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Erst glänzte das Gold, dann floss es. Schließlich wuchs es.
Durch die Jahrhunderte rann ein roter Faden.
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Summary

Avoiding dangerous climate change requires substantial emission reductions in the en-
ergy and the land-use sector. Within the portfolio of decarbonization options bioenergy
assumes a unique role because it can reduce emissions in two special ways. First, due to
its versatility it can provide low-carbon energy as a substitute for fossil fuels in all en-
ergy sectors. Second, due to its carbon content bioenergy combined with carbon capture
and storage (CCS) can provide negative emissions that allow compensating emissions
across sectors and time, which is of special interest for achieving low-stabilization tar-
gets. However, biomass cultivation requires fertile land giving rise to concerns about
adverse effects, such as land-use change emissions, biodiversity loss, and competition
with food production.
Scrutinizing the bioenergy assessment carried out by The IPCC Special Report on

Renewable Energy Sources and Climate Change Mitigation (IPCC 2011b) it became
apparent that the available long-term scenarios assessing bioenergy as a mitigation op-
tion only cover these adverse effects to a minor degree. This thesis aims at improving
the bioenergy assessment by addressing potential consequences of and requirements for
bioenergy deployment in the energy sector and the land-use sector. Using an integrated
model framework of energy-economy-climate and land-use this thesis investigates the
role bioenergy can play in achieving ambitious long-term climate change mitigation tar-
gets taking into account emissions from agriculture and land-use change. It explores
the global biomass potential and corresponding supply prices and investigates how pric-
ing land-use and land-use change emissions affects the biomass potential and resulting
emissions. It analyzes how mitigation strategies and costs depend on constraints on the
supply and demand side of bioenergy. It investigates how bioenergy contributes to the
transformation and decarbonization of the energy system in general and identifies the
economic drivers behind the choice of bioenergy conversion technologies in particular.
Results show that bioenergy with CCS (BECCS) is a crucial mitigation option with

paramount importance particularly for achieving stringent climate change mitigation tar-
gets. If CCS is available, bioenergy is exclusively used with CCS in mitigation scenarios
and it is predominantly used to produce liquid fuels for the transportation sector. Since
biomass is mainly supplied by lignocellulosic perennial grassy feedstock this requires
robust gasification technologies to be available that can cope with the heterogeneous
grassy feedstock. Modern bioenergy deployment increases rapidly after 2030 to around
300 EJ/yr. Mitigation costs rise sharply if bioenergy or CCS is constrained. This indi-
cates that without bioenergy or CCS, it is difficult to achieve low stabilization targets.
Grassy biomass feedstock can be produced at prices above 5 $/GJ. Pricing emissions

in the land-use sector increases bioenergy supply prices (by 5$/GJ in 2055 and by 10
$/GJ in 2095) due to land exclusion of high-productive forest land and due to nitrogen-
emissions from bioenergy production. Carbon taxes on land-use change emissions are
found to effectively prevent deforestation and thereby significantly reduce total land-use
change emissions. However, land reduction due to GHG taxes is compensated by inten-
sification and expansion into land that is not under emission control, the latter of which
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increases land-use change emissions from biomass production. This indicates that bioen-
ergy demand and GHG taxes at the same time (as typical for low-stabilization scenarios)
put substantial pressure on the land-use sector and could induce leakage of bioenergy or
food production into land with high carbon content that is not under emission control.
Average yields that would be required for large-scale bioenergy production in 2095 are
roughly between 500 and 600 GJ/ha for the major producer regions. Results further
indicate that the competition for water between agriculture, private households, and in-
dustry is likely to increase heavily in many regions, particularly if forests are protected
and bioenergy is used for climate change mitigation.
In climate mitigation scenarios, the value of bioenergy is found to be determined by

both its energy value and the value of potential negative emissions. Results show that
the availability of BECCS creates a strong link between carbon prices and bioenergy
prices. This causes the carbon value of biomass to exceed its pure energy value in
low stabilization scenarios with BECCS availability. Rising carbon prices thus induce
investments in technologies that would not be built for the purpose of energy production.
Furthermore, through this price link stringent climate protection targets induce a high
willingness-to-pay for bioenergy that exceeds by far bioenergy supply prices identified
previously.
Bioenergy is so valuable because its negative emissions increase the amount of per-

missible carbon emissions from fossil fuels and therefore allow postponing emissions re-
ductions in the short-term and the preservation of some residual emissions in the long
run. For a given climate target, bioenergy thus acts as a complement to fossils rather
than a substitute. However, this makes the prolonged short-term deployment of fossil
fuels dependent on the long-term potential of biomass and the availability of CCS. Thus,
uncertainties about the long-term developments of (i) conditions in the land-use sector
(land availability, yields etc.) and (ii) CCS technology are highly relevant for short-term
decisions about emission reduction.



Zusammenfassung

Um gefährlichen Klimawandel zu vermeiden, werden starke Emissionsreduktionen im
Energie- und Landnutzungs-Sektor benötigt. Zwischen verschiedenen Dekarbonisierungs-
optionen sticht Bioenergie hervor, da sie zwei besondere Wege der Emissionsreduktion
bietet. Erstens stellt sie wegen ihrer vielseitigen Einsetzbarkeit eine emissionsarme Al-
ternative zu fossilen Brennstoffen in allen Energiesektoren dar. Zweitens kann sie auf-
grund ihres Kohlenstoffgehalts in Kombination mit Kohlenstoffabscheidung (CCS) neg-
ative Emissionen erzeugen und somit Emissionen anderer Quellen über Zeit und Ort
hinweg kompensieren. Diese Eigenschaft ist insbesondere für das Erreichen von Niedrig-
Stabilisierungszielen interessant. Allerdings benötigt die Produktion von Biomasse frucht-
bares Land, was Anlass gibt zur Sorge über nachteilige Nebeneffekte, wie z.B. zusätzliche
Landnutzungs-Emissionen, Biodiversitäts-Verluste oder Nahrungsmittel-Konkurrenz.
Anahnd der im IPCC Special Report on Renewable Energy Sources and Climate Change

Mitigation (IPCC 2011b) dargestellten Literatur wird deutlich, dass die verfügbaren
Langfristszenarien zur Bewertung von Bioenergie als Klimaschutzoption diese Nebenef-
fekte, insbesondere die Landnutzungs-Emissionen, nur in geringemMaße berücksichtigen.
Die vorliegende Arbeit möchte die Bewertung von Biomasse insbesondere im Hinblick auf
negative Nebeneffekte verbessern, indem sie Erfordernisse und Konsequenzen der Bioen-
ergienutzung im Energie- und Landnutzungs-Sektor untersucht.
Im Rahmen dieser Dissertation wird analysiert, welche Rolle Bioenergie bei der Erfül-

lung ambitionierter, langfristiger Klimaschutzziele spielen kann. Dazu wird ein Modell
entwickelt, das sowohl Komponenten des Energie-, Wirtschafts- und Klimasystems, als
auch des Landnutzungs-Systems miteinander vereint, und dabei Landnutzungs-Emissio-
nen berücksichtigt. Es werden das globale Biomasse-Potential und dessen Angebotspreise
untersucht und wie diese durch die Bepreisung der Landnutzungs-Emissionen beeinflusst
werden. Ferner wird untersucht, wie Emissions-Minderungs-Strategien und deren Kosten
von Beschränkungen auf der Angebots- und Nachfrageseite der Bioenergie abhängen.
Es wird der Frage nachgegangen, wie Bioenergie zur Transformation und Dekarbon-
isierung des Energiesystems beiträgt, und was die ökonomischen Faktoren bei der Wahl
von Bioenergie-Konversions-Routen sind.
Die Ergebnisse zeigen, dass Bioenergie mit CCS (BECCS) eine entscheidende Minde-

rungs-Option mit elementarer Bedeutung insbesondere für das Erreichen von strengen
Klimaschutzzielen darstellt. Wenn CCS verfügbar ist, wird Biomasse ausschließlich mit
CCS verwendet, überwiegend zur Produktion von Flüssigbrennstoffen. Da Biomasse
hauptsächlich aus mehrjährigen lignozellulose-haltigen Grassorten produziert wird, setzt
dies die Verfügbarkeit von robusten Vergasungstechnologien voraus, die den heterogenen
Brennstoff Gras verarbeiten können. Der Einsatz moderner Biomasse beginnt nach 2030
und steigt danach rasch auf etwa 300 EJ/yr an. Beschränkungen des Bioenergiepoten-
tials oder der CCS-Verfügbarkeit lassen die Vermeidungskosten erheblich ansteigen, was
darauf hindeutet, dass ohne Biomasse oder CCS Niedrig-Stabilisierungs-Ziele schwer zu
erreichen sind.
Grasartige Biomasse kann zu globalen Preisen über 5 $/GJ produziert werden. Die
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Bepreisung von Emissionen im Landwirtschaftssektor erhöht die Bioenergiepreise, da
hochproduktive Waldflächen dadurch ausgeschlossen werden und Stickstoff-Emissionen
aus Düngernutzung zusätzliche Kosten verursachen. Die Bepreisung von Landnutzungsän-
derungs-Emissionen wirken sogar vollständig schützend auf bestehenden Wald, was die
globalen Landnutzungsänderungs-Emissionen erheblich reduziert. Allerdings muss diese
Reduzierung der verfügbaren Landflächen kompensiert werden durch Intensivierung und
Ausdehnung in Flächen, die nicht der Emissionsbepreisung unterliegen. Letzteres führt
wiederum zu einer Erhöhung der mit der Biomasseproduktion verbundenen Landnut-
zungsänderungs-Emissionen. Das ist eine Folge des hohen Drucks aus der Kombina-
tion von hoher Biomasse-Nachfrage und Treibausgas-Bepreisung, wie sie typisch sein
kann für strenge Klimaschutz-Szenarien. Die für die groß-skalige Biomasseproduktion
in 2095 benötigten Durchschnittserträge belaufen sich auf 500 bis 600 GJ/ha in den
Hauptproduktions-Regionen. Die Ergebnisse zeigen des Weiteren, dass die Konkurrenz
um Wasser zwischen Landwirtschaft, Haushalten und Industrie in vielen Regionen stark
zunehmen könnte, insbesondere falls Wälder geschützt werden und Bioenergie nachge-
fragt wird.
In Klimaschutzszenarien ergibt sich der Wert der Bioenergie sowohl aus ihrem En-

ergiewert als auch aus dem Wert ihrer potentiellen negativen Emissionen. Die Ana-
lyse zeigt, dass die CCS-Technologie, sofern verfügbar, eine starke Bindung zwischen
Kohlenstoffpreisen und Bioenergiepreisen etabliert. Dadurch dominiert in Niedrig-Stabi-
lisierungs-Szenarien mit hohen CO2-Preisen der Kohlenstoffwert der Biomasse ihren En-
ergiewert. Somit veranlassen steigende CO2-Preise Investitionen in Technologien, die
nicht aus Gründen der Energieerzeugung gebaut würden. Diese Preiskopplung erzeugt in
Niedrig-Stabilisierungs-Szenarien außerdem eine hohe Zahlungsbereitschaft für Biomasse,
welche die zuvor genannten Angebotspreise bei weitem übersteigt.
Bioenergie ist deshalb so wertvoll, weil die negativen Emissionen, die sie ermöglicht, das

Budget an noch zulässigen Emissionen aus fossilen Energieträgern erhöht und es damit
erlaubt, kurzfristige Emissionsreduktionen zu verzögern und langfristige Rest-Emissionen
beizubehalten. Bei einem gegebenen Klimaziel agiert Biomasse daher eher als Gegenstück
denn als Ersatz von fossilen Brennstoffen. Jedoch macht dies den verlängerten Kurzfrist-
Einsatz von fossilen Energieträgern abhängig von der kombinierten Langfrist-Verfügbar-
keit von Biomasse und CCS. Somit werden Unsicherheiten über die langfristige Ent-
wicklung des Landwirtschafts-Sektors und der CCS-Technologie relevant für kurzfristige
Entscheidungen über Emissions-Reduktionen.



1 Introduction

1.1 The need for ambitious mitigation efforts

As you read this, the atmospheric concentration of CO2 will have closely approached
or even surpassed the mark of 400 ppm1. This is an increase of 44% compared to the
preindustrial level of 280 ppm. According to Working Group I of the Fifth Assessment
Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) the global
mean temperature (GMT) increased by 0.78 � from 1850–1900 to 2003–2012 (IPCC
2013). The report concludes that “warming of the climate system is unequivocal” and
that it is “extremely likely” that the observed warming was predominantly caused by
the anthropogenic increase in greenhouse gas concentrations and other anthropogenic
forcings. The evidence for human influence has grown over the years as did the scientific
consensus on the need to reduce anthropogenic greenhouse gas (GHG) emissions in order
to avoid or at least mitigate dangerous climate change (Fisher et al. 2007). Based on
the awareness that with rising temperature important tipping elements in the Earth
system could be irreversibly pushed past critical states, “implying large-scale impacts
on human and ecological systems” (Lenton et al. 2008), the international community of
194 states recognized on the 16th Conference of the Parties in 2010 in Cancun “that
deep cuts in global greenhouse gas emissions are required. . . with a view. . . to hold the
increase in global average temperature below 2 � above preindustrial levels” (UNFCCC
2010). Meeting this temperature limit requires stabilizing the long-term atmospheric
GHG concentrations at relatively low levels of 400–450 ppm. The acknowledgment of
the 2 � target by the international community motivated a series of international multi-
model studies exploring the feasibility and costs of low-stabilization targets (AMPERE,
Kriegler et al. 2014a; LIMITS, Kriegler et al. 2014b; ROSE, Kriegler et al. 2013b, EMF27,
Krey et al. 2013). The present thesis contributes to this research by focusing on the role
bioenergy – potentially a major mitigation option – could play in achieving those targets.
Chapter 3 to 6 shed light on the potential consequences of and requirements for bioenergy
deployment in the energy sector and the land use sector. Chapter 6 directly contributed
to the EMF27 study.

1.2 Options to achieve low-stabilization

Since our fossil fuel based energy systems are the predominant source of anthropogenic
GHG emissions (Figure 1.1), accounting for 66% of total GHG emissions (57% CO2),
(IPCC (2007)), emission reduction in this sector plays a central role for climate change
mitigation. Emissions in the energy system are caused by burning fossil fuels, which
contributed more than 81% to global primary energy supply in 2011 (IEA 2013). Thus,
reducing anthropogenic emissions requires a fundamental restructuring of global energy

1http://www.esrl.noaa.gov/gmd/ccgg/trends/mlo.html
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Figure 1.1: Shares in global CO2eq emis-
sions in 2004. Total: 49 GtCO2eq. Source:
IPCC (2007).

supply towards low-carbon energy carriers. IPCC’s Fourth Assessment Report (AR4)
reports that more than 65% of total emission reduction would occur in the energy sector
for a wide range of emission reduction targets (Fisher et al. 2007). However, since agri-
culture and land use change account for about one third of total global GHG emissions
(17% from deforestation, c.f. Figure 1.1) the reduction of land use related CO2 emissions
and other GHG emissions and the enhancement of sinks in the forestry and agriculture
sectors are also considered important. Especially avoided deforestation in tropical coun-
tries could complement emission reductions in the energy system and significantly reduce
overall mitigation costs (Fisher et al. 2007).

Since policies aiming at climate change mitigation potentially have far-reaching conse-
quences for society, economy, and environment there is a need for a public debate about
ends and means of different climate policies (Edenhofer and Kowarsch 2012). Policy
making is a complex task due to multiple interrelated direct and indirect effects includ-
ing adverse unintended side-effects of means, which may require a revision of the policy
ends. Edenhofer and Kowarsch (2012) suggest that “the main task of sciences should be
to provide a helpful, enlightening contribution to public debate, particularly in terms of
revealing practical means-consequences of different policy options, in order to enhance
public decision-making” and to enable the revision of policy goals. Amongst others sci-
ence can contribute multi-scenario analyses that investigate different plausible stories of
transformation pathways into the future in terms of consistent, long-term, model-based,
quantitative scenarios. This allows exploring possible consequences and trade-offs of
available policy options.

Climate policies potentially interfere with many components of the complex and in-
terlinked system of energy, economy, land use, and climate. Therefore, Integrated As-
sessment Models (IAMs) of global climate change have been developed that integrate
knowledge from several academic domains and cover the complex relations between en-
vironmental, social and economic factors (Helm 2005; Schneider 1997; Weyant et al.
1996). Typically IAMs comprise representations of the energy system, the climate sys-
tem, the economy, and the land use system. The models are applied to investigate a
broad range of possible futures, which are defined in scenarios by combining a set of
assumptions on the future development of important factors and constraints, such as
population growth, food demand, technological learning, technology cost and availabil-
ity, resource endowments, and climate protection target. Within these constraints IAMs
determine a transformation pathway that is optimal with respect to a given objective,
such as total cost or welfare.
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Figure 1.2: Transformation pathway of the global primary energy mix for a low-stabilization sce-
nario (450 ppm CO2 equivalent in 2100 with overshooting allowed) from the REMIND model (c.f.
Section 1.5) produced for the EMF27 project.

IAMs aim at determining global and regional costs of reducing GHG emissions, identify
cost-effective transformation pathways to reach particular mitigation targets, as well as
to investigate the type of mitigation measures required for achieving those targets. They
are particularly useful to investigate trade-offs that arise from contrary impacts across
regions, sectors and time (c.f. Section 1.4). A broad portfolio of potential decarbonization
measures is being assessed with IAMs. Regarding the energy system these measures
range from energy conservation, fuel switching, and efficiency to various renewable energy
technologies, nuclear power, and carbon capture and sequestration (CCS). Regarding the
land use sector major mitigation options are avoided deforestation, afforestation, efficient
fertilization and livestock management.

Stimulated by policies in many countries the deployment of renewable energy has
evolved rapidly in recent years and is expected to increase further under mitigation
policy. For an illustration of how the decarbonization of future energy supply could
be performed, Figure 1.2 depicts the global primary energy mix for a low-stabilization
scenario calculated by the integrated assessment model REMIND (c.f. Section 1.5 and
Chapter 6), one of 18 energy-economy and integrated assessment models employed in
the Stanford Energy Modeling (EMF) Study 27 (Kriegler et al. 2013c). The results
show a rapidly decreasing share of fossil fuels after 2030 substituted with renewable
energy sources, of which modern bioenergy with CCS (BECCS) contributes a significant
part of at least 30% in the second half of the century. The high relevance bioenergy
gains in the portfolio of mitigation options, particularly in low-stabilization scenarios,
is a robust finding across all models participating in the EMF 27 study (Kriegler et al.
2013c; Luderer et al. 2013c; Rose et al. 2013).

Mitigating climate change is not only a question of how, but also a question of when
to reduce GHG emissions. Based on a scenario review of future emissions pathways
the Global Energy Assessment (GEA) report concludes: “Limiting global temperature
increase to less than 2 � above preindustrial levels (with a probability of greater than
50%) requires rapid reductions of global CO2 emissions from the energy sector with a
peak around 2020 and a decline thereafter to 30–70% below 2000 emissions levels by
2050, finally reaching almost zero or even negative CO2 emissions in the second half of
the century”, (Riahi et al. 2012), and further: “In particular, the later the emissions
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peak, the higher the need for net ’negative’ emissions in the second half of the century,
for example, by using biomass together with carbon capture and storage”. Thus, the
answer to both, the question of how and the question of when to reduce GHG emissions,
suggests that bioenergy could significantly contribute to emission reduction and its cost-
effectiveness in the long run.

For a long time bioenergy was the major energy source for humans, before the indus-
trial revolution launched the large-scale exploitation of fossil fuels. In the face of rising
energy demand and before the growing interest to use bioenergy for reducing GHG emis-
sions there was and still is the incentive to diminish the dependency on fossil fuels with
bioenergy for reasons of security of energy supply, national sovereignty, and lower vul-
nerability to volatile energy prices, as pursued with bio-fuel mandates by Brazil and the
USA since the 1970s as a response to the oil shocks (EISA 2007; Harvey and McMeekin
2010). Only in recent years the growing concern about climate change and the expectance
that bioenergy could help lowering emissions actuated new policies promoting bioenergy,
especially in the European Union.

Today bioenergy still is the biggest contributor among renewable energy sources. In
2008 bioenergy provided 50.3 EJ (10.2%) to the total primary energy supply of 492 EJ
(renewable energies total 13% (63.5 EJ)), (Chum et al. 2011). Roughly 60% (30 EJ)
of the biomass was used traditionally for cooking and heating in developing countries
and relies on often unsustainable use of wood, charcoal, agricultural residues and animal
dung that is mainly combusted with low efficiency and causes serious health problems.
Modern bioenergy that is used with higher efficiency than traditional biomass for power
generation, heat, and transport fuels accounted for 22% (11.3 EJ) of total primary energy
supply from biomass. Today modern bioenergy production mainly utilizes wood, crop
and forestry residues, and waste for heat and power production and agricultural crops
(such as sugarcane, maize, rapeseed, soybean, or palm oil) for producing liquid biofuels.
Often the latter are classified 1st generation biofuels whereas liquid fuels from herbaceous
and woody non-edible lignocellulosic plants (such as poplar, eucalyptus, switchgrass, or
Miscanthus) are labeled 2nd generation biofuels. However, 2nd generation biofuels are
in a pre-commercial stage yet.

1.3 Properties of bioenergy making it relevant for
climate change mitigation

Biomass has a decisive property that distinguishes it from other renewable energies: it
contains carbon. Cause and effect of this crucial property has implications not only for
the role bioenergy can play as a mitigation option but also for the way bioenergy has to
be treated in integrated assessment modeling.

First of all the carbon embedded in biomass makes it an energy carrier and a suit-
able feedstock for energy conversion processes. Due to the chemical versatility of carbon,
biomass can be converted into several types of secondary energy (see next subsection). In
addition the carbon content results in an energy density that justifies long distance trans-
port. Thus, bioenergy - in contrast to other renewable energies - can be traded globally
similar to fossil fuels (Heinimö and Junginger 2009). The same property allows bioen-
ergy to be stored making it dispatchable compared to the intermittent energy sources
solar and wind. The carbon originates from plant growth and makes bioenergy part of
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the terrestrial carbon cycle. This is both a blessing and a curse at the same time, since
the deployment of bioenergy may cause changes in the terrestrial carbon stocks in two
contrary ways. The beneficial effect is that the carbon fixed in bioenergy plants directly
withdraws carbon from the atmosphere and could be persistently stored via BECCS tech-
nology reducing the carbon stock in the atmosphere. However, biomass plants are part
of the land use system and cultivating biomass requires fertile land. Bioenergy thus may
cause adverse changes in land-related carbon stocks by inducing land use change, such
as deforestation, which would increase atmospheric carbon stocks. Among renewable
energies bioenergy requires by far the largest land area per unit of energy (Coelho et al.
2012, p. 1508) and further agronomic inputs such as labor, fertilizer, water, and energy.
Bioenergy cultivation thus may interfere with the production of other agricultural goods.

Therefore, the use of biomass for producing energy and reducing emissions not only
touches the domain of the energy-economy-climate system, but it additionally depends
on and affects the evolution of the land use sector. The integration of these sectors
and their interactions constitutes challenges for modeling bioenergy that are discussed in
Section 1.4. The modeling approach applied in this study was designed to accommodate
these interactions and is introduced in Section 1.5. The following sections take a closer
look at the potential advantages and disadvantages of bioenergy as a mitigation option
that were adumbrated above.

1.3.1 Potential advantages of bioenergy

Low GHG intensity Deploying bioenergy to combat climate change is based on the
rationale that replacing fossil fuels with bioenergy lowers net emissions, since burning
biomass only releases the same amount of carbon to the atmosphere that was accumu-
lated before by growing the plant, so no carbon would be added from combustion to
the atmosphere. However, this simple “carbon-neutrality” is hard to achieve in real pro-
duction systems mainly due to emissions that accrue from land use (N2O from fertilizer
input) and land use change (CO2 from deforestation). In particular 1st generation fuels,
which are promoted by current policies, are assumed to cause substantial direct and in-
direct land use and land use change emissions, in some cases sufficient to neutralize the
net GHG savings (Crutzen et al. 2007; Fargione et al. 2008; Searchinger et al. 2008). The
strongest concern, however, refers to the potential competition of 1st generation bioen-
ergy crops with food crops for land, water and other agronomic inputs. On the whole,
considering the projected high bioenergy demand in climate change mitigation scenarios
(Figure 1.2), 1st generation crops are not supposed to be the appropriate measure for
substantial GHG savings. Recent research therefore turned to the use of lignocellulosic
feedstocks (Melillo et al. 2009; Schmer et al. 2008). In contrast to 1st generation biomass
lignocellulosic feedstock such as perennial grasses and short-rotation woody crops can be
entirely converted to energy and thus feature two to five times higher yields per hectare
in terms of primary energy content (Hill 2009). They are additionally advantageous over
1st generation crops since they require far fewer synthetic inputs when managed care-
fully (Hill 2009; Schmer et al. 2008). Consequently they are ecologically less demanding
than food crops in terms of impacts on soils, soil erosion, biodiversity, nutrient leaching,
pesticide application, etc. (Cherubini et al. 2009). Therefore, this thesis focuses on the
assessment of bioenergy based on lignocellulosic purpose-grown biomass.
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Figure 1.3: Emission factors for different primary energy
carriers defined as net emissions per unit of primary energy
input (kgCO2/GJ). Blue bars indicate the carbon intensity
of the fuel, black lines indicate emission factors that can
be achieved by the application of different capture technolo-
gies. The red bar indicates the emission factor for biomass
if the total carbon content would be captured. Bioenergy
without CCS is assumed to be carbon neutral. Values are
based on the carbon content only, emissions from produc-
tion processes, such as methane from mining or CO2 from
transport, are not included. Based on IEA (2007).

