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Abstract

For hundreds of years, humans have engineered the planet to fulfil their need for increasing energy consumption and production. Since the industrial revolution, one consequence are rising global mean temperatures which could change by 2◦ C to 4.5◦ C until
2100 if mitigation enforcement of CO2 emissions fails.To counteract this projected global warming, climate engineering techniques aim at intendedly cooling Earth’s climate
for example through terrestrial carbon dioxide removal (tCDR) which is commonly perceived as environmentally friendly. Here, tCDR refers to the establishment of large-scale
biomass plantations (BPs) in combination with the production of long-lasting carbon
products such as bioenergy with carbon capture and storage or biochar.
This thesis examines the potentials and possible consequences of tCDR by analysing land-use scenarios with different spatial and temporal scales of BPs using an
advanced biosphere model forced by varying climate projections. These scenario simulations were evaluated with focus on their carbon sequestration potentials, trade-offs
with food production and impacts on natural ecosystems and climate itself.
Synthesised, the potential of tCDR to permanently extract CO2 out of the atmosphere is found to be small, regardless of the emission scenario, the point of onset or the
spatial extent. On the contrary, the aforementioned trade-offs and impacts are shown
to be unfavourable in most cases. In a high emission scenario with a late onset of BPs
(i.e. around 2050), even unlimited area availability for tCDR could not reverse past
emissions sufficiently, e.g. BPs covering 25% of all agricultural or natural land could
delay 2100’s carbon budget by no more than two or three decades (equivalent to ≈550
or 800 GtC tCDR), respectively. However, simultaneous emission reductions and an earlier establishment of BPs (i.e. around 2035) could result in strong carbon extractions
reversing past emissions (e.g. six or eight decades or ≈500 or 800 GtC, respectively).
In both cases, land transformation for tCDR leads to high “costs” for ecosystems (e.g.
biodiversity loss) and food production (e.g. reduction of almost 75%). Restricting the
available land for BPs by these trade-off constraints leaves very small tCDR potentials (well below 100 GtC) despite a near-future onset (in 2020). Similarly, simulated
tCDR potentials on dedicated BP areas defined in a commonly used and published low
emissions scenario stay below the aimed values using current management practices.
Some potential may lie the reduction of carbon losses from field to end-products, new
management options and the restoration of degraded soils with BPs.
This thesis contradicts the assumption that tCDR could be an effective and environmentally friendly way of complementing or substituting strong and rapid mitigation
efforts.
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Zusammenfassung (German)
Seit Jahrhunderten formen Menschen die Erde, um sie an ihre Ansprüche nach steigender Produktion und Energieverfügbarkeit anzupassen. Spätestens seit der industriellen
Revolution sind eine Folge dessen die steigenden globalen Mitteltemperaturen mit Änderungen von 2◦ C bis 4.5◦ C bis 2100 sollten CO2 Emissionen nicht oder nur unzureichend
gesenkt werden. Klima-Engineering befasst sich deshalb mit der gezielten Abkühlung
des Klimas, z.B. durch die als generell umweltfreundlich angesehenen Techniken des
terrestrische Kohlendioxidentzugs (tCDR). Insbesondere wird der Anbau von großflächigen Biomasseplantagen (BP) in Kombination mit der Erstellung von langlebigen
Kohlenstoffprodukten wie Bioenergie oder Biokohle in Betracht gezogen.
Die vorliegende Doktorarbeit untersucht die tCDR Potentiale und möglichen Konsequenzen von BP auf Nahrungsmittelproduktion, Ökosysteme und das Klima selbst mit
Hilfe der Analyse von Landnutzungszenarien. Diese Szenarien decken unterschiedliche
zeitliche und räumliche Ausdehnungen von BP ab und werden mit einem renommierten Biosphärenmodell unter Einfluss verschiedener Klimaprojektionen simuliert und
anschließend ausgewertet.
Insgesamt wird das tCDR Potential von BP als gering befunden, unabhängig vom
Emissionsszenario und ab wann oder wie flächendeckend BP angebaut werden. Demgegenüber stehen meist die zuvor genannten, ungewünschten Konsequenzen. Werden in
einem Szenario mit hohen CO2 Konzentrationen BP erst spät (hier 2050) etabliert, kann
selbst unbeschränkte Landverfügbarkeit die bisherigen Emissionen nicht ausgleichen:
Werden z.B. BP auf 25% aller Landwirtschafts- oder Naturflächen angebaut, könnte
dies die atmosphärische Kohlenstofflast in 2100 um nicht mehr als 20 oder 30 Jahre
verzögern (äquivalent zu ≈550 bzw. 800 GtC tCDR). Anders jedoch, wenn gleichzeitig
Emissionen eingespart und BP früher (hier 2035) angebaut werden (60 oder 80 Jahre
Verzögerung äquivalent zu ≈500 oder 800 GtC tCDR). In beiden Fällen führen diese
Landumwandlungen jedoch zu sehr hohen “Kosten” für Ökosysteme (z.B. Biodiversitätsverlust) und die Nahrungsmittelproduktion (hier eine Reduzierung um fast 75%).
Um deren Schutz zu gewährleisten kann die Landverfügbarkeit für tCDR beschränkt
werden, was jedoch die tCDR Potentiale trotz baldiger Etablierung (ab 2020) sehr einschränkt (mit weit weniger als 100 GtC). Auch die Potentiale eines bereits publizierten
Mitigationsszenarios bleiben deutlich unter den Anforderungen. Das Potential könnte
jedoch durch Erhöhung der Umwandlungseffizienzen von Biomasse, neuen Managementoptionen oder der Aufwertung degradierter Flächen durch BP erhöht werden.
Diese Doktorarbeit kann abschließend nicht die Annahme unterstützen, dass tCDR
eine effektive und umweltfreundliche Methode der Kohlenstoffsequestrierung, und damit
eine Ersetzung von strengen Mitigationspfaden, sein könnte.
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1 General introduction to terrestrial
Carbon Dioxide Removal (tCDR)

In this thesis, I explore the possibilities and implications of climate engineering (CE)
by human kind via employing the terrestrial biosphere as a tool. Simply spoken, CE
options have been proposed to decrease global mean temperatures (GMTs) while emissions are reduced at lower rates or continue to rise. The motivation for the proposal of
such CE options is given by most climate change projections which show an increase of
the GTM between 2 and 4.5◦ C until 2100 due to insufficient emission reductions. The
specific idea of the here investigated CE method is that terrestrial vegetation extracts
CO2 out of the atmosphere, transforms it into biomass carbon using photosynthesis and
that this biomass carbon can then be utilised in a smart, permanent carbon-binding
way. The expansion of existing vegetation into large-scale biomass plantations should
therefore, theoretically, enhance the carbon extraction potential. However, the biophysical potentials and trade-offs for the environment and human well being remain to be
studied.

This chapter begins with an overview over the past and current human interferences
with the land surface and climate (Section 1.1). Following up on that, I will introduce
the terrestrial carbon cycle to explain past and current disturbances and the basic idea
of using the terrestrial vegetation as a CE tool (Section 1.2). Why CE methods are
proposed at all is presented by looking at recent studies on possible climate change
projections and impacts (Section 1.3). Finally, I provide a detailed description of CE
methods with a focus on the here investigated terrestrial Carbon Dioxide Removal
(tCDR) techniques (Section 1.4). This includes their specific characteristics, the current
views on their performance and the unsolved research gaps which this thesis attempts to
close. Lastly, I present the structure of the following chapters before briefly explaining
the main methods used in this study.

1.1 Living on an engineered planet
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1.1 Living on an engineered planet
Homo sapiens, began to substantially alter the Earth’s surface since the beginning of
the Holocene 11,700 years ago. This date not only marks the current, stable interglacial
period (the warm phase between two glaciations) but also the origin of agriculture, referred to as the Neolithic revolution (e.g. Weisdorf, 2005) 10,000–4000 years ago. Due
to the development of language, humans could transmit and evolve their knowledge
about tools and techniques. Permanent settlements, the domestication of animals and
plants and the constant increase of energy input for food production (e.g. fertilizer,
irrigation) allowed the world population to grow: from 50 million people 4000 years ago
by a factor of ten until 500 years ago, with a doubling in the 19th century, accelerated
up to 7.5 billion people today (Lenton, 2011; United Nations and Affairs, 2015). The
growth in food supply was soon built on the exploitation of landscapes: deforestation
to create pastures or degradation or salination of soils through malpractices. The invention of the steam engine and the domestic use of coal in the late 18th century led
not only to an agricultural revolution but also started the industrialisation. Since that
time, food production no longer depends on solar power alone, but is fossil-fuel based
through the production of fertilizers and the mechanisation of human or animal power
(Evans, 1998). Especially since the 1950s, we humans accelerated not only food production and population growth but yet again the impacts on the environment. Keeling
(Keeling, 1960; Keeling et al., 2005) was the first to directly measure the increase in
atmospheric carbon dioxide (CO2 ) concentration originating mainly from land-use and
land cover change emissions and fossil fuel burning. But also the increase of other
greenhouse gases such as methane or pollutants causing stratospheric ozone depletion
was discovered (Lovelock et al., 1973). Crutzen (2006b) realised that humans have been
dominating the planet since the industrialisation and suggested a new geological epoch,
the Anthropocene.
Science has progressed and by today we know, that there is a tight relationship between
high atmospheric CO2 and other greenhouse gas concentrations and climate change (e.g.
Stocker, 2013). In the history of the Earth there have been times with higher CO2 concentrations (e.g. during the Paleocene-Eocene thermal maximum (PETM) 55 million
years ago lasting for 170,000 years, Röhl et al., 2007). However, it has not changed
within such a short time since the last 800,000 years (Stocker et al., 2013b) and never
were more than soon 9 billion people affected by it (in 2050, United Nations and Affairs,
2015). Atmospheric CO2 concentrations have increased from 280 ppm in pre-industrial
times to 315 ppm in 1958 (Keeling, 1960) to more than 400 ppm in 2015 (Dlugokencky
and Tans, 2016). Despite all climate negotiation efforts since the foundation of the
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United Nations Framework Convention on Climate Change (UNFCCC) in 1992, CO2
concentrations are still on the rise following a “business-as-usual” pathway towards more
than 1000 ppm by the end of the 21st century (Riahi et al., 2011). Already today, climate change impacts manifest themselves in increasingly frequent droughts, floods, cold
spells or heat waves (Herring et al., 2015; Coumou et al., 2015). Nevertheless, human
kind carries on with the exploitation of finite fossil-fuel reservoirs instead of investing in
clean renewable energy, continues to produce waste instead of recycling materials and
threatens natural ecosystems instead of conserving our last resorts. While the farmers
after the Neolithic revolution were not aware of their impacts on the environment and
climate, human kind has knowingly and consciously continued to change the planet for
the past sixty years.
Any type of engineering follows the principles of applying scientific knowledge in order
to solve a problem in the real world through designing and creating tools in a cost
effective and practical way (Koen, 1985). The task in the past was mainly to feed
a growing world population. The additional challenge the world’s populations faces
now is climate change. Our species has proven to be equipped with imagination and
creativity which enables us to be innovative (Lenton and Watson, 2011) — so could we
possibly engineer a cooler planet if we don’t stop emitting carbon?

1.2 The terrestrial carbon cycle
The title of this thesis hints at the interaction (“removal”) of the land (“terrestrial”)
with the atmosphere (“carbon dioxide”). This linkage and the processes tied to it are
described in the following to illustrate the origin of the idea of the terrestrial biosphere
as a CE method.

1.2.1 Natural land carbon sinks and sources
The global carbon cycle describes a closed chain of processes relevant for exchanging
carbon between storage compartments in the atmosphere, ocean and land (see Fig.
1.1). Mainly CO2 , but also methane (CH4 ) or black carbon, are part of the atmospheric
carbon reservoir and exchanged with the land and oceans on short to long timescales
following biogeochemical or dynamical processes.
The natural land surface consists of rocks and bare, vegetated or watered soils. It takes
millennia for rocks and bare soils to extract carbon out of atmosphere by the process
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Figure 1.1: Illustration of the terrestrial carbon cycle: red arrows refer to carbon fluxes and blue
arrows to water fluxes. The focus of the study lies on the carbon exchange between the vegetation
and emissions by agriculture or industry.1

of weathering while it can be lost on similar time scales through leaching or within
days through volcanic eruptions. Phytoplankton in wetlands takes up carbon through
photosynthesis on short time scales which can then, over millions of years and under
anaerobic conditions, transform to peat lands (sometimes frozen as permafrost soils) or
fossil fuels.
Vegetation, however, is dynamic. Plants compete for light, water, space and nutrients
forcing them to act on short timescales from minutes to hours to adjust to their optimum
growing conditions. Through their leaves plants take up CO2 from the ambient air
and, using light energy, transform it to sugar molecules consisting of carbon which is
then stored in cells for growth and the allocation of biomass. Plants can control their
physiological processes and even leaf properties to maximise their carbon uptake while
minimising water and energy losses. This allows them to store and enrich carbon on
annual to decadal time scales or as long as growing conditions are suitable. But plants
can also lose carbon on a daily basis: leaves respire approximately half of the plants’
annual carbon accumulation during night time. Growing conditions may also become
unsuitable through wind, pest or fire disturbances or the replacements or transitions of
ecolines through changing climate which induce a transfer of all biomass to litter pools
at once. Here, microbes decompose this biomass of which most parts are released back
1

The background figure (all black lines) reached the top five in the AGU 2015’s T-Shirt contest of
the Earth and Planetary Surface Processes’ group.
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to the atmosphere while the remaining carbon is transformed to soil organic matter. As
described here, the carbon cycle is closed and undisturbed and the biosphere represents
a carbon sink (net carbon uptake).

1.2.2 Anthropogenic land carbon sinks and sources
Since the Neolithic revolution (see 1.1) humans have changed the natural characteristics
of the carbon cycle by land-use and land cover change. Forests were and are still
cleared for the use as fuel, building material or to free land for agriculture whereby
agriculture itself causes soil erosion and desertification in some areas. Ever since the
transformation of land started, large amounts of carbon have been released to the
atmosphere (approximately 145±50 giga tons of carbon (GtC) between 1870 and 2014,
House et al., 2002; Quéré et al., 2015) which might otherwise have been stored in the
land for decades or centuries. But also the anthropogenic drainage of peat land, burning
of turf and, especially, fossil fuels (400±20 GtC) and the melting of permafrost soils
release long-stored carbon. Land-use and land cover changes as well as the burning of
fossil fuels represent a carbon source.
Especially the burning of fossil reservoirs disturbs the carbon cycle since more carbon is
released in a relatively short time than could ever be extracted by natural processes on
decadal or centennial time scales. At present, approximately 10–20% of the atmospheric
CO2 will remain airborne for millennia (Archer and Brovkin, 2008) until removed by
weathering. However, during the last 50 years, the terrestrial vegetation has increased
its productivity, partly due to a changing climate but mainly due to the increasing CO2
concentration acting as a fertilizer. Therefore, the land carbon sink has increased from
1.7±0.7 GtC yr−1 in the 1960s to 3.0±0.5 GtC yr−1 between 2005 and 2014 and thus,
balances more than the net land-use flux into the atmosphere of currently 1.0±0.5 GtC
yr−1 (Quéré et al., 2015).
The idea of using the biosphere to decrease the global CO2 concentration origins from
the following observations: the expansion of global vegetation in combination with
enhanced productivity under climate change could “artificially” increase the land carbon
sink. To further boost the projected outcome, fast growing plant species could be chosen
in a highly managed environment. Ideally, these plants do not decay at the end of their
lifetime but are collected and transformed in long-lived carbon products or storages to
prevent a carbon release. Thereby, this biomass is not only climate neutral but could
also lead to negative emissions if its carbon is permanently excluded from carbon cycle
processes. This strategy is called terrestrial Carbon Dioxide Removal (tCDR) which
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is described in more detail in the following Section 1.4. However, the strength and
limits of the CO2 fertilization effect and the impacts of heat and water stress on plant
productivity are still being researched (e.g. Cramer et al., 2001; Leipprand and Gerten,
2006; Müller et al., 2007; Luo et al., 2008; Friend et al., 2014).

1.3 Challenges posed by climate change
The need for emission reductions, either through mitigation or tCDR, arises from the
already occurring and the expected impacts of climate change on the environment and
societies. Although the climate has always been changing on this planet, the setting
is different this time: the current climate warming is not only caused by rapid anthropogenic emissions, it in turn also affects a growing world population of soon 9 bn people
(United Nations and Affairs, 2015) living on this planet. More than twenty years back,
the UNFCCC agreed on limiting greenhouse gas concentrations at levels that “prevent dangerous anthropogenic (human induced) interference with the climate system”
(Rogner et al., 2007). Since then, scientific and non-scientific approaches are used to
analyse, identify and define at what level of climate change the risk of the climate system, ecosystems, food production and economic development to experience dangerous
impacts is likely. Recent studies confirmed, that impacts on these components might
be severe for as little as 2◦ C of warming above pre-industrial times (Gerten et al., 2013;
Ostberg et al., 2013; Warszawski et al., 2014; Arnell et al., 2014; Schellnhuber et al.,
2016). Already today, the occurrence of extreme weather events can be attributed to
climate change in some regions (e.g. Diffenbaugh et al., 2015; Herring et al., 2015;
Lehmann et al., 2015). During the last climate negotiations even a target of 1.5◦ C was
requested (Rogelj et al., 2015c) to protect also the most vulnerable regions since countries can bear different levels of such change. It is due to these ambitious mitigation
targets, that proposals like tCDR have entered the stage of global climate projections.
Especially since the fifth assessment report (AR5) of the International Panel on Climate
Change (IPCC) studies have been put forward to analyse the impacts of each unit of
warming on ecosystems. Using different metrics, models and focuses, these studies
commonly find habitat transformations or shifts in biogeochemical functioning and
structures of ecosystems beginning at 2◦ C (Gerten et al., 2013; Ostberg et al., 2013;
Warszawski et al., 2014). These changes first put ecosystems mainly at high latitudes
at risk affecting up to one fifth of the land surface and, with progressing warming
of up to 3.5◦ C, also tropical regions are affected with areas twice as large. Already
today, species loss increases exponentially due to human interferences including land-
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use change(Ceballos et al., 2015). The transformation of ecosystems also affects human
well being. Not only have natural spaces an emotional value (Chan et al., 2016), but
they also regulate our climate, provide us with clean air and thus, contribute to our
health.
Climate change directly affects us through altering global circulation patterns, increasing frequency and strength of extreme weather events (Lehmann et al., 2015) and
sea-level rise (Levermann et al., 2013). Global water scarcity and harvest failures could
severely increase above a warming of 2◦ C (Gerten et al., 2013; Piontek et al., 2014) affecting millions of people. Especially droughts and changing monsoon patterns, or e.g.
the absence of vital rainfall events in Africa (Gan et al., 2016), will increasingly cause
severe humanitarian situations and force thousands of people to migrate to different
regions — with the potential of political and cultural conflicts (Barnett, 2003; Barnett
and Adger, 2007; Black et al., 2013).
Humans have changed and exploited the planet for hundreds of years with the consequence of rapidly proceeding climate change. We humans know that we have to prevent
the “risk of dangerous climate change” — either by enforcing rapid mitigation or by
considering climate engineering options like tCDR. The question arises if tCDR actually has the potential to reduce climate change and if so, wether its impacts are not
repeating and enhancing past human interferences with the Earth system.

1.4 terrestrial Carbon Dioxide Removal (tCDR) in the context
of climate engineering (CE)
Having introduced past human impacts on land cover and the atmosphere and the idea
of using biomass plantations to avert projected climate change, I will now focus on the
concept of tCDR in more detail.

1.4.1 Current and future climate change: the failures, needs and hopes
Atmospheric CO2 concentrations have increased by more than 120 parts per million
(ppm) since pre-industrial times with ∼280 ppm (Keeling and Whorf, 2005) which
corresponds to a carbon load of about 545±55 GtC (400±20 GtC from fossil fuel burning
plus 145±50 GtC from land-use and landcover change, Quéré et al. (2015)) and a GMT
increase of 1◦ C in 2015 relative to the 1880–1920 period (Hansen et al., 2010). The
agreement filed by the parties during the negotiations in Paris 2015 aims at limiting
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the GMT increase to 2◦ C or even 1.5◦ C by 2100. Analogously, this likely limits the
allowed additional emissions to 260 GtC or 110 GtC, respectively, for the period of 2011–
2100 (Rogelj et al., 2015b). However, the intended nationally determined commitments
(INDCs) could so far only achieve an emission reduction still leading to 2.7◦ C of warming
(Jeffery et al., 2015) — without any legally binding enforcement. In fact, current carbon
emissions even exceed the highest projections for today made by the Representative
Concentration Pathway (RCP, van Vuuren et al., 2011a) with a radiative forcing of 8.5
W m-2 (RCP8.5, Riahi et al., 2011) in 2100 (Peters et al., 2013; Smith et al., 2016).

The global energy system needs to transform rapidly within the next two decades to
attain the success of climate mitigation (Kriegler et al., 2013; Stocker et al., 2013a;
Rogelj et al., 2015a; Rogelj et al., 2015d). This transformation process has to be pushed
forward against the long-established political and socio-economic structures promoting
the use of fossil fuel energies (Bertram et al., 2015; Edenhofer, 2015). However, despite
the efforts to achieve a climate stabilisation by 2100, failure of such transformation is
still possible.

1.4.2 CE methods to conquer mitigation failures

To prepare for possible mitigation failures, climate engineering (CE) options have been
proposed to artificially reduce the radiative forcing (RF) of the Earth to lower GMTs.
The purpose of CE could be to decrease GMTs permanently in case of a dangerous climate change (Crutzen, 2006a) or to delay warming and to allow for technological and
structural lock-ins to be overcome (Keith, 2013). This could theoretically be achieved
following two different strategies (Fig. 1.2). The first addresses all techniques that monitor the amount of radiation captured in the atmosphere by, for example, increasing the
amount of incoming sunlight reflected back to space. These techniques are grouped under the term Solar Radiation Management (SRM). While SRM addresses the symptoms
but not the cause of climate change, the second strategy of CE aims at permanently
extracting carbon out of the atmosphere after it was emitted which is therefore called
Carbon Dioxide Removal (CDR). This could be done by direct air capture, enhanced
weathering, ocean fertilization or by intentionally increasing the land carbon sink using
the global vegetation as described in Section 1.2. Increasing the land carbon sink forms
the basis of the studies compiled in this thesis.
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Figure 1.2: Illustration of different CE proposals (light colours) and, specifically, tCDR (orange
box) through afforestation or herbaceous and woody bioenergy plants (right panel). Source:
http://www.spp-climate-engineering.de.

1.4.3 tCDR as a popular climate engineering tool
Terrestrial CDR (tCDR) uses the potential of the global land vegetation to extract
as much carbon out of the atmosphere as possible (see previous Section 1.2) for example through the establishment of large-scale biomass plantations (BPs) or re- and
afforestation (AF) projects (e.g. Lenton, 2010; Caldeira et al., 2013; Shepherd, 2009).
In contrast to AF projects, management of BPs in the form of regular harvest events
is needed to keep the productivity of immature plants high. While the permanent
forests of AF projects store carbon in the built-up biomass, BPs further need to be
accompanied by a suitable carbon utilization pathway to immobilise as much carbon as
possible. The harvested biomass must either be converted to long-lived carbon products
(e.g. construction material) or permanently stored away (e.g. carbon burial). The most
common pathway is the conversion of biomass to biofuels or biochar with subsequent
storage of carbon in geological reservoirs, also referred to as bioenergy with carbon
capture and storage (BECCS).
Re- and afforestation projects (for commercial use or environmental reasons) have been
covering about 278 Mha worldwide between 1990 and 2015 (Keenan et al., 2015). tCDR
through vegetation is mostly seen as an environmentally friendly (Midilli et al., 2006)
and relatively safe method in the CE portfolio (Shepherd, 2009). In fact, most ambitious
mitigation scenarios of the IPCC (Stocker et al., 2013b) already base their confidence
on the implementation of BPs or AF to stay around the 2◦ C target (Fuss et al., 2014;
Humpenöder et al., 2014; Popp et al., 2014b; Lomax et al., 2015). For example, RCP2.6
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(van Vuuren et al., 2011b) strongly relies on the success of large-scale BPs. BPs could
not only substitute fossil fuels, and thus, lead to zero-emissions but could also provide
net negative emissions over longer time scales if combined with carbon capture and
storage (CCS) (Pongratz, 2013). However, efficient tCDR in the order of projected future emissions in partially to non- mitigated scenarios (RCP4.5 to RCP8.5, van Vuuren
et al., 2011a) is also assumed to require much larger areas than in today’s AF projects
and over long time scales (Caldeira et al., 2013). Despite the popularity of tCDR, its
potentials and interferences with the Earth system and human well-being remain to be
studied in detail (Fuss et al., 2014). This study presents advances to fill this gap in
knowledge.

1.5 The objectives of this study
As pointed out in the previous sections, there are still major open questions concerning
the potentials and trade-offs of BPs. The following section will elaborate on these points
to finally formulate the goal of this thesis. The main objective, as stated in the title, can
be summarised as to comprehensively analyse the carbon extraction potentials of largescale tCDR plantations and to examine the associated impacts on and trade-offs with
ecosystems and human well-being. For this purpose, I use a spatially explicit, processbased model of global vegetation and biogeochemical cycles which will be described
briefly in Section 1.7, in detail in Chapters 2–4 and in the supplementary information
(SI) D.4.

