 2050 will exceed the concurrent food demand for a given world

population (given that diets, crop mixes and total agricultural land extent remain constant).

Transforming the 10% least productive agricultural land grid cells (Fig. 3a, 68 Mha) to BP
reveals that these areas are also unsuitable for the cultivation of non-irrigated BP, with only 1
GtC sequestered (Fig. 4, Table 2). However, LPJmL simulates sizable biomass production
potential on currently observed degraded soils (Oldemann et al., 1991) such that if severely and
extremely degraded soils covering about 300 Mha globally were restored until 2020, 67 GtC
could be extracted. If all slightly and moderately degraded land was recovered and converted to

BP, 109 to 191 GtC could be extracted on 1654 Mha (Table S1).

The assumed yield gap reductions (decreasing the difference of potential minus actual yield by
the scenario percentage) in our model deliver enough agricultural food production for up to 8.4
bn people in 2020 and 9.5 bn (but not 11.0 bn) people in 2050 while still releasing land for BPs
as shown in Fig. 4 and Table 2. In 2020, a yield gap reduction of 10% would, in our scenarios, be
just sufficient to provide food for 7.5 bn people (meeting the calibrated kcal cap! day
production) and allow for 53 GtC tCDR by 2100 on 1006 Mha (almost exclusively pastures; 8
GtC on 73 Mha other agricultural land for e.g. fibre. and cotton production, Table S2). Increasing
yields by one fourth of the yield gap could enhance food production by 31% and thus meet the
food demand of 8 bn people (with a production of still +7% kcal cap-! day-! production). This

would double tCDR potentials while additional available area for BPs increases by 300 Mha with
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contributions of BPs on cropland (13 GtC on 78 Mha) and other land (17 GtC on 116 Mha). As
population increases with time, a yield gap reduction of 50% until 2050 would already be
needed to produce food for 9.5 bn people (Fig. S4). In this case, BPs could extract 70 GtC on half
of today’s pastures (1271 Mha), 13 GtC on 112 Mha cropland and 19 GtC on 165 Mha of
remaining other agricultural land. tCDR potentials generally decrease in 2050 compared to
2020 as population numbers rise and the run-time of BPs is 30 years shorter which cannot be

compensated by land abandonment caused by the chosen yield gap reduction.

In LPJmL, albedo is simulated to decrease on much of the abandoned cropland if converted to
BPs (Fig. S5 and S6), since the mean annual albedo of herbaceous BPs (predominantly modelled
on cropland) is lower than that of most crops (Fig. S3). For example, in a scenario with a yield
gap reduction of 25% and 7.5 bn people in 2020, pasture area assumed to be suitable for tCDR
(albedo changes not exceeding -0.02 after land conversion, “climate first”) is reduced by one
third while suitable cropland is reduced by 90% leaving tCDR potentials of 67 and 5 GtC,
respectively (compared to 127 and 25 GtC without this constraint) in 2100 (Table 2; see also
Table S3). This excluded land however, could still be used for surplus food production for an

even larger world population (see Table S3 for detailed information).

Technical improvement of conversion and storage efficiencies (CEff) could increase the net
carbon extraction and reduce the area needed for the effective sequestration of one unit of
carbon. In Fig. 4 (and Fig. 5 and Data S1: Sections 3 and 4), values in brackets denote tCDR
potentials at the 20-50% range of CEff. The area made available due to an increase of CEff from
e.g. 50 to 70% is immense: 50-60% less agricultural land would be needed throughout our
scenarios (Table S4). This means that the same amount of carbon could be extracted out of the
atmosphere on about 40% of the most productive available land cells if carbon losses during

transportation, processing and storage are decreased by at least 20%. Interestingly, for CEff of
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20%, carbon losses due to the conversion of land cover to BP cannot be fully offset and thus, the
suitable area for BP is reduced by 2-3% compared to higher values of CEff (Table S4). The

consequence is that area savings for an efficiency increase from 20 to 50% lie above 70%.

Overall, albeit relatively low, the simulated tCDR potentials studied here are rather optimistic
since our scenarios rely on very productive BP characterized by, for example, unlimited nutrient
supply and fast implementation. One could argue that this lack of nutrient limitation for BPs
could be realized to guarantee high biomass harvest yields which has been tested in several
field studies (Heck et al.,, 2016). Especially the beneficial effects of a moderately warmer climate

and elevated CO2 levels as in our climate scenario increase plant productivity in the second half
of the century in our model (productivity increase on cropland: +31% in 2020, +35% in 2050)

which is in line with experiments and previous publications (Beringer et al., 2011; Hickler et al,,

2008; Norby et al., 2005).