Negative emissions Climate change mitigation scenarios aiming at low GHG concen-
tration levels show a strong need for options to remove carbon from the atmosphere
(c.f. Chapter 6). Capturing the emissions that accrue form the combustion of biomass
offers one option to generate negative emissions if more carbon is captured than previ-
ously emitted for bioenergy production. There are other ways for carbon removal, such
as direct air capture technologies or afforestation. However, among these and among
all fossil and renewable energy carriers bioenergy with CCS uniquely allows generat-
ing energy and negative emissions at the same time. Therefore, BECCS is considered
a particularly attractive mitigation option. “Bioenergy technologies coupled with CCS
could substantially increase the role of biomass-based GHG mitigation if the geological
technologies of CCS can be developed, demonstrated and verified to maintain the stored
CO2 over time”, (Chum et al. 2011). The paramount importance of bioenergy for the
deployment with CCS arises from its ability to offset emissions across space and time
and to prolong the use of fossil fuels in sectors that are expensive to decarbonize di-
rectly. This makes BECCS a cost-effective, indirect mitigation measure particularly in
long-term low-stabilization scenarios (Azar et al. 2013; Edenhofer et al. 2010; Klein et al.
2013; Kriegler et al. 2013a; Metz et al. 2005; Rhodes and Keith 2008; van Vuuren et al.
2010a). Combining fossil fuels and CCS can lower net emissions but it can not generate
negative emissions. Some residual emissions remain. To illustrate the range of achievable
net emissions, Figure 1.3 shows rough estimates of emission factors for different primary
energy carriers with and without CCS (similar values were applied in parts of this study).
If CCS is applied bioenergy offers by far the lowest emissions.

Versatility In contrast to other renewable energies bioenergy is versatile with respect
to primary energy carriers, conversion processes, and end products. Particularly it is
the only renewable primary energy carrier that can be converted into different types of
secondary energy. As Figure 1.4 illustrates, diverse biomass feedstocks can feed different
conversion processes to produce a variety of energy products. This makes it a flexible
low-carbon energy carrier that can be applied for emission reduction in different sectors,
particularly in the transport sector, which in contrast to the stationary sector lacks a
broad portfolio of mitigation options. Technologies that are commercial today (solid
lines) refer to 1st generation biofuels only and heat and power production from wood,
residues, and waste. The adverse effects of large-scale production of 1st generation
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Figure 1.4: The versatility of bioenergy: schematic view of the variety of commercial (solid lines)
and developing bioenergy routes (dotted lines) from biomass feedstocks. Commercial products are
marked with an asterisk. Elements that are in the focus of this thesis are marked with red frames.
Source: Chum et al. (2011), Figure 2.2.

Notes (referring to the numbers in the figure): 1. Parts of each feedstock, for example, crop residues,
could also be used in other routes. 2. Each route also gives coproducts. 3. Biomass upgrading in-
cludes any one of the densification processes (pelletization, pyrolysis, torrefaction, etc.). 4. Anaero-
bic digestion processes release methane and CO2 and removal of CO2 provides essentially methane,
the major component of natural gas; the upgraded gas is called biomethane. 5. Could be other
thermal processing routes such as hydrothermal, liquefaction, etc. DME = dimethyl ether.

bioenergy contradict the societal goal of sustainable and climate friendly production.
Due to the advantages of lignocellulosic over conventional bioenergy crops concerning
their GHG balance and sustainability (see above), this study focuses on conversion routes
that use lignocellulosic feedstock (framed in red). This set of technologies preserves the
heterogeneity of the end products (heat, power, petrol, diesel, hydrogen). However,
the conversion of lignocellulosic feedstock requires technologies that are different from
available 1st generation bioenergy technology and that are mainly in the developing
stage (indicated by dashed red frames). There are mainly two reasons why lignocellulosic
technologies are in a premature state yet. First, the adverse effects of large-scale first
generation bioenergy production became clearer in recent years only. Second, the initial
societal goal of energy security that triggered the deployment of 1st generation bioenergy
was joined by the increasing importance of climate protection and sustainability.

With technologies that are commercial today, lignocellulosic feedstocks are only pro-
viding heat and power without CCS. Most long-term mitigation scenarios, however,
assume bioenergy conversion technologies with CCS to be available that are currently
in the pre-commercial stage. These technologies can produce various types of secondary
energy from lignocellulosic feedstock (see next paragraph). Two technologies are of spe-
cial interest because they have been used commercially without CCS on the basis of coal
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so far and in contrast to current bioenergy technologies both technologies can relatively
easily be combined with CCS (Metz et al. 2005; Möllersten et al. 2003; Obersteiner 2001;
Rhodes and Keith 2008; Yamashita and L. Barreto 2004). The Fischer-Tropsch process
produces liquid fuels, while the BioIGCC technology (bioenergy integrated gasification
combined cycle, c.f. Chapter 4) generates electricity.

1.3.2 Potential drawbacks

Since lignocellulosic feedstock for energy purposes has not been produced on a large and
commercial scale yet, there is a lack of experience and scientific studies regarding its
environmental impacts. However, although it is supposed to be advantageous over 1st
generation biomass (see Section 1.3.1) dedicated production of 2nd generation biomass
is still expected to have potential adverse effects on the land use system, especially if
grown on large-scale as it is projected by mitigation scenarios.

GHG balance It is expected that high demands for purpose-grown biomass could create
an incentive for farmers to convert forest into cropland either directly or by displacing
food or feed crop production, which then would have to expand into forest. This could
cause significant upfront carbon emissions for bioenergy (Wise et al. 2009, Chapter 5 of
this thesis). Conversely, the use of degraded land and abandoned land (suitable especially
for lignocellulosic feedstocks) can enhance carbon stocks (Chum et al. 2011). Historically
agriculture and forestry are important drivers of land use changes and are a significant
contributor to global GHG emissions (Le Quéré et al. 2009, Figure 1.1). Crutzen et al.
(2007) found substantial N2O emissions from fertilizer use for 1st generation biofuels.
Although purpose-grown lignocellulosic biomass feedstock needs less fertilizer input (see
above), resulting N2O emissions and their negative impact on the GHG balance of 2nd
generation biofuels remain an issue (Melillo et al. 2009; Popp et al. 2011a). It is essential
to include emissions from land use and land use change (LULUC) into the assessment of
bioenergy, especially if regarding bioenergy as a mitigation option, since any potential
GHG emission savings from replacing fossil fuels with bioenergy could be diminished by
LULUC emissions.

Biodiversity Conflicts may arise with other sustainability aspects like biodiversity.
Large-scale bioenergy production could cause loss of biodiversity by expanding into nat-
ural ecosystems – many of which host high biodiversity – and replacing them with mono-
cultures, or by reducing the use of traditional varieties in agriculture. If lignocellulosic
energy crops (especially perennial species), which require low-intensity management rel-
ative to current biofuel systems, are grown on abandoned agricultural or degraded land,
biodiversity could be improved as soil carbon and soil quality could increase over time
and habitats and ecosystem functions could be restored (Firbank 2008; Lindenmayer and
Nix 1993; Royal Society 2008; Semere and Slater 2007).

Water If irrigated, large-scale production of biomass can substantially reduce water
availability in regions where water is already scarce (3). However, second generation
biomass such as perennial herbaceous crops and short-rotation woody crops generally
can be grown without irrigation. Rain-fed feedstock production does not require water
extraction from water bodies, but it can still reduce downstream water availability (e.g.
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for food production) by redirecting precipitation from runoff and groundwater recharge
to crop evapotranspiration (Chum et al. 2011).

Food competition As demand for biomass projected in mitigation scenarios is high,
there could be significant competition for land between food and biomass (3). This may
increase agricultural prices (Chakravorty et al. 2009; Wright 2009) and reduce affordable
food supply, in particular for the poor (Ivanic and Martin 2008; Zezza et al. 2008).
Since lignocellulosic feedstock needs less input than 1st generation biomass it can be
grown more easily on land that is not suitable for food production. Furthermore it
features higher energy yields per area. This can reduce but not eliminate competition
and potential elevating effects on food prices (Chakravorty et al. 2009). Albeit there is
no consensus on the magnitude of the effect, Chum et al. (2011) report that a couple of
studies agree that biofuel production increased food prices between 2000 and 2007. Even
though caused by 1st generation biofuels in this case, this indicates the potential of large-
scale bioenergy production to adversely affect food markets. “To the extent that domestic
food markets are linked to international food markets, even countries that do not produce
bioenergy may be affected by the higher prices. . . Evidence indicates that higher prices
will adversely affect poverty and food security in developing countries, even after taking
into account the benefits of higher prices for farmers”, (Chum et al. 2011). There is
no consensus about whether biofuels establish a link between energy and food markets.
While Chum et al. (2011) report on studies that found a close coupling (Bank 2009a;
Schmidhuber 2008) Baumeister and Kilian (2013) deny that there is “evidence that corn
ethanol mandates have created a tight link between oil and agricultural markets.” This
study highlights that increasing food demand is the fundamental driver of the corn price.

Rural development Increases in bioenergy demand and the resulting increase of prices
for agricultural products could stimulate agricultural growth and rural development in
developing countries (Schmidhuber 2008). However, using productive or degraded land
for bioenergy production could compromise the needs of local populations for subsis-
tence farming. Moreover, large-scale cultivation and mechanized production could entail
further concentration of land ownership, pushing small farmers aside and reducing em-
ployment of rural workers (Huertas et al. 2010).

Residues Using agricultural and forestry residues for bioenergy production could avoid
the above-mentioned adverse effects since it does not require additional agricultural pro-
duction activity. However, there are concerns that diverting residues to energy purposes
could have negative impacts on the soil quality, since soil fertility and water-holding ca-
pacity require recirculation of organic matter to the soil (Blanco-Canqui and Lal 2009;
Lal and Pimentel 2007; Wilhelm et al. 2007). Overexploitation of harvest residues is
one important cause of soil degradation in many places in the world (Ball et al. 2005;
Blanco-Canqui et al. 2006; Lal 2008; Wilhelm et al. 2004).

Climate change impacts on agriculture The impact of climate change on agricultural
yields in general and bioenergy yields in particular are uncertain. First, the magnitude
and geographical pattern of climate change is uncertain. Second, while positive effects
on plant growth may occur, such as increased CO2 concentration, other effects, such
as higher temperature or less precipitation, may counteract. “Overall, the effects of
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climate change on biomass technical potential are found to be smaller than the effects
of management, breeding and area planted, but in any particular region they can be
strong” (Chum et al. 2011).

1.4 The special case of bioenergy – or – Why we need
model coupling

Having sketched these (sometimes opposed) properties of bioenergy it becomes evident
that the use of biomass for energy production and emission reduction in contrast to other
renewable energy sources not only affects the evolution of the energy-economy sector and
the climate system, but it also effects the land use sector. Figure 1.5 shows the systems
involved and their interactions. The economy’s demand for energy and food is a crucial
driver determining the size and the structure of the energy and the land use sectors where
emissions accrue from energy conversion and land use and land use change. Constraining
the emissions requires transformation processes in all three subsectors: energy, economy,
and land use. The energy sector and the land use sector are affected directly because
emission reduction requires a transition towards low-emission technologies for energy
conversion and low-emission land use practices. Indirectly this affects the economy since
both transformation processes need investments and may result in changes of prices for
energy and food. Given these links any change in one of the subsystems may have
impacts on other systems. Using bioenergy as a low-carbon energy source establishes an
additional direct link between the energy sector and the land use sector. That means,
even when neglecting the emission and food link of the land use sector, a transformation
of the energy sector may propagate into the land use sector through the channel of
bioenergy alone. This link gets particularly relevant under climate policy, since it may
induce large-scale deployment of biomass and thus it may require a transformation of
the land use sector that in its dimensions might by similar to the energy transformation.
Therefore, transformation pathways in the energy-economy sector should not be studied
alone but along with the resulting transition and impacts in the land use sector. These
impacts can be manifold as described in Section 1.3.2.

In terms of modeling this means that the in-depth analysis of future scenarios of
bioenergy deployment requires detailed modeling of both sectors. This thesis applies the
following two models: (i) the integrated assessment model REMIND (Regional Model
of Investment and technological Development) represents the energy-economy-climate
system and covers a wide range of bioenergy and competing conversion technologies,
(ii) the high-resolution land use model MAgPIE (Model of Agricultural Production and
its Impact on the Environment) represents the supply side of bioenergy with a broad
coverage of agricultural commodities and natural constraints. A detailed description of
the models can be found in Sections 5.2 and 6.2.

However, it is not sufficient to investigate the demand side of biomass apart from its
production side. Rather, for two reasons the comprehensive assessment of bioenergy as
a mitigation option requires a model framework that integrates the demand side (i.e.
the energy-economy-climate system) and the supply side (i.e. the land use system) of
bioenergy. The two reasons are: interaction of sectors and dichotomy of impacts.

The level of bioenergy deployment is not a one-way decision within the energy sector,
but it emerges from the balancing of supply and demand. The same holds true for the
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Figure 1.5: Sectors involved in the demand and supply of energy: interactions and representa-
tions in the models. The REMIND model integrates representations of the energy-economy sector
and the climate system. The MAgPIE model represents the land use sector. The arrows indi-
cate important real-world interactions between the systems. The sub-systems within the REMIND
model (energy-economy-climate) are hard-linked (solid lines). Interactions between systems across
model boundaries are realized with soft-links (dashed lines). Grey color identifies links that are not
represented in the version of the REMIND-MAgPIE model framework applied in this thesis.

balancing of land use emissions and their cost-effective mitigation based on emission
prices and emission reduction costs in the land use sector.
Dichotomy arises because benefits and adverse effects of bioenergy deployment occur

in different sectors that are usually modeled separately. While the bioenergy-consuming
energy system mainly benefits from its use as an energy source and mitigation option
(c.f. Section 1.3.1) the land use sector potentially faces substantial adverse effects from
bioenergy production (c.f. Section 1.3.2). Most prominently this regards emission sav-
ings in the energy sector and additional emissions from bioenergy production in the land
use sector (Wise et al. (2009) and Chapter 5 of this thesis). These trade-offs reaching
across model boundaries (as indicated by the dashed arrows in Figure 1.5) constitute
challenges for modeling and assessing bioenergy, since it requires an approach that in-
tegrates the models of energy-economy-climate (REMIND) and land use (MAgPIE),
meaning it requires an exchange of relevant information and a solution mechanism that
allows to determine the optimal solution while considering the trade-offs. In other words,
the models have to be linked.
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1.5 The REMIND-MAgPIE modeling framework

There are two ways of linking models. The hard-link integrates the models in one complex
and numerically demanding model that is solved as a whole (energy-economy-climate are
hard-linked within REMIND). This type of model linking limits the number and complex-
ity of hard-coupled models to keep the numerical effort manageable and the numerical
problem solvable. In REMIND the energy system model is the most detailed one, while
economy and the climate system are represented by more aggregated reduced-form mod-
els. Feedback effects and balancing processes, such as balancing supply and demand
for bioenergy, are endogenous to hard-linked models resulting in the most consistent
representation of the coupled system.
The soft-link leaves the models separated and exchanges only certain information

derived from the optimal solutions of each model (Bauer et al. 2008). To cover feedback
effects in a soft-link the models are solved iteratively and consecutively. The relevant
parameters obtained from the solution of one model are exogenous to the other model.
This process is potentially also numerically heavy and time-consuming, since the models
have to be run consecutively several times until the equilibrium is established. However,
the soft-link allows the separated models to be more complex and detailed than a hard-
link does. Due to the complexity of the stand-alone models applied in this thesis it
was decided in favor of the soft-link approach. To further reduce the computation time
the once-through approach, a simplification of the iterative soft-link, is applied for the
analysis in Chapter 6. In this approach the models are only run once, which means that
the models are not updated with the result of the other model and it can not be ensured
that the equilibrium is fully established. The soft-link between the energy-economy-
climate model REMIND and the land use model MAgPIE focuses on the two interactions
that are crucial in the context of bioenergy deployment: (i) bioenergy demand and supply,
(ii) land use/land use change emissions and GHG prices.
Chapters 3 to 6 present analyses that were conducted at different stages of development

regarding the level of integration and complexity of the two models. The different steps
of model coupling and the corresponding chapters are depicted in Figure 1.6 on page 26
and are described next.

1. The factor that determines the size of all other bioenergy-related impacts is the
amount of bioenergy produced. The most basic information that can be harmo-
nized between producers and consumers of bioenergy to determine the economically
profitable level of bioenergy deployment are the demand and price of bioenergy.
Therefore, in the first step of model coupling the models exchange bioenergy de-
mand and prices: the bioenergy demand calculated by REMIND is passed to MAg-
PIE. MAgPIE calculates the corresponding bioenergy price, which is returned to
REMIND. This was conducted with REMIND-G, a global single-region version of
REMIND, exchanging information on the global level, (Chapter 3).

2. Using the same models and the same technical approach the second step of cou-
pling was extended by additionally exchanging information on GHG prices (from
REMIND-G to MAgPIE) and land use/land use change emissions (from MAg-
PIE to REMIND). Furthermore, to complete the portfolio of bioenergy mitigation
options the REMIND model was enhanced by the previously missing bioenergy-to-
electricity conversion route using the BioIGCC technology with or without CCS,
(Chapter 4).
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Table 1.1: Overview of integrated assessment models that comprise an energy-economy-model and
a land use model, based on Kriegler et al. (2014a), Popp et al. (2013), and Riahi et al. (2007) and
personal communication.

Equilibrium Solution Coupling Model Land Technological
concept dynamics mode Interaction access change

GCAM Partial Recursive dynamic Hard-link Bioenergy demand Full exogenous
Bioenergy prices
LULUC emissions
GHG prices

IMAGE Partial Recursive dynamic Soft-link Bioenergy demand Abandoned exogenous
once-through Bioenergy prices and rest land

LULUC emissions

MESSAGE- General (MES) Intertemporal (MES) Soft-link Bioenergy demand Full exogenous
GLOBIOM Partial (GLO) Recursive dyn.(GLO) once-through Bioenergy prices

(no iteration) LULUC emissions
GHG prices

REMIND- General (REM) Intertemporal (REM) Soft-link Bioenergy demand Full endogenous
MAgPIE Partial (MAg) Recursive dyn.(MAg) once-through Bioenergy prices

or LULUC emissions
iterative GHG prices

3. The coupling with the regionally disaggregated version of REMIND (REMIND-R),
comprising 11 regions with global coverage, is numerically more complex, since
the mode of intertemporal optimization requires equilibrium on bioenergy markets
(and in case of climate policy also on emission markets) in all regions and all time
steps at the same time. In the soft-coupling approach this may result in many
iterations until the equilibrium between the models is established. Therefore, the
preferably precise emulation of the biomass supply of MAgPIE within REMIND
can significantly reduce the runtime and the number of iterations, since it allows
REMIND to consider the approximate behavior of MAgPIE already during the
optimization. Emulating bioenergy supply within REMIND means providing the
bioenergy price as a function of bioenergy demand. Therefore, bioenergy supply
curves for all regions and all time steps are derived from the MAgPIE model by
measuring the price response of MAgPIE to different bioenergy demand scenarios.
These bioenergy supply curves are presented in Chapter 5. The emissions accruing
from bioenergy production are parameterized by marginal abatement cost curves
for CO2 and an emission factor per unit of primary bioenergy for N2O. Both were
also derived from MAgPIE.

4. Chapter 6 presents results of a REMIND analysis that is based on the emula-
tion of MAgPIE described in Chapter 5. The results contributed to the EMF27
model-intercomparison study. The analysis was performed applying a once-through
version of the soft-link. This approach starts with REMIND determining the bioen-
ergy demand based on the bioenergy supply-curves that were formerly derived from
MAgPIE. Using the bioenergy demand and GHG prices computed by REMIND,
the MAgPIE model is run subsequently to calculate resulting land use patterns
and emissions. In the once-through approach there is no further iteration of the
models.

To the author’s knowledge there are only few IAMs that comprise a detailed represen-
tation of the land use sector. These models and their most important features regarding
the coupling are listed in Table 1.1. However, it is the first time that with REMIND
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and MAgPIE an intertemporal energy-economy-climate model is coupled with a high-
resolution land use model that features endogenous technological change. By coupling
these models this thesis provides an integrated model framework that allows to study
aspects that are of special interest when considering bioenergy a mitigation option: The
intertemporal perspective of REMIND allows to evaluate the unique feature of bioenergy
with CCS to generate negative emissions and thus to compensate emissions across space
and time. It enables the model to decide about short-term emissions while anticipat-
ing that they can be compensated at a later stage2. Taking advantage of the detailed
representation of the energy system it also allows to investigate the impact of limited
availability of technologies, in particular BECCS, on the short- and long-term mitiga-
tion strategies and resulting costs. The fact that technological change is endogenous to
MAgPIE makes the model an appropriate tool to determine growth rates of agricultural
yields that would be required to supply bioenergy at large-scale taking into account vari-
ous constraints such as emission prices, nature conservation, and accommodation of food
demand. More comprehensive model descriptions can be found in Sections 5.2 and 6.2.
The most important features of the approach applied in this thesis are:

� The energy-economy-climate REMIND model computes the cost-effective emission
mitigation with full where (abatement can be performed where it is cheapest), when
(optimal timing of emission reductions and investments under perfect foresight) and
what (optimal allocation of abatement among the emission sources and greenhouse
gases) flexibility. It covers a wide range of bioenergy and competing conversion
technologies with and without CCS.

� The high-resolution land use model MAgPIE endogenously treats the trade-off
between land expansion (causing costs for land conversion and for resulting car-
bon emissions) and intensification (requiring investments for research and develop-
ment). It considers spatial explicit, biophysical (land, water, potential yields) and
biodiversity constraints (forest protection, non-irrigated biomass).

� By coupling the models, bioenergy demand and supply are balanced and GHG
emissions from the land use sector are taken into account and can be equally priced
with emissions from energy conversion. Resulting emission costs in MAgPIE are
reflected in bioenergy prices. Therefore, mitigation efforts can be allocated cost-
effectively across energy and land use.

� Both models feature a global and long-term perspective required, since GHGs ac-
cumulate in the atmosphere worldwide and transitions in the inert earth, climate,
and social systems take decades. The global and multi-regional perspective is also
reasonable, because fossil fuels, biomass, and other agricultural crops can be traded
globally.

2This implies a persistent and reliable institutional framework that guarantees intertemporal balancing
of emissions. Acknowledging that this is a challenging task, this thesis assumes these institutional
preconditions to be fulfilled.
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1.6 Thesis objective and outline

The objective of this thesis is to investigate the potential contribution of bioenergy to
climate change mitigation. The overarching research questions are: how, when, and
why is bioenergy deployed under long-term climate change mitigation policy? How are
mitigation strategies and costs affected by constraints on the demand side of bioenergy
(such as limited availability of conversion technologies) and the supply side (such as
forest protection or GHG pricing)?

To answer these questions an integrated model-framework was developed that accounts
for the interactions between the sectors involved in bioenergy demand and supply. In
particular the model-framework balances the demand and supply of bioenergy taking
into account the trade-off between emission savings due to bioenergy deployment in the
energy sector and potential, additional emissions accruing due to bioenergy production
in the land use sector. The framework soft-links two models, each of which covers aspects
that are of special interest when considering bioenergy a mitigation option: To evaluate
the ability of bioenergy to provide multi-sector mitigation due to its versatility and cross-
sector mitigation due to negative emissions, the detailed energy system model REMIND
is applied that comprises various bioenergy and competing energy conversion technologies
with and without CCS. The intertemporal optimization approach with perfect foresight
accounts for the potential of bioenergy to provide negative emissions and compensate
emissions across time. The spatially explicit MAgPIE model of the land use sector is
applied to derive bioenergy prices and to account for potential adverse effects of bioenergy
production, in particular emissions from land use and land use change.

The remainder of the thesis is structured as follows. After sketching the current state of
bioenergy assessments and suggesting routes to improve these assessments (Chapter 2),
Chapter 3 introduces the coupled model framework. The analysis uses the first stage of
model coupling to identify the cost-effective contribution of bioenergy to a low-carbon
transition. It focuses on the resulting implications for the land use sector. Using the
next stage of coupled models (enhanced by land use emissions and their pricing) Chap-
ter 4 investigates techno-economic aspects of bioenergy conversion with CCS, focusing
on the bio-to-electricity route via BioIGCC technology (biomass integrated gasification
combined cycle) and its sensitivity to different biomass feedstocks. Chapter 5 explores
the global potential and corresponding prices of lignocellulosic purpose-grown biomass
under emission constraints in the land use sector and provides regional biomass supply
curves that serve as a basis for the analysis in the next chapter, and that can also be ap-
plied in other IAMs to represent the global bioenergy potential. Finally, Chapter 6 uses
results from the previous chapters (techno-economic parametrization of the BioIGCC
technology in Chapter 4, and bioenergy supply curves in Chapter 5) to investigate the
drivers behind bioenergy deployment that determine the value of bioenergy under differ-
ent climate change mitigation targets and under full and limited availability of mitigation
options.