1.5.1 Current view on tCDR
Previous studies already estimated the potentials of tCDR using literature reviews, field
studies and Integrated Assessment Models (IAMs) (see also SI B Table B.2). Of those,
only few studies consider tCDR as a CE method with large-scale applications (Lenton
and Vaughan, 2009; Lenton, 2010; Vaughan and Lenton, 2011; Caldeira et al., 2013;
Keller et al., 2014). Furthermore, in contrast to the idea of CE being a “late-regret”
option, most consider an early onset of tCDR actions as of today or 2020 and even
simultaneous reduction of emissions like in other large-scale mitigation studies with
tCDR (van Vuuren et al., 2007; Reilly et al., 2012; Edmonds et al., 2013; Humpenöder
et al., 2014). Most studies therefore find that tCDR can indeed successfully complement
mitigation pledges.
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1.5.2 tCDR: mitigation pledge or CE method?
Most of the aforementioned studies also reveal discrepancies in the definition of tCDR:
either it is applied as a mitigation or as a CE method. Vaughan and Lenton, 2011
argue that avoided deforestation means mitigating climate change whereas AF and
BPs alter the land surface which makes them, independent of time and spatial scales,
a CE method. This argumentation would be in line with the previous observation that
past land-use and land cover changes could already be counted as negative CE actions
(e.g. contributing to climate change, see Section 1.1). I here argue that CE methods,
especially SRM, are generally discussed in view of dangerous climate change i.e. if
climate change impacts become too severe. This justifies a large-scale implementation
starting only decades ahead. Commonly, while mitigation methods try to limit future
emissions, CE methods also try to compensate for past actions through an “intended”
effort to reduce the Earth’s RF and thus, climate change (e.g. by achieving negative
emissions).

1.5.3 Research gaps
CE actions are thought to be applied intendedly, that is based on a sound knowledge
about possible positive and negative consequences. This study scrutinises major prevailing assumptions and fills research gaps in order to build such a knowledge basis on
tCDR — before any realisation plans should be considered.
There are already studies that raise concerns about the feasibility of CE methods like
tCDR to prevent or conquer climate emergencies (Jamieson, 2013; Barrett et al., 2014;
Sanford et al., 2014). For one, the fear persists that research of CE potentials alone
could distract from the need for mitigation actions (moral hazard, Corner and Pidgeon,
2014). Possible side-effects of CE techniques are still not completely understood leaving
questions about impacts and reversibility open (Sillmann et al., 2015). And last: who
decides whether a “climate emergency” is reached (Sanford et al., 2014)?
Doubts recently also increased about the feasibility of BPs to fulfil the expectations
raised by earlier studies. Next to questions regarding financial, political and economic
feasibility (not explicitly analysed here), the following research questions are still unanswered. These questions point at uncertainties that, in the course of this thesis, will be
elaborated upon and, by the end of this thesis be reduced or eliminated.
• Is the tCDR potential of BPs sufficient to lower, balance or even overcompensate
different levels of future emissions?
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• What would the trade-offs for food production and the impacts on climate and
ecosystems be?
• Could natural vegetation capture similar magnitudes of carbon?
• Is there enough land available for the establishment of effective BPs?
• Could technological development save space and time through an increase of efficiency?
The here conducted analysis addresses these uncertainties described in previous publications (e.g. Bronstein, 2010; Dornburg et al., 2010; Beringer et al., 2011; Smith et al.,
2013a; Kraxner et al., 2013; Fuss et al., 2014; Slade et al., 2014; Smith et al., 2016).
Following the structure described below (Chapter 1.6), this thesis will systematically
assess the potentials and obstacles of tCDR. Since the time of interest lies in the future and the objectives are large-scale land transformations, computer simulations are
conducted to quantify benefits and disadvantages of tCDR. The computer model applied here, the Lund Potsdam Jena model with managed Land (LPJmL, see SI D.4),
is especially appropriate for this task, as previous studies not only compared its representation of natural vegetation and managed land against observations (Cramer et al.,
2001; Sitch et al., 2003; Bondeau et al., 2007; Beringer et al., 2011) but also confirmed
a reasonable representation of global bioenergy plantations (Heck et al., 2016).

1.5.4 A joint effort to investigate CE proposals
The priority program of the German research foundation (Schwerpunktprogramm (SPP)
1689 der Deutschen Forschungsgesellschaft, DFG) concentrates on the research and
public discourse of the “Risks, Challenges and Opportunities?” of climate engineering
(http://www.spp-climate-engineering.de). This comprehensive framework sheds
light on all the CE proposals shown in Fig. 1.2 as well as on political, legal and ethical
aspects of the CE discussion. In fact, this SPP is motivated by the claim that research
on CE methods is needed to allow for a sound and informed public discourse and to foster alternative, near-future mitigation actions if CE potentials proof to be insufficient,
too uncertain or overwhelmed by negative side-effects (Pidgeon, 2013; Fuss et al., 2014;
Sanford et al., 2014; Smith et al., 2016).
This thesis contributed to the subproject CE-Land (CE on land, Deutsche Forschungsgesellschaft, 2013) with thorough analyses on the feasibility of tCDR from an Earth
system analytical point of view.
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1.6 The structure of this thesis
This thesis quantifies the potentials and impacts of tCDR under different assumptions
about land availability, emission pathways and onset of tCDR. The overall structure of
the main analysis is displayed in Fig. 1.3.

Figure 1.3: Presentation of the structure of this thesis based on different emission scenarios until
2100. Chapter 3 to Chapter 4 assume different starting points of tCDR implementation based on
the story lines introduced in this section.

In a first step, tCDR is prioritised compared to trade-off variables such as food supply
and ecosystem protection in a business-as-usual (BAU) scenario with tCDR as a “lateregret” option. This means, that tCDR is implemented at the large-scale once the 2◦ C
target is crossed around mid-century to assess the upper ceilings of tCDR potentials in
a “worst case” climate scenario. In particular, I investigate by how many years tCDR
could delay cumulative emissions of 2100 and at what non-economic “costs” (Chapter
2).
The next step looks at the potentials and trade-offs, if tCDR is implemented in a
partially mitigated climate scenario, for example to bridge the emission gap of the
current INDCs to limit global warming to 1.5–2◦ C by 2100. An earlier onset (when
the 1.5◦ C goal is reached in the late 2030s) allows for less drastic applications of tCDR
compared to Chapter 2.
In the future, challenges for food production, biodiversity and climate protection will
increase and hence, strictly constrain the availability of land for BPs (Chapter 4). Dif-
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ferent assumptions about food demand (tied to population growth and dietary trends),
yield increases and maps of protected areas as well as unfavourable albedo changes
therefore limit the space for BPs and hence, tCDR potentials. The option of assumed
technological development could, however, increase these potentials again.
The final analysis focuses on the bioenergy potentials and trade-offs of the mitigation
scenario RCP2.6 (Chapter 5) — the only mitigation scenario of IPCC AR5 staying
below the 2◦ C warming target. I reconstruct the land-use patterns of this commonly
used scenario to investigate under what conditions and trade-offs the documented and
published potentials (van Vuuren et al., 2011b) could be reached. This will give a
broader view on the rather extreme cases investigated in the chapters before.
A summary and outlook finalise the study and put the results into perspective. This
thesis does not intend to give advice about tCDR but rather could enlighten the public,
political and scientific discourse on tCDR.
A separated chapter presents supplementary information (SI) produced in the course of
this study. For example, analyses and data sets created within this study are presented
that, in the end, did not directly contribute to the finalisation of this work but added to
the work of colleagues. Also, being a part of a publicly funded German project, I contributed to the educational “Bildungswiki Klimawandel” of the German Bildungsserver
(in German) for pupils and teachers which is also presented here.

1.7 The main methods used in this study
Here, I shortly describe the spatially explicit biogeochemical vegetation model LPJmL
(see Fig. 1.4), which forms the basis of this study. So far, there are no large-scale field
experiments on tCDR and, moreover, I focus on possible land transitions in the future.
Computer simulations and the analysis of large amounts of generated data are therefore
inevitable. A thorough description of the model is included in all Chapters 2–4 and in
the SI D.4.
Fig. 1.4 shows one exemplary grid cell with an extent of 0.5◦ x 0.5◦ including all major
model features. Monthly fields of precipitation, temperature and cloudiness as well
as annual data of CO2 concentration drive the dynamically simulated distribution of
nine plant functional types (PFT) for the period of 1901–2005 (Ostberg et al., 2015).
Each PFT summarises the main attributes and processes related to a certain group
of plants such as tropical evergreen trees or boreal needle leave trees. These PFTs
compete for light, water and space. Water supply is offered by rainfall, reservoirs and a
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Figure 1.4: Illustration of the main components of the dynamic global vegetation model LPJmL.

river routing system. The distribution and composition of twelve crop functional types
(CFT) is prescribed in each grid cell and their yields calibrated with national FAO
(Food and Agricultural Organization of the United Nations) data of 1995–2005 (Fader
et al., 2010). Crop land can additionally be irrigated as described by Jägermeyr et al.
(2015). Two categories cover the representation of “other” food, nutrition and fibre
plants (e.g. potatoes, citrus and cotton) and pastures. The distribution of herbaceous
bioenergy plants (bioenergy grasses, BG) and woody bioenergy plants (bioenergy trees,
BT) is prescribed as well, following specific scenarios designed in each separate study of
this thesis. Simulations for the period 2005–2100 are driven by bias-corrected climate
scenarios conducted for the coupled climate model intercomparison project phase three
(CMIP3) (Heinke et al., 2013).
In a complex post-processing procedure with the open source software R (https://
cran.r-project.org/) tCDR potentials including conversion pathways are calculated
and impacts of BPs analysed. I emphasise that the model does not simulate feedbacks of
carbon and biogeophysical alterations between the land and the atmosphere. Therefore,
tCDR potentials cannot change the atmospheric CO2 concentration and thus, GMT
reduction potentials can only be approximated (Chapter 2). tCDR potentials rather
represent the sole carbon extraction potential in years of emissions saved by 2100 (equal
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17

to a slow-down on the trajectory by the given years) or as the additional emissions that
could be balanced as presented in Chapter 2 and 3.
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This chapter was submitted with modifications as: L. Boysen, W. Lucht, and D. Gerten and
V. Heck (2016). “Limited potential of terrestrial climate engineering to delay Earth’s anthropogenic
warming”. Earth’s Future.
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Abstract
Even though parties agreed in the Paris climate accord to limit global warming to
at most 2◦ C above preindustrial level, it still cannot be precluded that greenhouse
gas emissions might evolve along a worst-case, business-as-usual trajectory. Terrestrial Carbon Dioxide Removal (tCDR) through biomass plantations or afforestation
has recently been debated as a ‘green’ climate engineering option to lower global mean
temperature (GMT) in case of such failed mitigation, yet the potentials and the wider
Earth-systemic side-effects of such measures remain poorly quantified. Based on spatially explicit simulations with an advanced biosphere model, we here systematically
quantify the potentials of tCDR to balance continuing CO2 emissions (after a GMT
rise by 2◦ C will have been reached by mid-century) for a range of scenarios representing
different assumptions about which areas are considered for conversion to tCDR plantations. We find that the ability of the biosphere to balance cumulative emissions on a
business-as-usual emissions pathway (akin to the Representative Concentration Pathway [RCP] 8.5) is limited to 28–67 years even if major arable areas (4.3–7.4 Gha) were
converted. Spatially less extensive conversions (1.1–1.5 Gha) could ‘delay’ unabated
emissions by 13–16 years and, respectively, by 40–45 years on an alternative emissions
pathway with partial mitigation (akin to RCP4.5). Besides this limited potential to
counteract fossil fuel emissions, any such tCDR scenario would more or less severely
compromise ecosystem functioning (e.g. loss of habitats) or food production (likely
exceeding future yield increase projections). We conclude that large-scale tCDR is not
a viable alternative to ambitious mitigation actions.

2.1 Motivation and objective
In the Paris climate accords of December 2015, the international community of states
has agreed on limiting the rise in global mean temperature (GMT) to well below 2◦ C
above preindustrial level (UNFCCC, 2015). Nevertheless, a wide range of actual anthropogenic CO2 emissions into the atmosphere is still possible. Current pledges agreed
upon in the intended nationally determined contributions are voluntary contributions
to mitigation (Jeffery et al., 2015) that would not achieve the stated objective. Should
they not materialise, not be substantially increased over time, be disrupted, delayed or
overpowered by concurrent fossil fuel-based development (Bertram et al., 2015; Smith
et al., 2016), a GMT rise of up to 5◦ C by the end of the century cannot be precluded.
It is therefore important to not only analyse pathways of successful decarbonisation
(Luderer et al., 2011; Klein et al., 2013; Kriegler et al., 2013; Lomax et al., 2015; Rogelj
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et al., 2015c) but also less favourable outcomes — risk assessment involves considering
the worst cases. In fact, understanding their detrimental implications could be a crucial
factor in ensuring success.
To counteract inertia in economic and political developments, climate engineering methods such as terrestrial Carbon Dioxide Removal (tCDR) have been proposed to reduce
the risk of reaching a level of “dangerous” global warming (Caldeira et al., 2013; Shepherd, 2009; Vaughan and Lenton, 2011). tCDR via biomass-producing plantations
and afforestation is the only presently feasible technology – sometimes referred to as a
“green” option (Midilli et al., 2006) – for extracting carbon from the atmosphere after it
was emitted. Hence, tCDR can be investigated as a countermeasure to potentially slow
down, by partial balancing, the progression of atmospheric CO2 accumulation in case
failed or delayed mitigation leads to increasingly substantial and widespread impacts.
However, the ability of the biosphere to fulfil such expectations and the magnitude of
incurred side effects remains largely unstudied in detail. Although several estimates
of the potential of tCDR as climate engineering method to modify emission pathways
have been published (Caldeira et al., 2013; Lenton, 2010; Vaughan and Lenton, 2011),
large uncertainties remain not only concerning its availability, effectiveness, economic
and technological feasibility but also its large-scale environmental consequences (Fuss
et al., 2014; Kato and Yamagata, 2014; Smith et al., 2016).
In this study we explicitly do not consider the socioeconomic feasibility of tCDR as a
mitigation wedge (Edenhofer and Intergovernmental Panel on Climate Change, 2014;
Fuss et al., 2014; Lomax et al., 2015) but rather study its effectiveness as a means of
delaying progress on unfavourable (i.e. locked-in or only partially mitigated) emission
trajectories. Based on simulations of the carbon sequestration potential of biomass
plantations with a state-of-the-art, spatially explicit biogeochemical process model, we
demonstrate that even extensive tCDR — if realized around mid-century once the 2◦ C
goal might be crossed —- cannot balance substantial amounts of anthropogenic CO2
emissions and would be associated with major environmental and societal side-effects.

2.2 Simulation setup
We investigate the ability of tCDR to balance future emissions following two climate
scenarios generated to reach specific GMT levels by around year 2100 (Heinke et al.,
2013); see Materials & Methods. One scenario is similar to the RCP8.5 storyline (Riahi
et al., 2011) in which climate develops on an unabated business-as-usual (BAU) pathway
resulting in a GMT rise of ∼4.5◦ C and 2085 GtC accumulated anthropogenic emissions
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by 2100 and a crossing of the 2◦ C threshold around year 2050 (see Materials & Methods).
The other scenario is comparable to the RCP4.5 storyline (Thomson et al., 2011) in
which current mitigation pledges of the Paris accord are strictly fulfilled (Jeffery et al.,
2015) but subsequently not sufficiently increased, leading to a GMT rise of ∼2.5◦ C and
1227 GtC accumulated anthropogenic emissions by 2100 (and ∼1.8◦ C around 2050) —
still more than the internationally agreed objective.
Our analysis is based on global-scale simulations with the LPJmL Dynamic Global Vegetation Model (Fig. 2.1A,B; for details see Materials & Methods and Supplementary
Information (SI) A.1). This well-established model computes the growth and productivity of natural vegetation (Sitch et al., 2003), agricultural crops (Bondeau et al.,
2007; Fader et al., 2010) and woody and herbaceous biomass plantations (Beringer
et al., 2011), evaluating the climate-dependent transient dynamics of carbon fixation,
allocation, turnover and loss in vegetation growth while accounting for interactive effects of soil moisture and atmospheric CO2 content. Simulations of dedicated biomassproducing plantations differ from those of corresponding natural vegetation by assuming
higher productivity and harvest at regular or growth-dependent intervals. A comparison of the simulated woody and herbaceous plantation productivity with observations
from field data (Fig. 2.1C) verifies that our results capture a realistic magnitude of
production (after Heck et al., 2016).

Figure 2.1: Presentation of the LPJmL biosphere model. (A) Overview of model components; (B)
model performance in terms of simulated current global living biomass (GtC, 1995–2005 average)
with and without land use compared to values found in literature and the IPCC (Table ??); (C)
Deviation of simulated yields from woody and herbaceous biomass plantations from field data (%,
with 25 and 75 quantiles indicated; Table A.2 after Heck et al., 2016). Note that field plots are
small and cultivated under highly artificial growing conditions, specific characteristics of which
are not represented in our global model.

We investigate a range of scenarios differing in terms of the spatial extent of tCDR
plantations and in terms of whether currently cultivated or uncultivated areas are con-
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sidered for conversion (Fig. 2.2, Table 1). Replacing all arable natural land (7.4 Gha
globally) or all present-day agricultural land (4.2 Gha) places theoretical upper limits
on tCDR potentials. Scenarios in which 25% of either natural or agricultural land are
converted are less comprehensive but still extensive (3.3 or 2.2 Gha); and conversion of
10% of areas approaches perhaps more realistic but still very ambitious scenarios (1.4
and 1.1 Gha, respectively). Throughout this study we assume that carbon leakage due
to losses during biomass harvest, its subsequent transportation, processing and storage
amounts to a 50% backflow of carbon to the atmosphere (Lenton, 2010; Powell and
Lenton, 2012; Smith et al., 2013b). The remaining harvested carbon is assumed to be
immobilized indefinitely and hence removed from the carbon cycle. The replacement of
natural vegetation in land conversion is treated equivalently as a one-time harvest with
a 50% capture rate.

Figure 2.2: Areas considered for tCDR in the studied conversion scenarios. Values are given as
% fraction of 0.5 x 0.5◦ grid cells for scenarios listed in Table 1. Note that only the dominant
fraction of either natural or agricultural land in each cell is displayed.

2.3 CO2 removal potentials of tCDR and associated delays in
progress on emissions pathways
We find for an upper ceiling that replacing all ice-free and arable natural land (7.4 Gha)
could, by 2100, balance carbon emissions equivalent to the last 67 years of the century
(1424 GtC) on the BAU trajectory (Fig. 2.3A). However, while maintaining current
global land use patterns for agriculture, the majority of natural ecosystems would be
eliminated in such a scenario. Moreover, this upper ceiling of tCDR potentials would
be reduced by up to 20% if half of the carbon contained in the natural vegetation
converted to tCDR were not extracted and permanently sequestered after clearance.
Rededicating instead all cropland and pastures (4.3 Gha, Fig. 2.3B) to tCDR while
safeguarding natural ecosystems would achieve a corresponding delay of progression on
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the BAU pathway of 28 years (705 GtC) but would imply that all land-based food and
fiber production is abandoned.

Figure 2.3: Potentials of tCDR along the RCP8.5 trajectory for different biomass plantations scenarios. (A) Potentials in terms of carbon extracted (GtC) and years delayed (dots, indicating how
many years of emissions are ‘saved’ in the respective scenarios compared to the RCP8.5’s year
2100 value). (B) Corresponding size of converted area for each tCDR scenario. (C) Estimated
GMT changes displayed as a range across four climate models using the very likely range of transient response to cumulative emissions (TRCE) of 0.7–2.0◦ C per trillion tons of carbon (TtC,
Gillett et al., 2013). The dots represent results for tCDR potentials using the temperature-tocarbon (T/C) ratio of RCP8.5 in 2100 (see Materials & Methods). Exact end-point values for
each scenario are listed in Table 1. (Adapted Figure SPM.10 from the IPCC AR5 Summary for
Policymakers, Stocker et al., 2013b with permission of WG1 TSU).

In scenarios assuming conversion of only a quarter of either agricultural or natural
land to tCDR plantations, the sequestered carbon amount is equivalent to a delay of
RCP8.5’s end-of-century carbon budget by two to three decades (549 GtC and 816 GtC,
respectively). Converting 10% of agricultural or natural land (1078 or 1470 Mha), a
spatially still extensive but perhaps more realistic scenario similar to the extent considered in RCP4.5 for abandoned land (954 Mha, Thomson et al., 2011), accumulates a
biomass harvest that corresponds to 13–16 years of emissions (354 and 414 GtC, respectively) – a small fraction of the 2085 GtC accumulated total anthropogenic emissions
reached in 2100 in the BAU scenario (Fig. 2.3A).

2.3 CO2 removal potentials of tCDR
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Applying the same scenarios on the RCP4.5-like emissions and climate trajectory, we
find that despite a weaker CO2 ‘fertilization’ effect on plant growth (17–20% lower
sequestration potentials; Fig. A2), tCDR would be more effective in terms of balancing
the further emissions compared to RCP8.5 (Fig. 2.4). As 858 GtC less have to be
accounted for, the achievable time delay is a factor of three to four larger (see Tables
??A and supplementary information SI A.3 for all results). tCDR in such a scenario
would therefore indeed be more of a means of averting overly rapid climate warming
under pathway lock-in. The 10% conversion scenarios on the RCP4.5 pathway would
delay global warming by an equivalent of 41–44 years, which would buy important time
but is still not a very long period in view of long-term climate change and the magnitude
of environmental consequences incurred (see below).

Figure 2.4: Comparison of years delayed and resulting cumulative emissions along an RCP8.5 and
an RCP4.5 emission trajectory. In both cases, biomass plantations are assumed to be cultivated as
soon as a GMT rise of 2◦ C is reached on a RCP8.5 trajectory around mid-century and simulated
to be operated until 2100.

To shed light on the importance of plantation type and locations, we analyse three
additional cases of specific interest under the BAU trajectory (Table 1, Table A.4). The
first is simply allowing re-growth of natural vegetation on 25% of agricultural land rather
than installing tCDR plantations (Fig. 2.3, green dot; Table 1A). The resulting carbon
extraction (291 GtC) is about 60% smaller than if managed plantations were established.
Second, we analyse a scenario in which the dedicated bioenergy areas of the IPCC’s
RCP2.6 scenario (van Vuuren et al., 2011b) and RCP4.5’s abandoned agricultural areas
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(Thomson et al., 2011)( are jointly replaced by tCDR plantations (Table 1A). Although
both scenarios cover large areas, they are not located in the most preferable places for
tCDR from a carbon budget point of view, leading to a sequestration of 308 GtC (11
years). Third, we study a scenario in which tCDR is implemented on 25% of agricultural
areas but with a focus on maximising the volume of biomass extraction rather than on
the optimisation of the overall carbon balance (Fig. A3), for example to serve a future
biomass-focused economy. The carbon extraction achieved (466 GtC) is less than if
biomass plantations were established according to the largest benefit to the carbon
balance, due to the implied negligence of the emissions resulting from land conversion
itself (83 GtC if 25% of agricultural areas were rededicated to tCDR).

2.4 Side-effects of large-scale tCDR plantations
Irrespective of the underlying emissions scenario, the scenarios of decelerating cumulative CO2 emissions through large-scale tCDR deployment would be associated with
impacts that likely are ecologically intolerable and socially unacceptable (Table 1B).
Converting 25% of the most productive natural areas to tCDR plantations implies
widespread loss of habitats, reducing biodiversity and modifying ecosystems which are
already under pressure (Ostberg et al., 2015; Steffen et al., 2015) and face severe risks
of change under climate warming (Ostberg et al., 2013; Warszawski et al., 2014). The
global forest extent, currently estimated at 62% of natural forest remaining (Steffen
et al., 2015), would be halved in this tCDR scenario. When converting 10% of natural
land, still almost 1.4 Gha of habitats would be lost or degraded – an area corresponding
to half of today’s cropland extent.
From calculating the nitrogen content in the globally harvested biomass under BAU
conditions, we find that biomass harvest would extract 96–151 TgN yr-1 on 10–25% of
the agricultural area (in addition to the demand on the remaining cropland). This is of
a magnitude comparable to today’s worldwide nitrogen demand of 147 TgN yr-1 in 2014
(Steffen et al., 2015; FAO, 2015) which already has led to transgression of the suggested
“planetary boundary” for nitrogen by a factor of two (Steffen et al., 2015; FAO, 2015)
and would additionally release substantial amounts of non- CO2 greenhouse gases into
the atmosphere.
Agricultural calories production on cropland would be reduced by 73% (43%) when
converting the most suitable 25% (10%) of cropland for the purpose of tCDR. In a
world inhabited by at least 9 billion people in 2050 it is unlikely that such deficits
could be overcome by management intensification or improvement (Bajželj et al., 2014).

2.5 GMT reduction potentials of tCDR
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Transforming merely all pastures (i.e. keeping all cropland while eliminating all rangebased meat and dairy products, Table 1A) would not result in substantial climate
benefits: while pastures are more extensive than croplands they are also less productive
for tCDR plantations.