Conversion of natural land

Analogous to the above analysis for abandoned agricultural land, we map the different tCDR
potentials following various degrees of nature conservation (“conservation first”). This could be
considered if yield increases were too small to balance food demand and thus, release
agricultural land and if tCDR was still rated as an option to reduce atmospheric CO:
concentrations. Figure 5 shows the simulated vegetation carbon for different combinations of
conserved biomes and biodiversity maps against the tCDR potential on the released areas for
the period 2020-2100 (Fig. S7: results for 2050-2100). In this scenario setup tCDR potentials
are mainly a function of run-time until 2100 and beneficial climatic and CO, effects on BP
productivity. However, forests expand by 264 Mha or 5% in 2050 compared to 2020 and thus, if

these additional areas are consistently excluded, the area of land potentially available for tCDR
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declines (Table S5). We select one scenario combination for illustration: In LPJmL, 690 GtC of
vegetation carbon are stored in 7.5 Gha of combined areas of conservation concern and forested
land (C+F scenario) in 2050. BP’s on the remaining unprotected grass and shrubland (G+S)
covering 1673 Mha could then sequester 49 GtC until 2100 (CEff = 50%). This already accounts
for half the vegetation carbon stored in G+S (50% of the original vegetation carbon are
permanently sequestered, see methods) which amounts to 690 GtC in total in 2050. However,
this extracted carbon has to first offset carbon emissions from land conversion and thus, lowers
the overall tCDR potential. In general, the tCDR potentials per unit of area converted are much
smaller than those achieved on agricultural land since higher land conversion emissions
counteract substantial parts of the sequestration potentials. On natural land albedo mostly
increases after a conversion to BP (Fig. S3) which is why these effects are not included in the

analysis on tCDR potentials on these areas.

Discussion

This study shows that there are, theoretically, options available for implementing BPs in today’s
landscapes by 2020 or 2050 and that these BPs could sequester up to 250 GtC by 2100 on
abandoned agricultural or on natural land outside forests or biodiversity-rich areas. However,
the available area for tCDR highly depends on the assumptions about what areas are considered
convertible, what yield increases might be possible in the future, how efficient utilization
pathways will be, and what food demand is foreseen (here, depending primarily on population

numbers).

On agricultural land, our potentials are high as long as pastures may be converted to BPs.
Pastures today cover two thirds of total agricultural land with 3.5Gha of 4.5 Gha. Depending on
future diets and management intensities (yield gap reductions), this area is projected to either
increase substantially or to be partially abandoned and thus, released for BPs. Most studies

argue that it is likely that with population growth food demand will increase over-
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proportionally with shifts to more meat and dairy consumption (Bajzelj et al., 2014; Lotze-
Campen et al., 2014; Sakschewski et al., 2014; Wise et al., 2009). Such developments could drive
land expansion into currently natural areas if yield increases, new food sources (e.g. protein
from algae) or global trade of products cannot balance the demand. As a consequence, land
availability for BPs could be very limited (if they re allowed only on abandoned agricultural
areas, as assumed here). On the contrary other studies show, that it could be possible to feed the
world on today’s agricultural land by closing yield gaps (Dornburg et al., 2010; Erb et al,, 2016;
Foley et al,, 2007, 2011; Godfray et al.,, 2010) which in combination with diet shifts to less meat
consumption - which was found to be the most influential driver - (Erb et al, 2016;
Humpenoder et al.,, 2014; Powell and Lenton, 2012; Smith et al., 2013) would provide land for
tCDR. For example, the recent portfolio of land use scenarios in shared socioeconomic pathways
(SSPs) SSP1 and SSP2 (Riahi et al., 2016; van Vuuren et al., 2016) as well as RCP2.6 (van Vuuren
et al, 2011b) also consider a decrease of pasture land in a globalized world with high yield
increases in wealthy regions. Following such a projection, while acknowledging that they are
hypothetical compared to present day conditions in the real world, could then indeed allow for
upper estimates of tCDR potentials found in this study. Overall, the prospect of sustainably
increasing global food production while protecting the environment poses challenges already
today (Hertel and Baldos, 2016) - demonstrating the difficulty of freeing land for BPs in the
future if expansion is undesirable, yield increases were only moderate (e.g. if maximum plant

productivity was indeed limited as in our study) and meat consumption was excessive.