Each chapter of this thesis addresses a specific research question. These questions are
defined below followed by a short overview of the respective chapter. Figure 1.6 and
Table 1.2 give an overview of the models and model communication used in the analyses
of the chapters. Chapter 7.1 presents a synthesis of the main results of this thesis and
provides an outlook on further research.
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Figure 1.6: Models and model communication (indicated by arrows) used for the analyses in the
respective chapters. See Section 1.5 for technical and Section 1.6 for content-related background of
the respective chapters.
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Table 1.2: Overview of models used for the analyses in the following chapters

Chapter Paper REMIND-G REMIND-R MAgPIE Mode

3 Bioenergy and land use X X coupled
4 BioIGCC X X coupled
5 Supply curves X stand-alone
6 Bioenergy value X X consecutive

What is the current state of bioenergy assessment? (Chapter 2)

Political decisions about future mitigation strategies require a comprehensive and bal-
anced assessment of mitigation options that integrates analyses from diverse research
communities. The IPCC Special Report on Renewable Energy Sources and Climate
Change Mitigation (SRREN) aims to provide such an assessment for various types of re-
newable energies (IPCC 2011b). Focusing on the bioenergy parts of the SRREN, Chap-
ter 2 of this thesis first provides an overview of the current state of bioenergy assessment
by reviewing the insights from the SRREN on bioenergy. Secondly it suggests require-
ments that assessments should address in order to satisfy the need of policy makers for
comprehensive analysis. In particular this regards identifying and possibly reconciling
disparate views of different research communities. Finally, based on these suggestions
it scrutinizes the topics and perspectives explored in the different SRREN chapters and
considers how the SRREN performs in relation to the discussed assessment requirements.
It closes with suggestions on possible routes toward improved assessment making.

What is the cost-effective contribution of bioenergy to a low-carbon transition,
paying special attention to implications for the land system? (Chapter 3)

Biomass supplied by lignocellulosic feedstock is expected to contribute substantially to
emission reduction in future energy systems. However, the potential of second genera-
tion biomass remains unclear due to large uncertainties about future agricultural yield
improvements and land availability for biomass production. Furthermore, large-scale
bioenergy production may create conflicts with sustainability aspects, like food and wa-
ter security or forest protection. Therefore, this chapter explores the cost-effective con-
tribution of bioenergy to low-carbon transition including its costs and trade-offs with
food and water security. In addition, it aims to assess the the impact of forest conserva-
tion on bioenergy potentials based on the rationale that bioenergy is not carbon neutral.
Emerging bioenergy prices are calculated including implicit costs due to biophysical con-
straints on land and water availability. Since the level of bioenergy deployment depends
on bioenergy prices and vice versa this analysis uses a coupled model framework that
soft-links the energy-economy-climate model REMIND-G to the spatial explicit land use
model MAgPIE.

What is the mitigation potential of the BioIGCC technology and how does it
depend on the techno-economic performance and the biomass feedstock?
(Chapter 4)

A comprehensive assessment accounting for the versatility of bioenergy requires a detailed
modeling of different bioenergy conversion routes. This chapter explores the mitigation
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potential of the high-efficient biomass-to-electricity BioIGCC technology that can cope
with heterogeneous feedstocks and that can relatively easily be extended by a carbon
capture process. The analysis investigates how the deployment of the BioIGCC technol-
ogy as a mitigation option depends on its techno-economic performance and the biomass
feedstock. There are mainly two types of biomass raw material, woody and grassy, with
different production costs and different chemical properties relevant for the gasification
step embedded in the BioIGCC process. The techno-economic parametrization of the
technology is based on a broad literature review. To account for different prices of the
bioenergy feedstocks we use the integrated assessment model REMIND-G soft-linked to
the land use model MAgPIE.

How much biomass can by supplied under full land use competition at what
price? How does the biomass potential depend on GHG prices? (Chapter 5)

Bioenergy competes with other mitigation options in terms of economic competitiveness
for reducing emissions and supplying energy. Since negative emissions from BECCS can
significantly reduce stabilization costs, the biomass potential and corresponding supply
prices become crucial factors that affect mitigation strategies and mitigation costs (c.f.
Chapter 6). This chapter investigates the long-term supply prices for large-scale pro-
duction of purpose-grown second generation biomass on a multi-regional level under full
land use competition with other agricultural activities. Under stringent mitigation tar-
gets a strong demand for bioenergy and full carbon pricing may coincide (as a result of
pricing energy and land use emissions). Therefore, this study examines how GHG prices
affect the potential and the supply prices of biomass. The spatial explicit land use model
MAgPIE is used to derive regional supply price curves for biomass with and without
GHG taxes in the land use sector.

Which factors determine the willingness-to-pay for bioenergy under climate
change mitigation targets? How do these factors affect the choice of bioenergy
conversion routes? (Chapter 6)

This chapter investigates the use of bioenergy in long-term climate change mitigation
scenarios. Due to its energy and carbon content, and on the condition that it is com-
bined with CCS, bioenergy - among all fossil and renewable energy carriers - uniquely
features the capability to produce negative emissions. This study analyses how these
properties determine the value of bioenergy for climate change mitigation and how they
affect the choice of bioenergy conversion technologies if carbon and bioenergy markets
are interlinked. Furthermore, it investigates how the impact of these drivers on the
willingness-to-pay for bioenergy depends on the bioenergy potential and the availability
of technology. Finally, the study explores how the long-term potential of BECCS inter-
feres with the short-term and long-term deployment of fossil fuels. For this analysis we
use the integrated assessment model REMIND of the energy-economy-climate system
that embeds bioenergy supply curves and agricultural emissions derived from the land
use model MAgPIE (c.f. Chapter 5).
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abstract

The role of biomass as a primary energy resource is highly debated. Next generation
biofuels are suggested to be associated with low specific greenhouse gas emissions.
But land consumption, demand for scarce water, competition with food production
and harmful indirect land-use effects put a question mark over the beneficial effects
of bioenergy deployment. In this paper, we investigate the current state of bioenergy
assessments and scrutinize the topics and perspectives explored in the SpecialReport
on Renewable Energy Sources and Climate Change. We suggest that an appropriate
assessment requires a comprehensive literature review, the explicit exposition of
disparate viewpoints, and exploration of policy-relevant content based on plausible
“storylines”. We illustrate these storylines with the IPCC’s emission scenarios and
point out routes to improve assessment making on the future role of bioenergy.
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f 1. INTRODUCTION g

Bioenergy plays a crucial role in the global transition from fossil fuels to renewable energy,
and possibly also for climate change mitigation. With intensive use of traditional biomass,
primary energy from plant resources currently exceeds that of other renewable options, in-
cluding wind energy. The benefits and impacts of bioenergy depend on what feedstocks are
used for what purpose and how and where they are produced. In particular, greenhouse gas
(GHG) emissions from bioenergy use are widely varying, uncertain and the subject of intensive
debates (e.g., Malca and Freire 2010; Plevin et al. 2010; Creutzig et al. 2012). One part of
the scientific literature indicates that high direct and indirect land-use emissions compromise
the benefits of the current use of many biofuels (e.g., Crutzen et al. 2008; Hertel et al. 2009;
Popp et al. 2011a). Another part of the literature highlights the potential of large-scale bio-
energy deployment to mitigate climate change and to even produce negative GHG emissions
in combination with carbon capture and storage technologies (e.g., Edenhofer et al. 2010).
In addition to the climate conundrum, large-scale deployment of bioenergy is influenced by
energy security concerns, is subject to industry interests, and impacts food security, biodiver-
sity, water scarcity, soil quality and subsistence farming (e.g., Fargione et al. 2010).

The complexity of this system produces a high level of uncertainty about future outcomes.
Policy makers therefore have a need for comprehensive analysis to help inform their decisions
about energy, climate change and associated risks. Taking climate change mitigation as a

a Corresponding author. E-mail: felix.creutzig@tu-berlin.de; +49 30 314 78864.
b Department of Economics of Climate Change, Technical University Berlin, Germany.
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Economics of Energy & Environmental Policy, Vol. 1, No. 2. Copyright � 2012 by the IAEE. All rights reserved.

2.1 Introduction 31



66 Economics of Energy & Environmental Policy

Copyright � 2012 by the IAEE. All rights reserved.

framework for analysis, two questions emerge: What is the global warming impact and mit-
igation potential of bioenergy deployment in various scenarios? And: how sustainable is bio-
energy deployment in these scenarios? Only a comprehensive and balanced assessment, inte-
grating analyses from diverse research communities, can provide at least tentative answers to
these questions and identify the main sources of uncertainty. Such an assessment is crucial to
inform political decisions that intend to influence the future portfolio of mitigation options.
The IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation
(SRREN) aims to provide such an assessment for renewable energies in general (IPCC 2011a),
and bioenergy in particular (Chum et al. 2011). Here we critically evaluate this assessment
based on the understanding that the mitigation perspective needs to be accompanied by other
perspectives to avoid a one-dimensional analysis. Section 2 outlines the tasks of an assessment.
Section 3 reviews the insights from the SRREN on bioenergy. Section 4 scrutinizes the rep-
resentation of bioenergy in the different SRREN chapters based on the assessment require-
ments. Section 5 suggests possible routes towards improved assessment making.

f 2. HOW TO CARRY OUT ASSESSMENTS g

Assessments are emerging as a distinct literature category in academia (Keller 2010). Promi-
nent examples include the assessment reports of the IPCC (2007), the upcoming Global
Energy Assessment and Global Environmental Outlook, the Millenium Ecosystem Assessment
(MA, 2005), and more specific reports such as the Assessment Report of the Urban Climate
Change Research Network (Rosenzweig et al. 2011), and many assessments in other areas of
science. Unlike scientific publications, assessment reports are requested by a legal body and
subject to specific criteria and procedures, like the review process, to ensure high quality.
Assessment preparation can take up to five years including scoping, author selection and several
iterations of writing and reviewing.

The IPCC reports are special in that they result from an official UN process, signed off
by all 194 national governments that are members of the IPCC. The focus of the current
literature on assessment making has primarily been on the underlying model of scientific
policy advice (e.g., Pielke 2007; Beck 2010), on specific aspects of assessment making, such
as the treatment and communication of uncertainty (e.g.,van der Sluijs et al. 2008; Mastran-
drea et al. 2011) or on the assessment process (e.g., Agrawala 1998; Farrell and Jäger 2006)—
focusing on the impact of assessments (Cash et al. 2002; Mitchell et al. 2006; Keller 2010).
We are, however, not aware of any framework that specifies criteria for evaluating the content
of a particular assessment. For evaluation of an IPCC report, such as the SRREN, the pro-
cedures of the IPCC itself will thus provide us with a point of departure.

The IPCC states that “the best possible scientific and technical advice should be included
so that the IPCC Reports represent the latest scientific, technical and socio-economic findings
and are as comprehensive as possible”; and in preparing an IPCC report, “Lead Authors should
clearly identify disparate views for which there is significant scientific or technical support”
(IPCC 2011b, p. 6). Also: “It is important that reports describe different (possibly contro-
versial) scientific, technical, and socio-economic views on a subject, particularly if they are
relevant to the policy debate” (IPCC 2011b, p. 7).

Hence, an IPCC assessment needs to meet three tasks: 1) provide a comprehensive review
of the relevant literature; 2) identify and possibly reconcile disparate views; and 3) present the
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scientific content in a manner relevant to policy makers, drawing on the outcomes of the first
two tasks. Let us elucidate each task in turn.

First, the review character of an assessment is different from most review articles in dis-
ciplinary journals. A review article usually summarizes the results of a particular scientific
community on a specific topic, e.g. land modelers on biomass resource potential. An assess-
ment, in contrast, has the mandate to bring different epistemic communities together, com-
munities that work on the same topic but contribute different methods, perspectives, lan-
guages, and assumptions.1 As a consequence, an assessment needs to be comprehensive both
in topics covered and in participation of epistemic communities.

Second, by bringing together different communities, an assessment allows for the iden-
tification of disparate views and perspectives and scrutiny of the reasons for divergence. In
particular, an exploration of the whole solution space (e.g., identifying costs, benefits and risks
of mitigation options) becomes challenging when the fact-value separability cannot be taken
for granted as a precondition for the distinction between means and ends. The separation
between facts and values collapses when indirect consequences of means have the potential to
undermine the achievement of the societal ends that the means are intended to address (Dewey
1988). The relevant example here is where extensive use of bioenergy (the means) to achieve
climate change mitigation (the end) causes unforeseen consequences (e.g. increased risk of
famines) (Edenhofer and Seyboth forthcoming). Ideally, a communication effort between
scientific communities helps to track down different assumptions and worldviews, to make
value judgments transparent, and to explain the observed divergence in results and types of
analysis. If this is achieved, it is much easier to reconcile divergent results, and also identify
possible co-benefits and trade-offs between societal goals and thus detect and possibly avoid
unintended consequences and promote co-benefits. On this basis, assessments can often iden-
tify research gaps and opportunities for collaboration, and can produce a closed loop by
communicating these findings to the scientific community.

Third, an IPCC assessment is supposed to be policy-relevant without being policy-pre-
scriptive. When results of different epistemic communities mismatch or when the different
types of analysis are difficult to reconcile, the communication of the respective sets of as-
sumptions and worldviews and their corresponding results become paramount. An assessment
can then inherit the role of an “honest broker”, communicating the divergent scientific con-
clusions to policymakers in an accessible way (Pielke 2007). The use of “storylines” in assess-
ments breaks down complexity and constitutes a useful tool for communication to policy
makers, but also to peers and the interested public (Kriegler et al. 2010, Arnell et al. 2011).
We understand a storyline to be a narrative (e.g., a rapidly globalizing and consumption-
oriented world with efficient markets). Scenarios correspond to a storyline by specifying a
particular set of assumptions (e.g., population and economic growth; energy poverty; increas-
ing energy demand; technological development; lifestyle changes, such as a global increase in
meat consumption). Given a specific scenario, models can then produce pathways, which
provide numeric outcomes and impacts (e.g., bioenergy deployment). Comparison between
scenario assumptions will then help to explain the discrepancy between different outcomes
and the corresponding impacts. Varying perspectives of epistemic communities can translate
into different storylines and corresponding scenarios, but also to different emphasis on di-
mensions within one storyline. Comparing different storylines with varying emphasis allows

1. According to Haas, an epistemic community is “a network of professionals with recognised expertise and competence in a
particular domain and an authoritative claim to policy relevant knowledge within that domain or issue-area” (Haas 1992, p. 3).
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the identification and possibly quantification of risks, trade-offs and co-benefits. Feeding these
results back into the sphere of public debate might result in substantial revisions of societal
goals and the respective policy instruments.

f 3. STATE OF BIOENERGY ASSESSMENT g

Before evaluating the SRREN bioenergy assessment, we need to summarize its main findings.
We roughly follow the SRREN and discuss five key dimensions of the bioenergy assessment:
1) costs; 2) life-cycle emissions; 3) resource potential and deployment; 4) socioeconomic and
environmental impacts; and 5) governance (sections 3.1–3.5). For this, we mostly rely on
SRREN Chapter 2 (“Bioenergy”: Chum et al. 2011), Chapter 9 (“Renewable Energy in the
Context of Sustainable Development”: Sathaye et al. 2011), Chapter 10 (“Mitigation Potential
and Costs”: Fischedick et al. 2011), and Chapter 11 (“Policy, Financing and Implementation”:
Mitchell et al. 2011).

3.1. Costs of bioenergy

The SRREN cost analysis is based on levelized cost of energy (LCOE) calculations. LCOE
is calculated as the per-unit price at which energy must be generated from a specific source
over its lifetime to break even. As a result, levelized costs of energy enable an apple-to-apple
comparison of different sources of energy with widely diverging cost structure. Figure 1 dis-
plays levelized costs of bioenergy for various feedstocks and purposes. Ethanol and biopower
production show cost reductions due to technological learning comparable to those of other
renewable energy technologies. But estimated feedstock cost supply curves also point out that
increased production leads to higher marginal costs, e.g. because of lower quality land (Chum
et al. 2011).

Crucially, the SRREN finds that levelized costs of bioenergy are already competitive with
fossil fuels for some feedstocks, purposes and countries. For example, ethanol from sugarcane
outperforms gasoline in the Brazilian transport market. In Europe, biomass heating applica-
tions in the building sector, often designed as cogeneration facilities, are cost competitive and
increase rapidly. The large amount of traditional biomass, still dominating overall biomass
use, is mostly grown locally, and is often not part of formal markets.

3.2. Life-cycle emissions

As bioenergy use is partially motivated by climate change, the carbon balance of feedstocks
and production pathways is of particular interest and is frequently instrumentalized for policy
goals (Creutzig & Kammen 2009). The SRREN breaks down life-cycle emissions according
to the different life-cycle methods. Relying on attributional life-cycle analysis (LCA)—ac-
counting for the direct emissions of the supply-use-disposal chain, the SRREN reveals that
biomass used for electricity and heat always has lower CO2 life-cycle emissions than fossil fuels
(SRREN Fig. 2.10). For transportation, the relative performance of biofuels compared with
gasoline and diesel depends on the particular feedstock and production context. Possibly more
relevant, however, are the consequential marginal GHG emissions of bioenergy use, including
e.g. the indirect land-use emissions from deforestation. SRREN Figure 2.13 summarizes emis-
sions from land-use change, differentiating between models and world regions. The figure and
the accompanying text demonstrate unambiguously that land-use emissions are potentially
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FIGURE 1
Levelized cost of energy service from commercially available bioenergy systems at a 7% discount rate
and with feedstock cost ranges differing between technologies (from Chum et al. 2011). For biofuels,
the range of levelized costs represents production in a wide range of countries whereas levelized costs
of electricity and heat are given only for major user markets of the technologies for which data were
available. The underlying cost and performance assumptions used in the calculations are summarized

in SRREN Annex III.

higher than the direct emissions of conventional fuels. A key challenge is that emissions occur
up-front, contributing immediately to climate change, whereas potential carbon savings occur
in the future, after paying back the initial carbon debt (Fargione et al. 2008). The SRREN
concludes that increased bioenergy deployment needs to be supplemented with better protec-
tion of tropical forests and other carbon-rich ecosystems.

3.3. Resource Potential and Deployment

According to the literature review in the SRREN, the global technical potential for bio-
energy, considering also demand for other land-use, ranges from less than 50 EJ to more than
1000 EJ in 2050 (Fig. 2a; Dornburg et al. 2010; Haberl et al. 2010). In some of the studies,
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FIGURE 2
a) Bioenergy technical potential in 2050 listed according to categories. b) Expert judgment on

deployment in 2050 from SRREN Chapter 2 and deployment scenarios from SRREN Chapter 10.
Source: adapted from (Creutzig et al. 2012).

the theoretical potential is even considered to exceed 1500 EJ by 2050 (e.g., Smeets et al.
2007). Contrast this with current energy demand of around 500 EJ and expected energy
demand of between 500 and 1000 EJ in 2050 (Fischedick et al. 2011). The huge uncertainty
is rooted in the following factors, among others: soil degradation; water scarcity; yield growth;
production potential of degraded land; nature protection; and climate change feedback.

Based on this review of the available literature, the authors conclude that realistic de-
ployment levels of biomass for energy could reach a range of 100 to 300 EJ/yr around 2050
(Fig. 2b). But: “the inherent complexity of biomass resources makes the assessment of their
combined technical potential controversial and difficult to characterize” (Chum et al. 2011).
Based on cost projections, including the opportunity cost of land, future biomass supply curves
can be derived, implicitly determining the market potential (SRREN Figure 2.5). Different
assumptions on economic and energy demand growth, the cost and availability of competing
low-carbon technologies as well as different mitigation scenarios add complexity to potential
estimates. Taking these into account, integrated assessment models (IAMs, see Box 1) obtain
ranges of potential deployment of bioenergy comparable to the SRREN Chapter 2 expert
judgment. In these models, deployment is estimated to be higher when mitigation targets are
more ambitious (Fig. 2b).

3.4. Socioeconomic and environmental impacts

In addition to the GHG performance of bioenergy options (see section 3.2), other socio-
economic and environmental impacts are also analyzed in the SRREN (Chum et al. 2011;
Sathaye et al. 2011).

First, the increased demand for agricultural inputs such as land and water influences food
commodity prices and thus food security. The SRREN points out possibly relevant but un-
certain contributions of increased biofuels production to the food price increase in the mid-
2000s. This implies an overall adverse effect on food security in developing countries (World
Bank 2009).
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Second, increased biomass production may imply increased income for farmers and agro-
business. But using productive and degraded lands for bioenergy purposes might compromise
the needs of local populations for subsistence farming. This is particularly important for
vulnerable communities and female farmers who may have less secure land rights (FAO 2008).

Third, natural ecosystems can be destroyed to make space for bioenergy plantations,
leading to biodiversity loss. For example, the rising demand for biofuels has contributed to
extensive deforestation in parts of Southeast Asia; palm oil plantations support significantly
fewer species than the forest they replaced (Fitzherbert et al. 2008). Biodiversity loss may also
occur through indirect land use change (see section 3.2). In some cases bioenergy expansion
can lead to increased biodiversity, e.g., through the establishment of perennial herbaceous
plants or short-rotation woody crops in agricultural landscapes (Semere and Slater 2007).

Fourth, the impact on water resources varies greatly across feedstocks, cultivation systems
and conversion technologies. While biofuels derived from irrigated crops are water intensive,
use of agricultural or forestry residues or rain-fed feedstock production does not require water
extraction from lakes, rivers or aquifers. But the latter might reduce downstream water avail-
ability by redirecting precipitation to crop evapotranspiration. Aquatic ecosystems might nega-
tively be affected by leaching as well as by emissions of nutrients and pesticides. In contrast,
ligno-cellulosic feedstock might decrease water demand. Water impacts can be reduced
through integration in agricultural landscapes as vegetation filters to capture nutrients in
passing water (Börjesson and Berndes 2006).

Fifth, the soil impacts of feedstock production (e.g., soil carbon oxidation, changed rates
of soil erosion, and nutrient leaching) depend heavily on agronomic techniques and the feed-
stock under consideration. Similarly, the risk of soil degradation associated with using residues
from agriculture or forestry heavily depends on management, yield, soil type and location.
While wheat, rapeseed and corn require significant tillage (FAO 2008), crops that provide
continuous cover might have a positive effect on soil outside the growing season of annual
crops by reducing erosion (Berndes 2008).

The SRREN concludes that “few universal conclusions . . . can currently be drawn, given
the multitude of rapidly evolving bioenergy sources, the complexities of physical, chemical
and biological conversion processes, the multiple energy products, and the variability in en-
vironmental conditions” (Chum et al. 2011, p. 258).

3.5. Governance

Global, regional, national and local policies shape agricultural practices and affect bio-
energy resource potential, GHG performance of bioenergy deployment and other socioeco-
nomic and environmental dimensions. Depending on the combination of specific policy pri-
orities, such as climate change mitigation, trade, energy security, food security or rural
development, the overall policy impact can be decisive or negligible, conflicting or comple-
mentary, sustainable or unsustainable. The policy chapter of SRREN concludes that biofuel
mandates and blending requirements are key drivers in the development of most modern
biofuel industries (Mitchell et al. 2011). The example of Brazil is given where a combination
of tax incentives, blending mandates, regulation and infrastructure investments, starting in
the 1970s, produced a high share of biofuels in the overall fuel mix. More recent biofuel
mandates in the U.S. and the EU, and high subsidies for corn ethanol, induced a surge in
biofuel demand and deployment but were non-discriminative with respect to life-cycle GHG
emissions, resulting in mostly low-cost biofuel deployment with relatively high GHG emis-
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sions. In response, the updated low-carbon fuel standard (California), renewable fuel standard
(U.S.) and fuel quality directive (EU) introduce rules that discriminate based on GHG emis-
sions (Creutzig et al. 2011). Similarly, sustainability criteria and certification schemes for
bioenergy sources aim to limit harmful impacts of bioenergy deployment. The policy review
in chapter 11 is organized by end-use sectors (electricity, heating, and transport). All sectors
are increasingly reliant on bioenergy. As a result, the discussion of policies relevant to bioenergy
deployment is fragmented over chapter 11.

f 4. EVALUATING THE BIOENERGY ASSESSMENT g

In this section, we evaluate the bioenergy assessment of the SRREN, notably its chapters 2
(“Bioenergy”) and 10 (“Mitigation Potential and Costs”). In particular, we verify whether the
bioenergy assessment conforms to the assessment criteria developed in section 2 of this article:

• Is the assessment comprehensive in topics and communities?

• Are diverging assumptions made transparent? Is reconciliation attempted?

• Is there a consistent set of policy-relevant storylines?