2.5 GMT reduction potentials of tCDR

We stress that our simulations do not imply an alteration of emissions, which are given
by a scenario of lock-in into a particular emissions trajectory due to infrastructural,
economic or political factors, but a delay in their progression. The associated delay in
GMT warming cannot be directly computed in the absence of fully-coupled biosphereatmosphere dynamics in our model. However, assuming that biogeophysical feedbacks
were of secondary order (Brovkin et al., 2013; Gillett et al., 2013), it may be approximated from the near-linear relationship between cumulative emissions and transient
GMT change (see Materials & Methods). We find that the delay in progression on
the emissions trajectory in the year 2100 amounts to lowering unabated RCP8.5 GMT
increase by 1.6–3.1◦ C in the most extensive tCDR, providing a purely theoretical upper
ceiling, and by 0.8–1.8◦ C in the 25% and 10% conversion cases, respectively deployment (Fig. 2.3B and C). Considering merely these orders of magnitude, and neglecting
whole-system feedbacks, these numbers indicate that the theoretical upper ceiling of
biogeochemical tCDR is just large enough to potentially restore a 2◦ C target by 2100.
The still immensely land-consuming but less comprehensive cases indicate qualitatively
that a 2◦ C objective could not be restored by tCDR alone. What is more, our analysis
of surface albedo changes in response to the implementation of biomass plantation (see
Materials & Methods) suggests a local warming on previous cropland or pasture due to
increased surface reflectivity which, however, is very sensitive to e.g. the original land
cover, crop management, snow cover and model parameterizations (see SI A.1). Fully
coupled simulations are needed to assess such climate feedbacks from biogeophysical
and also biogeochemical changes (e.g. including changing atmospheric CO2 concentrations and ocean responses (Zickfeld et al., 2013; Tokarska and Zickfeld, 2015), which
currently cannot be accomplished because Earth system models lack a process-based
implementation of tCDR plantations as available in LPJmL.
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2.6 Conclusion
We conclude that tCDR does not offer a late-regrets “climate emergency” service in
the case of failed mitigation leading to unabated continuation of emissions. Substantial post-factum carbon removal from the atmosphere would require utilising a major
fraction of the global land surface (natural or agricultural areas), with intolerable large
environmental and social costs. More realistic, i.e. spatially less extensive scenarios
(requiring conversion of 10% of natural or agricultural land), on the other hand, would
delay accumulation of emissions on a BAU pathway by not more than a decade. Even
in scenarios with simultaneous emission reductions (RCP4.5) the potentials are limited to around 40 years but with similar environmental costs. What is more, likely
increasing competition for land and water, the effects of climate change on agricultural
production and the disparate economic and technological feasibility of tCDR make our
biogeochemical quantifications of tCDR potentials rather optimistic estimates. Hence,
tCDR is neither a „green“ option for climate engineering (Heck et al., 2016) nor, within
this century, a realistic “emergency” option to counteract anthropogenic greenhouse
gas emissions. Mitigating anthropogenic emissions early and effectively is a far more
tractable option for limiting global warming (Luderer et al., 2013; Smith et al., 2016).
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Materials and methods
LPJmL model
We here use the well-established Dynamic Global Vegetation Model including managed
land, LPJmL (Sitch et al., 2003; Bondeau et al., 2007) to simulate the growth of natural
and agricultural vegetation – including biomass plantations – and the associated biogeochemical processes in a single, internally consistent framework. As shown in Fig. 2.1A,
LPJmL represents nine plant functional types (dynamic distribution based on bioclimatic conditions and competition for light, water and space), 12 crop functional types
(prescribed distribution and management with calibrated yields; Fader et al., 2010)
and pastures, as well as two second-generation bioenergy functional types (prescribed
distribution in scenarios as specified in Table 1, uncalibrated yields). Calculation of
the transient simulations is done on a daily time step and on a 0.5 x 0.5◦ grid. Bioenergy plantations are either woody (representing the growth characteristics of temperate
willows and poplars or tropical Eucalyptus) or herbaceous (imitating Miscanthus and
switchgrass) with harvest cycles of eight years or multi-annual occurrences, respectively
(Beringer et al., 2011). The performance of simulated, non-calibrated bioenergy harvests has been compared to current field studies as shown in Fig. 2.1C and by Heck
et al. (2016). For detailed description please refer to the SI A.1.
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2 Limited potential of terrestrial climate engineering
to delay Earth’s anthropogenic warming

Land use scenarios (tCDR)
For the simulations of tCDR potentials, we selected and replaced either all, 25%, or
10% of all 0.5◦ grid cells by woody or herbaceous biomass plantations, on currently
natural (e.g. parts of five major biomes) or agricultural areas (e.g. parts of cropland
and pastures) or an equal mixture of both – see Table 1. Non-arable grid cells, e.g.
those covered by ice, snow or desert, were excluded. Grid cells and plantation types are
selected for conversion such that the highest global net carbon potential is achieved in
each scenario (global distribution shown in Fig. A1), taking into account carbon losses
due to the conversion itself and carbon captured in 50% of the harvested biomass (Fig.
2.2 and SI A.2).

Calculation of carbon and global temperature potentials
For each scenario of tCDR deployment we compute the carbon extraction from the
atmosphere as change in carbon stored in the land carbon pool and in the accumulated
biomass harvest. Following the cumulative carbon emissions of RCP8.5 (Meinshausen
et al., 2011), the 2◦ C target is crossed around 2050 (for a detailed description, please
see SI A.2) and 4.5◦ C of warming reached in 2100 – defining the simulation period
of our study. For RCP4.5, which reaches 1.8◦ C and 2.5◦ C of warming are around
mid-century and 2100, respectively, simulations were also carried out for that period.
Climate forcing and atmospheric CO2 concentrations were taken from the MPI-ESM
ECHAM5 model whose biomass response in LPJmL resides in the middle of responses
to different CMIP3 climate models (Fig. A4, Heinke et al., 2013).
We apply the multi-model mean temperature-to-carbon ratio (T/C ratio) of RCP8.5
in 2100 (Stocker et al., 2013b) to our carbon sequestration potentials to estimate the
possible GMT reduction from tCDR alone in 2100 (Fig. 2.3C, dots). This procedure
is similar to the application of the transient response to cumulative emissions (TRCE,
Gillett et al., 2013) which is estimated to lie between 0.7–2.0◦ C/TtC (◦ C per trillion
tons of carbon) and which, multiplied with land carbon changes simulated in our study,
serves as a good approximation of GMT change. The TRCE approach does not capture
nonlinear feedbacks due to land use or land cover change (e.g. biogeophysical effects;
Brovkin et al., 2013; Boysen et al., 2014. Albedo changes due to tCDR are calculated by
the model (Forkel et al., 2014) to be similar magnitude but opposite sign as caused by
historical land-use changes (Pongratz et al., 2011) on agricultural lands likely leading to
a warming effect (note, that recent studies differ in this finding, see SI A.1). Contrarily,
the conversion of natural land would increase the albedo, possibly leading to a cooling
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effect, especially as evaporative fluxes tend to increase (see SI). The ocean response
is assumed to be included in the interactively simulated climate forcing (note that
atmospheric CO2 concentrations are not altered in our study). Carbon and temperature
potentials for four different climate models are shown as vertical bars in Fig. 2.3C (see
also Fig. A4).

Impacts of tCDR
We here calculate impacts of tCDR on food production, forest extent and the nitrogen
cycle. Avoiding speculations about future food, diet and population development, we
calculate the drawbacks on today’s per capita daily calorie production. The calibrated
crop yields in LPJmL reach a crop production of 3,038 kcal cap-1 day-1 for 7bn people.
The risk of transgressing the planetary boundary for land-system change is determined
by the remaining forest extent. We adapted this approach according to the fractional
forest areas provided by LPJmL which partly differ from those used in Steffen et al.
(2015). Scaling our potential forest extents to those in Steffen et al. (2015), we could
analyse the relative change of area in our scenarios and calculate the position with
respect to the planetary boundary for land-system change.
Nitrogen limitation to plant growth is not explicitly modelled in LPJmL. Therefore, we
did a post hoc estimation of the nitrogen content in the harvested and removed biomass
which can be translated to the required amount of nitrogen fertilization (which could
also partially be added by nitrogen depletion). For the applied nitrogen contents of
woody and herbaceous biomass plantations, see the SI A.3.
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3 Impacts devalue the potential of
large-scale terrestrial CO2 removal
through biomass plantations1
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This chapter is published with minor modifications as: L. Boysen, W. Lucht, and D. Gerten and
V. Heck (2016). “Impacts devalue the potential of large-scale terrestrial CO2 removal through biomass
plantations”. Environmental Research Letters. DOI:10.1088/1748-9326/11/9/095010.

36

3 Impacts devalue the potential of large-scale terrestrial CO2 removal
through biomass plantations

Abstract
Large-scale biomass plantations are often considered a feasible and safe climate engineering proposal for extracting carbon from the atmosphere and, thereby, reducing
global mean temperatures. However, the capacity of such terrestrial carbon dioxide
removal (tCDR) strategies and their larger Earth system impacts remain to be comprehensively studied — even more so under higher carbon emissions and progressing
climate change. Here, we use a spatially explicit process-based biosphere model to
systematically quantify the potentials and trade-offs of a range of biomass plantation
scenarios dedicated to tCDR, representing different assumptions about which areas are
convertible. Based on a moderate CO2 concentration pathway resulting in a global
mean warming of 2.5◦ C above preindustrial level by the end of this century — similar
to the Representative Concentration Pathway (RCP) 4.5 — we assume tCDR to be
implemented when a warming of 1.5◦ C is reached in year 2038. Our results show that
biomass plantations can slow down the progression of increasing cumulative carbon in
the atmosphere only sufficiently if emissions are reduced simultaneously like in the underlying RCP4.5 trajectory. The potential of tCDR to balance additional, unabated
emissions leading towards a business-as-usual pathway alike RCP8.5 is therefore very
limited. Furthermore, in the required large-scale applications, these plantations would
induce significant trade-offs with food production and biodiversity and exert impacts
on forest extent, biogeochemical cycles and biogeophysical properties.

3.1 Introduction
Terrestrial carbon dioxide removal (tCDR) strategies, as part of a suggested climate
engineering (CE) portfolio (Vaughan and Lenton, 2011), aim at extraction of CO2 out
of the atmosphere in the process of carbon fixation by plants through photosynthesis.
Amongst other CE ideas that intentionally alter the radiative forcing of the atmosphere,
tCDR is rated as a relatively “safe” technology with medium carbon removal potentials at low economic costs (Shepherd, 2009). However, efficient tCDR requires largescale biomass plantations (BPs) or afforestation projects, long implementation periods
(Vaughan and Lenton, 2011; Caldeira et al., 2013) and suitable utilization pathways of
the allocated biomass to permanently extract as much carbon as possible (Klein et al.,
2014a).
Recent studies (Humpenöder et al., 2014; Humpenöder et al., 2015; Lomax et al., 2015)
see global re- and afforestation initiatives as well as managed biomass plantations,

3.1 Introduction

37

combined with suitable conversion pathways (e.g. bioenergy with carbon capture and
storage, BECCS), as an important component of the mitigation portfolio. This view is
supported by the Summary for Policymakers of Working Group I of the International
Panel on Climate Change’s Assessment Report 5 (Stocker et al., 2013b) in which only
the trajectory RCP2.6 (van Vuuren et al., 2011b) trajectory stays below the 2◦ C target
for global mean temperature (GMT) rise due to the assumed extensive use of BECCS,
whereas the other RCPs imply less or no mitigation based on BPs. Other analyses
suggest that this ambitious mitigation pathway is not reliable due to uncertainties in
high biomass feedstock supply (Kato and Yamagata, 2014), carbon cycle dynamics,
technologies and political frameworks (Fuss et al., 2014).
CE projects are generally being suggested for deployment in the later decades of this
century when consequences of unabated global warming might become intolerable for
ecosystems and human well-being (Gerten et al., 2013; Piontek et al., 2014). For example, there is consensus that the 2◦ C or 1.5◦ C target will be out of reach if rapid
mitigation efforts in the near future fail (Bertram et al., 2015; Luderer et al., 2013; Rogelj et al., 2015c). But so far research is lacking quantitative studies on the potential and
consequences of later deployment of large-scale BPs as a CE rather than a mitigation
method. For example, the deployment of tCDR could be suggested to lower the estimated median change in GMT of 2.7◦ C in 2100 as anticipated by the currently pledged
so-called intended nationally determined contributions (INDCs, Jeffery et al., 2015) to
1.5◦ C by 2100 once all near-term efforts will have been exhausted. To date, only a
few studies contextualize tCDR explicitly as a CE option (Lenton, 2010; Vaughan and
Lenton, 2011; Caldeira et al., 2013) but their results are based on global estimates of
available area and conversion pathways (i.e. not spatially explicit and without support
by sound modeling of involved biogeochemical processes).
Our study focuses on the potentials and trade-offs of tCDR in a climate similar to
that in RCP4.5 with a GMT rise of 2.5◦ C by 2100 (Heinke et al., 2013) and similar
to the anticipated warming according to the submitted INDCs (Jeffery et al., 2015).
So far, these mitigation pledges still fail to limit GMT rise to 2◦ C or even 1.5◦ C by
the end of the century. In this study we therefore assume a deployment of tCDR with
the intention to postpone or counter further emissions once the 1.5◦ C target will be
reached around 2038 (with ca. 660 GtC of cumulative emissions) using a spatially
explicit systematic modeling framework. We create land-use scenarios in which the
climatically and biogeochemically most suitable areas for tCDR are either converted
to highly productive BPs or natural vegetation (NV). Specifically we answer the three
following research questions:
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1. Could tCDR substantially delay the progression of cumulative emissions once a
GMT rise by 1.5◦ C is reached in a partial mitigation scenario like RCP4.5?
2. Could tCDR, deployed at a time when climate projections strongly diverge, even
balance additional emissions towards a business-as-usual level of emissions (akin
to RCP8.5)?
3. What would be some of the non-economic costs of the required excessive land-use
and land cover changes for ecosystems and human well-being (e.g. effects on food
production, forest extent and biogeochemical flows)?

3.2 Materials and methods
3.2.1 The biosphere model LPJmL
We created land-use scenarios of large-scale tCDR for evaluation with the Dynamic
Global Vegetation Model LPJmL (Bondeau et al., 2007; Schaphoff et al., 2013) on a 0.5
degree x 0.5 degree global grid. The model was driven by monthly observational fields
of temperature, precipitation and cloudiness as well as by annual CO2 concentrations
for the historic period of 1901 to 2005 as described in Ostberg et al. (2015). The model
dynamically simulates the biogeographical distribution of nine natural plant functional
types depending on light, water and competition. Land-use patterns for 12 crop types
and pasture were prescribed from 1901 to 2005 following transient historical changes
(Fader et al., 2010) up to the year 2005 including irrigated areas (Portmann et al., 2010;
Jägermeyr et al., 2015). Crop yields are calibrated to match national FAO statistics as
described in Fader et al. (2010). To achieve soil carbon equilibrium and distributions of
natural vegetation, the model was spun up for 5000 years without land-use but under
the repeated climate of the years 1901-1930 (Schaphoff et al., 2013). A subsequent
spin-up of 390 years accounted for the influence of land-use changes on the carbon
balance.
From 2005 on, we prescribed a climate forcing arriving at 2.5◦ C of mean global warming
in 2100 (Heinke et al., 2013), similar to the CO2 trajectory of RCP4.5. We used climate
model output (e.g. precipitation patterns, temperature, wet days, cloudiness and CO2
concentration) from MPI-ESM simulations prepared for the CMIP3 framework, which
lies in the middle range of climate models considered in Heinke et al. (2013).
Crop and pasture spatial patterns were kept constant between 2005 and 2038, the year in
which the 1.5◦ C target is crossed in our climate scenario. We assumed that in that year
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selected land areas would be converted to BPs following the framework of table 3.1 (see
next section). Bioenergy trees (BT) are simulated to meet the growth characteristics
of poplar and willow in temperate regions and Eucalyptus in tropical areas. Bioenergy
grasses (BG) imitate the growth behaviour of Miscanthus and switchgrass. BT are
simulated to be initially cultivated from small saplings on the field which grow for eight
years when they are partially harvested down to their stump with rapid regrowth due
to the remaining root system. Plantations are clear-cut and replanted after five harvest
cycles (i.e. 40 years). Contrarily, BG grow much faster and 85% of the above ground
biomass can be harvested once at the end of the growing season or several times a year
as soon as leaf mass reaches 400 g m-2 . These parameter settings for both, BT and BG
are chosen and tested to represent good global matches with reported yields on field as
described by Heck et al. (2016). Here, we consider only non-irrigated bioenergy plants.
The global distribution of BG and BT in the different tCDR scenarios depends on the
highest net accumulated biomass harvest as well as on changes in land carbon pools
in each grid cell (SIB.1 Fig. B1). For example, the soil carbon allocation of BT can
be more beneficial for the net carbon sequestration than higher harvest rates of BG
in some regions which is why BT would be planted in there. This procedure mainly
allocates BG in tropical and temperate regions and BT in high latitudes and water
stressed tropical regions where the deeper root system of BT are preferential over BG.
Simulated yields of herbaceous and woody bioenergy plants (Beringer et al., 2011)
were recently evaluated against field studies (Heck et al., 2016). The hydrological,
agricultural and biogeochemical simulations of LPJmL were thoroughly evaluated and
validated in previous studies (Bondeau et al., 2007; Rost et al., 2008; Fader et al., 2010;
Schaphoff et al., 2013).

3.2.2 Scenarios of tCDR areas
In our baseline scenarios (table 3.1), either all, a quarter or 10% of the grid cells on
agricultural (AGR) or arable (e.g. ice, snow and desert-free) natural land (NAT) were
assumed to be converted to BPs to cover the range from maximum to more feasible,
yet lower potentials (figure 3.1). To avoid the conversion of solely highly productive
rainforest, five major biomes were considered separately for tCDR (tropical, temperate
and boreal forest as well as grassland and tundra). Similarly, both cropland and pastures
were treated equally to avoid judgment about which of these land use types to convert
preferentially.
In an alternative setup, we modified these scenarios by selecting the grid cells with
highest biomass harvest only, without considering the land carbon changes through
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Table 3.1: Scenario definitions, areas covered, and qualitative implications of their implementation.

Scenario

Name

Choice of cells

Area (Mha)

Implication

LUconst

Constant

4267

Today’s food
production

land-use patterns
of 2005
Natural

100NAT

All arable cells

6883

land

Severe elimination or
reduction of

25NAT

The 25% most

3245

productive cells
10NAT

The 10% most

ecosystems /
biodiversity

1431

productive cells
Agricultural 100AGR

All cells

4267

land

No or strong reduction
in food production

25AGR

The 25% most

2104

productive cells
10AGR

The 10% most

(both crop & pasture
land)

1045

productive cells
RCP

RCP2.6

van Vuuren et al.

445

(2011b)
RCP4.5

Thomson et al.
(2011)

Bioenergy on cropland
in 2100

954

Afforestation of 468
Mha cropland and 486
Mha pastures in 2100

conversion from previous use during the process of selecting grid cells. This allows an
analysis of the impact of land conversion emissions on the overall climate potential of
tCDR. Furthermore, we compare our results of highly managed biomass plantations to
the potentials of (regrowing) natural vegetation (NV) on the same chosen areas as in
our baseline scenarios.
We here explicitly aim at the maximised possible biophysical potentials and therefore
neglect limitations on land-use and land cover transitions through social, economic or
political restrictions.

3.2.3 Calculation of carbon potentials and years delayed
All simulation results, such as carbon pools (vegetation, litter and soil) and accumulated
biomass harvests, were smoothed using a 10-year or 16-year moving average (depending
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Figure 3.1: Spatial coverage of tCDR scenario on natural (green) and agricultural (pink) areas
according to table 3.1.

on the harvest cycle) up to around year 2100 for herbaceous or woody BPs, respectively.
We assumed a 50% capture rate of the carbon stored in the biomass harvest with a
back-flow of the other half to the atmosphere due to harvest losses, conversion inefficiencies and leakage rates (Lenton, 2010; Powell and Lenton, 2012; Smith et al., 2013b).
Consideration of more detailed and complex conversion pathways or fossil fuel substitutions (Gilbert and Sovacool, 2015) are beyond the scope of this study and thus, the
tCDR potentials found here are pure carbon extractions to an unlimited storage capacity, reduced by the leakage. The same strategy is applied to the conversion of natural
land by treating the replaced biomass as one harvest cycle with 50% loss of carbon to
the atmosphere.
To calculate the time delay of tCDR on the cumulative emission trajectory, sequestration potentials of our tCDR scenarios were subtracted from the RCP’s cumulative
emission budget in 2100. We then counted the years until the reduced budget matches
the RCP trajectory backwards in time.

3.2.4 Calculation of impacts
Following the definition of the planetary boundary for land-system change (PB-L, Steffen et al., 2015), the loss of forest was estimated for each tCDR scenario and compared
to the potential forest extent without human influence. This concept suggests that three
major biomes are distinguished: boreal, temperate and tropical forests with boundaries
suggesting that 85%, 50% and 85%, of the natural forest are to be preserved, respectively, before leaving the “safe operating space for humanity”. At present, the global
boundary of 75% of remaining forest extent — the average of the three biome-specific
values — is already transgressed (62% of forest still existent). The extent of forested
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land and land-use areas differs between the dataset used in Steffen et al. (2015) and
the simulated extents by LPJmL (Ostberg et al., 2013). For that reason, forest areas
in LPJmL were linearly scaled to fit those calculated in Steffen et al. (2015), and the
percentage changes were calculated.

Our scenarios affect large areas which would induce biogeophysical effects e.g. if the
reflectivity of the surface (albedo α) is changed substantially (Arora et al., 2011). BPs
tend to be darker than cropland (competing effects of longer growing season of darker
BG on agricultural land versus less dense bright crops revealing darker soils (Davin
et al., 2014; DeLucia, 2015; Miller et al., 2015), sparse shrubland or seasonally snowcovered tundra vegetation or cropland, but brighter than dense tropical or temperate
forests. To estimate the effect of albedo changes calculated by LPJmL (Forkel et al.,
2014, see SIB.2), we compare them to albedo changes caused by historical changes in
land-use and land cover (Pongratz et al., 2011). As changes in moisture fluxes could
also induce warming or cooling effects through altered latent heat fluxes (Davin et al.,
2007), we also compared moisture fluxes of unchanged vegetation and managed land in
2100, too.

By converting the LPJmL-simulated (and calibrated) crop yields to dry matter and
applying the nutrition values for each crop type (Wirsenius, 2000), we also calculated the
percentage loss of per-capita calorie production for 7bn people in each tCDR scenario
affecting agricultural cropland.

LPJmL implicitly assumes optimal nutrient supply to vegetation. Studies argue that
fertilizers for BPs are only required during establishment in view of modern management
techniques with a natural backflow of nitrogen (N) into the soils (Himken et al., 1997;
Brosse et al., 2012). In the absence of long-term studies, we estimated the needed N
fertilizer demand based on the removed biomass (C:N ratio). We assumed N contents
of both plantation types of 5kgN t-1 C-1 dry mass (Beringer et al., 2011). With this,
we approximated literature values of 4.9 gN kg-1 (Pennington, 2012) and 4.8 gN kg-1

(Karp and Shield, 2008) for BG and of 5 gN kg-1 (Karp and Shield, 2008) for BT.
The carbon content of dry matter is approximated with 45% for herbaceous (Kato and
Yamagata, 2014) and 50% for woody biomass (Lenton, 2010; Powell and Lenton, 2012).
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3.3 Results
3.3.1 The carbon sequestration potentials of tCDR
Figure 3.2 shows that the spatially most extensive, only theoretical scenarios (2.5–7.4
Gha, 100AGR, 25AGR+25NAT, 25NAT, 10AGR+10NAT and 100NAT) could fully
compensate for the cumulative emissions on the RCP4.5 trajectory between 2038 and
2100 (i.e. the tCDR trajectories allow for higher sequestration potentials than the ongoing cumulative emissions). This would delay the carbon budget otherwise reached in
year 2100 under RCP4.5 of 1227 GtC by 73 years (corresponding to 649 GtC, table 3.2)
in the 100AGR scenario (figure 3.2(b)). Even more than 220 years could be balanced
in the 100NAT scenario since in such a scenario even more carbon could be extracted
than has been emitted since 1880 (1361 GtC). tCDR on smaller, more likely convertible
areas of 1.0–2.1 Gha (25AGR, 10NAT, 10AGR) could translate into a postponement
of 46–61 years (341–514 GtC). This implies that the maximal permitted amount of
emitted carbon to stay below 2◦ C (ca. 220 GtC from 2038 on in RCP4.5) could just be
balanced by the end of this century.
Table 3.2: Potentials of tCDR in year 2100 in terms of carbon extracted (GtC) and years of emissions
saved (yrs). All results are based on an RCP4.5-like emission pathway. 25AGR_h refers to the
25AGR scenario chosen by highest harvest only; 25AGR_nv refers to the 25AGR scenario with
natural vegetation instead of BPs and 25NAT_nv on the potential of standing natural vegetation
on the 25NAT area.

Scenario

C extraction

Years delayed

(GtC)

(yrs)

100NAT

1361

>220

100AGR

649

73

25NAT

792

88

25AGR

514

61

10NAT

401

51

10AGR

341

46

25AGR_nv

266

39

25NAT_nv

61

12

25AGR_h

502

60

RCP2.6

76

15

RCP4.5

220
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However, these ambitious sequestration potentials of tCDR would only be sufficient
following a RCP4.5 climate trajectory but not under unabated emissions as in RCP8.5.
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Figure 3.2: The potential of tCDR to delay and balance cumulative emissions once the 1.5◦ C target
is crossed and until 2100. (a) Carbon sequestration potential of tCDR scenarios over time in
comparison with cumulative emissions of RCP4.5 and the additional emissions of RCP8.5. (b)
Years by which the progression on a RCP4.5 cumulative emission trajectory is delayed and the
according area sizes for each scenario.