Previous studies estimated tCDR potentials on abandoned agricultural land of 65-133 GtC on
695-1014 Mha between 2000 (Lenton, 2010) and 2100 or even 180-260 GtC on 332-660 Mha
between 2000 and 2050 (Powell and Lenton, 2012) (both with CEff=50%). Even though our
scenarios assumed an instantaneous (and not transient) conversion of land to BPs, tCDR

potentials on similar BP extents sequester less than half the carbon over 50 to 80 years of
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operation in our biogeochemically advanced simulation. The simulated tCDR potentials in this
study could be improved by allowing the use of more productive than least productive land grid
cells. For example, converting 25% of the most productive crop and pasture grid cells (1045
Mha) resulted in 341 GtC extraction between 2038 and 2100 in a study by Boysen et al. (2016).
A similar BP area is covered in a scenario with 8bn in 2020 and a yield gap reduction by 25%

but results only in 55 Gt carbon sequestration until 2100.

If BPs could only be established on abandoned cropland, tCDR potentials would be considerably
smaller than if pastures were also considered. One of the reasons lies in our assumption of fixed
crop mixes and diets; another may lie in the yield increases chosen. By reducing the yield gap
until 2020 by 5, 10 and 25% yields increase on average by 0.3, 0.6 and 1.7% yr-! (and by 0.6, 0.7,
1.1% yr! until 2050 given yield gap reductions of 25, 30 and 50%). This range might seem to
have been chosen somewhat arbitrarily, however, it covers the range of yield increases given by
literature and thus, it may be assumed to be suitable for estimating the extent of land available
for tCDR. For example, lower-than-current yield increases of 0.48% yr-!are assumed for a
business-as-usual pathway (Humpendder et al.,, 2014). Current yield increases lie at 0.95% yr-1
(1985-2005; Foley et al., 2011) and could possibly even be maintained sustainably at around
1% yrtif diets shifted towards lower meat shares and production would move to highly
efficient schemes (Powell and Lenton, 2012). Highest productivity increases in the recent past
(1985-2005) reached 1.4% yr! (Foley et al., 2011; Lotze-Campen et al., 2010), but it is unclear
whether these can be achieved once more and sustained unless genetic modifications or
currently unutilized food plants were entered into use (Humpendder et al.,, 2014; Lotze-Campen
et al,, 2010). In LPJmL, plants are supplied sufficiently with nutrients - a condition that might
not easily be fulfilled in reality, especially for intensively managed croplands and BPs (Beringer
et al, 2011; Boysen et al,, 2016; Heck et al., 2016). The simulated tCDR potentials could further
be enhanced by introducing irrigation systems to BPs, which in turn would likely increase the

pressure on water resources (Gerten et al.,, 2013; Jagermeyr et al., 2015).
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To avoid these trade-offs between tCDR and agricultural food production two possibilities are
available. On the one hand, marginal and unproductive agricultural areas could be converted to
BPs. However, they did not show to be a good choice for at least non-irrigated BPs either. On the
other hand degraded areas were simulated to have been fully restored and then converted to
BPs, which resulted in similar results compared to those of BPs on crop land alone, i.e. represent
an optimal outcome. There are studies that claim that BP could indeed restore degraded soils
(McElroy and Dawson, 1986; Xie et al.,, 2013) but others hold against that carbon emissions

from land conversion and BP operation are high (Qin et al., 2011, 2014).

A further aspect are the negative effects on surface albedo on climate (“climate first”) from land
conversion from crops to BPs (Arora and Montenegro, 2011; Schaeffer et al., 2006; Singarayer et
al., 2009). Compared to historical changes of albedo due to land use change (Pongratz et al,,
2011), changes simulated here are stronger and thus, tCDR potentials are reduced along with
this land conversion restriction. However, studies are not conclusive about the sign of albedo
changes which highly depends on management practices and the original land cover (Davin et
al, 2014; Merlin et al, 2013). Further analyses with coupled simulations including climate
system feedbacks should also focus on what the effective tCDR potential of reducing CO;
concentrations is (including feedbacks from e.g. oceans, (Jones et al, 2016; Tokarska and
Zickfeld, 2015; Zickfeld et al., 2016), whether changes from the extraction of CO, by tCDR
overcompensate changes in albedo (through changing radiative forcing; Pongratz et al,, 2011),
whether N20 emissions from increasing fertilizer application cause additional warming or
whether changes in moisture and heat fluxes play an important role for the local to regional

climate (Brovkin et al., 2013; Noblet-Ducoudré et al., 2012; Pitman et al., 2009).