Box 1. The role and purpose of Integrated Assessment Models

Integrated Assessment Models (IAMs) are key to the SRREN and previous Assessment
Reports of the IPCC. IAMs are tools for exploring long-term and global transition
pathways under various opportunities and constraints. IAM teams develop their models
into different directions and aim to improve the level of detail (e.g. energy conversion
technologies, etc.) and to integrate more systems (e.g. the land-use system). In addition
to research of individual teams, the international community undertakes model com-
parison exercises. These consist of undertaking model runs with common assumptions
of the policy targets and other constraints, possibly also harmonizing the assumptions
on population, GDP, and other drivers. The community compares the scenario results
of different transition pathways. The modelers” attention shifted to strong emission
reduction in recent years, resulting in increased deployment of bioenergy in models. To
systematically understand unintended side effects of land-use change, some IAMs are
coupled to global land-use models.

4.1. Comprehensiveness

Chapter 2 of SRREN collects insights on bioenergy deployment from various disciplines
and communities. Agro-economic and biophysical models of land use and availability provide
the backbone for potential deployment estimates. These models also consider water availability
and food security as constrains to different degrees. Studies from the life-cycle community are
cited to estimate the GHG emissions of bioenergy. Techno-economic studies deliver cost
estimates of various bioenergy feedstocks and pathways. Analysis of policy instruments con-
tributes to evaluating the governance of bioenergy. The results of these contributions are
summarized in section 3 of this paper.
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Social scientists, analyzing inter alia discourses, political economy, and local communities,
also contribute to the huge literature on bioenergy in ways that go beyond what is captured
in the SRREN. For example, human geographers and anthropologists often observe local
communities and the de facto implementation of bioenergy policies and programs. A common
observation is that the intended outcomes of bioenergy initiatives diverge from their real
impacts (Borras et al. 2010). For example, research in India finds that despite a “pro-poor”
discourse about the oilseed shrub Jatropha curcas, efforts to promote the crop have favored
resource-rich farmers and likely contributed to a widening of the wealth gap (Ariza-Montobbio
et al. 2010). Similarly, in Brazil the spread of sugar cane for bioenergy has been linked to
increased social exclusion (Hall et al. 2009). Further case studies that examine the interactions
between bioenergy deployment and subsistence farming reveal circumstances that have pro-
duced better or worse outcomes for local people (McCarthy 2010). Biofuel policies have also
been identified as a major driver of the recent increase in both the number and size of large-
scale land acquisitions (Franco et al. 2010; Vermeulen and Cotula 2010), a trend with sig-
nificant implications for social relations and smallholder farmers (Toulmin et al. 2011). The
SRREN makes scarce reference to these studies. The use of marginal land for subsistence
farming is noted as a constraint in 2.2.2.1 and 2.2.4.3, pointing out that subsistence farming
may considerably, or even totally, limit the potential of marginal land for bioenergy deploy-
ment. But the social science literature on local politics is not cited or used to identify successful
programs.

Another gap is that governance of bioenergy deployment is discussed in a fragmented way
(see section 3.5). A comprehensive review of bioenergy policies, their impact on GHG emis-
sions, deforestation, biodiversity, water and food competition is missing. As noted in 3.2,
uncertainties of life-cycle emissions can be very high, constraining the reliability of policies
that rely on quantitative estimates. This fundamental problem of policy making is not dis-
cussed in the SRREN.

4.2. Reconciliation and clarification of assumptions

The key dimensions of assessment of the future role of bioenergy are, as identified above,
costs, GHG emissions, resource potential and deployment, socio-economic and environmental
impacts and governance. The SRREN makes clear that projections in any of these dimensions
are highly uncertain and contingent. SRREN Chapter 2 brings together research results from
different types of analysis—some of which are difficult to reconcile. Based on this review of
partially disparate views and the underlying methods and assumptions, several key trade-offs
arise with respect to the future role of bioenergy. In SRREN chapter 10, the IAMs explore
more than 150 scenarios, some of which vary bioenergy deployment constraints exogenously.
Table 1 specifies these different trade-offs, and summarizes how the different chapters treat
them.

A major gap of the SRREN bioenergy assessment was identified as the missing reconcil-
iation between the LCA and the IAM community, representing disparate perspectives on
bioenergy-associated GHG emissions (Creutzig et al. 2012). IAMs assume first-best worlds
where so-called market failures, such as land-use emissions from bioenergy deployment, are
addressed by appropriate policy instruments. A key result of IAMs is that low-carbon bioenergy
can substitute fossil fuels, emerging as the key renewable energy source in 2050 and beyond
(Fischedick et al. 2011). LCA researchers observe life-cycle emissions of biofuels that can be
comparable to gasoline, and are highly uncertain (Plevin et al. 2010). High deployment levels
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TABLE 1
Bioenergy trade-off characterization in SRREN

Possible
trade-offs

Insights from bioenergy experts
(Chapter 2, SRREN)

Insights from integrated models (Chapter 10, SRREN)

Deployment
and
affordability

Higher deployment implies higher
marginal land and production costs (Fig.
2.5); but higher deployment also implies
economies of scale and technological
learning, decreasing unit prices (Fig. 2.21)

Global bioenergy cost-supply curves are given for
different land use scenarios based on SRES assumptions
(Fig. 10.23). Marginal costs of biomass production
increase with increasing deployment level (Fig. 10.23)
but over time they decline due to land productivity
improvements, learning of conversion technologies, and
capital-labor substitution (10.4.4, Table 10.10). Despite
being considered in some IAMs, neither assumptions nor
insights from IAMs on costs are reported.

Deployment
and water
availability

Possible competition between bioenergy
deployment and water security. Impact on
water resources varies greatly across
feedstocks, cultivation systems (e.g.
irrigated or rain-fed) and conversion
technologies (2.2.4.2, 2.5.5.1).

Briefly mentioned in 10.6.2.3: “RE can have impacts on
waters, land use, soil, ecosystems and biodiversity.”
Neither assumptions nor insights from IAMs on water
availability are reported, mainly due to a lack of literature
(van Vuuren et al. 2009).

Deployment
and food
security

Cited studies generally agree on a
discernable contribution to food price
increases by bioenergy deployment
expansion, but not on the size of this
contribution. This implies an overall
adverse effect on food security in
developing countries—particularly for
high oil price development (2.5.7.4).

Only one study (de Vries et al. 2007) addresses this
trade-off (10.4.4). For a food-first policy, it finds
declining technical potential as a “direct consequence of
more people, [. . .] hence more land demand for food
production”. The assumptions made for the bioenergy
supply curves (Fig. 10.23: production on abandoned and
rest lands only) also imply an underlying food-first-
policy. No explicit information about food-security
assumptions in IAMs is given. The “relationship between
bioenergy production, crop production and
deforestation” is identified as a knowledge gap in 10.2.4.

Deployment
and climate
mitigation

GHG performance of bioenergy is
estimated by LCA analyses showing
substantial but hugely varying life-cycle
emissions for different types of bioenergy.
In some cases land-use emissions are
potentially higher than the direct
emissions of conventional fuels (2.5.2,
2.5.3).

For stricter mitigation targets, more bioenergy is
deployed. Neither the assumptions in nor the insights
from IAMs concerning co-emissions are reported.
10.2.2.4 says: “Some studies have indicated that it is the
combination of bioenergy with CCS that makes low
stabilization goals substantially easier through negative
emissions”

Deployment
and soil quality

Soil impacts of bioenergy feedstock
production (e.g., soil carbon oxidation,
changed rates of soil erosion, nutrient
leaching) depend on agronomic
techniques and feedstock. Under certain
conditions, bioenergy crops can enhance
carbon sequestration in soils. Residue
removal could negatively impact soil
carbon and fertility (2.2.4.1, 2.5.5.3).

Briefly mentioned in 10.6.2.3: “RE can have impacts on
waters, land use, soil, ecosystems and biodiversity.”
Neither assumptions nor insights from IAMs on water
availability are reported, mainly due to a lack of literature
(van Vuuren et al. 2009).

Deployment
and subsistence
farming

Using degraded lands for bioenergy
purposes might compromise the needs of
local populations for subsistence farming
(2.2, 2.5.7.5).

Not mentioned.

(continued)
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TABLE 1
Bioenergy trade-off characterization in SRREN (continued)

Possible
trade-offs

Insights from bioenergy experts
(Chapter 2, SRREN)

Insights from integrated models (Chapter 10, SRREN)

Deployment
and
biodiversity

The impact of bio-crop production on
biodiversity depends on crop choice,
agricultural management and previous
land use. Biodiversity loss may also occur
indirectly. Under certain conditions,
however, the effect might be positive
(2.2.4.4, 2.5.5.2).

Briefly mentioned in 10.6.2.3: “RE can have impacts on
waters, land use, soil, ecosystems and biodiversity”; and
in 10.3.1.4: “As the available land for bioenergy is
limited and competition with nature conservation issues
as well as food and materials production is crucial, the
sectoral use for the available bioenergy significantly
depends on scenario assumptions and underlying
priorities”.

could lead to co-emissions from land use change (e.g., Fargione et al. 2008; Melillo et al.
2009; Popp et al. 2011a). and agricultural intensification (e.g., Wise et al. 2009; Popp et al.
2011b). Creutzig et al. (2012) conclude that plausible scenarios of future bioenergy deploy-
ment correlated with high bioenergy-induced GHG emissions are systematically underrepre-
sented in the literature and in SRREN, specifically.

Another relevant gap is the absence of trade-off specification between deployment and
subsistence farming and informal markets. This seems to be related to the absence of experts
on this topic. Most studies on subsistence farming emphasize the local variability of effects.
The question then is under which conditions what kinds of bioenergy deployment can benefit
subsistence farmers. This kind of question needs to be given greater attention, and possibly
be comprehensively answered, in future bioenergy assessments.

While SRREN identifies disparate views on the future role of bioenergy and provides
detailed analyses from different communities, the reconciliation of insights sometimes remains
incomplete. A systematic summary, similar to table 1, linking the treatment of trade-offs in
Chapter 2 and 10 is not provided by SRREN. In some of the cases this is due to a lack of
literature. But, more crucially, interdisciplinary communication across SRREN chapters and
their respective communities is missing (for early efforts of tentative integration see (e.g., van
Vuuren et al. 2009; Wise et al. 2009)). The SRREN provides little indication of how research
could help to assess the salience of the respective trade-offs, e.g. through improved conse-
quential LCA and through integrated assessment of climate, energy, economy and land use.

4.3. Consistent storylines

In this subsection, we evaluate storylines of Chapter 2 and Chapter 10 of SRREN, and
their interaction.

Special Representative Emission Scenarios

Chum et al. develop four storylines aiming to clarify possible futures in a high-dimensional
output space. For this they map their expert judgment on future bioenergy deployment on
the four Special Representative Emission Scenarios (SRES), developed by the IPCC in 2000,
relying on Hoogwijk et al. (2005). These scenarios represent storylines on globalization/re-
gionalization and more environmentally sensitive versus more materially oriented world (IPCC
2000) and form the common scenario basis for the assessment of climate change and its
mitigation for the climate modeling and integrated assessment communities in preparation of
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FIGURE 3
Possible futures for 2050 biomass deployment for energy: Four illustrative contrasting sketches

describing key preconditions and impacts following world conditions typical of the IPCC SRES
storylines (see IPCC 2000; Hoogwijk et al. 2005), taken from Chum et al. (2011), p. 308, Fig.

2.27.

the Third and Fourth Assessment Reports. Each SRES bundles a set of assumptions, repre-
senting a storyline. The SRES emphasize fossil fuel availability but hardly discuss bioenergy.

In Figure 3, the four storylines are adapted for bioenergy following Hoogwijk et al. (2005)
and organized in a matrix, regional versus global orientation, and material/economic versus
environmental/social orientation. The material/economic direction is identified with poor
governance, the environmental/social dimension with good governance. In the global orien-
tation, bioenergy deployment approaches a high number of 300EJ in 2050; in the regional
orientation, deployment is limited to 100EJ in 2050. The figure is built on the hypothesis
that “biomass and its multiple energy products can be developed alongside food, fodder, fiber,
and forest products in both sustainable and unsustainable ways”. Each storyline is associated
with key preconditions and key impacts. In these storylines, Chum et al. attempt to reconcile
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global drivers of energy demand with the detailed analysis of a particular renewable energy
source in a narrative way. This attempt is very challenging, but is nonetheless a crucial exercise.
Particularly, parts of their storylines could be criticized (e.g. asking: 1) Could high deployment
and poor governance imply net additional GHG emissions? 2) How do these storylines relate
to the original SRES?). But the main point is to take these narrative storylines and system-
atically scrutinize and analyze them, taking all relevant insights on market dynamics, LCOE,
resource potential, GHG emissions, water scarcity, food security, policy options and the as-
sociated trade-offs discussed in Section 4.2 into account, and then verify the plausibility of
storylines or adapt them to consistent results of these analysis efforts in a more structured and
possibly quantitative way. IAMs are understood to be the right tool to systematically analyze
tradeoffs and different storylines. The next section will thus present how storylines are used
in the SRREN analysis of bioenergy deployment levels as derived from IAMs.

Modeling storylines (Chapter 10 of SRREN)

For energy and climate change, IAMs provide a suitable infrastructure for scenario de-
velopment. Each scenario, common bundles of assumptions, represents a storyline, reflecting
numerous assumptions on input parameters and model design. Specific realization and nu-
meric representations constitute pathways. To some extent, one could call chapter 10 of
SRREN the storyline chapter. Two questions arise then: First, does the set of storylines on
bioenergy cover the identified dimensions and trade-offs of SRREN Chapter 2? Second, do
these storylines map on the SRES storylines, as identified above?

The IAM scenario results assessed in the SRREN cover a wide range of assumptions on
economic and energy demand growth, the cost and availability of renewable energies, and
competing low-carbon technologies. Only scant information is given on future bioenergy
deployment. Most scenarios assume a reduction in traditional biomass, and substantial growth
in modern bioenergy sources (SRREN Section 10.2.2.2), not further discriminating between
different types of bioenergy. Most models do not cover the land use sector explicitly but rely
on an exogenous supply cost function for bioenergy. In fact, in many models future yield
improvements, land competition or land exclusion due to food production, forest protection,
biodiversity, soil quality, and water scarcity are lumped into this supply cost curve. Global
bioenergy cost-supply curves are given for 2050 and four different land use scenarios (SRREN
Fig. 10.23) based on the same SRES storylines presented in Chapter 2 (Fig. 3). In contrast
to the potential deployment sketches in Chapter 2 also considering “poor governance” cases
(A1 and A2) Chapter 10 supply cost curves assume “good governance” for all SRES storylines
(A1, A2, B1, B2). This is indicated by the assumption that bioenergy is produced on aban-
doned and rest land only, which implies underlying food-first or nature protection policies.
The maximal potentials given with the supply-curves range from 170 EJ/a (B2) to 420 EJ/a
(A1) and are sufficient to cover the deployment levels of 300 EJ/a (A1, B1) and 100 EJ/a (A2,
B2) presented in Chapter 2. Section 10.3.1.4 briefly points out that “the available land for
bioenergy is limited and competition with nature conservation issues as well as food produc-
tion is crucial” and as a consequence “the use of bioenergy significantly depends on scenario
assumptions and underlying priorities”. However, the SRREN gives no explicit information
about land availability and biomass costs assumptions in IAMs.

Many IAMs do not account for the GHG emissions from (indirect) land-use change and
increased land-use intensification; in effect, bioenergy is generally assumed to be carbon-
neutral. Exceptions are models like POLES, IMAGE, MiniCAM and MESSAGE incorpo-
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FIGURE 4
Bioenergy deployment levels (indicated by the size of the circles) of IAM scenarios along crude

proxies of the SRES dimensions.

rating more detailed land use modules. In conclusion, sustainability issues related to bioenergy
supply are poorly reflected in IAMs (Sathaye et al. 2011: Section 9.4).

Hence, the space of possible bioenergy storylines explored with IAMs is very narrow.
Neither is the SRES scenario space of Chapter 2 systematically covered.

Harmonization of Storylines

Figure 4 visualizes the insufficient consideration of SRES dimensions in assessment mod-
els. It depicts the bioenergy deployment levels of IAMs along the same global-regional and
environmental-material dimensions used for the deployment matrix in Fig. 3. For the repre-
sentation of the material-environmental dimension, we use the growth rate of global final
energy intensity. Energy intensity is a short-hand for the final energy use per unit of GDP.
High negative growth rates of final energy intensity indicate a rapid improvement of energy
efficiency corresponding to an environmentally oriented world (Grübler 2004). To identify
whether a scenario represents a globally-oriented or a regionally-oriented world, we use the
convergence over time in the levels of per-capita-GDP as an indicator. More precisely we
estimate the growth rate of the gap in per-capita-GDP between regions with lower income
and the leading region (Barro and Sala-i-Martin 2003). High negative growth rates correspond
to fast convergence and represent a “globally oriented” world. The growth rates for both axes
are derived for the scenarios from 2020 to 2050 with 10-year intervals using the geometrical
mean. Regional values of convergence are weighted with population to obtain a global value.
The chosen indicators are the only ones related to these SRES dimensions on which a sub-
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stantial number of IAMs have reported data. Other indicators would be a better fit to represent
SRES dimensions (Hoogwijk et al. 2005).

The graph shows some variety of convergence across models but little or no variety of
convergence in scenarios within one model. In contrast to high projections of deployment
levels for a globally oriented world in Chapter 2, IAM results in Fig. 4 show no clear sensitivity
of deployment levels to any of the two depicted dimensions, not even within the models.
Even acknowledging the limited possibilities to represent all relevant dimensions in highly
demanding models, Fig. 4 illustrates that IAMs insufficiently operationalize important di-
mensions of bioenergy supply. Harmonization of assumptions with Chapter 2 is not at-
tempted.

Numerous specifications need to be introduced into IAMs such that a more complete
scenario space, representing the trade-offs identified in SRREN Chapter 2, can be systemat-
ically explored in an integrated setting. The complexity of existing IAMs suggests that this is
a highly ambitious task. Creutzig et al. (2012) suggest that more specialized models with high
resolution on bioenergy but coarse grained representation of other energy technologies can
complement and soft-couple to the current model world.

f 5. WAYS FORWARD g

We have summarized the state of bioenergy assessment as performed in the IPCC’s Special
Report on Renewable Energies. Assessments need to comprehensively present literature, rec-
oncile disparate views by making assumptions transparent, and develop coherent storylines
around varying sets of assumptions to be policy relevant. The SRREN succeeds in bringing
various insights from different communities together—but insufficiently represents results
from social sciences. The governance of bioenergy is discussed in a fragmented way. Trade-
offs between bioenergy deployment and other essential land-use related dimensions of the bio-
socio-sphere are identified and discussed. The key trade-off between emission savings from
bioenergy and emission production by induced land-use changed is not represented in the
IAMs of the SRREN. Storylines of representative scenarios representing various worldviews
are identified but—with the exception of deployment costs—not systematically explored in
models. The report remains largely silent on possible tradeoffs and risks related to variations
on induced co-emissions, and impacts on human living condition on a global scale but also
in regional or local settings. This paper has considered how the SRREN performed in relation
to the discussed assessment requirements. Understanding why it did so, and how its gaps could
realistically be filled, would require considering a broader set of issues including the institu-
tional context. The integrated assessment community is currently working on a new class of
storylines, the so-called shared socio-economic pathways (see Kriegler et al. 2010; Arnell et
al. 2011). We express the hope that this process, together with upcoming assessments, fills
the gaps left by the SRREN and leads to further improved exploration of bioenergy futures.
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(eds)]. Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press. http://dx.doi.org/
10.1017/CBO9781139151153.006.

Creutzig, F. and D.M. Kammen. 2009. “Getting the Carbon Out of Transportation Fuels.” In In H. J. Schellnhuber,
M. Molina, N. Stern, V. Huber & S. Kadner (Eds.), Global Sustainability—A Nobel Cause. Cambridge, UK:
Cambridge University Press.

Creutzig, F., E. McGlynn, J. Minx, and O. Edenhofer. 2011. “Climate Policies for Road Transport Revisited (I):
Evaluation of the Current Framework.” Energy Policy 39(5): 2396–2406. http://dx.doi.org/10.1016/
j.enpol.2011.01.062.

Creutzig, F., A. Popp, R.J. Plevin, G. Luderer, J. Minx, and O. Edenhofer. 2012. “Reconciling Top-down and
Bottom-up Modeling on Future Bioenergy Deployment.” Nature Climate Change (in print).

Crutzen, P.J., A.R. Mosier, K.A. Smith, and W. Winiwarter. 2008. “N2O Release from Agro-biofuel Production
Negates Global Warming Reduction by Replacing Fossil Fuels.” Atmospheric Chemistry and Physics 8: 389–395.
http://dx.doi.org/10.5194/acp-8-389-2008.

Dewey, J. 1988. “Theory of Valuation.” In John Dewey. The Later Works, 1925–1953, Volume 13: 1938–1939, ed.
J.A. Boydston, 189–251. Carbondale and Edwardsville: Southern Illinois Press.

Dornburg, V., D. van Vuuren, G. van de Ven, et al. 2010. “Bioenergy Revisited: Key Factors in Global Potentials
of Bioenergy.” Energy and Environmental Science 3: 258–267. http://dx.doi.org/10.1039/b922422j.

Edenhofer, O., B. Knopf, T. Barker, L. Baumstark, E. Bellevrat, B. Chateau, P. Criqui, et al. 2010. “The Economics
of Low Stabilization: Model Comparison of Mitigation Strategies and Costs.” The Energy Journal 31 (Special
Issue 1): 11–48.

Edenhofer, O. and K. Seyboth. “Intergovernmental Panel on Climate Change.” In Encyclopedia of Energy, Natural
Resource and Environmental Economics, ed. J.F. Shogren. San Diego: Elsevier.

FAO. 2008. The State of Food and Agriculture 2008—Biofuels: Prospects, Risks, and Opportunities. Rome, Italy:
Food and Agriculture Organization.

Fargione, J., J. Hill, D. Tilman, S. Polasky, and P. Hawthorne. 2008. “Land Clearing and the Biofuel Carbon
Debt.” Science 319: 1235–1238. http://dx.doi.org/10.1126/science.1152747.

Fargione, J., R.J. Plevin, and J. Hill. 2010. “The Ecological Impact of Biofuels.” Annual Review of Ecology, Evolution
and Systematics 41: 351–377. http://dx.doi.org/10.1146/annurev-ecolsys-102209-144720.
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S. Schlömer, C. Von Stechow (eds)]. Cambridge, United Kingdom and New York, NY, USA: Cambridge University
Press. http://dx.doi.org/10.1017/CBO9781139151153.014.

Fitzherbert, Emily B., Matthew J. Struebig, Alexandra Morel, Finn Danielsen, Carsten A. Brühl, Paul F. Donald,
and Ben Phalan. 2008. “How Will Oil Palm Expansion Affect Biodiversity?” Trends in Ecology & Evolution
23(10) (October): 538–545. doi:10.1016/j.tree.2008.06.012.

Franco, Jennifer, Les Levidow, David Fig, Lucia Goldfarb, Mireille Hönicke, and Maria Luisa Mendonça. 2010.
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Abstract
Biomass from cellulosic bioenergy crops is expected to play a substantial role in future energy
systems, especially if climate policy aims at stabilizing greenhouse gas concentration at low
levels. However, the potential of bioenergy for climate change mitigation remains unclear due
to large uncertainties about future agricultural yield improvements and land availability for
biomass plantations.

This letter, by applying a modelling framework with detailed economic representation of
the land and energy sector, explores the cost-effective contribution of bioenergy to a low-carbon
transition, paying special attention to implications for the land system. In this modelling
framework, bioenergy competes directly with other energy technology options on the basis of
costs, including implicit costs due to biophysical constraints on land and water availability.

As a result, we find that bioenergy from specialized grassy and woody bioenergy crops,
such as Miscanthus or poplar, can contribute approximately 100 EJ in 2055 and up to 300 EJ of
primary energy in 2095. Protecting natural forests decreases biomass availability for energy
production in the medium, but not in the long run. Reducing the land available for agricultural
use can partially be compensated for by means of higher rates of technological change in
agriculture. In addition, our trade-off analysis indicates that forest protection combined with
large-scale cultivation of dedicated bioenergy is likely to affect bioenergy potentials, but also to
increase global food prices and increase water scarcity. Therefore, integrated policies for
energy, land use and water management are needed.

Keywords: bioenergy, climate change mitigation, forest conservation, food security,
biodiversity, water security
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1. Introduction

In the past, burning fossil fuels, deforestation and other human
activities have released large amounts of greenhouse gases
into the atmosphere. Ambitious climate protection, including
a large-scale transformation of the global energy system, is
needed to prevent risks to ecosystems and human societies.
Over the last few years, bioenergy has gained worldwide
interest for its potential to supply energy services at low levels
of greenhouse gas (GHG) emissions, but also to meet rural
development goals [1]. Today, almost all of the commercially
available biofuels are produced from either starch- or sugar-
rich crops (for bioethanol), or oilseeds (for biodiesel). Recent
research has found that these bioenergy sources have their
drawbacks [2, 3] and turned to the use of ligno-cellulosic
feedstocks, such as perennial grasses and short rotation woody
crops for bioenergy production (e.g. [4, 5]). A special point of
interest is that scenarios striving for low GHG concentration
targets may require options within the energy sector to remove
CO2 from the atmosphere (‘negative emissions’). This implies
that human-induced uptake of CO2 would have to be larger
than the amount of human-induced GHG emissions. One of
the few technologies that may result in negative emissions is
the combination of bioenergy and carbon capture and storage
(CCS) [6].