This becomes clear when looking at the trajectory of additional cumulative emissions
(858 GtC more in 2100) leading towards a RCP8.5 pathway (orange line). tCDR
could only balance these additional emissions if plantation sizes reached 7.4 Gha on
natural land (100NAT with 1361 GtC) or large parts of natural and agricultural land
(25AGR+25NAT, 5.4 Gha) would be converted (1306 GtC). All scenarios of a smaller
global BP area could only partly balance these additional emissions of a BAU pathway.
The sequestration potential of tCDR after 62 years of operation (2038–2100) highly depends on the plantation size and history of the land being converted. While converted
natural areas are much larger than in the AGR scenarios, the carbon loss from soils
and biomass partly diminishes the BP sequestration potentials (figure 3.3(a), red lines).
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This loss can however be compensated for if 50% of both the replaced natural biomass
and the accumulated harvest are accounted for as sequestration potential (figure 3.3(a),
red arrows). tCDR on agricultural land (figure 3.3(b), red lines) in contrast increases
the small current land carbon stocks (yellow lines) almost as much as if potential natural vegetation was to regrow on these areas (green lines). In both cases, BP harvest
overcompensates any conversion losses by far (red arrows).

Figure 3.3: Changes in carbon pools if all natural areas (a) were converted to tCDR (red) or
agricultural (b) areas were converted to tCDR (red) or NV (green) from 2038 on. The red arrows
indicate the magnitude of carbon sequestration due to BP harvests.

A variant of the 25AGR scenario in which afforestation rather than BP is chosen
(25AGR_nv; figure 3.2) would sequester 266 GtC until 2100 — almost half the potential of BPs. As shown in figure 3.3(a), the land carbon restoration (i.e. the increase
of soil and litter carbon) is also half to that under BPs and the additional BP harvest results in significantly higher potentials than under NV. The standing natural
vegetation on the area of the 25NAT (25NAT_nv) scenario would sequester 61 GtC
— substantially less than with BPs on this land despite prevented land cover change
emissions.
By neglecting land carbon changes while selecting grid cells, the sequestration potential
of tCDR is reduced slightly since land conversion emissions diminish parts of the higher
harvest potentials, especially on natural land (see supplementary information SI figure
B2). This also transfers to the potentials of the dedicated bioenergy areas in RCP2.6
and re- and afforestation areas in RCP4.5 which were chosen by Integrated Assessment
Models for agro-economical reasons (figure 3.2(a)). Although the afforestation areas of
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RCP4.5 cover a similar area size of agricultural land as the 10CP scenario, the tCDR
extraction is 181 GtC smaller. RCP2.6 approximately affects half of the 10AGR area
but the sequestration potential is reduced to one fifth.

3.3.2 Impacts of large-scale tCDR implementation
The transformation of land for the purpose of tCDR would have various impacts as
qualitatively listed in table 3.1 and quantified here with measures described in table
3.3. Figure 3.4 maps the impacts of converting large-scale areas for tCDR on albedo
changes, food production, forest extent and biodiversity.
Table 3.3: Impacts of tCDR on the remaining natural forest extent (%), the planetary boundary for
land-system change (PB-L), global kilocalorie production (%) and nitrogen application (Mt yr-1
and, respectively, kg ha-1 yr-1 ) in 2100.

Scenario

Remaining

Risk of

natural

transgress-

forest

ing

Change in
Total N
-1
-1
kcal cap day
application
(%)
(Mt yr-1 )

N application

(kg ha-1 yr-1 )

PB-L*
100NAT

0

High

–

589

57

25NAT

31

High

–

345

99

10NAT

49

High

–

169

114

100AGR

(100)

(Safe)

-100

200

47

25AGR

(85)

(Safe)

-73

160

126

10AGR

(73)

(Incr.)

-43

108

181

*Note on PB-L: high refers to beyond the uncertainty zone, safe refers to within the safe operating
space and increasing (incr.) refers to beyond planetary boundary but within the uncertainty zone.
Brackets indicate a possible increase of forest extent if BPs were assumed to be semi-natural
vegetation.

Biogeophysical effects of large-scale land conversions to BPs could decrease possible
GMT reductions because albedo effects may cause local warming. By comparing albedo
(α) values of original and BP land cover (figure 3.4(a)), we find that converting pastures
and cropland could generally induce a positive radiative forcing which is likely stronger
than the induced reduction in radiative forcing due to historical land use and land cover
changes (Pongratz et al., 2011). Converting natural vegetation to BPs would likely
increase the reflectivity resulting in a local cooling. We find that moisture fluxes could
even be enhanced, leading to additional cooling effects through increased evaporation
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Figure 3.4: The trade-offs of tCDR: (a) Albedo (α) changes caused by tCDR plantations exemplarily
for North and South America (only the dominant land type, natural or agricultural, is shown to
be replaced by BPs), (b) remaining forest extent (PB-L) in comparison with Steffen et al. (2015)
(where symbols represent continents), (c) reduction in food production on cropland, (d) location
of protected areas and biodiversity hotspots after IUCN and UNEP-WCMC (2015) and Laurance
et al. (2014).

(SI table B.1) due to the replacement of shrubland by BPs, longer growing seasons and
higher vegetation densities.
Converting forests to tCDR plantations shifts the status of land-system change (PBL) from currently being at increasing risk (Steffen et al., 2015) towards being at high
risk with a reduction from 62% global forest cover left (current status) to 31–49% in
the 10NAT and 25NAT scenarios, respectively (table 3.3; figure 3.4(b)). For example,
temperate and tropical forests in Asia found to be most suitable for tCDR would face
massive replacements.
Food production would also be affected by tCDR on agricultural land (figure 3.4(c)).
Kilocalorie losses would range from 43 to 73% for the 10AGR and 25AGR scenarios,
respectively.
In our model, BG and BT biomass plantations on all current agricultural areas would
result in 56 kgN ha-1 yr-1 and 30.79 kgN ha-1 yr-1 , respectively. According to Karp and

Shield (2008) (50 kgN ha-1 yr-1 for switchgrass, 30-80 kgN ha-1 yr-1 for willows), Kering
et al. (2011) (120–168 kgN ha-1 yr-1 ) and Beringer et al. (2011) (50–70 kgN ha-1 yr-1 ),
these values lie at the lower end of former study results. Nitrogen demand for BPs ranges
from 169–589 MtN yr-1 on natural areas and from 108–200 MtN yr-1 on agricultural
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land. N demand increases over-proportionally: the smaller the selected areas become
the more productive they are due to our scenario set up (most productive cells chosen
first). For example, 25AGR and 10AGR need much more nitrogen per hectare than the
100AGR scenario. Already the 10AGR scenario demands about three quarters of the
current global nitrogen demand of 147 MtN (FAO, 2015) enhancing the pressure on the
planetary boundary for biogeochemical flows (44–62 MtN yr-1 ).
The areas dedicated to tCDR in our scenarios also partly interfere with biodiversity
hotspots (Laurance et al., 2014), protected areas (both in figure 3.4(d), IUCN and
UNEP-WCMC, 2015) and areas of endangered species (Pimm et al., 2014), which
might already be affected by climate change impacts at the levels of warming studied
here (Gerten et al., 2013; Ostberg et al., 2013).

3.4 Discussion
3.4.1 The ability of tCDR to delay partially mitigated cumulative emissions
Our simulations demonstrate that the tCDR potential of BPs could be substantial (i.e.
up to several decades) if they were implemented immediately at large scale on suitable
land as soon as the 1.5◦ C target is reached around 2038 in a RCP4.5 climate. Our
scenarios covering smaller areas could delay the progression on the cumulative emission
pathway by almost half a century. If the aim was to balance all cumulative emissions
from transgression of the 2.0◦ C or even 1.5◦ C target until 2100 on a RCP4.5 trajectory, ca. 330 or 550 GtC would have to be compensated, respectively. While the 2◦ C
target could already be achieved by more restricted (still large-scale) tCDR scenarios,
the more ambitious 1.5◦ C target could only be achieved by the most spatially extensive
and far-fetched tCDR scenarios considered here which would imply severe impacts on
ecosystems and food production. However, if the INDCs could enforce stronger mitigation results (e.g. if conditional options were fulfilled, air pollution reduced and planned
coal fired power plants be cancelled (Edenhofer, 2015; Jeffery et al., 2015), tCDR could
possibly reduce the remaining emission gap if the environmental costs incurred were
deemed acceptable.
Overall, the areas sizes considered and carbon extraction potential of our scenarios
(except for the 100NAT scenario) lie within the range of suggested in previous studies
(SI table B.2). Generally, potentials differ due to a broad range of factors such as
economic drivers of land allocation, conversion efficiencies, carbon storage options, yield
potentials, fertilizers, methodological simplifications or the treatment of the history of
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the converted land. To our knowledge, only five studies consider tCDR to be a CE
method but assume its implementation already in the near future which typically leads
to more optimistic outlooks. Caldeira et al. (2013) estimated a carbon extraction rate
of 1 GtC yr-1 on 3% of the land surface (∼437 Mha) using temperate trees. Our BPs
are simulated to be more productive and thus, tCDR on 50% of the 10AGR (523 Mha)
could extract ∼2.5 GtC yr-1 . The conversion of areas as large as today’s agricultural
land to tCDR is estimated to yield different potentials (150-900 GtC under mitigated
climate in Lenton, 2010, 583–913 GtC in van Minnen et al., 2008, 277–309 GtC in Heck
et al., 2016) leaving our result at a medium level (616 GtC), partly due to the simplified
utilization pathway of carbon.

3.4.2 The ability of tCDR to balance additional emissions
The potentials of tCDR scenarios would likely still not be sufficient to balance additional
emissions associated with a business-as-usual emission pathway like the RCP8.5. Carbon emissions would still increase more strongly than tCDR could compensate despite
our carbon sequestration estimates being optimistic due to the preferential selection of
most productive grid cells, rapid implementation, beneficial effect of elevated CO2 on
plant growth and the absence of nutrient limitation and biogeochemical feedbacks (e.g.
emissions from fertilizers). For example, our model is sensitive to high CO2 concentrations (Leipprand and Gerten, 2006; Luo et al., 2008; Beringer et al., 2011) acting
as fertilizer on plant productivity, and thus, yields may be somewhat overestimated.
tCDR potentials would increase by 10–12% on BPs between simulations reaching 390
ppm and our climate forcing of 546 ppm in 2100. An increase of CO2 concentrations
to 1050 ppm as in the RCP8.5 would enhance productivity 17–20% compared to our
climate forcing. Natural vegetation is less sensitive to changing CO2 concentrations
with only 4–9%.

3.4.3 The non-economic “costs” of tCDR
We find that the non-economic “costs” resulting from the land conversions for BPs will
be high. While it is the purpose of tCDR to possibly go back into the “safe operating
space” for climate change (Steffen et al., 2015), it may thus hamper efforts to stay
within the planetary boundaries for land-system change, freshwater use (if irrigated),
biogeochemical flows and biosphere integrity. A recent study by Wieder et al. (2015)
states that the nutrient supply for cultivated land throughout the century is not even
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secured following the land-use scenarios of the RCPs and thus, neither for our largescale tCDR scenarios. Our spatially least demanding scenarios (1.0–1.4 Gha) would
still restrict food production, reduce forests extents critically and certainly threaten
biodiversity. The competition for arable land is already high today (Searchinger et al.,
2015) and in view of an increasing world population and its growing demand for food, the
obstacles for food production are unlikely to be overcome. Optimistic outlooks on food
production and yield increases on currently cultivated land (Lotze-Campen et al., 2010;
Alexandratos and Bruinsma, 2012; Powell and Lenton, 2012) suggest that such increases
will likely not be higher than 27% globally (Bajželj et al., 2014). According to Ellis
et al. (2010) only one fourth of the Earth surface is still pristine and should therefore
remain untouched if those areas are to be preserved. Even the conversion of agricultural
land to tCDR would not induce a more natural state than today’s agriculture (Heck
et al., 2016) and the effect of changing albedos cannot be neglected (Arora et al., 2011;
Davin et al., 2014; Keller et al., 2014; Miller et al., 2015). Other studies claim that
land availability is not constrained (Souza et al., 2015) and that e.g. corridor-like and
sustainably managed plantations might also increase biodiversity (Smith et al., 2013b;
Jantz et al., 2014; DeLucia, 2015). tCDR would likely increase the already existing and
intensifying pressure on managed and natural land.
Our scenarios depict only a small range at the margins of a very diverse space of possible
future land-use trajectories, but they still draw ceilings to the achievable potentials
and, especially, the bearable non-economic costs for the environment and human wellbeing. Realistic obstacles for tCDR such as smaller plantation sizes, later and gradual
establishment of BPs, climate change impacts on plant growth and water and nutrient
limitations would decrease the potential of BPs to sequester atmospheric carbon loading.

3.5 Conclusion
Our study shows that tCDR as a CE method could substantially slow down the progression of cumulative emission on a mitigation trajectory reaching 2.5◦ C in 2100. However,
this can only be achieved if biomass plantations are implemented immediately once the
1.5◦ C target is crossed and if immense costs for food production and ecosystems were
tolerated. Furthermore, it is likely that the extensive conversion of land induces positive
feedbacks with the climate system itself (not explicitly modeled here), compromising
the purpose of tCDR: to lower the global carbon budget and GMT changes. If tCDR
was implemented to counter additional emissions on a RCP8.5 trajectory, this potential
would be insufficient despite our rather optimistic sequestration calculations. In view
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of limited space to reduce side-effects, tCDR can thus be considered as an ineffective
CE tool to reverse carbon emissions. We show that we cannot bet on tCDR to supply
negative emissions (Fuss et al., 2014; Zickfeld and Herrington, 2015) and that early
mitigation, even with sustainably managed tCDR, is inevitable (Smith et al., 2016).
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Abstract
Large-scale biomass plantations (BP) entail trade-offs for food production, ecosystems
and climate through land restrictions. The availability of already managed land (i.e.
potential abandonment) for the establishment of BP depends on food demand and thus,
besides dietary trends, on the interplay of population growth and yield increase. The
availability of natural land depends on normative values such as exclusion for reasons
of ecosystem or biodiversity protection. The terrestrial carbon dioxide removal (tCDR)
potentials of BP in turn depend on the location and productivity of land being considered, management options, albedo changes and biomass conversion efficiencies (CEff).
While previous studies identified broad quantitative estimates for trade-offs between
tCDR potentials and these diverse land restrictions, we here provide a comprehensive
analysis with a wide spectrum of spatially explicit land transformation scenarios, using
a global biogeochemical process model. We find, that assumed future needs for nature
protection and food production strongly limit tCDR potentials. In none of the analysed
scenarios the food demand of a world population growing to 9.5bn in 2050 could be met
on current agricultural areas under the assumed future yield increases. Only under a
constant world population of 7.5bn people in combination with optimistic outlooks for
yield increases (1.4% yr-1 ) and technology (CEff of 70%), 65 GtC could be sequestered
on 380 Mha of released agricultural land between 2050 and 2100. However, if land availability was additionally constrained by adverse albedo changes, this potential would be
further reduced by two thirds. Converting instead natural land for BP could result in
higher tCDR potentials – but at high environmental costs (e.g. biodiversity loss and
ecosystem change).

4.1 Introduction
Terrestrial carbon dioxide removal (tCDR) strategies use the potential of the biosphere
to sequester CO2 out of the atmosphere, which must then be safely and permanently
captured by conversion into adequate products (e.g. biochar) to achieve negative emissions. For such purpose, highly managed woody and herbaceous bioenergy plantations
(BP) could be cultivated accompanied by regular harvests and subsequent storage of
the extracted carbon. BPs are not only a dominant part of the mitigation wedges in
many climate projections (Fuss et al., 2014; Klein et al., 2014b; Kriegler et al., 2013)
but also part of a climate engineering (CE) portfolio suggested to be possibly put in
place in case of failed mitigation. Such tCDR methods intentionally alter the radiative
forcing at the top of the atmosphere to reduce global mean temperatures (GMT) by
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extracting CO2 out of the atmosphere. Optimistic studies on tCDR rank it as a relatively safe, cheap (Shepherd, 2009) and effective (Klein et al., 2014b; Kriegler et al.,
2013; Lenton, 2010) carbon extraction tool. However, substantial uncertainties remain
regarding its time- and space-consuming properties linked to high carbon extraction
potentials which could ultimately turn tCDR into a rather expensive (Caldeira et al.,
2013) and ecologically and socially intolerable (Dornburg et al., 2010; Smith et al.,
2013b; Smith et al., 2016) CE method.
A comprehensive biogeochemical analysis of spatial restrictions to BP implementations
which prioritize land constraints for food production or nature protection over tCDR
potentials is still lacking. This study analyses, spatially explicitly, four factors that may
severely restrict large-scale tCDR: (1) food production, (2) ecosystem protection, (3)
biogeophysical properties and (4) carbon conversion pathways. Using these constraints
enables us to quantitatively explore the global opportunity space of convertible land
for tCDR as shown in Fig. 4.1a. Specifically, these components influence the tCDR
potential as follows:
1. In order to protect still existing natural ecosystems from further human interference through tCDR, conversion of land is first only considered on already cultivated land. 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 BP. However, population growth and with it food demand are likely to increase and, hence,
make agricultural land expansion necessary (Bajželj et al., 2014; Lotze-Campen
et al., 2014; Wise et al., 2009), lowering the land gains from improvements in
efficiency and thus, limiting the space available for BP.
2. In a contrasting consideration, natural land might be considered for the establishment of BP to completely safeguard agricultural lands for food supply. The
value lands, including terrestrial biomes and protected areas, is difficult to judge
since they contribute to ecosystem functioning and resilience, the climate system
functioning and human well-being (Chan et al., 2016). Thus, normative decisions
would have to be made for the transformation of land (Beringer et al., 2011; Dornburg et al., 2010; Erb et al., 2012; Powell et al., 2013). Both, (1) and (2) could in
turn increase carbon emissions due to e.g. management techniques or the effects
of land conversions.
3. tCDR plantations are likely to have biogeophysical effects, e.g. if the surface
reflectivity (albedo) of the Earth is decreased which might cause local warming
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due to increased absorption of sunlight (Arora et al., 2011; Pongratz et al., 2011).
Depending on region, case and circumstances these effects could be undesirable
and thus, classify these areas as unsuitable for tCDR. For example, a conversion of
a bright wheat field into a darker woody biomass plantation could induce a local
heating in contrast to the intention of tCDR to lower global mean temperature
(GMT). These effects are however highly sensitive to the original land cover and
management techniques (see Methods).
4. tCDR land requirements depend furthermore on the conversion efficiency of biomass
into different carbon products, i.e. the amount of carbon actually immobilized
depends on the emissions incurred along the process chain (Lenton, 2010). For
high conversion efficiencies, less land will be needed to gain the same amount of
carbon extraction.

Previous studies (Table 4.1) have investigated these dimensions individually or in some
form of limited combination. Here we present an analysis that is comprehensive and internally and spatially consistent within one single modelling framework. Kraxner et al.
(2013) analysed the possible outcomes of the “Reducing Emissions from Deforestation
and Forest Degradation” initiative using an Integrated Assessment Model (IAM) and
found that it will likely not be possible to protect all natural areas, halt deforestation, switch to 100% renewable energies and simultaneously feed a growing population.
Lenton (2010) describes this circumstance as a trilemma between climate protection,
food production and biodiversity conservation. Powell and Lenton (2012) found that
only a global shift towards highly efficient food production systems with low meat consumption could release sizable agricultural areas for tCDR (660 Mha). Confirming
their previous study, Powell et al. (2013) also emphasized the threat for biodiversity
conservation due to biomass withdrawal and habitat loss through bioenergy and food
production and climate change. Beringer et al. (2011) focused on two agricultural yield
and two ecosystem protection scenarios until 2050 resulting in comparatively smaller
areas for BPs with 142-464 Mha on both cultivated and uncultivated land. As they are
tied to the net climate effect of BP, albedo changes have to be also accounted for, as
topic which has recently gained attention (Davin et al., 2014). All these studies stress
the demand for available and suitable land for tCDR, which is regionally limited for
food production already today (Licker et al., 2010). A recent work (Smith et al., 2016)
takes a first step into the direction of jointly analysing the effects of BPs large enough
to reach a 2◦ C target and the trade-offs for food production, nutrient use, albedo, water
and energy and cost requirements using an IAM.
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Table 4.1: Results of previous studies dealing with two or more trade-off dimensions investigated in
this analysis.

Source

Objectives

Results

Kraxner et al.

100% renewables, complete

Not possible; Zero deforestation

(2013)

stop of deforestation,

causes losses of other natural

protection of all natural

vegetation for managed forests and

areas, feed growing

bioenergy

population
Lenton (2010)

Trilemma: climate

695–1014 Mha abandoned

protection, food production

agricultural land for afforestation

and biodiversity conservation

(68–133 GtC) until 2100. More
including natural sinks and
residues.

Powell and

tCDR potential on

Expanding agriculture due to high

Lenton (2012)

agricultural land in

meat consumption and low

dependence on diets and

efficiencies causes loss of natural

production efficiencies

land.

Powell et al.

Threat for biodiversity due to

Expanding agriculture due to high

(2013)

food and tCDR production

meat consumption and low

and climate change

efficiencies causes loss of natural
land.

Beringer et al.

Scenarios of agricultural yield

142–464 Mha; 28–125 GtC until

(2011)

and ecosystem protection

2050

Erb et al. (2012)

Bioenergy in dependence to

Biodiversity conservation and

food systems (diets and

political instability could reduce

production), political

the tCDR potential by almost 50%,

stability (investments),

while BP yields could increase by

biodiversity, deforestation,

up to 50% (compared to outlook

energy crop yields

scenario 2050)

Smith et al.

Reducing greenhouse gas

Supply side mitigation needs land

(2013b)

emissions from land while

(sustainable management) less

safeguarding biodiversity and

effective than demand side

food production

mitigation (improved carbon
cascades)

Smith et al.

BECCS needed to limit

380–700 Mha extracting 330 GtC

(2016)

warming to 2◦ C

Kato and

Analysis of the required

BPs of approximately 440 Mha can

Yamagata (2014)

management input of a low

only deliver the expected 160 GtC

emission scenario with

of carbon sequestration under high

BECCS (RCP2.6)

irrigation and fertilizer inputs.
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Here we use a well established biogeochemical process model for natural vegetation and
managed land, LPJmL (Bondeau et al., 2007), with a combination of published data
sets on biodiversity, to examine the tCDR potentials of BP grown from either 2020
(near-future projections like in most mitigation scenarios) or 2050 (for the purpose of
CE) until 2100. These scenarios allow us to systematically assess the tCDR potentials
for a suite of different land use scenarios with respect to food demand, ecosystem
conservation, albedo changes and conversion efficiencies.

4.2 Methods
4.2.1 The model LPJmL
We conduct spatially explicit simulations with the biogeochemical process model LPJmL
for vegetation (including agricultural managed land) and the carbon and water cycle
(Bondeau et al., 2007; Schaphoff et al., 2013). All scenarios (described below) depart
from the land use patterns including crop and pasture areas of 2005 following Fader
et al. (2010) and with irrigation patterns following Jägermeyr et al. (2015). The model
is spun up for 5000 years without land use to reach equilibrium in carbon pools and
for another 390 years to bring the distribution of potential natural vegetation into an
equilibrium. After that, the growth and productivity of dynamic natural and transient
prescribed managed vegetation patterns are simulated for the period 1901 to 2005 driven
by historical climate data (Ostberg et al., 2015). The agricultural land use patterns and
crop shares in each grid cell are held constant thereafter. We chose a climate forcing
reaching 2.5◦ C of mean global warming in the year 2100 (Heinke et al., 2013) and start
our tCDR scenarios in 2020 (when +1.1◦ C is reached) and 2050 (+1.8◦ C), respectively.
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) — optimised for best net carbon sequestration. BPs are modelled to be harvested
on a regular basis 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 in the analysis always include the net carbon sequestration potential, that is the net outcome of
accumulated biomass harvest carbon and changes in land carbon pools (soil, litter and
vegetation) due to the establishment and operation of BP. The replacement of natural
vegetation is accounted for as a one-time tCDR-harvesting event i.e. carbon emissions
from the conversion are reduced accordingly.
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4.2.2 Scenario setup
The assumptions for the scenario building process prioritizing food security (“food
first”, Fig. 4.1a), ecosystem (“ecosystems first”) or climate protection (“climate first”)
are listed in Table 4.2 and described in detail in the following sections. The basic
methodology is simple: land grid cells on either agricultural or natural land are sorted
according to their productivity (e.g. built-up carbon in crops, pastures or natural vegetation) and protected from conversion to BP along this gradient to the point where
the scenario-specific constraints (Table 4.2) are fulfilled. The remaining, less productive grid cells are considered available for the establishment of BP (Fig. 4.1b) without
competing against the constraints. We investigate agricultural and natural areas separately but the results are additive. However, as in previous studies (Smeets et al., 2007;
Lenton, 2010; van Vuuren et al., 2011b; Powell et al., 2013; Humpenöder et al., 2014)
we first concentrate on the conversion of degraded or abandoned crop and pasture land
before converting natural land to BP.

Figure 4.1: 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.
b) detection process of land available for tCDR.