Land transformation for the purpose of tCDR could also take place outside already cultivated
land (“conservation first”). However, rededicating more natural land to BPs is a delicate task

considering that the rate of biodiversity loss is already exponentially increasing (Ceballos et al.,
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2015) and that ecosystems will likely be exposed to climate change impacts during the next
decades (Gerten et al., 2013; Ostberg et al, 2013). There are however studies arguing that
corridor-like BP or afforestation projects could favour biodiversity, protect ecosystems and
even favour the potential of BP (Jantz et al., 2014). Still, sacrificing natural areas which are rich
in carbon storage, biodiversity and needed for ecosystem resilience (Sakschewski et al., 2016)
would request delicate decision-making and the added value of tCDR for climate protection
against the multi-faceted value of original land cover (e.g. also for recreation and emotional

attachment; Chan et al., 2016) would still have to be proven.

Lastly, the utilization pathway chosen for harvested biomass from BPs determines how much
area is required to permanently extract one unit of carbon in regions with similar land cover or
land use history and bioclimatic conditions. We here envelope conversion efficiencies of a range
of technologies that are available today - but not necessarily ready to be deployed at large-scale
(e.g- BECCS) due to limitations in storage capacity (e.g. of soils or geological reservoirs; Azar et
al, 2010; Humpendder et al., 2014; Lenton, 2010; Vaughan and Lenton, 2011) or additional non-
BP feedstock demand (Fuss et al, 2014; Kato and Yamagata, 2014; Smith et al, 2016). A
promising biomass product could be biochar with estimated lifetimes of up to millennia (Woolf
et al,, 2010) and positive effects on the fertility of soils reducing therefore artificial fertilizer

input.

We conclude that land availability for tCDR is very limited if constrained by the simultaneous
needs for food production (“food first”) as well as nature conservation (“conservation first”) and
local climate protection through albedo changes (“climate first”). Our scenarios cover a range of
food production increases derived from yield gap reductions which, in combination with
population outlooks until 2020 or 2050, could theoretically release land for the establishment of

BPs. Excluding scenarios with decreasing or stagnating population numbers, tCDR potentials

This article is protected by copyright. All rights reserved.



could reach about 100 GtC on abandoned agricultural land by 2100 if population numbers
increased moderately or yield gaps were closed substantially (e.g. 8.0 bn people and yield gap
reduction of 25% until 2020 or 9.5bn people with yield gap reductions of 50%). These
potentials would, however, almost be halved when accounting for undesirable albedo changes
leading to local warming effects or be reduced to less than one-fifth if only cropland was
available due to increasing feed and fodder demand on pastures. Changes in dietary trends or
new, less space-demanding food sources as well as the restoration of degraded soils could
release additional land for tCDR. Although the possibly available natural areas cover large areas
reported here, land conversion emissions have first to be overcome and the ecological costs
such as the loss of biodiversity or pristine forests are considered to be high. The highest
potential to approach a satisfaction of all constraints with still substantial tCDR potentials could
lie in the improvement of highly efficient carbon utilization pathways which reduce the carbon
losses along the process chain and thus, lower the demand for land per unit of carbon extracted.
If these are not implemented, rapid mitigation, with only small contributions of BP on selected

areas such as degraded land, appears to be inevitable.
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Table 1: Presentation of the dependency of tCDR on the underlying assumptions on
prioritizing food demand (“food first”), nature conservation (“conservation first”) or
climate protection (“climate first”) as well as the methodologies applied (e.g. on food

demand or data sets used).

Assumptions Methodology
Food first (1) | tCDR on abandoned agricultural Yield gap reductions:
land possible (cropland, pastures, _
other agricultural land) 5,10 and 25% until 2020;
25,30 and 50% until 2050
Population development:
6.5, 7.5, 8.0 and 8.4 bn people until 2020;
6.5,7.5,9.5 and 11.0 bn people until 2050.
tCDR on least productive land 10% of least productive agricultural grid cells
possible
tCDR on currently degraded land Extremely, severely, moderately and slightly
(restored by BPs) degraded areas (Oldemann et al., 1991)
Conservation | tCDR outside selected biomes Intact forest landscapes (IFL)(Potapov et al.,
first (2) 2017)

Forests (F)
Shrub land (S)

Grass land (G)

tCDR outside of areas of
conservation concerns (C)

biodiversity hotspots (Mittermeier et al., 2011)
protected areas (IUCN and UNEP-WCMC, 2015),
endangered species (Pimm et al., 2014)

endemism richness (Kier et al., 2009)

Combinations of both

Climate first
(3-5)

tCDR is not allowed on areas with
unfavorable albedo decreases to
avoid biogeophysical warming.