Recent estimates on the potential global ligno-cellulosic
bioenergy supply range from less than 100 EJ yr−1 to over
1000 EJ yr−1 for 2050 [7–9]. But besides biomass availability,
future application of biomass for energy production is also
determined by its interaction with other energy options and
relative costs. In most energy scenarios, bioenergy use is
projected to be in the order of 150–400 EJ in the year 2100
(e.g. [10]). Although these studies give first insights into
future use of bioenergy, for assessing the potential contribution
of bioenergy to the future energy mix it is indispensable
to investigate the supply and demand side of bioenergy in
interaction. Furthermore, claims to the land system in terms
of future yield improvements and land use expansion remain
unclear.

Besides uncertainties of cost-effective use of bioenergy
application, large-scale energy crop production may create
conflicts with other sustainability aspects, like food and water
security or protection of forests for climate change mitigation
and biodiversity conservation. First, bioenergy expansion
is expected to put pressure on food and feed prices and
costs of agricultural production [11]. Second, large-scale
bioenergy production and associated additional demand for
irrigation may further intensify existing pressures on water
resources [12]. Third, in tropical and sub-tropical developing
countries deforestation happens due to land clearing for new
crop- and pasture land but also due to the use of biomass
for traditional heat and energy production. There would
be an additional pressure to convert forest into cropland
following the large-scale cultivation of second-generation,
ligno-cellulosic bioenergy crops. Forests are a major storage of
carbon [13], so there is an adverse impact when forest carbon
is released for the purpose of bioenergy production [14]. But
deforestation not only removes a carbon sink, it is also regarded

as the greatest threat to terrestrial biodiversity as forests are
the most biologically diverse terrestrial ecosystems [15, 16].
Therefore, nature conservationists support forest conservation
for climate change mitigation [17, 18].

The main objective of this study is to investigate
the potential contribution of bioenergy to climate change
mitigation, including its costs and trade-offs with food and
water security in an integrated framework. In addition, we
aim to assess the impacts of forest conservation on bioenergy
potentials based on the rationale that bioenergy is not carbon
neutral. For this, we have linked a global dynamic vegetation
and water balance model, a global land and water use model,
and a global energy–economy–climate model. The vegetation
model supplies spatially explicit (0.5◦ resolution) agricultural
yields and water fluxes. The land use model delivers cost-
optimized land use patterns and rates of future yield increases
in agricultural production. Moreover, shadow prices are
calculated for irrigation water (as an indicator for water
scarcity), food commodities, and bioenergy (as an indicator
for changes in production costs) under different land use
constraints such as forest conservation for climate change
mitigation and as a contribution to biodiversity conservation.
The energy–economy–climate model generates the demand
for bioenergy, taking into account the direct competition with
other energy technology options for GHG mitigation, based on
economic costs of bioenergy production.

2. Methodology

The three models used here are the global vegetation and
hydrology model LPJmL [19, 20], the global land use
optimization model MAgPIE [21, 22], and the global energy–
economy–climate model ReMIND [23]. A brief description
of each model follows, but a more detailed discussion can be
found in the supporting information (SI) (available at stacks.
iop.org/ERL/6/034017/mmedia).

2.1. Model descriptions

LPJmL simulates biophysical, biogeochemical and hydrologi-
cal processes on the land surface on a global 0.5◦ × 0.5◦ grid.
Each grid cell considers the fractional areas of both natural
ecosystems (nine plant functional types, whose geographical
distribution is simulated by the model) and agricultural systems
(twelve crop functional types representing the world’s major
crops and grazing land, whose distribution is prescribed from
external data sources). In addition to food and feed crops,
LPJmL also explicitly accounts for three types of specialized
grassy and woody bioenergy crops, i.e. Miscanthus, poplar and
eucalyptus, for bioenergy supply [24]. LPJmL simulates, at a
daily time step, carbon fluxes (gross primary production, auto-
and heterotrophic respiration) and pools (in leaves, sapwood,
heartwood, storage organs, roots, litter and soil) as well
as water fluxes (interception, evaporation, transpiration, soil
moisture, snowmelt, runoff, discharge), in coupling with the
dynamics of the vegetation. For example, carbon and water
fluxes are directly linked to vegetation patterns and dynamics
through the linkage of transpiration, photosynthesis and plant
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water stress. Water requirements and water consumption
of irrigated and rainfed crops are distinguished. The
phenology (sowing and harvest dates) of the different CFTs
is simulated dynamically based on CFT-specific parameters,
monthly precipitation and temperature averaged over 20 years
(representing farmers’ past climate experience) and daily soil
moisture.

MAgPIE is a mathematical programming model covering
the most important agricultural crop and livestock production
types in 10 economic regions worldwide (AFR = Sub-Saharan
Africa, CPA = Centrally Planned Asia including China,
EUR = Europe including Turkey, FSU = the Newly Indepen-
dent States of the Former Soviet Union, LAM = Latin Amer-
ica, MEA = Middle East/North Africa, NAM = North Amer-
ica, PAO = Pacific OECD including Japan, Australia, New
Zealand, PAS = Pacific (or Southeast) Asia, SAS = South
Asia including India). It takes regional economic conditions,
such as demand for agricultural commodities, economic
development, and production costs as well as spatially explicit
data on attainable crop yields, land and water constraints of
all terrestrial grid cells from LPJmL into account and derives
specific land use patterns for each grid cell (resolution of
0.5◦ × 0.5◦). Moreover, the model can endogenously decide
to acquire yield-increasing technological change at additional
costs. The use of technological change is either triggered by
a better cost-effectiveness of technological change compared
to other investments or as an answer to production constraints
such as land scarcity. The non-linear objective function of
the land use model is to minimize the total cost of production
for a given amount of regional food and bioenergy demand.
Regional food energy demand is defined for an exogenously
given population that changes over time in 10 food categories,
based on regional diets [25]. Future trends in food demand
are computed as a function of income (measured in terms of
gross domestic product (GDP)) per capita based on a cross-
country regression (Popp et al 2010). Food and feed for
the 10 demand categories can be produced by 20 cropping
activities and 3 livestock activities. Feed for livestock is
produced as a mixture of grain, green fodder produced on
crop land, and pasture. As we focus on cellulosic bioenergy
crops, in this study bioenergy is supplied from specialized
grassy and woody bioenergy crops, i.e. Miscanthus, poplar and
eucalyptus. All bioenergy products in the model are delivered
into an aggregated demand pool. The model computes a
shadow price for binding constraints in specific grid cells,
e.g. related to water availability, reflecting the amount a land
manager would be willing to pay for relaxing the constraint by
one unit. Furthermore, since the model minimizes production
costs for a given demand for food and bioenergy products, the
shadow prices for a given demand level show the marginal
increase in production costs for an additional unit of output.

ReMIND is an integrated modelling framework that
embeds a detailed energy system model (ESM) within a macro-
economic intertemporal growth model with perfect foresight
and a climate system model that computes the effect of GHG
emissions on global mean temperature (GMT). The present
study uses a global single-region version. The energy sector
comprises a large number of energy conversion technologies

Figure 1. Information flow within the modelling framework. In a
pre-processing step, the land use model MAgPIE is informed by data
on crop yields and carbon content from the biophysical model
LPJmL. The energy–economy–climate model ReMIND and the
MAgPIE model are coupled by exchanging price and quantity
information on bioenergy.

that convert primary energy carriers into final energy carriers
that are supplied to the macro-economic framework. Given
various economic, technological and natural constraints, the
optimal solution implies an efficient allocation of investments
into energy conversion technologies and macro-economic
capital accumulation. In the case of climate change mitigation,
an energy mix is chosen that reduces GHG emissions and
minimizes mitigation costs. Ligno-cellulosic biomass is a
primary energy carrier that can be converted into various types
of final energy: most notably the ReMIND model comprises
combined heat and power plants, heat plants, synthetic natural
gas, solid biomass, hydrogen and Fischer–Tropsch plants. If
biomass is combined with carbon capture and sequestration,
net emissions can be negative.

2.2. Coupling

Figure 1 gives an overview on how the model components
interact.

First, LPJmL-simulated, spatially explicit attainable
production levels of food, feed and bioenergy crops under
explicit consideration of water limitation are provided to the
MAgPIE model at a 0.5◦ resolution. Then, MAgPIE simulates
spatially explicit land use and irrigation water use patterns,
while at the same time taking effects of technological and
agro-economic change into account. This flexibly integrates
biophysical constraints into an economic decision-making
model and provides a straightforward link between monetary
and physical processes.

Second, the ReMIND and the MAgPIE models are
coupled by exchanging price and demand information on
bioenergy. However, the exchange of price and demand
information is limited in terms of computational efficiency
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Figure 2. Bioenergy demand and prices (time series until 2095) for the scenario with bioenergy for climate change mitigation (M) (red line)
and the scenario with bioenergy and avoided deforestation for climate change mitigation (M FC) (orange line).

and solvability because both models are applying optimization
methods. Therefore, we use a soft-linked approach [26]
where both models are solved in isolation and information
flows between them are brought into agreement in an iterative
process (meta-optimization).

The chain starts with ReMIND (R) calculating a global
bioenergy demand scenario (B) in the energy system up to 2100
based on given biomass cost curves (SB).

B = R(SB). (1)

This data is delivered to MAgPIE (M) for computing new
cost curves for biomass for the biomass scenario obtained from
ReMIND.

SB = M(B) (2)

Since MAgPIE minimizes production costs for a given
demand for bioenergy products, these numbers show the
marginal increase in production costs for an additional unit
of output. This can also be interpreted as the minimum price
that the energy sector would have to pay for one additional
unit of bioenergy from the agricultural sector. If e.g. prices
for mineral oil would increase, e.g. due to shrinking reserves
or effects of emission regulations, this would translate into a
higher demand for bioenergy, which would in turn raise the
shadow price for bioenergy in our model. The shadow price of
the global demand constraint in the model reflects the changes
in the aggregate world market price for bioenergy feedstocks.

Global bioenergy demand from ReMIND is fulfilled
by MAgPIE without any trade restrictions, i.e. biomass
will be produced globally according to regional comparative
advantages (in areas with most suitable production conditions
and, hence, lowest costs of production). As an economic
optimization model, MAgPIE delivers spatially explicit land
use patterns and converts explicit restrictions on land and water
availability into implicit costs of bioenergy production to be
used in the energy system model. This iterative process is
repeated until equilibrium is established, i.e. no more changes
in bioenergy demand (derived by ReMIND) and costs (derived
by MAgPIE) occur.

2.3. Scenarios

We apply our land use energy–economy–climate modelling
framework under different land use scenarios to assess
the potential contribution of bioenergy to climate change
mitigation, including its costs and side effects. A ‘reference
scenario’ (Ref) portrays a possible future with growing
population, increasing food and feed demand, but without
bioenergy demand for climate change mitigation and with
all suitable land available for cropland expansion. Suitable
land is defined by the Global Agro-Ecological Zone (GAEZ)
methodology using the land suitability index [27, 28]. In our
approach, productive land has to be at least marginally suitable
for rainfed crop production according to climate parameters,
topography and soil type, and is not covered by built-up,
grazing or forestry land. This scenario serves as a point
of reference for the assessment of technological change in
agricultural production (i.e. yield increase), land use dynamics
and shadow prices for food and irrigation water. In the
climate change mitigation scenario (M), bioenergy demand is
calculated by ReMIND under climate policies that limit GHG
emissions in the energy sector until 2095–1100 Gt CO2 with
the aim to stay below 2 ◦C change in global mean temperature
(GMT), compared to the pre-industrial level. But especially
in tropical and sub-tropical developing countries, bioenergy
production is expected to increase the conversion of intact and
frontier forests into cropland. These forests represent areas of
high value for carbon [29] and for biodiversity [16], so there is
a potentially adverse impact when forest carbon is released for
the purpose of bioenergy production [30, 31]. Therefore, in the
forest conservation scenario (M FC) we additionally constrain
the land pool available for cropland expansion by excluding the
share of presently intact and frontier forests [32, 33] for each
grid cell. By this approach, the amount of suitable land for
cropland expansion is reduced by 74% globally.

3. Results

3.1. Cost-effective contribution of bioenergy

In the scenario without forest conservation (M), bioenergy
demand increases up to about 300 EJ in 2095 with a demand
of about 100 EJ in 2055 (figure 2(a)). This demand scenario
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Figure 3. Total agricultural land (a) and share of bioenergy cropland in total cropland (b) for the scenario with bioenergy for climate change
mitigation (M) (upper row) and the scenario with bioenergy and avoided deforestation for climate change mitigation (M FC) (lower row) in
2015 (red bars), 2055 (orange bars) and 2095 (yellow bars).

is a result of the economic interplay between the agricultural
and the energy sector where simulated bioenergy prices are
rising to 7 US$ per GJ in 2095 (figure 2(b)). For this
specific scenario, biomass from dedicated bioenergy crops will
contribute 25% to the total global demand for primary energy
carriers (figure SI3 available at stacks.iop.org/ERL/6/034017/
mmedia). 95% of the bioenergy production will be converted
into secondary energy in combination with carbon capture and
storage (CCS). This combination of technologies enters the
market between 2020 and 2030 (figure SI4 available at stacks.
iop.org/ERL/6/034017/mmedia) and has the unique feature of
providing ‘negative emissions’. However, forest exclusion for
the purpose of biodiversity conservation and climate change
mitigation affects the availability of cost-efficient biomass for
energy production significantly. The amount of bioenergy
supplied is reduced to about 70 EJ in 2055 and 270 EJ in
2095 in the scenario with 100% forest conservation (M FC)
(figure 2(a)).

3.2. Land expansion and technological change

In the reference scenario (Ref), total cropland (excluding
abandoned land) increases from 1442 million ha in 2005 to
1770 million ha in 2095. In the scenario without forest
conservation (M), cultivation of dedicated bioenergy crops
increases total cropland to 1830 million ha, but forest exclusion
(M FC) limits total cropland to 1520 million ha in 2095
(figure 3(a)). In the M scenario, highest increases in cropland
area compared to 2005 can be observed in LAM (98%), AFR
(89%) and PAS (39%). In the M FC scenario, highest increases
in total cropland area until 2095 occur in PAO (30%), AFR

(26%) and LAM (24%). Our simulation results reveal that
in the scenario without forest conservation (M) up to 29 Gt
of additional cumulative CO2 emissions from land use change
due to the cultivation of dedicated bioenergy crops are likely
to occur until 2095. These co-emissions are negligible in the
scenario with forest conservation (M FC) (figure SI5 available
at stacks.iop.org/ERL/6/034017/mmedia).

In 2095, highest shares of cropland used for bioenergy
crop cultivation (figure 3(b)) can be found in FSU (31%) and
LAM (24%) in the M scenario, and in FSU (37%) and LAM
(23%) in the M FC scenario.

Figure 4 indicates (i) total cropland share and (ii) bioen-
ergy cropland share for each grid cell, as derived by MAgPIE
for the mitigation scenario without forest exclusion (M) and
the forest conservation scenario (M FC) in 2095. The maps
show that, the more forest is available for agricultural land
expansion, the more cropland is shifted towards tropical
regions where today large amounts of intact tropical forests can
be found, especially in AFR, LAM and PAS.

The second mechanism that allows increasing food
and bioenergy production is through intensification and
technological change on currently used agricultural land. In
the ‘reference scenario’ (Ref), an average global rate of yield
increase of 0.6% per year is projected until 2095. This is
equivalent to an increase in yields by the factor 1.8 in 100
years. Due to increasing bioenergy demand the global rate
of yield increase would have to rise to 0.8% per year (M).
The highest rate (0.9% per year until 2095) can be found
in the forest conservation scenario (M FC), due to additional
restrictions of land availability for agricultural expansion,
figure 5 shows that in the M scenario, compared to the
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Figure 4. (a) Cell-specific share of total crop land and (b) share of bioenergy cropland in total cropland for the scenario with bioenergy (M) as
well as (c) cell-specific share of total crop land and (d) share of bioenergy cropland in total cropland for the scenario with bioenergy and
avoided deforestation (M FC) (right column) in 2095.

Figure 5. Required annual yield increase until 2095 for the reference
scenario (Ref) (black bars), the scenario with bioenergy for climate
change mitigation (M) (light grey bar) and the scenario with
bioenergy and avoided deforestation for climate change mitigation
(M FC) (dark grey bar).

reference scenario (Ref), yield increases due to the enhanced
cultivation of dedicated bioenergy crops rise most strongly
in FSU, CPA and LAM. If, in addition, natural forests were
conserved (M FC), highest yield increases can be found in
LAM, AFR and PAS.

3.3. Food and water prices

Figure 6 shows the regional aggregated food price index,
i.e. the average of all crop and livestock products weighted with
their average share in total food demand. Compared to Ref, the
food price index rises most strongly in EUR (22%) and FSU
(16%) until 2095 if climate change mitigation is taken into
account and all suitable land is available for land expansion
(M). But if forest conservation (M FC) is considered, the food
price index rises most prominently in AFR (82%), LAM (73%)
and PAS (52%) until 2095, compared to the reference scenario.

In the scenario without forest conservation (M), strongest
growth in the regional water price index, i.e. changes in shadow
prices for irrigation water relative to the reference scenario
until 2095, can be found in LAM (210%), FSU (170%) and

Figure 6. Regional food price index, i.e. the average of all cropping
and livestock activities weighted with their share in total demand.
The food price index describes relative changes to the reference
scenario (no bioenergy demand for climate change mitigation and all
suitable land available for cropland expansion) for each year.

PAS (130%) (figure 7). In this case, bioenergy cropland
competes directly for irrigation water with other agricultural
activities. The forest conservation scenario (M FC) increases
the regional water price index most heavily in LAM (460%),
AFR (390%) and PAS (330%).

4. Discussion

Our study aims at assessing the cost-effective contribution
of bioenergy to climate change mitigation by coupling
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Figure 7. Regional water price index. The water price index
describes changes in shadow prices for irrigation water relative to the
reference scenario (no bioenergy demand for climate change
mitigation and all suitable land available for cropland expansion) as a
mean over all years (2015–95) for all regions.

and applying the vegetation and hydrology model LPJmL,
simulating agricultural yields and hydrological processes,
the land use optimization model MAgPIE, simulating the
costs of biomass supply, and the energy–economy–climate
model ReMIND, simulating the demand for bioenergy. Our
simulation results reveal that the energy sector uses about
100 EJ globally in 2055 and up to 300 EJ in the year
2095 from dedicated energy crops, if all suitable land for
agricultural production was made available for land expansion.
However, cultivation of bioenergy crops has several effects:
it increases crop land expansion; it takes over a huge
share in total cropland; it is mainly located in areas that
today are occupied by intact ecosystems; and it increases
CO2 emissions from deforestation. Thus, converting intact
ecosystems, such as tropical rainforests or open woodlands,
which store large amounts of carbon and belong to the most
diverse terrestrial ecosystems, counteracts global climate and
biodiversity protection goals [24]. For bioenergy to make a
real net contribution to climate change mitigation, intact forests
have to be protected (e.g. [5]). Our analysis shows that in
the scenario where intact and frontier forests are excluded the
reduced land pool available for agricultural use would have to
be compensated by higher rates of technological change (0.9%
per year until 2095) at additional costs to fulfil the demand for
bioenergy. Simulated rates of technological change have to be
seen in comparison with historical yield growth of about 1.3%

annually from 1970 to 1995 averaged across all crops [25].
Yield growth rates have declined in the most recent decade [34]
but yield growth potential is still considerable [35].

Due to rising bioenergy prices, restrictions for land
availability decrease bioenergy use in the energy system in
2055 considerably to about 70 EJ. But in the long run
(until 2095) the use of biomass in the energy system is
competitive, mainly due to the option of generating negative
emissions in the energy system by using CCS (figure SI4
available at stacks.iop.org/ERL/6/034017/mmedia). Reason
is the difficulty to supply the transportation sector with low-
carbon fuels. Bioenergy is partly converted to fuels and partly
to electricity, both in combination with CCS. In our model,
the resulting negative emissions compensate for higher gross
emissions from fossil fuels. However, with respect to the
importance of CCS for the contribution of bioenergy to climate
change mitigation one needs to consider that the availability of
this technology is still uncertain and not yet proven on a large
scale. CCS will require huge infrastructure developments,
in particular a pipeline network similar to the existing gas
transport infrastructure, and new storage capacities. In
addition, hazards and risks related to this technology, such as
leakage of stored and transported CO2, ground instabilities or
contamination of groundwater [36], are not considered in our
modelling approach.

Our results are in the lower range of recent studies
of bioenergy potentials. The potential supply of bioenergy
production from dedicated energy crops, as reported in the
literature, varies from zero to several hundreds of EJ per
year (e.g. [7, 8, 24, 33, 37–39]). These ranges differ due
to large discrepancies in assumptions about land availability
for biomass plantations and yield levels (including future
yield improvements) in crop production. For example, the
highest biomass potential of 1500 EJ for 2050 [38] is based
upon an extremely intensive, technologically very highly
developed agriculture. On the contrary, the lowest biomass
potential for 2050 [39] is based on a pessimistic scenario with
high population growth, high food demands and extensive
agricultural production systems. Our approach for assessing
bioenergy potentials has the great advantage that, on the
one hand, it considers the trade-off between land expansion
and yield-increasing technological change endogenously. On
the other hand, it is based on a global biogeochemical and
bioclimatic analysis of plant growth potentials in contrast
to assessments that have simply extrapolated findings from
plantation field studies to the larger scale (such as [37]).
Therefore, limitations of global biomass potential due to
limitations in water availability for plant transpiration [40]
have been frequently underestimated or downplayed, if not
ignored [41].

The cost-effective and sustainable contribution of bioen-
ergy from dedicated energy crops to climate change mitigation,
as it has been assessed in this study, can be enhanced or reduced
if other assumptions are taken into account. On the one hand,
other biomass resources such as the use of agricultural and
forest residues, ranging from very low estimates to around
100 EJ [7], could be considered. However, competing
applications of biomass for soil improvement or animal feed
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could reduce the potential of residues for bioenergy application
to the lower end of the range [42]. On the other hand,
our assumption on global availability of cellulosic biomass
without any trade restrictions may overestimate our calculated
bioenergy potentials. Even though the volume of biomass trade
for food, feed and fibre has grown rapidly in recent years [43],
trade of biomass for bioenergy is in its initial phases, with
wood pellets, ethanol, and palm oil being typical examples
to meet growing demand [44]. Transportation of cellulosic
biomass for bioenergy production could become more efficient
by converting biomass into charcoal and thus increasing its
energy content [45].

While assessing biomass production potentials, it is
important to consider the complex linkages between large-
scale cultivation and use of biomass for energy and climate
change mitigation, and conflicts with other sustainability
aspects. First, besides co-emissions from deforestation,
large-scale cultivation of perennial ligno-cellulosic bioenergy
crops is expected to increase the competition for land and
therefore raise N2O emissions from agricultural soils due to
intensification. Popp et al [46] showed that these co-emissions
from bioenergy production are only a minor factor compared
to the mitigation potential of bioenergy in the long run.
Second, avoiding deforestation for biodiversity conservation
by excluding intact forests (mainly in the tropics) from suitable
land for cropland expansion could add additional pressure on
other natural ecosystems with extraordinary biodiversity, such
as savannas.

Other studies (e.g. [47]) indicate that systems integrating
bioenergy and feed production and producing synergies do
exist. To some extent, these types of innovation are
implicitly considered in our additional technological change
in agriculture. However, the large-scale use of biomass for
bioenergy production as indicated in our study will still affect
food and water security due to increased competition for land,
water and other inputs of agricultural production. We have
shown that food prices and the implicit values of irrigation
water are only slightly affected without forest conservation,
but rise significantly (especially in the tropics) if forests are
excluded from available land for future cropland expansion.
Higher food prices follow directly from competition with
energy crops, due to limitations in land availability and
associated needs for technological development at additional
costs. Shadow prices of irrigation water rise with increasing
forest conservation, because less land is available for rainfed
agriculture, and biomass accumulation for dedicated bioenergy
cultivation leads to higher evapotranspiration rates, which can
reduce water availability in regions where water is already
scarce [48]. This is a strong indication that the competition
for water between agriculture, private households, and industry
is likely to increase heavily in many regions. Furthermore,
our analysis indicates that competition for water may not only
increase in regions where bioenergy crops are cultivated or
where forests are conserved (i.e. Latin America). To gain
space for bioenergy crops and forest conservation, agricultural
production of food and livestock feed is likely to be shifted to
other regions (i.e. South Asia) which are originally not directly
affected by these activities and thereby increase shadow prices
of irrigation water there indirectly.