4.2.3 Food production
To represent potential future food demand and possible abandonment of agricultural
land for tCDR (“food first” scenarios), we apply a range of scenarios of population
growth and crop yield increases up to 2050 as documented in the literature (Table
4.2). For reasons of simplicity we assume that these numbers remain constant for the
time after BP implementation. Humpenöder et al. (2014) assume a lower-than-current
yield increase of 0.48% yr-1 for a business-as-usual future pathway until 2100 leading
to a total 7.2% increase by 2020 and 21.6% by 2050 (with crop expansions and pasture
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abandonment). With an alternative assumption of a continuation of the recent (19852005) annual increase of productivity for vegetal products by 0.95% (without accounting
for the expansion of harvested land; Foley et al., 2011), an increase by 14.3% and 42.8%
could be reached in 2020 and 2050, respectively. This increase could even be maintained
sustainably if diets shifted towards lower meat shares and highly efficient production
schemes (increase by 1% yr-1 for all food products, Powell and Lenton, 2012). It is just
slightly more than estimates by the FAO outlooks in 2003 and 2006 which stated that
increases of 0.9% yr-1 are possible until 2050 (Slade et al., 2014). Highest productivity
increases in the recent past (1985–2005) reached 1.4% yr-1 (including expansion of
harvested land; Lotze-Campen et al., 2010; Foley et al., 2011) (amounting to increases
by 21% in 2020 and 63% in 2050), which will likely not to be achieved again unless
genetic modifications or currently unutilized food plants were entered into use.
Global population numbers refer to 2005’s status of 6.5 bn, 2017’s likely status of 7.5
bn and a moderate estimate of an increasing population up 7.5 to 7.8 bn in 2020 and
up to 9.5 bn in 2050 (United Nations and Affairs, 2015). Yield increases may be seen
as opportunities for tCDR if land can be freed where population-driven food demand
is outpaced by productivity increases (see Fig. 4.2).
LPJmL’s agricultural yield estimates are calibrated with national FAO statistics (Fader
et al., 2010) between 1995–2005. Over this period, our model on average produces crop
yields of 31 GtC (3300 Kcal cap-1 day-1 with a population of 6.5 bn in 2005) globally,
while pastures produce 18 GtC. Based on this, the maximum leaf area index, one of the
crop management parameters in LPJmL, was gradually increased for each crop type
and for each country to meet the assumed total yield increases in calorie production
in 2020 and 2050, respectively. Climate-driven simulations were carried out with these
new management parameters and evaluated while other management parameters (e.g.
irrigation) were held constant. We did not allow for agricultural land transitions or
expansion since patterns and efficiencies again would induce trade-offs and impacts
that are not the focus of this study. Without explicitly distinguishing between vegetal
and meat or dairy products and changes in diet we can assume that any yield increase
on cropland (linearly) also increases meat production through yield increases on pasture
land. Accordingly, we keep the ratio of GtC produced per capita in 2005 on both crop
and pasture land constant and take this ratio as a requirement for future food supply.
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Table 4.2: Framework and data sets used to identify available land for tCDR.

Food first

Yield increases

2020 &

0.48% yr-1 (7.2–21.6%)

2050

(Humpenöder et al.,

feed the given

2014)

population

0.95% yr-1

Population increases

Land available
for tCDR

6.5 bn const.

Land not needed to

7.5 bn const.

(14.25–42.75%) (Foley
et al., 2011)
1.4% yr-1 (21–63%)

7.8 bn (2020) – 9.5 bn

(Foley et al., 2011;

(2050, United Nations

Lotze-Campen et al.,

and Affairs, 2015)

2010)
Ecosystems
first

Protection of
Biomes only

Protected areas

Land available for
tCDR
Pristine forests

All natural land

(Hansen et al., 2013)

outside protected

All forests, shrubland,

areas or/and

and grass land

biomass

Biodiversity hotspots +
protected areas +
endangered species +
endemism richness
(Kier et al., 2009).

Climate

Biomes + protected

all forests and

Unproductive/

areas

biodiversity areas

unprotected

Albedo effects

first

lands
Protection of pixels with albedo changes exceeding −0.02 after the conversion to BP.

Conversion efficiencies

Low: 20%

(CEff, %)

Medium: 50%
High: 70%
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Figure 4.2: Available land for tCDR (coloured) on agricultural areas (grey) according to the scenariospecific constraints assuming tCDR implementation starting in 2020 (left) and 2050 (right), respectively.

4.2.4 Degraded and unproductive soils

Some of agricultural land is rather unproductive and contributes little to food, fibre
or cotton production and would therefore be available for BP. We identify these areas
by taking the 90th percentile of least productive agricultural land grid cells, which are
mainly located at the margins of deserts or mountainous regions. The assumption is
that under appropriate management of BP, these areas could potentially be productive
for BP. Similarly, BP could be used to restore degraded land (Qin et al., 2011; Xie et al.,
2013). We additionally use the Global Assessment of Human-Induced Soil Degradation
(GLASOD, Supplementary Information, SI Fig. C1; Oldemann et al., 1991) data set
to identify this degraded land. Contrarily to the unproductive agricultural land grid
cells identified by LPJmL, degraded soils are not simulated explicitly in the model.
Therefore, we assume the case that soils could be fully restored by 2020 or 2050 and
deduce optimistic potentials for (non-irrigated) BP on these areas.
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4.2.5 Natural and protected areas
To avoid conflicts with food production, natural land might be considered alternatively
for the conversion to BP. However, the value of these areas is difficult to measure quantitatively but they play an important role in the climate system and biodiversity supports
resilience. In this section we therefore classify biomes and overlay biodiversity maps
to systematically test the tCDR suitability and potentials of these areas (“ecosystems
first” scenarios).
Natural biomes are classified from model simulations with constant land-use patterns
until 2020 or 2050 using climatic conditions and carbon contents (Ostberg et al., 2013).
For the analysis we here distinguish between forested areas, grass and shrubland.
Hansen et al. (2013) identified pristine forest areas as intact forest landscapes which
are therefore part of the forest biomes considered here (Fig. 4.3a).

Figure 4.3: Maps displaying the distribution of major biomes in 2020 (a) and grid cell fractions of
protected areas (b) considered for protection or the establishment of BP in this study.

We further overlay maps of biodiversity hotspots (Laurance et al., 2014), endangered
species (Pimm et al., 2014) and endemism richness (Kier et al., 2009) (Fig. 4.3b). While
hotspots cover entire grid cells, areas of endangered species and endemism richness are
normalised by their maximum values and translated to fractional shares of grid cells
and the dominant one of both data sets is taken. If BP and protected areas appear
together in one grid cell, it is assumed that BPs always interfere with the protected
areas although these could be located anywhere in the cell. Due to this procedure, in
case of conflict precedence is given to BP, we maximise the projected potential to the
detriment of protected area.
Biome classes and biodiversity maps are either protected separately (e.g. only forests,
shrubland or protected areas) or in combination (e.g. forest and shrubland) while the
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other classes of natural land are available for tCDR. However, grid cells are excluded
in which non-irrigated BP saplings do not grow due to climatic conditions.

4.2.6 Albedo changes
LPJmL calculates surface albedo depending on area covered by vegetation and snow
cover in each grid cell (SI Fig. C2a; Forkel et al., 2014; Strengers et al., 2010. Studies
showed that the conversion of grassland to BP in higher latitudes might shadow bright
snow, causing a warming effect (Schaeffer et al., 2006; Arora et al., 2011). In this
study, albedo values for BP have been set to 0.18 for bioenergy grasses (Caiazzo et al.,
2014) and 0.16 for bioenergy trees (Schaeffer et al., 2006). Residue management after
harvest management is an influential factor regarding surface albedo. In LPJmL, these
are assigned a value of 0.32 for straw (Kucharik et al., 2013) and 0.27 for crop stubble
(mean of Merlin et al., 2013; Davin et al., 2014; Horton et al., 2015) of bioenergy
grasses. Straw and stubble from both, crops and BP are left on the field to decay
and thus, partly reduce the impact of the soil albedo. Based on our settings, albedo
decreases on much of the agricultural land if converted to BP (SI Fig. C2b). In
comparison with historical albedo changes due to land use change (Pongratz et al.,
2011), our simulated changes are rather at the high end. 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). On natural land albedo exclusively
increases after a conversion to BP which is why these effects are not included in the
analysis on tCDR potentials on these areas (SI Fig. C3).

4.2.7 Conversion efficiency
We here span the range of possible conversion efficiencies (CEff), including all losses,
from a pessimistic 20% to a medium level of 50% to improvements up to 70%. In the
following, all tCDR potentials refer to values of CEff of 50% unless stated differently.
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 the substitution of fossil fuels by transforming biomass into biofuels in combination with carbon capture and storage (BECCS)
to geological reservoirs; 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. The ultimate carbon extraction
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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). Wood combustion without (20–40%) and with
added coal (30–40%) as well as fermentation of lignocellulosic grasses (33–35%; Lenton,
2010; Edenhofer et al., 2011) are certainly at the lower end. Gasification methods reach
between 50–90% (Lenton, 2010; Edenhofer et al., 2011) depending on the by-products
and techniques used and whether heat or fuel should be the result. Pyrolysis for the
production of biochar has an estimated efficiency of 50–85% (Lenton, 2010; Woolf et al.,
2010). However, losses during production, transport and storage of 2–15% (Cannell,
2003; Smeets et al., 2007) need to be accounted for. Long-term storage capacity estimations vary between 600 GtC (Azar et al., 2010), 1080 GtC (Humpenöder et al.,
2014), 460–3030 GtC (Vaughan and Lenton, 2011) and 3000 GtC (Lenton, 2010) for
carbon capture and storage (CCS). Biochar, though assumed to have lifetimes of up
to millennia (Woolf et al., 2010), can only be distributed on fields as long as the carbon uptake limit of 400-500 GtC is not reached before possible negative effects occur
(Lenton, 2010). However, biochar is assumed to have positive effects on the fertility of
soils and may therefore reduce artificial fertilizer input. Wood burial could theoretical
have an efficiency of 100%, if wood is stored under anaerobic conditions, the practical
realization is, however, unrealistic in most respects (Zeng, 2008).

4.3 Results and discussion
4.3.1 Conversion of agricultural land
The conversion of agricultural land to tCDR plantations is strongly restricted by food
demand which in turn depends on population growth and land use intensity in particular
(“food first”). Simulated global food production (Fig. 4.4) levels off when reaching an
area as large as 3 Gha, which means that these areas are not adding substantially to
the food production. Transforming the 10% least productive agricultural land grid cells
(86 Mha, Fig. 4.2, Table 4.3) to BP reveals that these areas are also unsuitable for
the cultivation of non-irrigated BP, with only 1 GtC sequestered. Some studies claim
that BP could restore marginal 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; Qin et al., 2014). Searchinger et al. (2015) also point out that the
definition of what degraded lands are, and how they could be used, is highly uncertain
(e.g. they could nonetheless provide valuable natural habitats). LPJmL simulates
sizable biomass production potential on currently degraded soils (SI Fig. C1) such that
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if severely and extremely degraded soils covering about 300 Mha were restored until
2020 or 2050, 67 and 44 GtC could be extracted, respectively (Table 4.1). If all slightly
and moderately degraded land was converted to BP, 203 to 300 GtC could be extracted
on 1654 Mha – although it might still be partly used for agriculture today.

Figure 4.4: Relation between agricultural harvest, world population, and land that could be released
for tCDR — with and without accounting for albedo effects. If agricultural yield increases (lower
axes, coloured lines) satisfy the food demand of a given population (grey symbols on lower
lines) until 2050 land could be released for tCDR. BPs could be established on this available
land (corresponding upper axes, grey lines) to deliver tCDR potentials (GtC) between 2050–
2100. If negative albedo changes exceeding -0.02 constrain additionally the land availability, a
higher population could be fed (colored symbols on lower lines) while tCDR potentials decrease
simultaneously (upper axes, coloured lines). Different levels of tCDR conversion efficiencies (CEff)
are also represented. (For a tCDR runtime period of 2020–2100 see SI Fig. C4)
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Table 4.3: Available land area under various assumptions about world population growth and yield
increase until 2020 and 2050 and the resulting tCDR potential (GtC) on this land in dependence on the conversion efficiency (CEff). Excluding areas with unfavorable albedo changes after
the conversion to BP reduces the tCDR potential but increases the amount of people to feed.
Additionally, the area saving resulting from an increase in CEff from 50% to 70% is given.

Year

2020

Scenario

World

Area

tCDR potential

Area saving due

popula-

for

(GtC) in

to CEff increase

tion

tCDR

dependence of

from 50% to

(bn)

(Mha) CEff

Unproductive

70% (%)

20%

50%

70%

73

0

1

1

land

0.48% yr-1

6.50

279

16

45

64

-58

With

6.91

83

4

16

24

-65

0.95% yr-1

6.50

335

21

57

82

-56

With

7.03

101

5

20

30

-64

1.40% yr-1

6.50

383

25

68

96

-56

With

7.14

113

6

24

36

-63

73

0

1

1

6.50

438

21

54

77

-53

7.50

136

4

12

17

-58

7.32

123

4

17

26

-62

7.67

48

1

5

7

-62

6.50

532

27

69

97

-52

7.50

292

12

32

46

-56

7.59

143

5

20

31

-61

8.03

87

3

11

17

-63

6.50

571

32

79

111

-51

7.50

384

17

46

65

-54

7.83

155

6

22

33

-60

8.29

110

4

15

22

-62

albedo

albedo

albedo
2050

Unproductive
land

0.48% yr-1
With
albedo
0.95% yr-1
With
albedo
1.40% yr-1
With
albedo
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Agricultural land can only be freed for BP if yield increases until 2020 or 2050 (Fig.
4.4, lower axes) will exceed the concurrent food demand for a given world population
(Fig. 4.4, grey symbols on lower lines). Total yield increases considered here by 2050
(21.6, 42.8 and 63%) are sufficient to produce food for up to 7.5 bn people while still
releasing 136, 292 and 384 Mha land for BP (Fig. 4.4, upper axes, grey lines) with tCDR
potentials of 12, 32 and 46 GtC, respectively. However, in none of these scenarios land
could be released for tCDR if food was to be produced (without cropland expansion) for
population numbers up to 9.5 bn, which is rather likely (Bajželj et al., 2014; Sakschewski
et al., 2014). BP established in 2020 are simulated to be in place for 80 years but total
yield increases are still too small to provide for a world population of 7.5 bn and thus,
land for tCDR would only be available under lower population numbers in 2020 (SI
Fig. C4). Of course, regional differentiations of yield increases and the possibility of
trade could possibly also lead to land abandonment in certain regions that exceeds the
extents considered in this study. Linked to this, a shift towards a low-meat diet could
free additional pasture land which is a scenario also under debate (Erb et al., 2016;
Powell and Lenton, 2012). 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 BP in the future if
expansion is undesirable and yield increases are only moderate.

If we restrict the available land from a biogeophysical point of view, i.e. take out areas
where albedo effects of land conversion to BP plantations would lead to a warming
(“climate first”), land availability will be reduced substantially (Table 4.3). Proportionally to the areal reduction (upper axes, coloured lines), tCDR potentials from BP
are reduced by 60 to 70%. Yet, this spared land is still available for food production
and sufficient to feed, depending on the yield increase, up to 7.14 bn people for the
2020 BP onset time at 6.5 bn people (SI Fig. C4) and 7.67–8.29 bn people departing from 7.5 bn in the 2050 onset scenario (Fig. 4.4, coloured symbols on lower lines).
Some studies support exclusion of such biogeophysically unsuited areas (Schaeffer et al.,
2006; Singarayer et al., 2009; Arora et al., 2011). Other, recent studies hold against,
that bioenergy grasses, in contrast to conventional cropland, experience longer growing
seasons and several harvest events a year, leading to a coverage of the dark agricultural soil. This in turn could make them an effective mitigation tool due to surface
albedo increases (Merlin et al., 2013; Davin et al., 2014) and thus, the tCDR potentials without albedo restrictions would apply. A more detailed analysis with a coupled
biosphere-atmosphere model would be needed to further analyse whether changes from
the extraction of CO2 by tCDR overcompensate changes in albedo (through changes

4.3 Results and discussion

69

radiative forcing, Pongratz et al., 2011) or whether changes in moisture fluxes play a
role.
Technical improvement of conversion and storage efficiencies could increase the net
carbon extraction and reduce the area needed for the effective sequestration of one unit
of carbon. For CEff of 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 compared to higher
values of CEff (Fig. 4.4). Figure 4.5 concentrates on the BP area saving of increasing
CEff from 20% to 50% or 70% while keeping the tCDR potential of a specific scenario
constant. The area saving, for example if CEff increases from 50% to 70% (Table 4.3),
is immense with reductions of 51–65% of the convertible agricultural land. 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 30%. Some studies argue that high
rates of permanent sequestration are possible, for example by concentrating on biochar
or CCS (Lenton, 2010). However, it is uncertain that the highly efficient techniques
could be applied uniformly and at large scales due to limitations in storage capacity
(e.g. of soils or geological reservoirs) or additional non-BP feedstock demand (Fuss
et al., 2014; Kato and Yamagata, 2014; Smith et al., 2016).
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. Especially the beneficial effects of
a moderately warmer climate and elevated CO2 levels increase plant productivity in the
second half of the century in our model by 12–15% (on BPs in simulations with 546 ppm
compared to 390 ppm) whereas many studies reduce CO2 concentrations more strongly
than in our setting due to simultaneous mitigation efforts (Lenton, 2010) or they limit
their study period to 2050 (Beringer et al., 2011; Powell and Lenton, 2012). Contrarily,
the absolute potentials found here are lower than other results (Table 4.1), which is due
to our application of rather strict land protection without the possibility of crop and
pasture land expansion into natural land as is allowed for example in many IAM-based
studies (van Vuuren et al., 2011b; Popp et al., 2014a). Such land cover transitions
would again interfere with ecosystems (e.g. through deforestation, Humpenöder et al.,
2014) with trade-offs similar to those of BP, as described in the next section.

4.3.2 Conversion of natural land
Analogous to the above analysis for abandoned agricultural land, we map the different
tCDR potentials following various degrees of ecosystem protection (“ecosystems first”).
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Figure 4.5: Comparison of the land requirements to permanently extract the same amount of carbon
with CEff of 70% or 50% compared to 20% for the time period 2050–2100.

Figure 6 shows the simulated vegetation carbon for different combinations of protected
biomes and biodiversity maps (lower x-axis) against the tCDR potential on the released
areas (upper x-axis) for the period 2050–2100 (SI Fig. C5 shows the results for 2020–
2100). Total biomass carbon levels off, that is it does not increase further on areas
greater than forest and shrubland combined (ca. 6 Gha, SI Table C.2). Although
this land could be rated as unproductive, 11–12% of protected areas would be lost
(additional 1.7 Gha) for a comparatively small sequestration potential of 87 GtC and
56 GtC in 2020 and 2050, respectively. Note that available land for tCDR declines with
proceeding climate change in our model since forests expand in response to climatic
change by 264 Mha by 2050, especially at high latitudes. The unproductive land covers
mainly barren land such as deserts (or tundra) and intense management of BP like
irrigation would be necessary to improve BP yields there.
Converting large areas for the purpose of tCDR could strongly increase the sequestration
potential compared to the restrictions applied to agricultural land – though at the costs
of terrestrial ecosystems. Assuming that protecting areas smaller than at least 50% of
the natural land (e.g. pristine forests, grass land or shrubland) is likely unrealistic,
we focus thus on scenarios that, in combination or alone, exclude areas larger than

4.3 Results and discussion

71

Figure 4.6: Relation between different degrees of ecosystem protection (see Fig. 4.3) and the
corresponding tCDR potential on the released land (similar to Fig. 4.4). Vegetation carbon
(GtC) of conserved areas (lower axes) and the tCDR potential (GtC) of BP on unprotected
areas (upper axis) depending on different levels of conversion efficiencies (CEff) for the period
2050–2100 (upper axes). (For the period of 2020–2100 see SI Fig. C5).

this. For example, the preservation of all protected and forested areas would yield a
tCDR potential of 565 GtC (on 3.5 Gha) starting in 2020 and 354 GtC (on 3.6 Gha)
starting in 2050 (Table 4.3). These 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. Stronger land protection
(all scenarios protecting larger areas than forests and shrublands) leads to small tCDR
potentials with at maximum of 3-32 GtC on (0.7–1.3 Gha) established in 2020.
Considering that the rate of biodiversity loss is already exponentially increasing (Ceballos et al., 2015) and that ecosystems will likely be exposed to climate change impacts
during the next decades (Gerten et al., 2013; Ostberg et al., 2013), rededicating more
natural land to BP is a delicate task. There are however studies arguing that corridorlike 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 would request
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delicate decision-making and the added value of tCDR for climate protection against
the multi-faceted value of original land cover would still have to be proven.
We conclude that the land availability for tCDR is very limited if constrained by the
simultaneous needs for food production as well as ecosystem and local climate protection
through albedo changes. Our scenarios cover a range of yield increases considered in
literature, but only the highest yield increases in combination with a stagnating or
declining world population could free agricultural land for tCDR by 2020 or 2050.
These available land areas would again be reduced when accounting for undesirable
albedo changes leading to local warming effects. Only changes in dietary trends or new,
less space-demanding food sources could release additional land. 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. Greatest 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. Rapid mitigation, with only small contributions of BP on selected areas like
degraded land, thus appears to be inevitable.
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5 The bioenergy potentials and trade-offs
in the scenario world of RCP2.6
The results presented in this study are preliminary and were conducted under the
supervision of Prof. Timothy Lenton during a research stay at Exeter University in
April 2016.

5.1 Motivation
After having created and analysed scenarios of BPs following different priorities (Chapters 2–4), RCP2.6 provides a peer reviewed, published and commonly used scenario
for land-use including BPs (van Vuuren et al., 2011b). Out of the four RCPs, RCP2.6
achieves the lowest radiative forcing by 2100 due to the employment of negative emission technologies like the use of bioenergy in combination with carbon capture and
storage (BECCS). By the end of the 21st century emission reductions, the increase of
nuclear power and BECCS result in net negative emissions of 1 GtC yr-1 limiting the
GMT increase to below 2◦ C.
RCP2.6 was developed by the working group around the Integrated Model to Assess the
Global Environment (IMAGE) between 2007 and 2011 (van Vuuren et al., 2007; van
Vuuren et al., 2010; van Vuuren et al., 2011b). In 2011, it finally entered the CMIP5
framework (Taylor et al., 2009) and constituted a major part in the analyses presented in
IPCC AR5 (Stocker, 2013). At that point of time, participating coupled climate models
began, for the first time, to include land surface processes and thus, represent closed
carbon cycles. However, most models could only represent one crop and pasture type
and were not able to simulate specific agricultural land types such as bioenergy crops.
Most CMIP5 simulations were driven by provided CO2 concentrations and therefore
did not require the assessment of tCDR potentials through the establishment of BP
(i.e. their ability to lower CO2 concentrations).
By now, the research community has become curious about the feasibility of tCDR as
described in Section 1.4. With LPJmL we are now able to analyse the land-use patterns
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provided by the IMAGE group using climate forcings provided in turn by coupled
climate models that participated in CMIP5. A recent publication already indicates
that high management inputs and productive bioenergy plants are necessary to meet
the required BECCS level demanded by RCP2.6 (Kato and Yamagata, 2014). Here,
I will compare tCDR potentials calculated by LPJmL to those defined by van Vuuren
et al. (2011b) and reproduced by Kato and Yamagata (2014) and further investigate
the proposed development of food production.

5.2 Materials and methods
RCP2.6 is a peak-and-decline scenario meaning that emissions peak around 2050 at 490
ppm before declining to 420 ppm in 2100. Land-use data projections follow up on the
historic data sets of the HYDE data base and were harmonised for a smooth transition
towards 2005 (Hurtt et al., 2011). Compared to the land use data set underlying
the previous studies of this thesis, differences arise mainly due to the definition and
identification of grass lands (see Fig. 5.1). The global population is assumed to grow
up to 9 billion (bn) people in 2050 while consuming more meat than today. Increasing
land-use intensity allows for agriculture to concentrate in poorer world regions while
the abandoned land in wealthier regions can be used for the establishment of BPs (see
Fig. 5.2a.). BPs are only allowed on abandoned crop and pasture land or natural,
non-forested and non-protected land. This in turn causes deforestation to meet the
increasing food and energy demand and to compensate for a decreasing CO2 fertilization
effect. Land-use change is therefore only demand driven and not by climate policies.
The creation of annual land-use data sets for LPJmL following the RCP2.6 specifications
held some difficulties and assumptions were necessary.
The RCP data base (http://luh.umd.edu/data.shtml) provides annual data for crop
and pasture shares in each grid cell on a 0.5◦ x 0.5◦ grid. While those two agricultural
land types have been harmonised (fitted to historic land-use data), fractions of bioenergy
were added at a later point and not fitted to the existing data. According to the data
documentation, bioenergy shares are part of the crop land shares. However, in many
cases bioenergy shares exceed not only those of crop land, but also of total agricultural
land (crop plus pasture land), and expand into natural land. The reason is that in
the majority of cases bioenergy fractions cover between 90–100% of the entire grid
cell leaving no room for other land-uses. In total, 440 Mha of land are covered with
bioenergy in 2100 (see Fig. 5.2b.).
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Figure 5.1: Map showing the difference between the historic RCP data set (based on HYDE3.1)
and the LPJmL base data set (based on MIRCA) in 2005.