Grid cells with albedo changes exceeding -0.02
after conversion to BPs are excluded.
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Conversion efficiencies (CEff)
define the amount of C ultimately
captured per unit of harvested

biomass.

20%

50% (default)

70%

Timing of implementation of BPs
defines time for C accumulation in
harvested biomass and land carbon

pools.

2020 or 2050 until 2100

Table 2 Results for tCDR on abandoned agricultural land are listed according to the
chosen yield gap reduction and population numbers. Kilocalories per capita and day
increase and release land for BPs (Mha). tCDR potentials (GtC) on total agricultural land
can further be separated to tCDR on available crop land alone (potentials on pasture
and other land are given in Table S2). Unfavorable albedo changes due to the
conversion of land to BPs reduce available land and tCDR potentials (detailed

information in Table S3). tCDR potentials are also given for a range of conversion

efficiencies (20-70%; with detailed information on area savings in Table S4).

tCDR 50% 20% | 70%
popul | Yield Kcal/ Total | Area | Thereof | Area | Total Area Total | Total
ation | gap on

reduct | €ap/ tCDR | (Mha (Mha | tCDR_ | (Mha) | tCDR | tCDR
jon ) Crop ) albedo
day (GtC) land (GtC) | (GtC)
product (GtC)
ion (GtC)
2020
Unpro 1 68 0 1
ductive

This article is protected by copyright. All rights reserved.




6.5 5% +11% 149 1573 | 23 128 71 1040 61 207
6.5 10% +16% 177 1714 | 30 167 79 1085 73 247
7.5 53 1009 | O 0 35 817 24 72
6.5 25% +31% 251 2057 | 49 250 99 1184 103 350
7.5 153 1592 | 25 142 72 1045 63 212
8.0 99 1303 | 13 78 54 944 41 138
8.4 55 1019 | 4 24 35 815 24 75
2050

6.5 25% +36% 200 2215 | 37 272 68 1159 86 276
7.5 139 1805 | 21 170 55 1056 59 192
6.5 30% +45% 220 2354 | 42 305 71 1194 96 304
7.5 165 1988 | 28 213 61 1105 71 229
6.5 50% +62% 253 2571 | 50 360 76 1241 111 348
7.5 206 2258 | 38 280 69 1173 89 284
9.5 102 1548 | 13 112 45 984 44 141

Figure captions

Figure 1 Schematic presentation of this study’s framework. a) space of opportunities
for tCDR framed by the trade-offs between food production, ecosystem conservation
and climate protection where tCDR interacts with the other components (e.g. “food
first”, “conservation first” or, specifically, with albedo changes); results on natural and

agricultural land are additive; b) detection process of land available for tCDR.
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Figure 2 Maps displaying the distribution of major biomes in 2020 (a) and grid cell
fractions of conservation concern (b) considered for protection or the establishment of

BP in this study.

Figure 3 Available land for tCDR on agricultural areas (grey) according to the scenario-
specific food demand met by increases in food production from field through yield gap
reductions and population growth (red shades) in 2020 (a-c) and 2050 (d-f),
respectively. Unproductive land (green) refers to the 10% of least productive

agricultural land grid cells in LPJmL.

Figure 4 The colored horizontal bars show the agricultural land needed to meet global food
demand given surplus agricultural food production increases in kcal per capita per day
according to yield gap reductions of, respectively, 5, 10 and 25% by 2020. The coloring is in
accordance with the maps in Fig. 3. The green bar shows the initial crop area extent and
productivity to feed 6.5bn people (in 2005). Grey bars indicate the area available for BPs and
their tCDR potential until 2100 (GtC) assuming a conversion efficiency of 50% (and the
range of 20-75% given in brackets). The results for 2050-2100 and the effect of albedo

changes can be found in Fig. S4 and Table S2.

Figure 5 Horizontal colored bars show the area covered by different combinations of
biomes and/or areas of conservation concerns with the stored vegetation carbon in
2050 (GtC). Grey bars show the extent of BPs on available land and the tCDR potential
by 2100 for a conversion efficiency of 50% (range of 20-70% is given in brackets).
White spaces between bars are unsuitable for establishment of BPs due to too dry or

cold conditions. Results for the period 2020-2100 are given in Data S1: Section S4.
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