We conclude that bioenergy from dedicated ligno-
cellulosic energy crops is likely to be a cost-efficient
contribution to the future energy mix. Without considering
co-emissions from deforestation, biodiversity issues, and
impacts on food and water security, the biomass resource
potential could deliver a considerable amount of the world’s
primary energy demand up to 2095. Our trade-off analysis
indicates, however, that restrictions on land availability,
by protecting untouched tropical forests and other high-
carbon ecosystems, are likely to reduce bioenergy potentials
significantly in the medium run, but less so in the long
run. Most likely, forest conservation combined with large-
scale cultivation of dedicated bioenergy for climate change
mitigation will generate conflicts with respect to food supply
and water resource management. Integrated policies for energy
production, land use and water management are therefore
needed to steer the potential contribution of bioenergy to the
future energy mix, without neglecting the side effects on land-
use-related GHG emissions, biodiversity conservation, food
and water security.
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Supporting Online Information (SI) 
SI-Methods 

The dynamic global vegetation and hydrology model LPJmL  

LPJmL is a process-based ecosystem model which simulates dynamically the growth, production and 

phenology of 9 plant functional types (representing natural vegetation at the level of biomes; Sitch et 

al., 2003), 12 crop functional types (CFTs), grazing land (Bondeau et al., 2007; Fader et al., 2010). The 

model version used here additionally considers three types of specialized grassy and woody bioenergy 

crops such as Miscanthus or poplar for bioenergy supply. Bioenergy trees are managed as short rotation 

coppice with a harvest cycle of 8 years, while biomass grasses are harvested annually at the end of the 

growing season (Beringer et al., 2011). Carbon fluxes (gross primary production, autotrophic and 

heterotrophic respiration) and carbon pools (in leaves, sapwood, heartwood, storage organs, roots, litter 

and soil) as well as water fluxes and pools (interception, evaporation, transpiration, soil moisture, 

snowmelt, runoff, discharge) are modeled in coupling with the dynamics of the vegetation. For 

example, c transpiration, photosynthesis and plant water stress are explicitly coupled, and atmospheric 

CO2 concentration directly affects transpiration and biomass production through physiological and 

structural plant responses (Gerten et al., 2004; Gerten et al., 2007). 

Water requirements and water consumption of irrigated and rainfed food and feed crops are 

distinguished in the model. In case plants are irrigated (on the areas equipped with irrigation techniques 

according to Portmann et al., 2010 and Fader et al., 2010), it is assumed that the gross irrigation needs – 

which is determined daily according to the plants’ water stress status (derived from soil and 

atmospheric moisture) and considering per-country irrigation efficiency – can always be fulfilled 

(‘IPOT’ simulation as described in Rost et al., 2008). Unlimited availability of water resources is also 

assumed for irrigated bioenergy plantations. The phenology (sowing dates, leaf status, harvest dates) of 
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the different plant types is simulated by LPJmL based on a set of CFT-specific parameters derived from 

long-term temperature and precipitation conditions. Simulated crop yields are calibrated at country 

scale against those reported in the Food and Agriculture Organization’s FAOSTAT (2008) database, in 

order to ensure that yield levels and associated water use productivities and evapotranspiration fluxes 

are realistically represented (Fader et al., 2010, 2011).  

All processes are modeled at a daily resolution and on a global 0.5° grid.  

The suitability of LPJmL for vegetation/crop and water studies has been proven in a number of studies 

by validating simulated phenology and yields (Bondeau et al., 2007, Fader et al. 2010), crop water 

productivities in rainfed and irrigated agriculture (Fader et al., 2011), biomass production of bioenergy 

crops (Beringer et al., 2011), river discharge (Gerten et al., 2004, Biemans et al., 2009), 

evapotranspiration (Sitch et al., 2003; Gerten et al., 2004) and irrigation water requirements (Rost et al., 

2008).  

The land use allocation model MAgPIE 

MAgPIE (Lotze-Campen et al., 2008, 2009, Popp et al. 2010) is a global land use allocation model, 

which has been coupled here to the grid-based dynamic vegetation model LPJmL. It takes regional 

economic conditions such as demand for agricultural commodities, level of agricultural technology, 

and production costs as well as spatially explicit data on potential crop yields, land and water 

constraints (from LPJmL) into account and derives specific land use patterns, yields and total costs of 

agricultural production for each grid cell. The objective function of the land use optimization model is 

to minimize total cost of production for a given amount of regional food and bioenergy demand. Hence, 

it assures equilibrium between demand and supply, but without prices as endogenous variables. 

Regional food energy demand is defined for an exogenously given population in 10 food energy 

categories, based on regional diets (FAOSTAT, 2008). Future trends in food demand are computed as a 

function of income (measured in terms of gross domestic product (GDP)) per capita based on a cross-
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country regression. Food and feed energy for the demand categories can be produced by 20 cropping 

activities and 3 livestock activities. Feed for livestock is produced as a mixture of grain, green fodder 

produced on crop land, and pasture. The livestock sector is currently implemented in a simplified way 

at the regional level, i.e. it is assured that total regional feed demand for grains and green fodder (from 

cropland), based on aggregate regional feed mixes from FAO food balance sheets, are taken into 

account in the land use allocation process. It is assumed that the use of currently available pastureland 

can be intensified in the future to meet increasing demand. As a consequence, pasture areas remain 

constant. As we focus on cellulosic bioenergy crops in this study, bioenergy is supplied from 

specialized grassy and woody bioenergy crops such as Miscanthus or Poplar. All bioenergy products in 

the model are delivered into an aggregated demand pool. Variable inputs of production are labour, 

chemicals, and other capital (all measured in US$). Moreover, the model can endogenously decide to 

acquire yield-increasing technological change at additional costs (Schmitz et al. 2010). The costs for 

technological change for each economic region are based on its current agricultural land-use intensity 

and grow with each further investment in technological change, i.e. increasing land use intensity. 

Therefore, increases in agricultural production are more costly in industrialized regions compared to 

developing countries. Agricultural land-use intensity, that means here i.e. the degree of yield 

amplification caused by human activities, is estimated by calculating the ratio between currently 

observed yields as reported by FAO (FAOSTAT, 2009) and simulated yields under globally constant 

management derived by LPJmL (for more detail see Dietrich et al. 2010). The use of technological 

change is either triggered by a better cost-effectiveness of technological change compared to other 

investments or as an answer for a response to production constraints, such as land scarcity. The use of 

technological change is either triggered by a better cost-effectiveness of technological change 

compared to other investments or as an answer for production constraints such as land scarcity. For 

future projections the model works on a time step of 10 years in a recursive dynamic mode. The link 

between two consecutive periods is established through the land-use pattern. The optimized land-use 
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pattern from one period is taken as the initial land constraint in the next. If necessary, additional land 

from the non-agricultural area can be converted into cropland at additional costs. Carbon content for 

different land use activities and crop yields are supplied by the Lund-Potsdam-Jena dynamic global 

vegetation model with managed Lands (LPJmL) (Bondeau et al., 2007) for each grid cell. CO2 

emissions from land use change occur if the carbon content of the previous land use activity exceeds 

the carbon content of the new land use activity. Potential crop yields for MAgPIE are originally 

computed with LPJmL at a 0.5° resolution as a weighted average of irrigated and non-irrigated 

production, if part of the grid cell is equipped for irrigation according to the global map of irrigated 

areas (Döll and Siebert, 2000). LPJmL computes potential irrigated and non-irrigated yields for each 

crop within each grid cell as an input for MAgPIE. In case of pure rain-fed production, no additional 

water is required, but yields are generally lower than under irrigation. In addition, LPJmL has been 

applied a priori to simulate cell specific available water discharge under potential natural vegetation 

and its downstream movement according to the river routing scheme implemented in LPJmL. Then, if a 

certain area share is assumed to be irrigated in MAgPIE, additional water for agriculture is taken from 

available discharge in the grid cell. MAgPIE endogenously decides on the basis of minimizing the costs 

of agricultural production where to irrigate which crops. Each cell of the geographic grid is assigned to 

1 of 10 economic world regions: Sub-Saharan Africa (AFR), Centrally Planned Asia including China 

(CPA), Europe including Turkey (EUR), the Newly Independent States of the Former Soviet Union 

(FSU), Latin America (LAM), Middle East/North Africa (MEA), North America (NAM), Pacific 

OECD including Japan, Australia, New Zealand (PAO), Pacific (or Southeast) Asia (PAS), and South 

Asia including India (SAS). The regions are initially characterized by data for the year 1995 on 

population (CIESIN et al., 2000), gross domestic product (GDP) (World Bank, 2001), food energy 

demand (FAOSTAT, 2008), average production costs for different production activities (McDougall et 

al., 1998), and current self-sufficiency ratios for food (FAOSTAT, 2008). Self-sufficiency ratios for 

food are kept constant over time, i.e. we are not simulating further trade liberalization in the scenarios. 

 4

3.6 Supporting Online Information 63



Land-conversion activities provide for potential expansion and shifts of agricultural land in specific 

locations. For the base year 1995, total agricultural land is constrained to the area currently used within 

each grid cell, according to the dataset of Ramankutty and Foley (1999) as extended by Rost et al. 

(2008). However, if additional land is required for fulfilling demand, this can be taken from the pool of 

non-agricultural land at additional costs. These land-conversion costs force the model to utilize 

available cropland first, and land conversion will become relevant only if land becomes scarce in a 

certain location or if the marginal cost reductions by producing crops on converted land outweigh the 

costs of conversion. The model computes a shadow price for binding constraints in specific grid cells, 

e.g. related to water availability, reflecting the amount a land manager would be willing to pay for 

relaxing the constraint by one unit. Furthermore, since the model minimizes production costs for a 

given demand for food and bioenergy products, these numbers show the marginal increase in 

production costs for an additional unit of output. 

 

The macro-economy-energy-climate model ReMIND 

The ReMIND model is an integrative framework that embeds a detailed energy system model (ESM) 

into a macro-economic growth model (MGM) and a climate system model (CSM) that computes the 

effect of GHG emissions; see Bauer et al. (2010) and Leimbach et al. (2009). ReMIND is completely 

hard-linked and solves the three integrated models simultaneously considering all interactions with 

perfect foresight. The model is formulated as a non-linear programming problem. The present study 

uses a global single region version, which is equivalent to the assumption of completely integrated 

world markets for traded goods. This is equivalent to a multi-regional model with completely 

integrated markets and zero transportation costs that would lead to full price equalization of all traded 

goods. It solves a general equilibrium problem by maximizing inter-temporal social welfare with 

perfect foresight of the household sector subject to constraints of the macroeconomic, the energy and 
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the climate system. This methodological approach is well-established in the literature on climate 

change mitigation. The household sector owns all production factors – labor, resources, capital stocks 

and emission permits – that are supplied to the economic sectors, which in turn pay factor prices that 

make up the income of households that they allocate to consumption and saving. The macroeconomic 

production sector combines an aggregate capital stock, labor and various types of final energy to 

produce an aggregate economic good. The value of this aggregate good is completely exhausted to pay 

for the production factors. In the ESM, the energy sector demands financial means for investments, 

operation and maintenance, and primary energy in order to produce final energy carriers that are 

supplied to the macroeconomic production sector. The energy sector comprises a large number of 

energy conversion technologies – i.e. a heterogeneous capital stock – that convert scarce primary 

energy carriers into final energy carriers that are supplied to the macro-economical framework. The use 

of fossil energy carriers leads to CO2 emissions depending on the technologies that are used. The use of 

biomass is assumed to be carbon neutral and if it is combined with carbon capture and sequestration the 

net emission can even be negative. Some energy technologies improve endogenously from 

accumulating experience known as learning by doing. The macro-economy and the energy sector 

interact via energy and capital markets. The hard-link between the ESM and the MGM solves for a 

social optimum that establishes a simultaneous equilibrium on these markets as has been shown in 

Bauer et al. (2008). Hence, the ReMIND model considers all interactions between the various markets 

and investments change accordingly. The CSM considers the accumulation of CO2 and other 

greenhouse gases. The interactions of these gases are explicitly considered regarding the atmospheric 

chemistry and the changes of radiative forcing that finally trigger global warming. The model computes 

the global mean temperature based on an energy balance model. The inertia of the climate system is 

represented by the accumulation and physical depreciation of GHG as well as the thermal inertia of the 

oceans; see Tanaka and Kriegler (2007). Climate policies can be analyzed by limiting the increase of 

global mean temperature (GMT) to a certain level. The model then computes the first-best cost-
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minimal solution for keeping the climate system within this limit regarding the emission pathway in 

general and the investments in particular.  

The most notable part of the ESM is the conversion of primary energy into secondary energy by 

applying specific technologies. The alternative conversion routes and the potential of energy from 

various primary energy determine the flexibility to transform the energy sector in order to cope with 

constraints on emissions. Table SI1 provides an overview of all technologies that convert primary into 

secondary energy carriers. A special role is played by biomass, since it is a low carbon energy carrier 

that can be converted in nearly all other types of secondary energy carriers. This is a major difference 

to the other renewables and nuclear that mainly are source for producing electricity. 
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Table SI1: Overview of primary energy carriers, secondary energy carriers and the 
technologies for conversion. 
 

 Primary energy carriers 
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Electricity PC*, IGCC*, 
CoalCHP DOT GT, NGCC*, 

GasCHP TNR, FNR SPV, WT, 
Hydro HDR BioCHP, 

BIGCC*

H2 C2H2 SMR*  B2H2*

Gases C2G GasTR  B2G

Heat CoalHP, 
CoalCHP 

GasHP, 
GasCHP GeoHP BioHP, BioCHP

Liquid fuels C2L* Refin
.  B2L*, 

BioEthanol
Other 

Liquids  Refin
.  Se

co
nd

ar
y 

en
er

gy
 

ca
rr

ie
rs

 

Solids CoalTR  BioTR

Abbreviations: PC = conventional coal power plant, IGCC = integrated coal gasification combined cycle, CoalCHP = 
coal combined heat power, C2H2 = coal to H2, C2G = coal to gas, CoalHP = coal heating plant, C2L = coal to liquids, 
CoalTR = coal transformation, DOT = diesel oil turbine, Refin. = Refinery, GT = gas turbine, NGCC = natural gas 
combined cycle, GasCHP = Gas combined heat power, SMR = steam methan reforming, GasTR = gas transformation, 
GasHP= gas heating plant, TNR = thermal nuclear reactor, FNR = Fast nuclear reactor, SPV = solar photovoltaic, WT 
= wind turbine, Hydro = hydro power, HDR = hot-dry-rock, GeoHP = heating pump, BioCHP = biomass combined 
heat and power, BIGCC = Biomass IGCC, B2H2 = biomass to H2, B2G = biogas, BioHP = biomass heating plant, B2L 
= biomass to liquids, BioEthanol = biomass to ethanol, BioTR = biomass transformation 
* These technologies are also available with carbon capture. 

 

The energy sector part of the REMIND model – that is of particular importance in this study – relies on 

a number of assumptions of which the most important are reported next. Figure SI1 presents the fossil 

fuel extraction cost curves that are used for the present study. The data was mainly based on the study 

by Rogner (1997). The original costs reported in Rogner started at about 2.5$US per GJ for oil and gas 

and 1.5$US per GJ for coal, which are much lower than market prices in 2005. The initial extraction 

costs were corrected up-wards to meet current market prices.  
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Figure SI1: Extraction cost curves for the fossil energy carriers. 
 
Extraction costs for uranium are based on NEA (2003). Uranium extraction costs increase from initially 

30$/kgU to 300$/kgU at a cumulated extraction of 15.8MtU. 

Figure SI2 presents the renewable energy potentials. For geo-thermal Hot Dry Rock only a small 

potential of 1EJ p.a. is assumed; Turkenburg (2001) reported a maximum electricity production 

potential of 43EJ p.a., but a final assessment is difficult to make because HDR is highly site dependent.  

 
Figure SI2: Availability of renewable energy carriers in terms of energy production potentials differentiated 
by technologies and grades. The gray color indicates the capacity factor as the fraction per year a 
technology is available. Sources: ENERDATA (2006), Trieb et al. (2009), Hoogwijk (2004), Sims et al. 
(2007).  
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Table SI2: Techno-economic characteristics of technologies based on exhaustible energy sources and biomass (cf. 
Iwasaki (2003), Hamelinck (2004), Bauer (2005), MIT (2007), Ragettli, (2007), Rubin et al. (2007), Schulz et al. 
(2007), Uddin and Barreto (2007), Takeshita and Yaaij (2008); Gül et al. (2008), Brown et al. (2009), Chen and 
Rubin (2009), Klimantos et al. (2009). All $US values refer to 2005 values. Original literature values are 
normalized to this value taking into account general inflation, the CERA (2009) power plant price index and – if 
necessary – exchange rates. 
  Techno-economic Parameters 
  Life-

time 
Investment costs O&M costs Conversion 

efficiency 
Capture 

rate 
  years $US/kW $US/GJ % % 

   No CCS With 
CCS 

No CCS With 
CCS 

No 
CCS 

With 
CCS 

With CCS 

PC 55 1400 2400 2.57 5.04 45 36 90 
Oxyfuel 55  2150  4.32  37 99 
IGCC 45 1650 2050 3.09 4.20 43  38 90 
C2H2* 45 1264 1430 1.65 1.87 59 57 90 
C2L* 45 1000 1040 1.99 2.27 40 40  70 

Coal 

C2G 45 900  0.95  60   
NGCC 40 650 1100 0.95 1.62 56 48 90 Gas 
SMR 40 498 552 0.58 0.67 73 70 90 
BIGCC* 40 1860 2560 3.95 5.66 42 31 90 
BioCHP 40 1700  5.06  43.3   
B2H2* 40 1400 1700 5.27 6.32 61 55 90 
B2L* 40 2500 3000 3.48 4.51 40 41 50 

Biomass 

B2G 40 1000  1.56  55   
Nuclear TNR 35 3000  5.04  33~   
*) these technologies represent joint processes 
~) thermal efficiency 
Abbreviations: PC – conventional coal power plant, Oxyfuel – coal power plant with oxyfuel capture, IGCC – integrated coal 
gasification combined cycle power plant, C2H2 – coal to hydrogen, C2L – coal to liquids, NGCC – Natural gas combined 
cycle power plant, SMR – steam methane reforming, B2H2 – biomass to hydrogen, B2G – biogas plant, B2L – biomass to 
liquid, TNR – thermal nuclear reactor, SPV – solar photovoltaic, WT – wind turbine, Hydro – hydroelectric power plant. 
Note: technologies marked with a *  are joint production processes; for these technologies, capturing does not necessarily 
result in higher investment costs and lower efficiency in producing the main product. 
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Techno-economic details for most exhaustible and biomass fueled conversion technologies are 

provided in Table SI2. Over the last few years the more pessimistic assessment of coal fired IGCC 

plants was the most important shift. The assumptions take this more careful interpretation into account: 

without CCS investment costs for IGCC are lower than for conventional pulverized coal (PC) plants, 

and the advantage in the case with CCS is greatly reduced. The general assessment to be found in the 

literature about electricity plants fueled with gas did not change that much over the last few years. The 

assumptions used here are generally in line with the literature. For biomass IGCC with and without 

CCS the parameters are chosen based on a broad literature review for a plant size of 100MW electrical 

output. Less optimistic assessments about the investment costs than those applied in the present study 

are provided by Faaij (2006) and IEA (2008a). 

Coal and biomass can also be converted into gases, liquids and hydrogen based on gasification. The 

conversion of coal, gas and biomass into liquid fuels and hydrogen can be augmented by carbon 

capture. The values for biomass technologies are at the pessimistic end of the range to be found in the 

literature.  Those for coal and gas are in the medium range. 

Table SI3: Techno-economic characteristics of technologies based on renewable energy sources and 
biomass. For details see Neij (2003), Nitsch et al. (2004), IEA (2008a), Junginger et al. (2008), Lemming 
et al. (2008). 

 Lifetime Investment 
costs 

Floor 
costs 

Learning 
Rate 

Cumulative 
capacity 2005 

O&M 
costs 

 Years $US/kW $US/kW % GW $US/GJ 
Hydro 95 3000 - - - 3.46 
Geo 
HDR 

35 3000 - - - 4.2 

Wind 
onshore 

35 1200 883 12 60 2.9 

Wind 
offshore 

35 2200 1372 8 1 4.7 

SPV 35 4900 600 20 5 10.33 

 
The techno-economic parameters for renewable technologies producing electricity are given in Table 

SI3. Hydro power has investment costs of 3000$US per kW. The exact number is highly site-

dependent; see IEA (2008a). For wind power stations we distinguish on- and off-shore locations 
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separately because both technologies are very different with respect to costs and other technological 

features. The floor costs are derived from cost projections for the year 2050.  

Table SI4: Techno-economic parameters of storage technologies; based on Chen et al. (2009) and expert 
interviews. 
 Units Daily variation Weekly variation Seasonal variation 
Technology  Redox-Flow-batteries H2 electrolysis + 

combined cycle gas 
turbine 

Efficiency % 80 40 
Storage capacity Hours 12 160 
Investment costs $US/kW 4000 6000 
Floor costs $US/kW 1000 3000 
Learning rate % 10 10 
Cumulative capacity in 
2005 

TW 0.7 0.7 

Life time Years 15 15 
Cheaper technologies but 
not included due to 
limited potential 

 Pump-storage hydro 
& compressed air 

storage 

Pump-storage hydro 
& compressed air 

storage 

 
 
Capacity penalty to 
secure supply 

 
The approach for balancing fluctuations of renewable energy technologies wind and solar PV 

implemented into the ReMIND model distinguishes between variations on the daily, weekly and 

seasonal time scale. Increasing market shares of fluctuating energy sources increase the need for 

storage to guarantee stable electricity supply. The superposition of variations on the three time scales is 

completely represented. Daily and weekly variations are compensated by installation of storage plants; 

see Table 4. Seasonal variations imply a capacity penalty.   

The sequestration part of CCS requires equipment and energy for transportation and injection. The 

investment costs for having available the equipment for injecting one GtC per year are 175 bil.$US; see 

Broek et al. (2008) and Kjärstad and Johnsson (2009). The upper limit for cumulative sequestration is 

2775GtC; see Benson and Cook (2005) and IEA (2008b). The model does not consider leakage of 

injected CO2. 

ReMIND uses adjustment costs for thermal nuclear reactors. For this technology it is assumed that in 

2005 a maximum of 5GW could be installed increasing by 1GW p.a. Each percent investment beyond 

this limit increases the investment costs by 0.5%. 
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SI-Figures 

 

Figure SI3: Primary energy consumption for the scenario without forest conservation (M).  

 

Figure SI4: Primary energy consumption of biomass by the different bioenergy conversion 
technologies (for the scenario without forest conservation). 
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Figure SI5: Additional global CO2 emissions from land use change due to bioenergy production for the 
M (brown line) and the M_FC (orange line) scenario. 
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Abstract 

This study analyses the impact of techno-economic performance of the BIGCC process and the effect of different biomass 
feedstocks on the technology’s long term deployment in climate change mitigation scenarios. As the BIGCC technology demands 
high amounts of biomass raw material it also affects the land-use sector and is dependent on conditions and constraints on the 
land-use side. To represent the interaction of biomass demand and supply side the global energy-economy-climate model 
ReMIND is linked to the global land-use model MAgPIE. The link integrates biomass demand and price as well as emission 
prices and land-use emissions. Results indicate that BIGCC with CCS could serve as an important mitigation option and that it 
could even be the main bioenergy conversion technology sharing 33% of overall mitigation in 2100. The contribution of BIGCC 
technology to long-term climate change mitigation is much higher if grass is used as fuel instead of wood, provided that the 
grass-based process is highly efficient. The capture rate has to significantly exceed 60 % otherwise the technology is not applied. 
The overall primary energy consumption of biomass reacts much more sensitive to price changes of the biomass than to techno-
economic performance of the BIGCC process. As biomass is mainly used with CCS technologies high amounts of carbon are 
captured ranging from 130 GtC to 240 GtC (cumulated from 2005-2100) in different scenarios. 

© 2010 Elsevier Ltd. All rights reserved 

Keywords: Biomass, IGCC, Carbon Capture and Sequestration, Land use, Soft link 

1. Introduction 

Negative CO2 emission technologies can play an important role on the way towards a low emissions energy 
system if they are available at reasonable costs [5]. One way of achieving negative emissions is applying CCS on 
biomass conversion processes. One promising biomass-to-electricity conversion technology suitable for CCS with a 
high capture rate is the integrated biomass gasification combined cycle (BIGCC), which is expected to be highly 
efficient and economically feasible as it is technically similar to the efficient coal IGCC process and can profit from 
the experiences made with those plants [19]. Moreover, there are several other biomass CCS technologies but with 
less favorable techno-economic performance. However, only few non-commercial BIGCC demonstration plants 
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without CCS have been realized [4, 6]. Thus economic BIGCC studies analyzing different plant configurations are 
hypothetical. This results in high uncertainty about techno-economic performance of potential BIGCC plants.  

Additional uncertainty occurs concerning different biomass raw materials feeding the plant. There are two main 
types of cellulosic short rotation energy crops: wood (poplar, willow, eucalyptus, pine) and grass (primarily 
miscanthus). Most techno-economic BIGCC studies assume wood as biomass fuel because it is easier to gasify. But 
grass is also considered to be a high energetic easy-to-grow short rotation crop. As grass contains more ash, which 
complicates the gasification and gas cleaning process, it is expected to lower the performance. There is scarce 
information about the effects of these different biomass fuels on the performance of the overall BIGCC process.  