LPJmL simulates 12 different crop types, plus one class covering all nutritious, fibre
and other plants and another class for pastures (Fader et al., 2010) all with irrigated
shares as described by Jägermeyr et al. (2015). The RCP land-use patterns only provide
one single crop type. Therefore, the land-use data set used in LPJmL for the previous
studies is used as a basis for crop mixes and irrigation shares (see also SI D.1). For the
historical period, annual crop mixes are transferred proportionally to meet the required
RCP total crop shares. From 2005 on, the last year of the base data set, crop mixes
are held constant. In cases of grid cells that do not contain crop or pasture land in
the base data set but do so in the RCP data, the national mean crop mix was applied.
The expansion of crop land could either happen partially irrigated (e.g. proportionally
to 2005’s state) or non-irrigated. Similarly, bioenergy can also be partially irrigated
(e.g. the sum of irrigated crops and bioenergy meets the proportional increase of 2005’s
state), fully irrigated (no water limitation) or non-irrigated. As before, plants in LPJmL
are fully supplied with nutrients which would refer to a high fertilizer application.
According to the publications on RCP2.6 (van Vuuren et al., 2007; van Vuuren et
al., 2009; van Vuuren et al., 2010; van Vuuren et al., 2011b), bioenergy is supposed to
provide 118 EJ (exajoules) by 2050 and 225 EJ of energy by 2100. Cumulative bioenergy
should produce 11.7 ZJ (zettajoules) between 2000 and 2100 with 7.0 ZJ (equal to 7,000
EJ) coming from woody bioenergy and 4.7 ZJ coming from residues. Woody energy is
thereby defined as any secondary bioenergy plantation (“e.g. willows or switchgrass”,
van Vuuren et al., 2010). Assuming that one kilogram of dry mass contains and energy
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Figure 5.2: a.) Map showing the changes in land-use from 2005 2099; b.) Evolution of crop,
pasture and bioenergy area in RCP2.6 from 1900 to 2099.

content of 18.5 mega joules, 189 GtC should be sequestered out of the atmosphere by
BPs. In contrast, (Kato and Yamagata, 2014) yield an extraction potential of 160.9
GtC, claiming that this represents 101.3% of the BECCS requirements in this scenario
(amounting to 159 GtC). By the end of the century the carbon flux should amount to
3 GtC yr-1 from BECCS. For simplicity and due to higher biomass harvest potentials
than for bioenergy trees (BT, Heck et al., 2016), only bioenergy grasses (BG) are shown
and analysed in this chapter.
Five CMIP5 models provided climate data that was already evaluated in Brovkin et al.
(2013) and Boysen et al. (2014). The models used here are HadGEM2-ES (Had), MPIESM-MR (MPI), CanESM2 (Can), IPSL-CM5A-MR (IPSL) and MIROC-MR-CHEM
(MIR). Their simulated climate outputs were biased-corrected following Watanabe et al.
(2012) and Heinke et al. (2013) but for continuous time series and used as climate input
for LPJmL. As shown by Brovkin et al. (2013), the resulting GMTs in 2100 differ among
the models: while Had, Can and MIR lie approximately 1.7◦ C above 2005’s GMT of
14◦ C, IPSL and MPI only increase by approximately 1.1◦ C and 0.7◦ C, respectively.
Atmospheric CO2 concentrations are the same for all models and prescribed to LPJmL
according to RCP2.6.
Conversion efficiencies (CEff) from biomass harvest potentials on field to the finally
long-term captured carbon base on the evaluation in Chapter 4. However, here a more
optimistic approximation is made with CEff levels of 50, 75 and 90%.
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5.3 Preliminary results and discussion
As stated before, these results are preliminary and analyses not completed. However,
these first figures and numbers already hint towards significant new findings regarding
RCP2.6.

5.3.1 Land carbon development
The first result is the response of the simulated carbon cycle in LPJmL to the different
climate forcings (Fig. 5.3 a.). Not only may precipitation patterns differ, but the GMT
increases also vary. Since CO2 concentrations are always identical, the changes in
land carbon (soil, litter and vegetation) are due to these precipitation and temperature
effects, e.g. due to an overcompensating increase of heterotrophic respiration over CO2
fertilization. Therefore, land carbon decreases constantly in response to the climate
inputs of Had (1.7◦ C), Can (1.6◦ C) and MIR (1.9◦ C) with -70 GtC, -77GtC and 86 GtC, respectively. In MPI and IPSL,land carbon first increases before declining
from mid-century on reaching -31 GtC and -23 GtC, respectively. Without the land
transformation to BPs, land-use change emissions would be about 20 GtC smaller for
each climate forcing. This is mainly caused by the transformation of natural areas to
managed bioenergy land if crop and pasture land were exceeded.

Figure 5.3: a.) Development of GMT as simulated by the different climate models; b.) development
of land carbon in LPJmL resulting from different climate model input data sets and irrigation
management.

The response of land carbon dynamics in LPJmL deviates from those found by Brovkin
et al., 2013 for different reasons. In this previous study only Can and MIR showed
negative land carbon changes (-10 and -25 GtC) while all other models simulated a
relatively strong increase of land carbon of 150 to 200 GtC. In these models, land-use
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was implemented according to model specific schemes and not as detailed as done in
LPJmL. Also, simulations were conducted on a much larger grid due to computational
and temporal costs. Although CO2 concentrations are identical, land-atmosphere feedbacks could still occur and thus, precipitation and dynamic natural vegetation patterns
might have favoured each other. In LPJmL, the distribution of natural vegetation can
only react, but not feed back, to the given atmospherical inputs which might indeed
represent unfavourable growing conditions. Further, the CO2 fertilization effect was not
overcompensated by the increase of heterotrophic respiration caused by the increase in
GMT. Based on evaluations of LPJmL for the historic period, we can still approve the
model’s calculation with a given caution on the structural model differences.

5.3.2 Bioenergy harvest potentials
Fig. 5.4 shows the development of cumulative annual biomass harvest fluxes. If all
carbon could be permanently stored (CEff = 100%), rainfed BG plantations could
just fulfil the lower RCP2.6 goal of extracting 160 GtC by 2100 with a model spread
of 152–159 GtC. With partial and unlimited irrigation this potential could increase
up to 326–339 GtC and 450–459 GtC, respectively. However, carbon losses lead to
10–50% lower conversion efficiencies. Kato and Yamagata (2014) compared annual
BECCS potentials of different bioenergy crops and management options against the
requirements of RCP2.6. In their study, only second generation bioenergy plants (e.g.
BG and BT) under high management input of water and fertilizer and in combination
with high capture efficiencies (85–95%) could reach the extraction goal of 161 GtC in
2100. While the goal is to reach between 159–189 GtC of net negative fossil fuel carbon
emissions, land use and land cover change emissions (as shown in the previous section)
might increase and devalue the biomass harvest potentials.

5.3.3 Overall carbon sequestration potentials
Since non-irrigated biomass harvest potentials could not achieve the required extraction
levels in the first place, land carbon losses further increase the gap between expectations
and realisations (Fig. 5.5 a.). The model spread of land carbon changes (see Fig. 5.3)
is still clearly visible and even increased by the uncertainty induced by different levels
of CEff. Only if BG are at least partially irrigated and CEff around 75%, the needed
lower BECCS levels of 160 GtC could be reached (Fig. 5.5 b., dashed lines). If all
BG areas were fully and unlimitedly irrigated even CEff values of 50% could almost
achieve net carbon sequestration levels of 160 GtC (with a model spread of 152–197
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Figure 5.4: Biomass harvest potential in LPJmL. Solid lines depict the actual harvest potential on
field (CEff=100%) while shades show the 50% to 90% range of CEff.

GtC, lower edges of shapes). Therefore this analysis also comes to the conclusion that
either high irrigation levels, highly carbon efficient pathways or ambitious combinations
of both would be necessary to fulfil the BECCS levels given by RCP2.6 (Kato and
Yamagata, 2014). Following Rogelj et al. (2015c), 108–216 GtC (with a median of 121
GtC) negative emissions are likely needed to stay below the 2◦ C target. Whereas if the
aim was to even stay below 1.5◦ C, between 121–270 GtC (median 216 GtC) negative
emissions would be necessary until 2100 — with the emphasis on the the major role of
BECCS. To achieve these results the areas dedicated to tCDR in RCP2.6 would still
require intensive management.

Figure 5.5: tCDR carbon extraction potential for different values of CEff for a.) rainfed, b.) partially
irrigated and c.) fully irrigated bioenergy plantations. Shades show the potentials with CEff levels
of 50 and 90% while dashed lines represent results for CEff of 75%.

Of course, climate models cause some variability in the results. This uncertainty could
be reduced by calculating the sequestration potentials for a wider range of climate models. Although this has not be done so far due to computational expenses, the presented
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results still capture a possible range of outcomes. One reason for the insufficient potentials could be the unsuitability of the areas chosen for BP by the IMAGE model.
But a relocation of BP to more suitable areas would entail further trade-offs. For example, agriculture areas would have to be relocated as well causing transformation of
natural land. If this would be done for each climate model input, simulation outputs of
tCDR potentials and trade-offs would be less comparable. Furthermore, decision makers would establish BP in locations of land abandonment due to the economic benefits
of increasing land use intensities in other regions and rather not due to the climate variability projected by different climate models (if not proven to be statistical significant).
Therefore, and to my opinion, it is justified to assess the tCDR potentials of a given,
externally generated land-use scenario including BPs provided by the IAM IMAGE.

A further step to increase the overall sequestration would be to investigate bioenergy
trees instead of BG. Although BG reach higher biomass harvest levels, the soil carbon
development of BT might lead to a better net carbon balance than with BG.

5.3.4 Required food production levels

Food crop and pasture production increases up to 2050 due to spatial expansion before
staying rather constant. The influence of climate model inputs is rather small (not
shown). Again, the impact of management on the expanding or intensifying agricultural
land is of major importance. Partial or complete irrigation substantially increases yields.
If these yields are translated to kilo calorie production per capita and day for a rising
world population of up to 9.5 bn people in 2050 (United Nations and Affairs, 2015; van
Vuuren et al., 2009), yield increase requirements can be derived. The daily intake is
based on the FAO calibrated values of 2005 (approximately 3300 kcal cap-1 day-1 from
crops produced on field) and on constant crop mixes and shares of animal products
(e.g. linearly scaled pasture extents). Following this approach, 22%, 18% or 13% of
yield increases would be necessary in 2050 compared to 2005 for rainfed, partially and
fully irrigated crop land expansions, respectively. According to van Vuuren et al., 2009,
food crop yields need to increase by 12.5% until 2050 in such a low emission scenario
with 9.4 bn people. Either high management input due to irrigation could fulfil this
requirement, or options such as changes in dietary trends or genetic modifications would
be needed.

82

5 The bioenergy potentials and trade-offs in the scenario world of RCP2.6

5.4 Conclusion & outlook
The preliminary results indicate that: a) the reproduction of the land-use input of
RCP2.6 is not clearly documented, b) only highly managed biomass plantations in
combination with highly efficient conversion pathways could reach required tCDR levels
and c) ambitious yield increases would be necessary to feed a growing world population
of 9.5 bn people in 2050 (UN, 2004).
Further investigations and more detailed analyses are needed to give better quantified
results on the potentials and trade-offs of RCP2.6. For example, explicit yield increase
scenarios could be simulated, water consumption amounts be calculated and biome
shifts in response to climate inputs analysed. Also, bioenergy trees could replace bioenergy grasses or BP could be relocated to identify more suitable areas which decrease
the management input but induce new trade-off with agriculture or natural ecosystems.
These findings turn this widely accepted mitigation scenario into a similarly unrealistic
scenario as found in the previous chapters. Moreover, these results claim for an increased
modesty, caution and a realistic reassessment of current mitigation scenarios limiting
global mean warming below 2◦ C.
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6 General conclusion and outlook
This thesis demonstrated that tCDR is an inefficient tool to conquer advanced climate
change and that the implementation of BPs would induce negative impacts on the
environment and human well-being. tCDR is found to be inappropriate to interrupt
the trend of increasing carbon emissions and continuous land-use and land cover change
that has been prevailing our planet since the beginning of the Anthropocene. These
findings are mostly independent of spatial scales, background emissions and time of
operation — and, thus, independent of the definition of tCDR as a CE or mitigation
tool. Exceptions could be the restoration of degraded or very unproductive soils with
BPs, drastic changes in future diets or crop management releasing land for BPs or
technological innovations leading to very efficient carbon utilization pathways.
Therefore, the presented work substantially reduces some of the uncertainties that motivated this study in Section 1.4 of the introduction. The following section will summarise
the main findings, illustrate further needs for research and elaborate upon remaining
uncertainties.

6.1 Answers to the underlying research questions
Indeed, Chapters 2-5 give satisfying answers to the initial research questions regarding
the feasibility of tCDR in the future.

Is the tCDR potential of BPs sufficient to lower, balance or even
overcompensate different levels of future emissions?
No. The potential of tCDR as a CE method at any spatial scale would not be sufficient
to balance unabated emissions in the future if BPs were established not before the 2◦ C is
reached around 2050 (see Chapter 2 and Fig. 6.1 first study case). Even the conversion
of the most productive quarter of current agricultural (2.2 Gha) or natural land (3.3
Gha) could delay 2100’s emissions budget of in total more than 2000 GtC by only two to
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three decades (equivalent to ≈550–800 GtC extraction potential if conversion efficiencies
of biomass were assumed to be about 50%), respectively. These BPs would rather
induce severe trade-offs for food production and ecosystems that might be challenged
by climate change impacts and population growth simultaneously (see next research
question and Fig. 6.2). This study enlightens the maximum limits of tCDR applied as
a CE method in the sense defined in the beginning (Section 1.4).
Despite converting major parts of the land surface to BPs, biomass allocation and
subsequent carbon extraction pathways could not achieve satisfying results even if implemented when the 1.5◦ C is reached (around 2035, see Chapter 3). Only if emissions
from the main drivers, fossil fuel combustion and land-use and land cover change, would
be reduced at the same time BPs could possibly assure that GMT changes stay within
the 2◦ C or even the 1.5◦ C guardrails (see Fig. 6.1 second study case). For example,
similar BP scenarios as mentioned above (25% of the current agricultural or natural
land transformed to BPs) would extract ≈500–800 GtC until 2100 postponing 2100’s
partially-mitigated cumulative emissions of about 1300 GtC by six to eight decades.
However, these tCDR scenarios would entail similar trade-offs as shown in the first
study.
If land availability was, as a logical consequence of the previous findings, constrained by
food production, ecosystem conservation as well as climate protection, tCDR potentials
would be strongly limited despite reduced background emissions as in the previous
analysis (see Chapter 4 and Fig. 6.1 third study case). This holds even though land
availability is tested earlier, in 2020: the here assumed yield increases of up to 1.40%
yr-1 on today’s agricultural areas could not provide an overproduction of food (based
on the current diet) for a growing world population of over 7.5 bn people in 2020 or
9.4 bn in 2050 and thus, not free land for BPs. Transforming therefore natural land
to BPs, tCDR potentials could be as high as 91 GtC from 2020 until 2100 if all shrub
and grass land were converted to BPs leaving forests and protected areas untouched
— but still at the expenses for ecosystems. The restoration of severely and extremely
degraded soils (≈300 Mha) with BPs could, however, achieve about 67 GtC until 2100.
Even the realisation of the commonly used RCP2.6 reveals discrepancies between the
expected and the achievable tCDR potentials. Only high management inputs (e.g.
irrigation water and fertilizers) and conversion efficiencies up to 90% (e.g. carbon
losses along the carbon utilization chain stay around 10%) could possibly fulfil the high
expectations of 160–180 GtC tCDR potential (see Chapter 5 and Fig. 6.1 foruth study
case).
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Figure 6.1: Illustration of tCDR potentials calculated in this thesis’ analyses. While the red and blue
horizontal lines indicate the total carbon emissions following the background emissions scenario,
the orange lines indicate the tCDR potential (in GtC or years saved) for given spatial scales or,
in case of RCP2.6, management and conversion options. The vertical black markers point at the
time of implementation of BPs as shown in Fig. 1.3.

Overall, tCDR, neither as a CE method (Chapters 2-4) nor as a mitigation tool (Chapters 4-5) could produce satisfying, that is, sufficient carbon extraction potentials to slow
down or reverse the atmospheric carbon loading responsible for an increasing GMT.
These results are schematically presented in Fig. 6.1.

What would the trade-offs for food production and the impacts on climate
and ecosystems be?
There is always a trade-off between the establishment of BPs (or any other alternative)
and the purpose of the original land cover (see Fig. 6.2).
Agricultural land supplies the human world population with food and fibre. With the
prospect of a growing world population, dietary trends, unknown yield increases and
possible climate change impacts on crop production it is difficult to rededicate land for
the establishment of BPs. Transforming any agricultural land for the purpose of tCDR
would restrict food production, might cause a local temperature changes through albedo
changes and lead to increased nitrous oxide emissions from fertilizers. For example, the
conversion of 25% of the most productive agricultural areas to BPs would lead to a
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Figure 6.2: Illustration of the impacts and trade-offs of large-scale BPs for the purpose of tCDR. As
described in this thesis BPs can change the albedo of the surface, water fluxes through vegetation
changes or induce additional emissions. Trade-offs were identified for food production, ecosystem
protection and water supply.

reduction in current food production of almost 75% and a doubling of the current
nitrogen application. In fact, the model was not able to provide enough food for an
expected world population of 9.5 bn people in 2050 with the current agricultural land
extent, diets and an annual yield increase of 1.40% yr-1 . Thus, every appropriation
of currently cultivated land for tCDR would increase the already existing pressure on
yield increases, new diets or agricultural land expansion.

Natural land serves as a habitat for animals and hosts the majority of terrestrial biodiversity. This diversity ensures resilience of ecosystem. Humans are further attached
in an emotional way to these landscapes. But natural land also regulates our climate
through moisture, heat and momentum fluxes and, of course, partially offsets anthropogenic annual emissions. A conversion of these carbon rich areas to monocultural
BPs would not only cause land cover change emissions, but also a loss of biodiversity
and resilience and certainly an alteration of atmospheric properties. For instance, the
conversion of 25% of the most productive natural area would reduce the global forest to
one third of its potential historical extent but increase evaporative fluxes on this area
by almost 60%. Furthermore, the conversion of all shrub and grass land to BPs would
lead to a loss of currently protected areas (e.g. biodiversity hotspots) of almost 20% if
they were not explicitly excluded.
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Could natural vegetation capture similar magnitudes of carbon?
Not really. BPs are highly managed for the purpose of effectively extracting carbon
out of the atmosphere. This is done by regular harvests followed by effective carbon
conversion chains that minimise carbon losses.
The potential of natural vegetation in comparison would be reduced by one third of the
potentials achieved by BPs in the first analysis for hypothetical scenarios (see Chapter
2). This is due to variety of possibly less productive vegetation regrowing on this
land and the decrease of productivity with maturity. Although natural afforestation
projects might need less maintenance and thus, might cause less emissions by fertilizers
and harvest losses, similar trade-offs as with BPs would occur due to their need for
space.

Is there enough land available for the establishment of BPs?
This depends on the priorities. As indicated before, constraining land availability by
trade-offs such as with food production or biodiversity protection would reduce the
tCDR potential. The reason is that less to very little land could be released for BPs
(see Chapter 4). Recent studies and this analysis found it to be nearly impossible
to feed a growing world population (presumably with increasing demand for space
consuming animal products) and simultaneously protect all natural ecosystems (Powell
and Lenton, 2012; Kraxner et al., 2013; Bajželj et al., 2014). If the aim was to extract
as much carbon as possible to limit climate change, any land could be released for the
establishment of BPs — with subsequent consequences (see Chapters 2 and 3). Each
conversion of land could be bought at the price of the above described trade-offs and
impacts. Thorough trade-off analysis and assessment would be necessary to decide
whether land could be made available for the purpose of tCDR.
However, one possibility could be the restoration of degraded or very unproductive
agricultural land (see Chapter 4). Although the underlying maps of degradation are
outdated after 25 years (there might even be more degraded soils today; no new data sets
available) and the value and definition of degraded land are both still under debate, these
areas could be regained under sustainable management. This study only investigated
non-irrigated BPs, but irrigation and the right choice of bioenergy plant species could
probably restore those soils as local field studies e.g. in China indicated (Xie et al.,
2013; Qin et al., 2011).
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Could technological development save space and time through an increase
of efficiency?
Possibly. This study only provides estimates of current and future carbon conversion
efficiencies and no detailed life cycle assessment (as given by e.g. Edenhofer et al., 2011;
Lenton, 2010; Kato and Yamagata, 2014; Tilman et al., 2006). Depending on the chosen
conversion pathway efficiencies (i.e. the amount of carbon permanently captured) may
vary between 20 to 90% and likely be around 50% for large-scale applications (see
Chapter 4). We cannot foresee future innovations. However, the results indicate that
if conversion efficiencies rise substantially due to technological development less space
might be needed to extract one unit of carbon compared to a standard setting (50-60%
less). If furthermore very fertile land is taken, spatial and temporal requirements on
BPs could possibly be further reduced.
Of course, innovations in food production and global trade (Godfray et al., 2010; Foley
et al., 2011) could also make land available for the purpose of tCDR. If aquacultures
became popular (Kovač et al., 2013; Enzing et al., 2014), artificial meat and dairy
production replaced our animal products (Tuomisto, 2010) or genetically modified super crops saved land (Bennett and Jennings, 2013), enough land could be released on
formerly managed agricultural land for the establishment of BPs (although this development is uncertain, Tilman et al., 2002; Alexandratos and Bruinsma, 2012).

6.2 Remaining uncertainties: perspectives for future research
Although the research questions could be answered satisfactorily, some uncertainties
remain. These may be inherent to the methods used in this study, emerged during the
analysis or could not be approached in the first place.
Some simplifications restrict our results such as the approximated utilization chain of
biomass that governs the amount of actually sequestered carbon from the atmosphere,
the instantaneous establishment of BPs at a large-scale or the unlimited nutrient supply.
Although these limitations make our results rather optimistic, tCDR potentials remain
insufficient to limit climate change. In fact, a more realistic implementation phase
over e.g. 20 years would not substantially increase the potential. If the presented
tCDR scenarios were gradually introduced (“ramped up”), overall potentials would
decrease (tested but not shown) while in the end, the trade-offs for food production and
ecosystems would still remain severe since the same amount of land would eventually be
affected. Adding a tCDR ramp prior to the suggested points of implementation in our
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studies would not increase potentials much, e.g. only by some years since the annual
potentials were insufficient in the first place — while the impacts continue to increase.
One might assume that a more detailed representation of the biomass conversion pathways could add some confidence in the results. However, the results envelope a sound
range of possible conversion efficiencies found in literature - independent by which explicit technique they could finally be realised.
The underlying tCDR land-use scenarios are simplified but systematic and allow for a
general understanding of the limits of tCDR. Even though RCP2.6 is seen as a realistic scenario as it has been widely used since its publication, it is not more realistic
or probable than other scenarios used in the presented studies. There might be strong
non-linearities in the behaviour of ecosystems, biodiversity and, especially, human behaviour. Nevertheless, educated guesses and proposals can be created that draw a map
of possibilities. Therein, some of the more extreme tCDR scenarios may fall in very
unlikely regions while others cannot be ruled out per se. Overall, this study aimed at
investigating the potentials and trade-offs of tCDR and succeeded using the created
tCDR land-use maps.
Based on the confidence in the model’s capability to simulate vegetation patterns, managed land including BPs and biogeochemical cycles, the here presented studies deliver
carbon extraction potentials of tCDR in the right order of magnitude. Regardless of
limitations mentioned above — which may classify the potentials rather too optimistic
— the ability of tCDR to balance, stop or reverse future carbon emissions is very limited. As pointed out by Heck et al. (2016) field studies on BPs are mostly located in
Europe and the US. Field studies in other world regions would be welcome to adjust the
model’s behaviour. However, LPJmL aims at representing global average production
rates and meets this requirement.
Future studies could also focus on the restoration of degraded soils by testing different
plant species and management practices. Based on recent field studies the effectiveness
of, for example, the Jatropha plant could be tested which is assumed to grow on degraded soils, provides for bioenergy and leaves space and shade for food production in
between the plants (Francis et al., 2005; Wani et al., 2012). Especially in this context,
but also in general, the effects of irrigation of BPs on the water cycle remain to be
studied (e.g. water demand and supply and moisture recycling).
Also, our study did not include sustainable management with mixed cultures, irrigation
or natural fertilisers like biochar (Woolf et al., 2010; Crombie et al., 2014; Smith, 2016).
For applications at reasonable scales, these investigations might be informative.

6.3 Final remarks

91

Further, fully coupled simulations would be needed (still, with a detailed representation of land processes as in this study) to capture, especially, biogeophysical and ocean
feedbacks (see e.g. Zickfeld et al., 2016). Until now, only coarse models of intermediate complexity calculate the ocean and atmospheric responses to CDR strategies by
implementing and invisible negative carbon pool or very simplified vegetation processes
(Lenton and Vaughan, 2009; Keller et al., 2014; Zickfeld et al., 2016). Adding sophisticated land surface and carbon processes could give insight to more complex feedback
mechanisms and thus, a better understanding of tCDR potentials and trade-offs. If
such simulations could be conducted, the importance of carbon utilisation chains becomes more important, since they govern the net carbon extraction potentials. tCDR,
carbon utilization pathways and ocean feedbacks affect the atmospheric CO2 concentration and biogeophysical effects regional temperature patterns. The representation of
these effects would therefore complete this study regarding the (positive and negative)
temperature benefits possibly arising from the implementation of tCDR.
In the course of my literature research it became obvious that there is a gap of perception
regarding tCDR between the communities of vegetation and Earth system models and
integrated assessment models. IAMs often use land models only for the initialisation
and scaling factors thereafter due to the calculation at scales of world regions (e.g.
Lotze-Campen et al., 2010; Humpenöder et al., 2014). This might cause discrepancies
between the assumptions made on the capabilities of the land to supply tCDR levels that
might not be given if the land model was driven by the land-use patterns derived by the
IAM (see RCP2.6, Chapter 5). A closer link between both communities could achieve
a broad consensus about tCDR potentials on the one side and scenario assumptions,
e.g. land-use patterns driven by socio-economic factors, on the other side.

6.3 Final remarks
This thesis takes an important step forward in understanding of the potentials, tradeoffs and impacts of BPs for the purpose of tCDR from an Earth system analytical point
of view.
The future holds countless possible pathways open. Climate, socio-economic and landuse scenarios just illustrate which possible ways human kind and the climate system
could follow. This thesis only maps a few scenarios in this wide space of possibilities:
at the margins with extreme (tCDR as a CE method, see Chapters 2 and 3) and in
the middle using strictly constrained simulation experiments (tCDR as a mitigation
option, see Chapters 4 and 5). The span covered by the presented results indicated
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that tCDR is not efficient at any spatial scale if emissions continue to rise and that the
trade-offs and impacts are severe. The massive use of tCDR would be yet another way
of changing the planet’s surface — maybe with different characteristics and motivations
than for the Neolithic revolution but with similar consequences for the environment,
climate and human well-being.
Engineers approach a new task by describing the problem, identifying the causes, evaluating each possible solution and, finally, developing the best option to solve the underlying task. The challenge here is climate change and its impacts on human well being and
ecosystems. The causes are human-made emissions from mainly fossil fuel combustion
and land-use and land cover change. The solutions could therefore be rapid emission
reductions - or climate engineering proposals such as tCDR. I here demonstrated that
the latter is no option since the negative implications overrule the benefits by far. But
also other CE methods are found to be ineffective or too risky to apply (e.g. Keller
et al., 2014).
Therefore, the consequences derived by the results of this thesis certainly comprise that
rapid mitigation of climate change through the replacement of fossil fuels with renewable energies is inevitable. Further options could be the reduction of waste to increase
recycling mechanisms could decrease the dissipation of resources and thus, fossil fuel extraction. The answers could also lie in sustainable management of land, regionalisation
of food production or in the globalised trade of food produced in concentrated areas or
world wide changes in diets. Innovations have accelerated over the past decades and
chances are high that smart and effective technologies might soon be developed that
save emissions without decreasing but rather increasing our standards of living.
I like to conclude this thesis with the remark that the presented results should not be
perceived as depressing or hopeless. They should rather be taken as thoughtful advice
for the development of future emission scenarios or mitigation incentives. Biomass
plantations cannot solve the problem of climate change but continue to exploit natural
resources. They can only add a small share to the mitigation pledges on very selected
land areas with the caution to prevent negative impacts from its application. There
is still time to find, pursue and promote alternative mitigation options before even
discussing the implementation climate engineering proposals. The discourse on and
research of CE methods is vital to provide the public and decision makers with educated
information on the potentials and risks. This thesis contributes substantially to this
attempt by reducing much of the persisting uncertainties regarding tCDR. However,
decisions on alternative mitigation pathways have to be made in the very near-future
and the Paris agreement was just one of many important steps forward.
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For the manuscript Limited potential of terrestrial climate engineering to delay Earth’s
anthropogenic warming by Boysen et al. initially submitted to Science Advances.
July 2016

Materials and methods
A.1 Description of the model LPJmL
Nine plant functional types represent (potential) natural vegetation in the dynamic
global vegetation model LPJmL (Sitch et al., 2003; Bondeau et al., 2007). They compete
for light, water and space under prescribed monthly fields for temperature, precipitation
and cloud cover and annual data on atmospheric CO2 concentration and soil conditions.
The monthly observation datasets are disaggregated (Gerten et al., 2004) to allow
computation on a daily time step level on a 0.5 times 0.5 degree grid. Plant mortality
is governed by fires, heat and water stress and growth efficiency. Cultivated land is
represented by 12 crop functional types and pasture lands (Bondeau et al., 2007),
which are located on the historical agricultural land until 2005 as described by Fader
et al. (2010). Crop management is calibrated to meet current (1995–2005) country-level
yields per crop type as reported in FAO statistics, following the procedure described
in Fader et al. (2010); due to lack of data such a calibration is not performed for the
bioenergy plants considered herein (see below).
The overall performance of LPJmL has been successfully evaluated against observational
data in studies for e.g. net primary production (Cramer et al., 1999), runoff (Gerten
et al., 2004), crop yields (Bondeau et al., 2007; Fader et al., 2010) and bioenergy yields
(Beringer et al., 2011). In comparisons among dynamic vegetation models LPJmL
results are often found to be located at a medium position (Gerten et al., 2004; Friend
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et al., 2014; Nishina et al., 2014). The simulation of global living biomass is well
represented compared to literature estimate as shown in Fig. 2.1 B and the literature
sources can be found in Table A.1.
Table A.1: Literature underlying biomass data shown in Fig. 2.1B.

Study

Carbon (GtC)

IPCC AR5 CH6 Fig. 6.1 p. 471

450–800

(Intergovernmental Panel on Climate Change, 2014)
Prentice et al. (2001)

466–654

Smil (2003) (Table Appendix E, p. 283, 10%/ 90%

490–819 (of 486-–1395)

percentile taken)
Lal (2008)

500–650

Poulter et al. (2015) (Satellite data)

512–606

Anav et al. (2013) (19 CMIP5 models)

335–927

LPJmL simulations (mean 1995–2005)

606—782 (with and
without land use)

A.1.1 Biomass plantations in LPJmL

The model represents three types of second-generation biomass plantations (Beringer
et al., 2011). Woody biomass plantations are represented by the characteristics of
poplar and willows for temperate regions and Eucalyptus for tropical regions. They are
simulated to be harvested every eight years and clear-cut after 40 years. During harvest
65% of the sapwood and 50% of the heartwood are taken and put into a harvest carbon
pool. Herbaceous biomass plantations are represented by the properties of the fastgrowing grass types Miscanthus and switchgrass. In contrast to Beringer et al. (2011),
these grasses are assumed to allocate carbon on a daily basis and to be harvested as
soon as 400 gC m-2 are reached whereby 85% of the above-ground plant material is
taken away. Also, bioenergy trees are now parameterised to be more resistant to water
stress (through higher rooting depths).

The distribution of BG and BT depends on the best net outcome of biomass harvest
and land carbon changes by the end of the century. The resulting global distribution
is shown in Figure A1.
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Figure A1: Global distribution of bioenergy grasses (BG, bright grey) and bioenergy trees (BT,
dark grey).

A.1.2 CO2 fertilization effect in LPJmL

Increasing CO2 levels lead to a fertilization’ effect of the global vegetation. Figure A2A
depicts tCDR potentials for different scenarios and three different climate projections
aiming at 1.5K, 2.5K and 4.5K in 2100 with corresponding atmospheric CO2 concentrations of 390ppm over 546ppm to 1050ppm (Heinke et al., 2013). tCDR plantations
on natural land (25FN and 10FN) as well as on agricultural land (25CP and 10CP)
increase productivity by 27–32% due to the CO2 increase from 390ppm to 1050ppm and
a preferential climate. Reforestation of crop lands (25CP pnv) experience a 3% increase
whereas permanent forests (25FN pnv) even increase by 9% since long established tropical trees strongly increase in productivity and temperature increases in higher latitudes
favoring plant productivity and longer growing seasons. The higher productivity of BP
in a BAU scenario (1050ppm) compared to a low emission scenario (390ppm) is mainly
caused by the elevated CO2 concentrations. Fig. A2B shows, that the CO2 increase of
660ppm causes a BP potential increase of about 30% whereas the climate effect only
adds 2–6%. Natural vegetation is less sensitive to CO2 fertilization than BPs.
Previous studies estimated ca. 20–30% higher productivities of woody biomass plantations at CO2 concentrations of 488—532 ppm (B1 to A1B scenarios in 2050, Beringer
et al., 2011) depending on the emission pathway (Leipprand and Gerten, 2006; Luo
et al., 2008). However, since nutrient limitations are not explicitly considered in the
model, our estimates of this beneficial CO2 effect—thus of the tCDR potentials—are
still rather at the optimistic end.
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Figure A2: LPJmL-simulated biomass plantation and natural vegetation productivity in dependence
of different CO2 concentration and temperature levels in 2100. (left) Comparison of different
climate scenarios and (right) contribution of climate and CO2 separately.

A.1.3 Comparison of simulated yield with field studies
Figure 1C presents LPJmL’s performance in simulating biomass plantation at locations for which field studies could be found in literature. These field studies should
rather not be taken as basis for a model validation since their growing conditions and
management options usually represent very intensively managed systems. Many studies are established on preferable ground with good management options and only on
small plots, while our model — uncalibrated and forced by global-scale input data —
simulates large-scale potentials not meant to be representative on the small scale. In
Fig. 2.1C we aim at representing highly productive second-generation bioenergy plants
and therefore neglect study and model results showing yields lower than 5 odtC/ha
(oven dry tons). Cells with too little biomass harvest are not considered for tCDR (see
Table S2). This results in a total of 54 and 31 comparable sites for herbaceous and
woody bioenergy plantations, respectively. While the simulation results for herbaceous
biomass plantations are generally satisfying, the results for woody biomass plantations
show some deficiencies, i.e. mostly underestimated model yields in tropical regions.
However, the number of studies is very limited and the general representation of tropical biomass plantations shows higher yields than in these very plots. All studies and
the according LPJmL results are listed in Table S2 and are discussed in depth by Heck
et al. (2016).

A.1.4 Changes of biogeophyical properties in LPJmL
Moreover, as the detailed representation of the terrestrial carbon cycle is the strength
of this model, climate feedbacks due to land-use and land cover changes in response to
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e.g. albedo changes (Arora et al., 2011; Pongratz et al., 2011; Brovkin et al., 2013), are
not represented. In the following we roughly estimate the possible effects of albedo and
moisture flux changes on climate.

Bioenergy plantations tend to have lower albedo values (Schaeffer et al., 2006; Caiazzo
et al., 2014) than agricultural plants but higher values than natural vegetation (Pongratz et al., 2011) as calculated by our model (Forkel et al., 2014). Consequently, the
overall signal is therefore a significant cooling, if natural lands were replaced by tCDR
plantations, and a warming if cropland or pasture land were replaced. Overall, the
estimated changes are larger than past land-use change induced alterations of albedo
(Pongratz et al., 2011) but of opposite sign (and only comparable at very local scales
(e.g. past land-use change in India; This is partly explained by the more detailed representation of agricultural and natural land in our study compared to Pongratz et al.,
2011). Therefore, albedo effects could indeed have a significant impact on estimated
temperature changes after the establishment of tCDR plantations. Contrarily, other
studies find an overall cooling effect of herbaceous bioenergy plants on former cropland
(Merlin et al., 2013; Davin et al., 2014). They indicate that the sign and magnitude of
albedo changes strongly depend on the original land cover (e.g. longer growing seasons
lengths of BP shade dark soils), the management of crop land and BP (e.g. tillage
revealing dark soil versus no-tillage with remaining stubble), snow cover effects (e.g.
masking of snow through standing biomass) or even model parameterizations. For example, while LPJmL captures the effect of crop and BP residues, it uniformly assumes
an albedo of 0.4 for soils, which is rather high for agricultural lands in the mentioned
studies. Comparable large-scale studies on land cover conversion and its impact on
radiative and moisture fluxes (including the ocean response) are given by Davin and
de Noblet-Ducoudré (2010), Bathiany et al. (2010), and Arora et al. (2011).

According to our simulations, evapotranspirative fluxes change little if 25% of agricultural (+9%) or natural (+12%) land are replaced by tCDR plantations. Contrarily,
transpiration increases strongly on agricultural land (+37%) due to higher sapling density, deeper roots (bioenergy trees) and greater leaf areas (bioenergy grasses) reducing
soil evaporation (-75%). The changes on natural land are less pronounced with no
changes in transpiration but strong increases in evaporation (84%) due to competing
effects of transforming partly dense natural forest to highly productive but less dense
bioenergy tree plantations or the replacement of less productive shrubs with bioenergy
plantations.

A.2 Study set up
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A.2 Study set up
A.2.1 Scenario creation
The most productive grid cells on natural and agricultural land were prioritized for
conversion to create the 25% and 10% conversion scenarios. For the standard set of
simulations depicted in Fig. 2.2 these were cells with the highest net outcome of biomass
harvest yields and carbon losses due to emissions from land use and land cover change.
In additional scenarios, we also selected cells based on their biomass harvest potential
only, as would be the case if e.g. the incentive for tCDR was driven primarily by
economic considerations (special case “25% agric. chosen by highest harvest” in Fig.
2.2).
In each scenario, the areal fraction of either agricultural or natural land were assumed
to be covered by either herbaceous or woody biomass plantations depending on which
of the two is more productive. In the scenarios of agricultural land conversion, 25%
(10%) of the most productive crop land and 25% (10%) of the pasture land cells were
selected and then combined. Similarly for the conversion of natural land, 25% (10%) of
the most productive cells of each major biome (tropical, temperate, boreal and tundra
vegetation as well as grasslands) were chosen and then combined (double counting was
avoided) to value each biome equally. The resulting scenario distributions are displayed
in Fig. A3.

Figure A3: (left) 0.5◦ grid cells chosen according to highest biomass harvest only (similar to Fig.
2.2). Note that only the dominant share of either agricultural or natural land is displayed within
a cell. (right) following Fig. A1.

A.2.2 Simulations carried out
The model averages the carbon pools within each grid cell over all land use and land
cover shares at the end of each simulation year and thus, separate global simulations
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are needed for each land cover type to disentangle their contributions to the mean
carbon level of each cell. Therefore, five simulations of potential natural vegetation
(fractional areas developing dynamically in response to climate), woody and herbaceous
biomass plantations (prescribed according to our scenarios), pastures and cropland used
areas (both fixed at year 2005 state) were conducted. Each of our scenarios including
tCDR was created by selecting the required shares in each grid cells from these global
LPJmL simulations to calculate the carbon balance of tCDR plantations, agricultural
and natural land separately.

A.2.3 Starting point of tCDR
The tCDR simulations started in 2047, the year when a global mean temperature
increase of 2 ◦ C above preindustrial is crossed on a RCP8.5 trajectory, and continue
until 2100. This point was identified by multiplying the cumulative carbon emissions
given by Meinshausen et al. (2011) with a TRCE value (see below) of 2◦ C/TtC which
is similar to the T/C ratio (see below) in the underlying IPCC Fig. SMP10 displaying
a multi-model mean of RCP8.5 (Stocker et al., 2013b) . But according to the here used
climate forcing (aiming at 4.5◦ C of warming around 2100; Heinke et al., 2013), the
2◦ C target is reached in 2053 which is why we extend our simulations up to year 2107
and shifted the potentials backward to that earlier year to capture the effect of climate
and CO2 right Simulations under a mitigated climate reaching 2.5◦ C in 2100 (RCP4.5)
were also carried out for the period 2053–2107 although this RCP only reaches 1.8◦ C
of warming in 2047 following the method described above.
The model was spun up for 5000 years to achieve a soil carbon equilibrium in permafrost
regions and then for another 390 years to account for effects of land use changes on the
carbon balance (Schaphoff et al., 2013). Calculations then started in 1901 for transient
simulations under historic land use patterns until 2005 whence land use patterns were
held constant until 2053. The prescribed climate scenario was provided by a single
climate model (MPI-ESM) from CMIP3 simulations (Heinke et al., 2013), but sensitivity
studies with other model inputs showed similar results (data not shown). Model outputs
of carbon pools (litter, soil and vegetation and cumulative harvest pools) were smoothed
with a 10-year running mean filter (16-year running mean for woody biomass plantations
to cover two complete harvest cycles). To account for leakage rates, we only consider
50% of the harvested biomass to be stored permanently (Lenton, 2010). The same holds
for the vegetation carbon stored on natural land replaced by biomass plantation.

A.3 Calculation of the impacts of tCDR
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A.2.4 Delaying carbon emissions with tCDR
The calculation solely depends on the carbon extraction potential of tCDR compared to
the cumulative emissions of RCP8.5. Subtracting carbon sequestration potentials off the
RCP8.5 value in 2100 leads to the years that this target would be postponed. Similarly
to the other RCP pathways, the trajectory would be condensed without actually leaving
the emission pathway. Since CO2 concentrations are kept on the business-as-usual
trajectory, no ocean feedback is included in response to tCDR, although variations the
partial pressure of CO2 have already been included in the calculations of the coupled
climate model providing the climate forcing for LPJmL.

A.2.5 Global mean temperature potential of tCDR
As described in the main text, the ratio of temperature-to-carbon changes (T/C ratio)
in 2100 is needed to transfer tCDR carbon potentials to corresponding temperature
potentials by multiplying both. Similarly, the concept of the transient response to
cumulative emissions (TRCE, Gillett et al., 2013) is applied to the carbon potentials of
simulations forced with climate data from three additional climate models (MIROC3.2
(hires), UKMO HadGEM1, IPSL CM4 and MPI-ESM as in the standard set-up, Heinke
et al., 2013). The model response and the TRCE range of 0.7 to 2.0◦ C/TtC (◦ C per
trillon tons of carbon, Gillett et al., 2013) cause a broad range of estimated GMT
changes (Fig. 2.3). We can estimate a potential climate benefit from tCDR however
without accounting for possible non-linear feedbacks as described by Brovkin et al.
(2013).
A comparison of the effect of different climate model inputs on the tCDR potential in
LPJmL is shown for a selection of scenarios in Fig. A4. The larger the scenario area is,
the stronger the impact of different models on the potentials. Especially precipitation
patterns differ between models (Heinke et al., 2013) causing deviations in the results.
However, variations are small and the choice of the MPI-ESM climate forcing as a
standard setting seems justified.

A.3 Calculation of the impacts of tCDR
Since we cannot provide a thorough analysis of future agricultural and technological
projections here, we simply calculate some possible consequences of turning today’s
agricultural land to tCDR plantations. Based on calibrated crop yields and assuming
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Figure A4: Comparison of the potentials of different tCDR scenarios using five different climate
model inputs. MPI-ECHAM5 serves as standard climate forcing for this study.

a world population of 7 billion people we calculated the amount of calories (Wirsenius,
2000)available per capita and day (after production on the field) if the food was distributed equally over the globe. The current production thus is estimated with 3,038
kcal cap-1 day-1 . This does not include the transformation of produced feed calories
to meat or dairy calories and therefore we only give percentage changes.
Based on the concept of “planetary boundaries” (Steffen et al., 2015) we quantify the
impact of further reductions of natural forest cover brought about by tCDR plantations.
The land-system boundary defines thresholds of remaining forest extent for three continental forest biomes (boreal, temperate and tropical). We used this approach according
to the fractional forest areas provided by LPJmL. Thereby we could analyse the relative
change of area in our scenarios and calculate the position with respect to the planetary
boundary for land-system change.
The estimated nitrogen (N) content in the harvested biomass gives a first indication of
how much N would be needed as fertilizer since plant growth in our model is not limited
by N supply. We assume N contents for both herbaceous and woody biomass of 5kg
tC-1 dry mass. Literature indicates approximation for Miscanthus/switchgrass of 4.9
gN kg-1 (Pennington, 2012), 4.8 gN kg-1 (mean over range, Karp and Shield, 2008) and
for poplar/willow values of 5 gN kg-1 (mean over range, Karp and Shield, 2008). We
assumed a carbon content of 45% (Kato and Yamagata, 2014) and 50% (Lenton, 2010;
Powell and Lenton, 2012) for herbaceous and woody biomass, respectively. Applying
this to our model output, herbaceous and woody biomass plantations on all current
agricultural areas result in 56 kgN ha-1 yr-1 and 30.79 kgN ha-1 yr-1 , respectively.
Following Karp and Shield (2008) (50kgN ha-1 yr-1 for switchgrass, 30-80kgN ha-1 yr-1

A.3 Calculation of the impacts of tCDR
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for willows), Kering et al. (2011) (120-168kgN ha-1 yr-1 ) and Beringer et al. (2011) (5070kgN ha-1 yr-1 ), these values lie at the lower end of study results. Since we chose the
most productive cells, values increase over-proportionally the smaller the area gets.
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Table A.2: Yields from field studies and according model values for biomass plantation types as
presented in Fig. 2.1C (after Heck et al., 2016).

Miscanthus
Reference

Annotation

Acaroğlu and

Irr., sandy/ silt/

Şemi Aksoy

clay

Field mean

LPJmL (odt

Rel.
deviation

(odt ha-1
yr-1 )

ha-1 yr-1 )

12.6

33.32

182

(%)

(2005)
Christian et al.

Rainfed, previous

13.8, 17.3,

9.05, 10.28,

83, 80 , 84,

(2008)

LU, 14 years,

13.25, 15.10,

8.93, 9.05,

88, 80, 101

silty clay loam

23.15, 32.25

14.06, 33.17

Clifton-Brown

Rainfed, fert.,

10.5

10.51

100

et al. (2004) and

loam to sandy,

Clifton-Brown

marginal
26.0

36.19

120

23.15

12.33

77

8.30

9.49

107

Kahle et al.

10.05, 11.15,

11.50, 11.50,

107, 102, 96

(2001)

13.00

12.01

20.95

14.97

86

21.80

11.21

76

12.75

10.24

90
75, 67, 70

et al. (2007)
Danalatos et al.

Irr., fert. , clay

(2007)

loam, moderare
fertile

Himken et al.

Rainfed, fert.

(1997)

(not effective)

Jørgensen et al.

Sandy loam, high

(2003)

nutrient content,
LU, fert.

Schwarz (1993)

Rainfed, fert.,
“good soil”

van der Werf

Rainfed, fert.,

et al. (1992)

intensive car

Aravindhakshan

Rainfed, fert.,

et al. (2010)

silt, loam soil

Heaton et al.

Rainfed, ideal

26.05, 39.45,

13.28, 13.77,

(2008)

conditions,

38.45

15.73

11.85, 15.80,

13.77, 16.50,

108, 102,

23.40, 14.95,

6.88, 16.54,

65, 105, 122

13.05

18.77

intensive
preparation,
saplings
Davis et al.
(2014)

Rainfed, fert.
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Miscanthus
Reference

Annotation

Field mean

LPJmL (odt

Rel.
deviation

(odt ha-1
yr-1 )

ha-1 yr-1 )

25.05, 15.35

9.47, 7.53

69, 69

11.90

22.33

144

31.85

33.48

103

Irrigated

18.35, 20.80

24.17, 32.70

116, 129

Annotation

Field mean

LPJmL (odt

Rel.
deviation

Stričević et al.

Irr. in first year,

(2014)

fert.

Yu et al. (2013)

Different

(%)

genotypes tested
Blair et al. (1985)
Palmer (2014)
Switchgrass
Reference

(odt ha-1
yr-1 )

ha-1 yr-1 )

6.85

17.39

177

11.45

13.28

108

Fert., grundy

9.95

12.05

111

Rainfed, fert., silt

6.35

15.67

173

6.20

5.65

96

20.70

25.65

112

9.70

11.99

112

Adler et al.

Rainfed, fert., silt

(2006)

loam

Heaton et al.

Rainfed, ideal

(2008)

conditions,

(%)

intensive
preparation,
saplings
Lemus et al.
(2002)
Sanderson (2008)

loam, agric. land
Schmer et al.

Varying fert.,

(2008)

“good land”

Sladden et al.

Fert., Wickham

(1991)

soil

Di Virgilio et al.

Fert., typical

(2007)

Calcaric cambisol

Sharma et al.

Irr., fert.

7.30

38.02

310

fertilizer

16.10, 14.40,

16.33, 17.97,

101, 11,

17.49, 17.90,

20.10, 16.55,

108, 196,

17.80, 14.10

17.71, 17.33

100 111

(2003)
Lemus (2004)

106

A Supplementary material to Chapter 2

Switchgrass
Reference

Annotation

Field mean

(odt ha-1
yr-1 )

LPJmL (odt
ha-1 yr-1 )

Rel.
deviation
(%)

Sanderson et al.

Irr. at planting,

14.10, 14.50,

9.95, 9.55,

85, 83, 100,

(1999)

fert.

9.65, 15.20,

9.68, 17.91,

109 97

12.65

11.85

Aravindhakshan

Rainfed, fert., silt

15.65, 10.24,

et al. (2010)

loam soil

83

Palmer (2014)

Irrigated

20.95, 20.05

24.17, 32.70

108, 132

Field mean

LPJmL (odt

Rel.
deviation

Poplar
Reference

Annotation

(odt ha-1
yr-1 )

ha-1 yr-1 )

(%)

Cannell (1980)

Agric. land

7.40, 6.00

7.90, 8.21

103, 118

Dowell et al.

Irr., no fert., high

10.35

11.35

105

(2009)

fertility soil on

Fert., agric. land

11.95, 5.65

8.82, 8.94

87, 1129

Laureysens et al.

Irr. at

6.80

12.57

142

(2004)

establishment,

11.82, 7.05

10.62, 6.39

10.0

6.78

former fescue
pasture
Hofmann-Schielle
et al. (1999)

heavy clay loam
with high
nutrient content,
former landfill
Rae et al. (2004)

Irr./ rainfed,
varying fert.,
agric. land

95, 95
Berthelot and
Gavaland (2015)

Fertilizer

84
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Willow
Reference

Annotation

Field mean

LPJmL (odt

Rel.
deviation

(odt ha-1
yr-1 )

ha-1 yr-1 )

Rainfed, no fert.

11.55

5.69

75

Rainfed

12.45

7.56

80

Lindegaard et al.

Varying soil

11.35, 9.80,

8.30, 8.37,

87, 93, 101,

(2001)

quality

9.30, 11.15

9.50, 10.10

95

McElroy and

Marginal agric.