To assess the impact of techno-economic performance of the BIGCC process and the effect of different biomass 
feedstocks on the technology’s long term application in climate change mitigation scenarios we use the global 
energy-economy-climate model ReMIND [1]. As the BIGCC technology demands high amounts of biomass raw 
material it also affects the land-use sector and is dependent on conditions and constraints on the land-use side. The 
production of bioenergy crops causes greenhouse gas (GHG) emissions in the agricultural sector due to fertilisation 
of dedicated bioenergy crops and land-use change such as deforestation. The rising demand for food and bioenergy 
production leads to enhanced competition for limited crop land and subsequently to rising prices of biomass, food 
and water. To represent the dynamic interactions of the energy sector demanding and the agricultural sector 
supplying biomass for energy production ReMIND is linked to the global land-use model MAgPIE [15]. The link 
integrates biomass demand and price as well as emission prices and land-use emissions. 

Using this integrated modeling framework our study analyses how the BIGCC technology contributes to long 
term climate change mitigation by answering the following questions: 

1. What are the main factors that decide about the application of the BIGCC technology? 
2. What is the mitigation potential of the technology?  
3. Which biomass-technologies compete with BIGCC in the energy system? 

To answer the listed research questions the following scenarios were performed: 

� Varying the techno-economic performance: investment costs, electrical efficiency and capture rate, 
� choosing different biomass raw materials for the process: grass or wood, 
� comparing emissions of a business as usual scenario and a climate policy scenario, 

The remainder of this paper is structured as follows: Section 2 first introduces both the energy-economy-climate 
model ReMIND and the land-use model MAgPIE separately and then explains the model coupling. Moreover it 
presents the results of a broad literature review concerning the techno-economic characteristics of the BIGCC 
process. Section 3 gives a detailed description of the scenarios and presents the results. The last section closes with a 
discussion and outlook on future work. 

2. Modeling energy-system and land-use interactions 

2.1. The global energy system model ReMIND 

The BIGCC technology is integrated into the global energy-economy-climate model ReMIND (Refined model of 
Investments and Technological Development) that hard-links a macroeconomic growth model with a bottom-up 
energy system model and a simplified climate module [1]. The macroeconomic growth model of the Ramsey-type 
solves a general equilibrium problem by maximizing inter-temporal social welfare with perfect foresight subject to 
constraints of the macroeconomic, the energy and the climate system. This results in optimal distribution of 
investments among energy conversion technologies in the energy system and in the case of a climate target 
constraint like it is considered in this study it leads to minimized mitigation costs. 

The bottom-up energy system module represents the energy sector on a detailed level of various conversion 
technologies along the path from primary to final energy production and estimates resulting CO2 emissions. 
Technologies are characterized by a set of techno-economic parameters such as specific investment costs, 
conversion efficiency, operation and maintenance costs or technical life-time. Non-energy GHG emissions (CO2,
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CH4 and N2O) from land-use, land-use change and other sources are estimated by marginal abatement cost curves 
(MAC) [16]. The climate system model calculates the global mean temperature from the accumulation of CO2 and 
other GHG [23]. 

There are multiple bioenergy conversion technologies available in the model: Transportation fuels can be 
obtained either from Fischer-Tropsch processes (once through or with producer gas recycling) with and without 
CCS or from a biomass-to-ethanol technology without CCS. Besides the BIGCC plant electricity can be produced 
by a combined heat and power biomass plant without CCS. A simple biomass heating plant without CCS is also 
available. Moreover hydrogen can be supplied by gasification of biomass with and without CCS. 

As lignocellulosic bioenergy crops are expected to cause much less GHG emissions and less competition with 
food production in the land-use sector than 1st generation energy crops, the bioenergy technologies considered in 
this study focus on 2nd generation purpose-grown bioenergy conversion routes. The biomass supply side is 
represented by the global land-use model MAgPIE. It computes the corresponding biomass price and resulting land-
use emissions for a given biomass demand.  

2.2. The global land-use model MAgPIE 

MAgPIE (Model of Agricultural Production and its Impact on the Environment) is a global land use allocation 
model [14, 17, 18]. It takes regional economic conditions as well as spatially explicit data on potential crop yields, 
land and water constraints into account and derives specific land-use patterns, crop yields, emissions and total costs 
of agricultural production for each grid cell. Spatially explicit data is provided to MAgPIE on a regular geographic 
grid, with a resolution of 0.5 by 0.5 degrees. The objective function of the land-use model is to minimize total cost 
of production for a given amount of agricultural and biomass demand in a recursive dynamic mode. To fulfill the 
given demands the model can endogenously decide to acquire yield-increasing technological change at additional 
costs or to convert land from the non-agricultural area into cropland at additional costs. 

Regional food demand is defined for an exogenously given population and income growth based on regional 
diets [7]. Food and feed energy for ten demand categories can be produced by 20 cropping activities and three 
livestock activities. Biomass demand is also given exogenously and can be satisfied by the production of two 
cellulose-based bioenergy crops: a grassy (herbaceous) one like Miscanthus and a woody one (ligneous) like Poplar 
[2]. Residues from forestry and agriculture are not integated. Cropland, pasture land and irrigation water are fixed 
inputs in limited supply in each grid cell. Variable inputs of production are labour, chemicals, and other capital, 
which are assumed to be in unlimited supply to the agricultural sector at a given price. 

MAgPIE incorporates a representation of the dominant greenhouse gas emissions from land use change and 
different agricultural activities. CO2 emissions are caused by land use change and occur if the carbon content of the 
previous land use activity exceeds the carbon content of the new land use activity. Emissions from agricultural 
activities focus on N2O-emissions from the soil and manure storage as well as CH4-emissions from rice cultivation, 
enteric fermentation and manure storage that add up to 87 % of total agricultural (land use) emissions in the year 
2000 [26]. As agricultural emissions arise from multiple causes, they depend on the type of agricultural activity. 
Their extent is heavily influenced by crop or animal type, fertilizer input, climate, soil quality or farm management. 

2.3. Coupling ReMIND and MAgPIE 

To represent the interaction of biomass demand and supply side ReMIND is coupled to MAgPIE via a soft-link 
meaning that both models stay separated and are solved sequentially in an iteration loop. The link consists of 
exchanging time paths of certain variables in which the output of one model serves as input for the other model. The 
link integrates biomass demand and price as well as emissions prices and land-use emissions for CO2 and N2O:
ReMIND estimates the demand of lignocellulosic biomass and GHG emissions prices for CO2 and N2O. Based on 
this exogenous input, MAgPIE computes corresponding biomass prices and resulting GHG emissions for the given 
demand. Using this updated information of biomass supply ReMIND is solved again. This is repeated until the 
exchanged time paths do not show changes from one iteration to the next. 

The overall agricultural N2O emissions estimated by the land-use model are taken as baselines of marginal 
abatement cost curves within ReMIND from which further abatement is possible. Concerning CO2 only the 
additional land-use change emissions due to biomass production are considered. Other land use, land-use change 

D. Klein et al. / Energy Procedia 4 (2011) 2933–2940 2935

4.2 Modeling energy-system and land-use interactions 83



4 Author name / Energy Procedia 00 (2010) 000–000 

and forestry (LULUCF) CO2 emissions are covered endogenously by a MAC in ReMIND [8]. Methane is not 
included into the liking as there is only little direct or indirect effect on CH4 emissions caused by biomass 
production. Global methane emissions are also estimated endogenously in ReMIND from a MAC. 

2.4. Techno-economic characteristic of the BIGCC process 

Several suggestions for possible BIGCC process configurations exist. The most important characteristics are the 
type of biomass raw material input and the design of gasifier, gas cleaning unit and carbon capture process. All plant 
configurations depicted here use fluidized bed gasifiers as they are appropriate for medium to large-scale application 
and can cope with varying quality of input material while reducing ash-related problems [29, 28]. The gasifier can 
be blown with air, steam or oxygen and can be operated at atmospheric or elevated pressure (15-30 bar). Hot gas 
cleaning is favorable for pressurized gasification whereas for atmospheric gasification cold gas cleaning is 
preferable. Only few studies consider carbon capture for BIGCC power plants [11, 21, 25]. The CO2 separation is 
realized by pre-combustion capture with physical absorption after a water-shift reaction. The gas turbine has to be 
prepared for low calorific gases like those produced from biomass gasification [22]. However, as there are no 
commercially running plants, none of these configurations could give proof of being superior in terms of economic 
feasibility and technological reliability. 

From a literature review we obtain techno-economic data of BIGCC-C processes shown in Figure 1 [3, 4, 10, 12, 
11, 20, 21, 25, 9]. Both specific investment costs and electrical efficiency show economies of scale. Adding carbon 
capture to the process increases investment costs and decreases efficiency. For our calculations we use the values 
displayed in Table 1. As a compromise between large-scale plants which profit from economies of scale and on the 
other hand costs for transportation of biomass we choose a plant size of 100 MWe [27, 13], which is also in range of 
the size assumed by several studies (see Figure 1). 

Figure 1: Techno-economic data of BIGCC processes with and without CCS obtained from the literature. Left: Specific investment costs
($2005/kWe) vs. installed capacity (MWe). Right: Electrical efficiency vs. installed capacity (MWe). 
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  BIGCC BIGCC+CCS 
default 

BIGCC+CCS
10% 

BIGCC+CCS
20% 

Plant size 
Specific investment costs 
Electrical efficiency 
Operating capacity factor 
O&M costs 
Capture rate 

[MWe] 
[$2005/kWe] 
[%] 
[%] 
[$2005/GJ] 
[%] 

100 
1860 

42
80

3.95 
0

100 
2560 

31
80

5.66 
90

2816 
28

3072 
25

Table 1: Techno-economic parameterization of BIGCC process with and without CCS used in the energy system model. 

3. Results  

3.1. Mitigation potential 

Figure 2 compares emissions of the business as usual scenario (upper black line) which does not impose any 
restrictions on the energy system emissions to a policy scenario with a limit of a global mean temperature rise of 
2°C above pre-industrial level (lower black line). The colored areas in between display the contributions of different 
mitigation options to the overall emission reductions. Biomass production is limited to grass only. Starting at the 
middle of the century the BIGCC+CCS technology reaches a share of 33% in 2100 on the overall mitigation. The 
heavy use of biomass with CCS even facilitates slightly negative total energy system emissions at the end of the 
century which in turn allows for rising emissions at the beginning of the century. 

Figure 2: Comparing emissions of business as usual and policy scenario emissions: mitigation shares of technologies, fuel switch
and efficiency gains (biomass type: grass). 

3.2. Techno-economic performance and biomass type 

We perform a sensitivity analysis by varying the techno-economic parameters of the BIGCC+CCS process 
obtained form the literature. Three cases are considered, as shown in Table 1: (i) default, (ii) electrical efficiency 
10% lower and specific investment costs 10% higher than in default case (eff10), (iii) electrical efficiency 20% 
lower and specific investment costs 20% higher than in default case (eff20). Each case was combined with two 
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different lignocellulosic bioenergy feedstocks, wood (wo) and grass (gr), delivered by the land-use model. For all 
cases a climate change mitigation target of 2°C is applied. 

Figure 3 shows the carbon captured by the BIGCC+CCS process with different techno-economic performances 
cumulated from 2005-2100. Even in the most pessimistic case of a grass-fed process (gr-eff20) almost the same 
amount of carbon is captured as in the most optimistic wood-fired scenario (wo). The reason is the lower price for 
grass, starting at 4 $US/GJ in 2005 and rising to 10 $US/GJ in 2100 compared to wood ranging from 7 $US/GJ to 
25 $US/GJ in the same period. However, the grass-fed process is much more sensitive to the degradation of techno-
economic performance than the wood fired processes. The results show that the contribution of BIGCC-C 
technology to long-term climate change mitigation could be much higher if grass is used as fuel instead of wood, 
provided that the grass process is highly efficient. Even though BIGCC without CCS provides electricity with low 
carbon emissions it is hardly applied by the model. As can be seen on the right in Figure 3 the most important 
parameter, which decides about the application of the technology, is the capture rate. It has to significantly exceed 
60 % otherwise the technology is not applied. 

Almost all biomass is used with CCS technologies resulting in high amounts of captured carbon from 2005-2100. 
In the case of grass raw material the cumulated captured carbon for all cases of efficiencies and capture rates 
exceeds 170 GtC and reaches 240 GtC for the most efficient grass-case. In all wood-based scenarios the cumulated 
amount is lower and accounts for about 130 GtC. 
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Figure 3: Carbon captured from Bio-CCS technologies cumulated form 2005-2100 in GtC. Left: Variation of techno-economic performance
(see Table 1) and biomass fuel. Right: Variation of capture rate: 90%, 80%, 70%, 60% (fuel: grass) 

3.3. Competing Biomass Technologies 

Figure 3 (right) already points out that a decreasing capture rate leads to less deployment of the BIGCC+CCS 
technology. As there is no change on the land-use side, the same amount of biomass is still available at same prices. 
In Figure 4 (right) the share of primary energy consumption of different bioenergy technologies is depicted. It shows 
the competing technologies which step in when the BIGCC+CCS technology becomes unattractive due to low 
capture rates. It is the Biomass-to-liquids Fischer-Tropsch technology which takes over and also provides negative 
emissions as the CCS type of this technology is used. Its capture rate of 48% is lower than in all depicted cases of 
BIGCC+CCS, but in contrast to BIGCC (that produces electricity) it produces Diesel for the transportation sector 
and thus helps substituting fossil oil. An opposing trend can be observed if parameters on the energy system side 
stay constant but biomass prices rise (represented here by a fuel switch from grass to wood). As Figure 4 (left) 
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shows, the BIGCC+CCS technology displaces the Fischer-Tropsch technology as it can provide more negative 
emissions from the more expensive biomass. The cumulated amount of biomass used from 2005-2100 in all 
efficiency cases of the more expensive raw material wood is about 5500 EJ, which is less than half of the amount 
used in all efficiency cases with grass (about 12500 EJ). This shows that if biomass is scarce it is predominantly 
used by the BioIGCC+CCS technology to produce as much negative emissions as possible. Moreover the overall 
primary energy consumption of biomass reacts much less sensitive to techno-economic performance of the BIGCC 
(efficiency and capture rate) process than to price changes of the biomass (grass and wood).  
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Figure 4: Competing biomass technologies: shares of biomass primary energy consumption of technologies cumulated from 2005-2100. Left: 
Fuel switch from grass to wood. Right: Variation of BIGCC capture rate. 

4. Conclusion and Outlook 

Results indicate that BioIGCC with CCS could serve as an important mitigation option and that it could even be 
the main bioenergy conversion technology as it efficiently provides negative emissions and produces electricity. 
Future techno-economic studies and demonstration plants of the BIGCC+CCS process should focus on the more 
challenging biomass raw material grass instead of wood as it can be produced at lower costs and enables high 
amounts of negative emissions in case of good techno-economic performance of the process. The capability of 
producing negative emissions decides on the application of BIGCC+CCS as a mitigation technology. Given a high 
capture rate, BIGCC+CCS can significantly contribute to mitigation of the energy system emissions. All considered 
scenarios show high cumulated amounts of captured carbon that range from 130 GtC to 240 GtC. In case of 
expensive lignocellulosic biomass raw material BIGCC+CCS with a high capture rate turns out to be the preferred 
bioenergy conversion technology. The overall primary energy consumption of biomass reacts much more sensitive 
to price changes of the biomass than to techno-economic performance of the BIGCC. 

As biomass production and demand do not coincide in identical world regions we will couple regionalized 
models with regions linked by biomass trade. Moreover the new HTC technology (HTC = hydrothermal 
carbonisation) will be assessed [24]. The product of the HTC process is similar to charcoal and thus is expected to 
be appropriate for various alternative downstream applications like fuel or electricity production (with CCS). It 
could also be used for soil improvement and thus could serve as a simple carbon sink provided it is kept in the soil 
for a long time. Besides that it can be used as source material for chemical processes. As HTC is a densification 
process of biomass raw material it may facilitate long-distance transport of biomass. 
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Abstract
Low-stabilization scenarios consistent with the 2 °C target project large-scale deployment of
purpose-grown lignocellulosic biomass. In case a GHG price regime integrates emissions from
energy conversion and from land-use/land-use change, the strong demand for bioenergy and the
pricing of terrestrial emissions are likely to coincide. We explore the global potential of purpose-
grown lignocellulosic biomass and ask the question how the supply prices of biomass depend on
prices for greenhouse gas (GHG) emissions from the land-use sector. Using the spatially explicit
global land-use optimization model MAgPIE, we construct bioenergy supply curves for ten
world regions and a global aggregate in two scenarios, with and without a GHG tax. We find that
the implementation of GHG taxes is crucial for the slope of the supply function and the GHG
emissions from the land-use sector. Global supply prices start at $5 GJ−1 and increase almost
linearly, doubling at 150 EJ (in 2055 and 2095). The GHG tax increases bioenergy prices by
$5 GJ−1 in 2055 and by $10 GJ−1 in 2095, since it effectively stops deforestation and thus
excludes large amounts of high-productivity land. Prices additionally increase due to costs for
N2O emissions from fertilizer use. The GHG tax decreases global land-use change emissions by
one-third. However, the carbon emissions due to bioenergy production increase by more than
50% from conversion of land that is not under emission control. Average yields required to
produce 240 EJ in 2095 are roughly 600 GJ ha−1 yr−1 with and without tax.

S Online supplementary data available from stacks.iop.org/ERL/9/074017/mmedia

Keywords: biomass, climate change mitigation, land use, resource potential, biomass supply
curve, carbon tax, energy

1. Introduction

Energy from biomass as a substitute for fossil energy is not
only supposed to improve energy security. Several studies
investigating the transition of the energy system under climate
change stabilization targets consider bioenergy a large-scale

and cost-effective mitigation option (Riahi et al 2007, Calvin
et al 2009, Luckow et al 2010, Van Vuuren et al 2010a, Rose
et al 2013). In particular, bioenergy with CCS (BECCS) may
significantly reduce stabilization costs, since its negative
emissions compensate emissions from other sources and
across time (Van Vuuren et al, 2010b, 2013, Kriegler
et al 2013, Azar et al 2010, 2013, Klein et al 2013). The
amount of realizable negative emission directly depends on
the amount of biomass available. Thus, the biomass potential
and its cost become crucial factors that affect overall miti-
gation costs (Rose et al 2013, Klein et al 2013). While the
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scientific consensus on the importance of bioenergy for cli-
mate change mitigation is strong (Rose et al 2013), high
uncertainties remain regarding the biomass potential, resulting
in wide ranges of estimates (28–655 EJ yr−1, see also
section 2). This is mainly due to uncertainties about future
developments of agricultural yields1, demand for food and
feed, and availability of land and water for agricultural pro-
duction. In particular, there are only a few global studies
attributing costs or prices to the estimated bioenergy potential
(see also section 2). The purpose of this study is to provide
supply price curves for lignocellulosic biomass that can serve
as a basis for the economic assessment of bioenergy in cli-
mate change mitigation scenarios.

Low-stabilization scenarios consistent with the 2 °C tar-
get project large-scale deployment of biomass necessitating
dedicated production of modern lignocellulosic biomass at
levels that exceed the potential of residues and first-generation
biofuels (Popp et al 2013). Therefore, this study focuses on
purpose-grown lignocellulosic and herbaceous biomass. A
major concern about the sustainability of large-scale bioe-
nergy production is its potential to induce deforestation. First,
deforestation causes carbon emissions and counteracts the
objective of emission mitigation if no effective forest pro-
tection regime is in place (Wise et al 2009, Popp
et al 2011a, 2012, Calvin et al 2013). Second, deforestation
entails substantial biodiversity loss, as forests are the most
biologically diverse terrestrial ecosystems (Turner 1996,
Hassan et al 2005). Both adverse effects could be con-
siderably mitigated if GHG emissions from the land-use
sector (including non-CO2 emissions such as N2O from fer-
tilizer use) were equally priced with energy emissions. In the
case of a GHG price regime comprising energy and land-use/
land-use change emissions, the strong demand for bioenergy
and pricing of terrestrial emissions are likely to coincide, and
the GHG pricing is likely to affect the availability and pro-
ductivity of land for bioenergy, and thus bioenergy prices for
a given level of demand. However, to our knowledge the
available literature on bioenergy potentials does not consider
GHG pricing in the land-use sector (Hoogwijk 2004, Hoog-
wijk et al 2005, 2009, Smeets et al 2007, Erb et al 2009, Van
Vuuren et al 2009, Dornburg et al 2010, Haberl et al 2010,
Beringer et al 2011a). Therefore, this study investigates the
impact of GHG prices on the potential and the supply prices
of bioenergy.

Furthermore, these studies assume bioenergy production
only on land not required for food production, and they
assume yield improvements to be independent of bioenergy
demand. However, these assumptions may not hold if the
demand for bioenergy strongly increases, as projected by low-
stabilization scenarios. In contrast, the approach applied for
this study incorporates land competition between bioenergy
and other crops. Moreover, it allows derivation of yield
improvement rates required to satisfy given levels of bioe-
nergy and food demand, since technological development is

endogenous in this approach. Using the land-use optimization
model MAgPIE (Model of Agricultural Production and its
Impacts on the Environment) (Lotze-Campen et al 2008,
Popp et al 2010), we construct bioenergy supply curves for
ten world regions by measuring the bioenergy price response
to different scenarios of bioenergy demand and GHG prices.
The model endogenously treats the trade-off between land
expansion (causing costs for land conversion and for resulting
carbon emissions) and intensification (requiring investments
for research and development) by minimizing the total agri-
cultural production costs. GHG emissions from the land-use
system are priced, and resulting costs for emissions accruing
from bioenergy production are reflected in bioenergy prices.

The purpose of this study is to quantitatively assess the
global economic potential of lignocellulosic purpose-grown
biomass under different climate policy proposals. It presents
bioenergy supply price curves on a regional level. Two key
questions are addressed: what is the global potential of pur-
pose-grown second-generation biomass and how are potential
and corresponding supply prices dependent on GHG taxes?

2. Present bioenergy potential studies

It is important to note that this study focuses on second-
generation biomass. The literature about first-generation bio-
mass is larger, but not a concern here. Several studies have
investigated the global potential of second-generation pur-
pose-grown bioenergy under different constraints. There are
mainly two types of global bioenergy potential study so far.
The first group identifies the potential of bioenergy by
defining the area of land available for bioenergy production
and by making assumptions about the productivity of this
land (Hoogwijk et al 2005, Smeets et al 2007, Erb
et al 2009, 2012, Van Vuuren et al 2009, Dornburg
et al 2010, Haberl et al 2010, 2013, Smith et al 2012, Ber-
inger et al 2011a). These studies assume some kind of food-
first policy, as they exclude land that is needed for food and
feed production and allow bioenergy production only on land
that is not used for food production or might in future become
available due to intensification or decreasing demand for
agricultural commodities. The development of technological
change is included in these studies by exogenous assumptions
on food and feed crop yield growth that largely determine the
land available for bioenergy production. Other important
factors are food demand, trade, and livestock production.
Some studies consider additional sustainability constraints by
excluding land for forest and nature conservation or due to
water scarcity or degradation (Van Vuuren et al 2009, Ber-
inger et al 2011a). Based on these studies, the estimates of the
purpose-grown biomass potential for 2050 range from
28–265 EJ yr−1 at the lower end to 128–655 EJ yr−1 at the
upper end2.

The wide range can be explained by different assump-
tions on food demand, availability of land, and development

1 In particular, there is lack of experience with the production of
lignocellulosic feedstock for energy purposes, since it has not been produced
on a commercial scale yet.

2 This range excludes results from Smeets (2007), who reports a potential of
215–1272 EJ yr−1 in 2050 assuming large land area with high productivity.

2
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of yields, which are identified by these studies as the main
determinants of the bioenergy potential. Low estimates are
mainly driven by assuming high population growth (resulting
in high food demand) and excluding water scarce areas and
nature conservation areas, resulting in low availability of land
for bioenergy production. Projected future yields are another
crucial (yet highly uncertain) parameter determining the
bioenergy potential. Haberl et al 2010 report a wide range of
7–60 GJ ha−1 yr−1 used in the literature. The estimates at the
upper end of bioenergy potentials are mainly based on high-
yield growth rates for food and bioenergy crops over the next
decades that are at present level or higher (Hoogwijk
et al 2005, Van Vuuren et al 2009, Smeets et al 2007,
Dornburg et al 2010).

These studies use simulation models to project the future
development of the land-use system and feature different
levels of spatial explicit biophysical conditions. The projec-
tions applying average yields over large areas considered
suitable for bioenergy production tend to project high bioe-
nergy potentials, 120–660 EJ yr−1 (Hoogwijk et al 2005, Van
Vuuren et al 2009, Smeets et al 2007, Dornburg et al 2010),
while process-based studies that aim to include spatially
explicit data on local biophysical conditions estimate lower
ranges, 37–141 EJ yr−1 (Beringer et al 2011b, Erb
et al 2009, 2012). Another approach derives the actual net
primary productivity (NPP) from satellite data and argues that
the NPP poses an upper bound to bioenergy production. The
estimates reported by these studies (excluding residues) are
121 (Smith et al 2012) and 190 (Haberl et al 2013).