12.9

9.68

88

Dawson (1986)

land

Scholz and

Varying fert.,

5.4

6.39

109

Ellerbrock (2002)

agric. land

Adegbidi et al.

Varying fert.

9.65

7.33

88

Demo (2013)

Fert., loam

6.77

5.91

94

Pugesgaard et al.

Fert., sandy loam

5.85

6.90

109

(2014)

soil

Field mean

LPJmL (odt

Rel.
deviation

Labrecque and

(%)

Teodorescu
(2005)
Linderson et al.
(2007)

(2003)

Eucalyptus
Reference

Annotation

Binkley et al.

Rainfed, fert.,

(2003)

volcanic ash,

(odt ha-1
yr-1 )

ha-1 yr-1 )

14.75

19.83

117

15.35

20.38

118

11.35

8.95

89

(%)

gentle slope,
formerly agric.
land
Hunter (2001)

Irr., varying fert.,
deep lateritic soil

Laclau et al.
(2000)
Stape et al.

Rainfed, varying

23.25, 23.90,

5.73, 10.08,

62, 71, 76,

(2010)

fert., former

28.60, 23.90,

14.74, 13.70,

79, 70, 66

plantations or

18.40, 23.10

7.54, 7.54

grassland

108

A Supplementary material to Chapter 2

Table A.3: tCDR potentials for the mitigation scenarios under a RCP4.5 climate trajectory.

Implication

RCP4.5

Afforestation,

Potentials in 2100
C extracted

C flux

(GtC)

(GtC
yr-1 )
(mean)

-1227

5

Years
delayed

T change
(◦ C)

(yrs)

-

reduced emissions

2.6 (since
1870)

Agri-

100%

Limited to

546

9

-64

-1.1

cultural

25%

no food

431

7

-54

-0.9

land

10%

production

285

4

-41

-0.6

100%

Drastic

1075

19

-132

-2.3

25%

reductions

631

11

-72

-1.3

10%

to total loss

320

5

-44

-0.7

RCP2.6

Dedicated

237

3

-36

-0.5

+

bioenergy +

RCP4.5

abandoned lands

25%

Restoration of

237

3

-36

-0.5

agric.

land with natural

with

vegetation
302

5

-42

-0.6

Natural
land
Special
cases

NV
100%

No meat or dairy

pas-

production

tures
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Table A.4: tCDR potentials for the special case scenarios shown in Fig. 2.3. Results represent
potentials in the year 2100 (mean of 2095-2105) after a simulation time span of 53 years (20472100).

Agricultural land with
potential natural vegetation

Agricultural

Natural

land chosen

land chosen

for highest

for highest

Pixels chosen

100%

25%

10%

25%

harvest
10%
25%

harvest
10%

C extracted

347

291

175

466

301

639

311

C flux (GtC

5

4

2

8

5

11

5

T change (◦ C)

-0.8

-0.6

-0.4

-1.0

-0.7

-1.4

-0.7

Time delayed

-13

-11

-6

-18

-11

-25

-12

(GtC)
yr-1 )

(yrs)
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Supplementary material to Paper2 as published.
For the manuscript Impacts devalue the potential of large-scale terrestrial CO2 removal
through biomass plantations by Boysen et al. submitted to Environmental Research
Letters: ERL-102570 July 2016

B.1 Global distribution of BG and BT
The global distribution of both biomass types is the result of their assumed implementation following the highest accumulated annual biomass harvest potential and,
respectively, the according changes in carbon pools in 2100 (Fig. B1 left). The bioenergy type with the best net outcome is taken for each cell individually. If the choice is
done only regarding the highest accumulated biomass harvest in 2100 without taking
carbon changes into account, a different distribution results (Fig. B1 right).

Figure B1: (left) global distribution of herbaceous and woody biomass plantations, (right) the
distribution for the choice of cells regarding only the highest biomass harvest.

B.2 Albedo calculation in LPJmL
The albedo calculation in LPJmL follows the procedures from Strengers et al. (2010)and
Forkel et al. (2014). Albedo values for crop residues (straw, stubble) have been adapted

B.2 Albedo calculation in LPJmL
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with a mean value of 0.27 following literature (Horton et al., 1996; Merlin et al., 2013;
Davin et al., 2014). BG residues were estimated with 0.32 following Kucharik et al.
(2013). Soil albedo in LPJmL is, due to the lack of detailed soil albedo representation,
uniformly set to 0.4 which is higher than values given in the above-mentioned publications for agricultural land. However, since the model simulates stubble and crop
residues which remain on the field and cover the soil colour, this disadvantage is partly
set-off.

Choice of cells for BP

Figure B2: Comparison of the choice of cells for the sequestration potential either with focus of
highest harvest only (open circle) or total sequestration potential including land carbon changes
(filled circles).
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Quantification of impacts on evapotranspiration (ET)
Table B.1: Local moisture fluxes (evapotranspiration ET, transpiration and evaporation in km3 ) on
the areas considered for tCDR under constant land-use (2005) or BP in the year 2100.

moisture

scenario

100AGR

25AGR

10AGR

100NAT

25NAT

10NAT

LUconst

20498

13001

7669

43369

21914

10556

BP

0%

+6%

+7%

+7%

+8%

+8%

LUconst

11386

7655

4609

31640

16141

7894

BP

+35%

+40%

+40%

+5%

+6%

+6%

LUconst

8529

5009

2810

4305

1461

601

BP

-66%

-77%

-82%

+47%

+58%

+66%

flux
ET
Transp.
Evap.
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Literature review on tCDR
Table B.2: Literature review on tCDR as explicit climate engineering method, the physical limits
and potential areas and large-scale mitigation studies including re- and afforestation projects.

Explicit tCDR
Reference Time

Area (Mha)

Potential

Annotation

(GtC)
Lenton

100 yrs

695–1014

68–133

(2010)

Most realistic available land for
afforestation; only on abandoned
agricultural land (range over A1b and
B2, van Minnen et al., 2008)

100 yrs

3800–4000

150–900

Without food constraints

Today-

(dedicated

∼500

Overall potential with natural sink,

2100

bioenergy

surplus wood, afforestation on abandoned

area) +

land, Biochar, BECS (50% capture rate)
and reduction of emissions: 4–6 GtC yr-1

(695 to

by 2050, 6–14 GtC yr-1 in 2100

1014)
Powell

2000–

and

2050

332–686

180–260

Annual carbon fluxes of 5.2 and 3.6 GtC
over 50years with bioenergy crops in low

Lenton

and high meat scenarios with high

(2012)

efficiency (low to moderate land-use
increase)

Caldeira

2000–

et al.

2100

437

100

(2013)

3% of global land area needed to extract
1 GtC yr-1 with biomass energy from
managed temperate forests and CCS

Vaughan

Until

and

2060

4300

165–183

Soil carbon restoration and re- and
afforestation until 2060 leading to a

Lenton

reversal of past land-use and land cover

(2011)

change emissions

Heck

1982–

et al.

2005

4267

277–309

Year 2005’s agricultural land converted
to either BG or BT, irrigated on today’s

(2016)

irrigated areas, simulations from
1901–2005, compared to carbon changes
under land-use

Keller

2020–

et al.

2100

(2014)

1548

131

Afforestation of the North African and
Australian deserts under RCP8.5,
irrigated.
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Physical limits & potential areas
Reference Time

Area (Mha)

Potential

Annotation

(GtC)
van

Until

Minnen

2100

3850–3990

583, 913

Physical potential: A1b permanent or
harvested forest (wherever more effective
than baseline land-use scenario)

et al.
(2008)
3830

858

Physical potential: B2 harvested forest
(as in A1b)

831-1014

93, 133

Social potential: A1b only abandoned
agricultural land with permanent or
harvested forest (food and nature
conservation constraints)

695

68

Social potential: B2 abandoned
agricultural land with harvested forest
(as in A1b)

Lambin

Currently 445

et al.

available

Worldbank report 2010

(2013)
598

This study, retrieved from GAEZ 3.0

1400

IIASA/FAO prime land that could be
cultivated and is not protected but low
productive (Alexandratos and Bruinsma,
2012)

2100

IIASA/FAO 2012 suitable land GAEZ3.0
(3100 Mha suitable, 1000 Mha already
under cultivation)

Large-scale mitigation (Re- and afforestation)
Reference Time

Area (Mha)

Potential

Annotation

(GtC)
Humpen- Until
öder et

2773

192

2095

Natural afforestation of pasture and crop
lands due to carbon taxes on emissions;
1.21% yr-1 yield increase

al.
(2014)
508

162

Herbaceous and woods bioenergy for
BECCS on food crop land; 1% yr-1 yield
increase

2866 =
2566 afforestation
+ 300
bioenergy

272

1.36% yr-1 yield increase

B.2 Literature review on tCDR
Arora

Until

et al.

2100

1000–2200

115
120–240

50 to 100% afforestation of historic crop
lands between 2011 and 2060; including
biogeophysical and biogeochemical

(2011)

climate feedbacks (CO2 fertilization,
albedo and temperature effects, ocean
uptake), A2 emission pathway
van

Until

Vuuren

2100

725–940

116–146

Forestry on abandoned land (range B2,
B1 and A1b)

et al.
(2007)
et al.

Land required to extract 1GtC yr-1 (with
2.1GtC yr-1 produced) using temperate

(2013b)

switchgrass or tropical eucalyptus and

Smith

50 yrs

218–990

50

depending on harvest and leakage rates
Beringer

until

et al.

2050

142–464

Sustainability requirements for
conversion of land (food production,

(2011)

biodiversity, carbon storage)
28–125

Rain fed

56–188

Sustainable irrigation from surface
run-off

Kato

2006–

and Ya-

2100

415

141–292

Irrigation with renewable water resources

43–161

RCP2.6’s bioenergy areas (83% of 500
Mha agricultural land increase); current

magata

fertilizer input and low CCS level to high

(2014)

fertilizer input and CCS level to stay
within 2◦ C target

Edmonds 2020–

570 = 320

et al.

unmanaged

bioenergy levels depending on policies;

natural

different CCS and dietary trends to

land + 250

secure feeding 9 bn people on250Mha.

2095

(2013)

163–391

Different combinations of CCS and

dedicated
bioenergy
land
Reilly

2000–

et al.

2100

1400

178

bioenergy on crop land; simultaneous

(2012)
Smith

Afforestation, avoided deforestation and
emission reductions

2100

380–700

330

BECCS needed to limit warming to 2◦ C
(3.3 GtCeq yr-1 )

320–970

110–330

Afforestation (1.1–3.3 GtCeq yr-1 )

et al.
(2016)
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C Supplementary material to Chapter 4
Supplementary material to Paper3 as submitted.
For the manuscript Trade-offs for food production, ecosystems and climate limit the terrestrial carbon dioxide removal potential by Boysen et al. submitted to Global Change
Biology. July 2016

Degraded soils

Figure C1: Degradation of soils following Oldemann et al. (1991). Degradation classes 1 to 4 refer
to slightly, moderately, severely and extremely degraded soils, respectively.
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Table C.1: tCDR potential on degraded land (GLASOD, Oldemann et al., 1991) from 2020 and
2050.

Year

Degradation Area

Area not

class*

cultivatable

(Mha)

tCDR potential (GtC)
in dependence to CEff

without irrigation
(Mha)
2020

2050

20%

50%

70%

1

747

0.09

43

109

153

2

907

1.44

73

191

270

3

291

0.00

23

67

96

4

9

0.00

0

1

1

1

747

0.10

30

74

104

2

907

1.52

52

129

181

3

291

0.00

16

44

63

4

9

0.00

0

1

1

*class 1 = slightly degraded, class 2 = moderately degraded, class 3 = severely degraded, class 4 =
extremely degraded.
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Maps of albedo and albedo changes

Figure C2: Maps showing the simulated surface albedo in LPJmL for the current state of land-use
and natural areas (2005) (a) and areas in which changes in albedo exceed -0.02 if all areas were
converted to BP in 2020 (b).

Figure C3: Albedo changes due to complete land conversion to tCDR in 2020 (a) and the additional
changes in 2050 due to shifting vegetation over time (b).
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tCDR potentials on agricultural land in 2020

Figure C4: As in Fig. 4.4: tCDR potentials on agricultural land constrained by yield increases and
population growth (grey) and albedo (coloured) for the period of 2020–2100.
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tCDR potentials on natural land

Figure C5: As in Fig 4.6: Vegetation carbon (GtC) of conserved areas and the tCDR potential
(GtC) of BPs on unprotected areas depending on different levels of CEff for the period 2020-2100.
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Table C.2: Available land for tCDR according to land conservation constraints for biomes and/or
protected areas and the resulting tCDR potentials on the remaining, unprotected natural area in
dependence to levels of CEff.
tCDR potential (GtC) in
Protected
Area for
Land protected
Vegetation
dependence to CEff
areas lost
tCDR
carbon on
(%)
(Mha)
protected
land (GtC)
20%
50%
70%
2020
Protected
404
3981
157
648
975
areas
Pristine
180
7235
393
1385
2047
-42
forest
+Protected
458
3506
142
565
846
areas
All forests
613
3818
130
336
473
-18
+Protected
681
1717
35
91
128
areas
Forests +
607
2673
47
87
114
-12
shrub land
+Protected
704
1331
16
32
42
areas
Forest +
710
622
2
3
3
-2
shrub land
+ grass land
+Protected
711
421
1
2
2
areas
Shrub lands
84
7306
354
1470
2215
-34
Grass lands
14
6400
392
1634
2463
-29
2050
Protected
404
4041
56
404
636
areas
Pristine
180
7303
201
879
1331
-43
forest
+Protected
458
3567
55
354
552
areas
All forests
633
3672
80
191
265
-16
+Protected
690
1673
20
49
68
areas
Forests +
702
2563
34
56
71
-11
shrub land
+Protected
707
1295
12
20
26
areas
Forest +
710
654
1
2
2
-2
shrub land
+ grass land
+Protected
450
486
1
1
1
areas
Shrub lands
69
7410
148
936
1461
-33
Grass lands
9
6610
162
1016
1586
-29
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D Supplementary analyses conducted
during this thesis
The here presented supplementary information was conducted during the work on this
thesis. Parts of this section, like the more detailed description of the dynamic global
vegetation model LPJmL, deepen the knowledge on the methods used in the presented
research. Other parts contributed to the work of other researchers or science outreach
activities.

D.1 The transformation of RCP land-use data to LPJmL
input data
The representative concentration pathways (RCPs) describe four climate projections
reaching different levels of radiative forcing by 2100 and were the basis for the fifth
coupled model intercomparison project (CMIP5) and IPCC AR5. The corresponding
three land-use change gridded data sets for crop and pasture land as well as bioenergy
have been made available for the modelling community. So far, a translation to LPJmL’s
crop types was missing. In view of a possible use of these scenarios for this thesis I
created a script-based algorithm to transform the provided three fractional types to the
16 rainfed and irrigated types used in LPJmL.
The underlying process is rather simple: the total crop extent in LPJmL (year 2005, as
described in (Fader et al., 2010)) was up- or downscaled to fit the RCP’s given fraction
while its 13 crop shares were kept constant. Due to the lack of a detailed documentation,
different input data files are now available regarding the irrigated shares in each grid
cell: either all expansion takes place without irrigation or 2005’s irrigated extent is
expanded proportionally. The same procedure was applied for pastures.
However, while crop and pasture land were harmonized (i.e. their sum never exceeds
100% of one grid cell) bioenergy shares were not considered in this process. This means,
that it is neither obvious whether bioenergy fractions should be seen as shares of existing
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crop land nor if they constitute additional shares. Reviewing literature (and contacting
the IAM groups responsible for each RCP - no response yet) we preliminary conclude
that bioenergy fractions are indeed a share of the given crop land. However, in RCP2.6
for example, ca. 140 Mha out of 440 Mha dedicated bioenergy area do not fit into first,
crop land and seconds crop plus pasture land meaning that additional natural land has
to be converted. In RCP8.5, gridded data was provided not in terms of fractions but
in terms of wood harvest dedicated for bioenergy leaving the user of this data without
information of where this wood is actually harvested.
Overall, the new RCP data sets can be used with caution and might need revision once
more detailed information about the procedures are available.
The RCP data sets are available on request as:
_Matti :based on the updated irrigation patterns as described in Jägermeyr et al.,
2015
100bg : all dedicated bioenergy area is planted with bioenergy grasses
100bt : all dedicated bioenergy area is planted with bioenergy trees
50bg50bt : all dedicated bioenergy area is planted with half with bioenergy grasses,
half with bioenergy trees

rainfedexp : expansion of crop and bioenergy land only rainfed
irrigexp : expansion of crop land with irrigated shares (proportionally to 2005’s
state) and bioenergy rainfed
irrigbio : expansion of crop land with irrigated shares (proportionally to 2005’s
state) and irrigation of bioenergy to proportional shares
irrigbiomax : as irrigexp but with fully irrigated bioenergy

These data sets have been used for this thesis, the published paper of Boit et al., 2016
and the manuscripts of Ostberg et al., and Heck et al. (both 2016).

D.2 Synthesis paper on the interaction of land-use and climate
Based on my previous publications (Brovkin et al., 2013; Boysen et al., 2014), I was
approached to contribute to the opinion paper named “Grand Challenges in Understanding the Interplay of Climate and Land Changes” submitted by Shuguang Liu
(U.S. Geological Survey (USGS) Earth Resources Observation and Science (EROS)
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Center) to “Earth Interactions” on 11 March, 2016. The chapter deals with the “Overall and Specific Roles of LCLUC (’land cover and land use changes’) on Climate”. DOI:
http://dx.doi.org/10.1175/EI-D-16-0012.1.

D.3 Contribution to the Klimawiki of the German
Bildungsserver
This study has been financed by public funds and therefore a responsibility and duty
arises to inform the public about the research done in the SPP 1689. In that course, I
wrote an entry for the Bildungswiki “Klimawande” on tCDR via Afforestation (“Kohlendioxidentzug durch Aufforstung”) which can be found at http://klimawiki.org
(Deutscher Bildungsserver et al., 2016, accessed 20 March, 2016).

D.4 The dynamic global vegetation model LPJmL —
important processes used in this study
This section gives a more detailed description to the model LPJmL which has been the
basis to this study. While Section 1.7 provides an overview over the main components
of the model, which are presented in more detail in every result chapter, this section
gives a deeper insight on the basic simulation processes such as the plant physiology
and competition, the carbon cycle and input data.

Natural vegetation distribution
LPJmL simulates the distribution of natural vegetation plant types within each 0.5
times 0.5 degree grid cell dynamically following the competition for light, space and
water (Sitch et al., 2003). The underlying model version does not yet include nutrient
limitation, but water and heat stress, fires (Thonicke et al., 2001). Also, inadequate
growth conditions and plant densities constitute challenges for each plant stand (mortality). The establishment of new vegetation depends the existing vegetation and, again,
on climatic conditions.
Since the model cannot simulate individual species or even plants due to high computational costs, plant functional types (PFTs) group main functional characteristics across
all species into nine idealised average plant types such as tropical broadleaf evergreen
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trees, boreal needleleaf trees or shrubs. These are then again grouped into averaged
individuals in each grid cell. Main parameters and processes include specific leaf area
(SLA), fire tolerance, tree architecture (e.g. crown area, height, stem diatmeter), carbon
allocation and water stress behaviour.
Each PFT is therefore described by a different set of parameters and processes regarding
phenology and carbon allocation. Photosynthesis is the main driver of plant physiological processes. Through small openings on the leaf surface (stomata), CO2 is taken
up and converted to sugar molecules (carbon) using light energy (photosynthetic active
radiation, PAR) while water is lost through transpiration. During night time CO2 is
respirated. Under rising CO2 concentrations the number of stomata rises and plants
can assimilate more carbon. These stomata are closed if the ambient air temperature
is too high or under water stress to prevent additional water loss.
Dead matter is transferred to a litter carbon pool (with a turnover rate) where microbes
decompose this biomass (heterotrophic respiration) and carbon is partly emitted to the
atmosphere. The activity of these microbes is governed by soil temperature and water
content (e.g. high temperatures lead to higher respiration). The overall biomass carbon
allocation in the storage organs of fine roots, leaves, sapwood, heartwood depends on
the available radiation, leaf temperature, water supply and respiration (net primary
production = carbon assimilation minus respiration). Soil carbon content (slow and
fast soil pools, six layers) depends on litter production and turnover rates. Carbon
allocation (vegetation, litter and soil) in the model is calculated on an annual basis first
for each PFT separately and then averaged over all PFTs.
Precipitation provides the water needed for the terrestrial plant growth. Plants can
access water directly by interception through leaves or by extracting percolated soil
water through their roots. Snowmelt and permafrost thawing can provide additional
water which can however be made inaccessible for plants through surface evaporation,
surface runoff or subsurface water flows (Gerten et al., 2004).
Simulations start in 1901 with a 5000 years spin-up to reach equilibrium of soil carbon
and vegetation patterns (Schaphoff et al., 2013). Another spin-up period of 390 years
allows for the adaptation to land-use. During each spin-up time, the first 30 years of
the climate forcing (1901-1931) are randomly cycled.

Climate input
The climate forcing in LPJmL consists of data sets for monthly temperature, precipitation, cloudiness and number of wet days (Gerten et al., 2004). For the historical
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period, these data sets are provided by the Climatic Research Unit (CRU TS version
3.10, Harris et al., 2014) for temperatures and by the Global Precipitation Climatology
Centre (GPCC Full Data Reanalysis Version 5.0, Schamm et al., 2014). Information on
soil properties and lakes, reservoirs and river geography and annual atmospheric CO2
concentrations are provided as well.
For the use future climate projections, climate model data (temperature, precipitation
and cloud cover) had to be adapted. Grid sized were rescaled to the 0.5 x 0.5 resolution using the bilinear interpolation. At each grid point, these data sets were then
corrected for systematic errors in mean and variance applying a quantile mapping approach based for continuous time series similar to the method described in Watanabe
et al. (2012). This method preserves trends (changes in mean and variance) by applying
an offset factor derived from comparing model results against observations (CRU TS
3.10 and GPCC version 6 for CMIP3 models used in Chapter 2-4 and CRU TS 3.21
and GPCC version 6 for CMIP5 models used in Chapter 5) while higher moments or
autocorrelations remain unchanged.

D.4.1 Managed land
LPJmL simulates yields of 13 different crop functional types (CFTs), pastures and
bioenergy functional types (BFTs, see below). The CFTs were grouped to represent
12 main crop types (e.g. wheat, maize, rice), one pasture type representing nutritious
crops (e.g. citrous fruits) and fibre (e.g. cotton) and another type representing pastures
(Bondeau et al., 2007). On a daily time step, carbon is allocated in leaves, stems, roots
and storage organs (e.g. grains for cereals) in dependence on heat and water stress.
The distribution of irrigated and rainfed crops and pastures from 1700 to 2005 was
derived by Bondeau et al. (2007) and updated by Fader et al. (2010) based on data sets
provided by Portmann et al. (2010), Monfreda et al. (2008), and Ramankutty et al.
(2008).
Management options include the calibration of yields by adapting plant specific parameters and irrigation. Irrigation patterns depend on the distribution and irrigation system
(e.g. sprinkler, drip and surface) given by Jägermeyr et al. (2015) whereby water can
be withdrawn sustainably (limitation depending water reservoirs and river systems) or
unlimited (potential irrigation, Gerten et al., 2004). Crop specific harvest parameters
include the harvest index (HI), the maximum leaf area index (LAImax ) and ‘Alpha a’
(αa ) which are proportionally coupled to each other. HI defines the optimum proportion of the storage organ which is harvested; the remainder of the plant (roots, straw
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and stubble) are transferred to the litter pool and respired within one year. LAImax
describes the maximum leaf area size that could be reached under optimal growing
conditions and thus, can be referred to as the general plant performance. αa controls
the photosynthetic activity at the leaf level (controlling the carbon assimilation of a
stand). Based on annual national yield statistics of the FAO, these model parameters
are calibrated to meet observations.

Bioenergy plantations
Two bioenergy functional types group herbaceous (grasses, BG) and woody (trees, BT)
bioenergy species. As described in the method sections of the main studies, they were
characterised to represent the main features of, for BT, temperate willows and poplars,
tropical Eucalyptus and for BG, Switchgrass and Miscanthus (Beringer et al., 2011).
Heck et al. (2016) provided a comparison of field experiment results with simulated
bioenergy yields by choosing the same location and providing irrigation if required. The
model represents bioenergy plants well at a global scale but cannot represent specifically
managed plantations (different soils, pre-grown saplings, intensive care).
Bioenergy trees grow for eight years when they are cut down near the ground (65%
of sapwood and 90% or heart wood are removed). This procedure allows for a faster
regrowth due to the intact root system. After 40 years, the whole plantation is removed
and newly established with saplings raised on the field (note, most field studies grow
saplings in greenhouses before transferring them to the field). These time intervals were
found to be reasonable in comparison with literature (Lemus and Lal, 2005; Langholtz
et al., 2007; Heller et al., 2003) and in sensitivity analyses conducted with LPJmL.
Bioenergy grasses are harvested as soon as 400 g m-2 are reached or, in low productivity
areas, if leaf mass has reduced to 75% of its maximum value at the end of the growing
season. The harvest fraction is set to 85% following Johnson et al. (2012) and Ashworth
et al. (2013) and shown to be an optimal value in our model (e.g. an increased harvest
fraction would reduce biomass yields).
If bioenergy replaces natural vegetation in our model, these natural wood can be harvested and stored as a one-time event. For this, two thirds of the sapwood and all
heartwood is harvested and not transferred to the litter pool.
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