However, to be able to assess the economic potential and
hence the competitiveness of bioenergy in the energy system,
one needs information about the supply costs of biomass.
Therefore the second group of studies additionally assigns
costs for bioenergy production to the different types of land
cell and constructs supply cost curves by sorting the cells by
their biomass production costs. Only a few studies provide
information about the production costs, particularly con-
cerning second-generation bioenergy on a global scale
(Hoogwijk 2004, Hoogwijk et al 2009, Van Vuuren
et al 2009). Hoogwijk (2009) introduces costs for land,
capital, and labor to the technical potential identified in
Hoogwijk (2005) and finds that 130–270 EJ yr−1 in 2050 may
be produced at costs below $2.2 GJ−1 and 180–440 EJ yr−1

below $4.5 GJ−1 3. The underlying scenarios assume sig-
nificant land productivity improvements and cost reductions
due to learning and capital–labor substitution. Using a similar
approach (but assuming less available land due to a lower
accessibility factor), Van Vuuren et al (2009) excludes further
areas from biomass production due to biodiversity con-
servation, water scarcity, and land degradation. This reduces
the global biomass potential in 2050 from 150 EJ yr−1 without
these land constraints to 65 EJ yr−1. Following the same cost
approach as Hoogwijk (2005), Van Vuuren et al (2009) finds
that in 2050 about 50 EJ could be produced at costs below

$2.2 GJ−1 and 125 EJ below $4.8 GJ−1. Realizing the full
potential of 150 EJ by taking biomass from degraded land
into account would cost up to $8 GJ−1. Both studies allow
bioenergy production on abandoned and rest land only and
consider only woody bioenergy crops.

3. Methods

3.1. The land-use model MAgPIE

MAgPIE is a spatially explicit, global land-use optimization
model (Lotze-Campen et al 2008, Popp et al 2010). The
objective function of MAgPIE is the fulfillment of food,
livestock, material, and bioenergy demand at least costs under
socio-economic, political, and biophysical constraints.
Demand is income elastic, but price-induced changes in
demand are not reflected. Major cost types in MAgPIE are
factor requirement costs (capital, labor, and fertilizer), land
conversion costs, transportation costs to the closest market,
investment cost for technological change (TC), and costs for
GHG emission rights. The cost minimization problem is
solved in 10-year time steps until 2095 in recursive dynamic
mode by varying the spatial production patterns, by expand-
ing crop land, and by investing in yield-increasing TC (Lotze-
Campen et al 2010, Dietrich et al 2012). TC increases the
potential yields of all crops within a region by the same
factor. The costs for enhancing the yields in a specific region
increase with the level of agricultural development of the
particular region; i.e., the higher the actual yields in a region
the higher the costs for one additional unit of yield increase
(Dietrich et al 2014). The model distinguishes ten economic
world regions with global coverage (cf supplementary mate-
rial section S1.2): Sub-Saharan Africa (AFR), Centrally
Planned Asia including China (CPA), Europe including
Turkey (EUR), states of the former Soviet Union (FSU), Latin
America (LAM), Middle East/North Africa (MEA), North
America (NAM), Pacific OECD including Japan, Australia,
New Zealand (PAO), Pacific (or Southeast) Asia (PAS), and
South Asia including India (SAS). MAgPIE considers spa-
tially explicit biophysical constraints such as crop yields and
availability of water (Bondeau et al 2007, Müller and
Robertson 2013) and land (Krause et al 2013) as well as
socio-economic constraints such as trade liberalization, forest
protection, and GHG prices.

MAgPIE differentiates between the land types cropland,
pasture, forest, and other land (e.g. non-forest natural vege-
tation, present and future abandoned land, desert). Unlike the
cropland sector, which is subject to optimization, the areas in
the pasture sector, the forestry sector, and parts of forestland
(mainly undisturbed natural forest within protected forest
areas, FAO 2010) are fixed at their initial value in this study.
Considering this, about 7900Mha (∼61%) of the world’s land
surface is freely available in the optimization of the initial
time step, of which about 3000Mha are suitable for cropping.
Since all crops including bioenergy have equal access to the
available land (no underlying food-first policy), the resulting
competition for land is reflected in shadow-prices for

3 Dollars are given as US $2005 in this study. Dollars from other years are
converted using the consumer price index http://oregonstate.edu/cla/polisci/
sites/default/files/faculty-research/sahr/inflation-conversion/excel/cv2008.xls

3
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bioenergy derived from the demand-balance equation. As we
consider bioenergy crops to be a globally tradable good,
emerging bioenergy prices are equal across regions. However,
interregional bioenergy transport as such is not considered.

Yields of dedicated grassy and woody bioenergy crops
(rainfed only) obtained from the vegetation model LPJmL
(Beringer et al 2011a, Bondeau et al 2007) represent yields
achieved under the best available management options. Since
MAgPIE aims to represent actual yields in its initial time step,
these yields are downscaled using information about observed
land-use intensity (Dietrich et al 2012) and FAO yields
(FAO 2013). For instance, in AFR yields are reduced by
about 70% (supplementary material figure S12). However, by
investing in yield increasing technologies this yield gap can
be closed, and technological progress over a long time can
even increase yields beyond LPJmL yields since it pushes the
technology frontier.

MAgPIE calculates emissions of the Kyoto GHGs carbon
dioxide (CO2), nitrous oxide (N2O), and methane (CH4)
(Bodirsky et al 2012, Popp et al 2010, 2012). Carbon emis-
sions from land conversion occur if the carbon content
(aboveground and belowground vegetation carbon) of the
new land type is lower than the carbon content of the previous
land type (e.g. if forest is converted to cropland). The amount
of carbon stored differs across land types and the values are
derived from LPJmL. Soil carbon and decay time of onsite
biomass are not considered, whereas the regrowth of natural
vegetation on abandoned land and the resulting increase of its
carbon stock are considered. Costs accruing due to the taxa-
tion of emissions are added to the production costs. Thus, the
GHG tax incentivizes the reduction of emissions resulting
from land-use change (CO2) and agricultural production
(N2O, CH4). It is important to note that in our analysis carbon
emissions from all types of land conversion are accounted for
and reported in the results, but only carbon emissions from
deforestation (conversion of forest land into any other land
type) are taxed. We consider this type of carbon tax regime to
be closest to a REDD scheme (reducing emissions from
deforestation and forest degradation, Ebeling and
Yasué 2008), which is currently discussed by the international
community and expected to contribute to a post-Kyoto
emission reduction treaty (Phelps et al 2010). Agricultural
N2O and CH4 emissions can be reduced according to mar-
ginal abatement cost curves based on the work of Lucas et al
(2007) and Popp et al (2010).

3.2. Scenarios

The socio-economic assumptions regarding trade liberal-
ization, forest protection, and demand for food, feed, and
material are geared to the ‘middle of the road’ narrative of
shared socio-economic development pathways (SSPs), with
intermediate challenges for adaptation and mitigation (O’Neil
et al 2012, see supplementary material for more information).
The SSPs do not incorporate climate policy by definition. We
simulate the outcome of climate policy by applying GHG
taxes and bioenergy demand scenarios as exogenous para-
meters. While bioenergy demand is varied in order to derive

the bioenergy supply price curves (see supplementary mate-
rial), the GHG tax is varied for the sensitivity analyses of the
supply curves.

The global uniform GHG tax on CO2, N2O, and CH4 in
the tax30 scenario starts in 2015 increasing by 5% per year
(2020, $30 tCO2eq

−1, giving the scenario its name; 2055,
$165 tCO2eq

−1; 2095, $1165 tCO2eq
−1). It is close to CO2

prices required to reach low stabilization targets at 450 ppm
CO2eq (Rogelj et al 2013, IEA 2012a, Luderer et al 2013).
The N2O and CH4 taxes are calculated from the CO2 tax using
the GWP100. In the tax0 scenario there is no GHG tax.

The bioenergy supply price curves are derived by mea-
suring the price response of the MAgPIE model to 73 dif-
ferent global bioenergy demand scenarios. Each bioenergy
demand scenario yields a time path of regional allocation of
bioenergy production and global bioenergy prices. For each
region and time step the supply curve was fitted to the
resulting 73 combinations of bioenergy production and
bioenergy prices (see supplementary material for details
and data).

4. Results

4.1. Bioenergy prices

Figure 1 shows the globally aggregated supply curves for
2055 and 2095. Without a GHG tax in the land-use sector,
bioenergy in 2055 can be supplied starting at $5 GJ−1.
Introducing a global uniform GHG tax substantially increases
supply prices for biomass by about $2 GJ−1 at low bioenergy
demands (below 30 EJ yr−1) and $5 GJ−1 at medium to high
demands (above 120 EJ yr−1) in 2055. In 2095 the tax
increases bioenergy prices by $10 GJ−1.

Conditions of bioenergy production differ across regions,
as do resulting bioenergy supply curves. Figure 2 shows the
regional breakdown of the global supply curve for major
producers. Without a GHG tax these are the tropical regions
AFR and LAM (figure 1, bottom), which offer access to large
areas of forest that can be converted to high-productivity land
for crop and bioenergy production. This results in relatively
flat supply curves in the tax0 scenario (figure 2, left). CPA
and NAM contribute most of the remainder. There are only
minor contributions from EUR, FSU, and PAS and almost
none from PAO and MEA.

Introducing a GHG tax changes the relative position of
the regional supply curves, since the consequences of pricing
emissions are different across regions (figure 2, right). The
price-elevating effect can be separated into two components: a
steepening of the supply curve due to land exclusion and a
translation effect due to non-CO2 co-emissions from bioe-
nergy (supplementary material figure S5). The steepening of
the supply curve is caused by the component of the GHG tax
that affects the carbon emissions from land conversion (CO2

price), since it effectively stops deforestation (in 2055 and
2095) and thus reduces the amount of land available for the
expansion of bioenergy production. The translation effect is
caused by pricing nitrogen emissions that accrue from

4
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fertilizer use for bioenergy crop cultivation. It does not scale
with the bioenergy demand, since the amount of organic and
inorganic fertilizer used per unit of bioenergy is constant.

The translation effect applies to the supply curves of all
regions (supplementary material figure S6) and is stronger in
2095 than in 2055 since the GHG tax is substantially higher
($1165 versus $165 tCOeq−1). Regions where no forest land
is used in the tax0 scenario, such as CPA, PAS, and SAS, are
only affected by this N2O-price effect. The supply curves of
regions that deforest in the tax0 scenario additionally show a
steepening due to CO2 pricing of forest land (strongest in
AFR and LAM). The combined effects significantly increase
regional supply prices and change the relative position of the
supply curves (figure 2). This is reflected in the reallocation of
the bioenergy production depicted at the bottom of figure 1:
production shifts from AFR and LAM mainly to PAS, CPA,
and SAS under the GHG tax. The tax makes PAS competi-
tive, which features a relatively high but flat supply curve.
The land restriction in PAS is not as strong as in other
regions, since it can expand into productive land that is not
under emission control (see below)4.

4.2. Land and yields

To illustrate the effects of bioenergy demand and GHG tax on
processes that drive the allocation and prices of bioenergy,
such as changes in land cover, yields, and emissions, the
remainder of the analysis focuses on the 2095 results of a
medium bioenergy demand scenario selected as a sample out
of the full portfolio (2055 results are included in the supple-
mentary material). This is done to keep the analysis com-
prehensible. The characteristics of the effects observed in

other demand scenarios are similar and qualitatively the same.
To identify the effect of bioenergy production we compare
results of this sample scenario to a zero-demand scenario (see
supplementary material figure S4 for the respective scenarios
and the full portfolio). Figure 3 shows the global land cover in
2095 and the initial value in 2005 for the four land types that
are subject to optimization (top) and their changes from 2005
to 2095 (bottom). Figure 4 depicts the regional breakdown of
the changes. Bioenergy production requires substantial
amounts of land, almost 500Mha for 240 EJ in 2095. With
and without tax this is predominantly realized by crop land
reduction (intensification) and usage of other land.

Without a GHG tax bioenergy causes only little addi-
tional deforestation (-55Mha, in LAM mainly), since large
amounts of accessible forest are already cleared for food and
feed production (−250Mha), (tax0 Bio versus tax0 NoBio).
Bioenergy reduces cropland globally by 300Mha (−17%) in
2095, mainly in AFR, LAM, CPA, and NAM. The increased
usage of other land (−130Mha) due to bioenergy production
in the tax0 Bio scenario has two sources: increased conver-
sion of existing other land (AFR) and usage of land that is
abandoned in the tax0 NoBio scenario (LAM, EUR, FSU)
(see also figure 4). Under the GHG tax, bioenergy and food
production cannot access high-productivity forest land in
AFR and LAM since it is effectively protected by the tax.
Therefore, bioenergy plantations are partly pushed out of
regions that formerly had access to forest (300Mha in AFR
and LAM). In parts this is compensated by further expansion
into other land (−100Mha), since resulting emissions are not
penalized by the GHG tax. Substantial amounts of other land
are converted in PAS that would have not been touched by
the single effect of bioenergy or tax. The remaining part is
compensated by the replacement of cropland with bioenergy
cropland (−200Mha), predominantly in SAS. Again, only the

Figure 1.Globally aggregated bioenergy supply curves for 2055 (top left) and 2095 (top right) without (black line) and with a global uniform
GHG tax (red line). The gray lines in the 2095 figure (right) indicate the positions of the 2055 supply curves. The colored bars at the bottom
show the underlying regional bioenergy production pattern for the sample scenario (145 EJ in 2055 and 240 EJ in 2095). The shaded areas in
the upper part indicate the standard deviation of the aggregated fit. Since the fit in 2095 is based on higher demand values than the 2055 fit,
the absolute value of the spread is larger in 2095, as is the standard deviation.

4 Under the GHG tax the global supply curves begin to flatten from the point
where PAS becomes competitive.

5
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combination of bioenergy and tax leads to bioenergy pro-
duction in SAS.

Bioenergy yields required for the global production of
240 EJ in 2095 vary substantially across regions and range
from 80 GJ ha−1 yr−1 (FSU) to 690 GJ ha−1 yr−1 (LAM) in the
tax0 scenario and 715 GJ ha−1 yr−1 (PAS) in the tax30 sce-
nario (supplementary material figure S12). While the global
average yield remains unchanged at 500 GJ ha−1 yr−1

(27 t ha−1 yr−1), the GHG tax requires substantial yield
increases for energy crops in all major producer regions,
mostly in PAS (from 300 to 715 GJ ha−1 yr−1), which com-
pensates for the exclusion of productive land in AFR and
LAM. If only major producers that cover more than 93%
(224 EJ) of the global production (AFR, CPA, LAM, and
NAM in the tax0 scenario and additionally PAS and SAS in
the tax30 scenario) are taken into account, average yield
increases from 596 to 611 GJ ha−1 yr−1 driven by the GHG
tax5. The average yield of regions producing the remaining

17 EJ decreases from 157 to 136 GJ ha−1 yr−1. Further infor-
mation on yields can be found in the supplementary material.

4.3. Emissions

Figure 5 shows the carbon emissions from the land-use sector
cumulated from 2005 to 2095 separated into emissions from
food and energy crop production. Without the GHG tax, food
production accounts for roughly 234 GtCO2 (80%) of total
emissions, mainly caused by deforestation in AFR (120
GtCO2) and LAM (70 GtCO2). Since the GHG tax almost
stops deforestation, it substantially reduces carbon emissions
from food crop production by 56% (to 102 GtCO2).
Remaining carbon emissions are caused by conversion of
other land. The production of bioenergy causes additional
emissions. If forest is not protected by the GHG tax, bioe-
nergy emissions account for 63 GtCO2, mainly due to
deforestation in LAM (40 GtCO2). Under the GHG tax there
is no deforestation for bioenergy, but substantial expansion

Figure 2. Impact of the GHG tax on the regional supply curves: regional breakdown of the global supply curve for major producers for the
tax0 (left) and tax30 scenarios (right), and for 2055 (top) and 2095 (bottom) with the sample scenario marked. The shaded areas indicate the
standard deviation of the fit. Since the fit in 2095 includes higher demands than the 2055 fit, the standard deviation is greater.

5 The difference from the global average is mainly due to FSU’s low
production on large areas of land.

6
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Figure 3. Global cover of land suitable and available (except protected forest) for agricultural production in 2095 with the initial value of
2005 (top). Global changes in land cover between 2005 and 2095 (bottom).

Figure 4. Breakdown of the global changes of land cover between 2005 and 2095 into regional changes.

7
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into other land6, predominantly in PAS (73 GtCO2). This
leakage effect increases bioenergy emissions by 54% to 97
GtCO2 cumulated from 2005 to 2095.

5. Discussion and conclusion

We constructed bioenergy supply curves for ten world regions
and a global aggregate under full land-use competition using a
high-resolution land-use model with endogenous technologi-
cal change. We find that the implementation of GHG taxes for
land-use and land-use change emissions is crucial for the
slope of the supply function and the GHG emissions from the
land-use sector.

Climate policy not only increases the demand for bioe-
nergy, as several studies show (Rose et al 2013, Calvin
et al 2009, Van Vuuren et al 2010a); it could also substantially
increase supply prices of biomass raw material, as the present
study shows (+$5 GJ−1 in 2055, +$10 GJ−1 in 2095). This is
mainly due to the fact that large amounts of high-productivity
forest land are de facto excluded by the GHG tax, since
expanding into forests would entail substantial carbon emis-
sions and related emission costs. Imposing the GHG tax thus
prevents deforestation, lowers carbon emissions, reduces land
available for bioenergy production, and increases the oppor-
tunity costs of land that is in competition with food production.

N2O emissions from fertilizer use further increase bioenergy
prices. The GHG tax also reduces the emissions in the case of
no bioenergy demand, because the agricultural demand alone
is a strong driver for cropland expansion. The bioenergy prices
presented in this study emerge under full land-use competition
with other crops and are therefore higher than pure production
costs on abandoned land found by Hoogwijk et al (2009) and
Van Vuuren et al 2009. The potential supply price of biomass
raw material is a crucial parameter for the deployment of
bioenergy. However, how much and along which conversion
routes (e.g. fuels, electricity, heat) bioenergy might be
deployed emerges from the balancing of supply and demand,
the latter of which is crucially determined by emission reduc-
tion targets, carbon prices, biofuel mandates, and technology
availability (Mullins et al 2014, Klein et al 2013, Rose
et al 2013). Although bioenergy prices presented here may
seem high compared to other energy carriers (4.6 $2005 GJ−1

for coal in 2011, IEA 2012b), bioenergy supply at these prices
could become relevant, since under climate policy the energy
system shows high willingness to pay for bioenergy (Klein
et al 2013). The incentive to pay high prices for bioenergy and
to create negative emissions from it increases with the carbon
price.

Results show that large-scale bioenergy production and
high GHG prices, which are likely to coincide under a climate
policy that embraces the energy and the land-use sector, can
put substantial pressure on the land-use system. In the sce-
narios of this study bioenergy production requires large
amounts of land, predominantly realized by intensification
and increased usage of other land. Thus, two measures aiming
at climate change mitigation (carbon taxes and bioenergy)
could pose a threat to food security since they could drama-
tically reduce the land available for food production.
Although not in the focus of this study, it is important to note
that the resulting needs for intensification are likely to
increase food prices. However, there is some indication that
food-price effects of large-scale bioenergy production could
be lower than price effects caused by climate change (Lotze-
Campen et al 2013). Adding to a study by Wise et al (2009),
who found substantial emissions from deforestation if ter-
restrial emissions are not priced at all (corresponding to the
tax0 scenario used here), this study illustrates the potential
consequences of a sectoral fragmented climate policy in the
land-use sector: while effectively preventing deforestation the
tax cannot prevent considerable carbon emissions resulting
from conversion of land that is not covered by the tax or a
forest conservation scheme. In our scenarios this is pre-
dominantly the case for other land in PAS. Its special role
emerges from its high productivity and its high carbon con-
tent. Based on data from Erb et al 2007 and FAO 2013 it was
accounted ‘other land’ (cf supplementary material 3.1). Its
high carbon content, however, would also justify including it
in the forest pool, which would protect it from conversion and
thus reduce land-use emissions and alter the supply of
bioenergy.

Increased N2O emissions are another adverse effect of
bioenergy production reducing the GHG mitigation potential
of bioenergy. They are of the same order of magnitude as the

Figure 5. CO2 emissions from land-use change due to bioenergy
production and other agricultural activities cumulated from 2005
to 2095.

6 In cases where bioenergy production inhibits or reverses regrowth of
natural vegetation (other land), inhibited negative emissions are counted as
positive emissions due to bioenergy production.
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CO2 emissions due to bioenergy production. The tax clearly
reduces total and bioenergy N2O emissions. The bioenergy
emissions comprise emissions from bioenergy production
itself (direct) and increased emissions from agriculture
resulting from intensification due to bioenergy production
(indirect). With the finding that N2O emissions might become
a major part of the GHG balance of lignocellulosic biofuels,
this study is in line with findings by Melillo et al (2009) and
Popp et al (2011b). However, the latter study argues that the
substantial negative emissions that could potentially be gen-
erated from biomass can overcompensate bioenergy N2O
emissions.

The energy yields of bioenergy presented in this study
(200 GJ ha−1 yr−1 in 2005, around 600 EJ ha−1 yr−1 in 2055,
and up to 700 GJ ha−1 yr−1 in 2095) are at the upper end of the
range (130–600 GJ ha−1 yr−1) reported by Haberl et al (2010)
for 2055. This partly results from the fact that the model in
our study predominantly chooses to produce biomass from
herbaceous bioenergy crops (such as Miscanthus), which tend
to feature higher yields than woody bioenergy crops (Fischer
et al 2005) used in studies presented by Haberl et al (2010).
Second, and in contrast to existing studies, bioenergy crop
production in the present study competes for cropland with
food crop production and thus bio-energy can be grown on
highly productive land. Furthermore, the observed prices and
underlying production patterns of bioenergy and food crops
are based on decisive preconditions in the land-use model, i.e.
(i) optimal global allocation of bioenergy and food production
and (ii) optimal and timely investments into research and
development (R&D) and full impact of R&D on all crops
within a region. These optimal conditions are difficult to
achieve in the real-world production system, exhibiting
underinvestment into research and development (Alston
et al 2009), consisting of numerous individual farmers who
do not have equal access to technology, and facing land
degradation, pests, and changes in weather and climate.

However, the high bioenergy yields at the end of the
century are predominantly the result of yield increasing
technological progress over almost 90 years. A large part of
the yield increases in MAgPIE fills the yield gap between
actual yields (observed land-use intensity in the starting year
1995) and the potential yields (derived from the vegetation
model LPJmL) that can be achieved under best currently
available management conditions. This yield gap can be
substantial. For instance, in the regions with the highest yield
increases, AFR, LAM, and PAS, the potential yields are
reduced to obtain actual yields in 1995 by about 70, 50, and
60% respectively (supplementary material figure S12).
MAgPIE bioenergy yields can exceed LPJmL bioenergy
yields over time as endogenous investments in R&D push the
technology frontier. For AFR, LAM, and PAS the yields in
2095 exceed the potential yields of 1995 by 80, 40, and 20%
respectively. Since this study considers endogenous techno-
logical change, there is a response in yield growth to the
pressure of bioenergy demand and forest conservation. This
allows identification of the need for yield growth that would
be required if a potential climate change mitigation policy
demanded large-scale production of biomass accompanied by

GHG prices. Therefore, the development of yields should be
interpreted as projections of required yields rather than pre-
dictions of expected yields. To what extent they are realistic is
currently under discussion. The performance of R&D for
second-generation bioenergy crops is highly uncertain. Due to
a lack of experience, there are no data available which could
be used as a point of reference. Our assumption that yield
increases for bioenergy crops will follow yield increases of
food crops could be either optimistic or pessimistic. It could
be optimistic, since for food crops mainly the corn:shoot ratio
was improved and not the overall biomass production (as is
required for second-generation bioenergy crops), or it could
be pessimistic, since research on lignocellulosic bioenergy
crops starts from zero, making it conceivable to assume that
there should be a lot of ‘low hanging fruits’. Several studies
doubt that such high yields could be achieved and argue that
the natural productivity poses an upper bound to the pro-
duction of bioenergy (Haberl et al 2013, Smith et al 2012,
Field et al 2008, Erb et al 2012, Campbell et al 2008). Others
argue that transferring bioenergy yield levels that were
observed under test conditions to huge areas might over-
estimate the bioenergy potential (Johnston et al 2009). There
are also concerns that raising energy crop yields beyond the
natural productivity over large regions and over a long time, if
possible at all, comes at the costs of increased GHG emissions
and other adverse environmental impacts. The findings about
bioenergy GHG emissions in the present study (see above)
confirm the former at least. There is also doubt that even
without bioenergy demand current yield trends will be suffi-
cient to meet the food demand projected for 2050 (Ray
et al 2013). On the other hand, Mueller et al (2012) indicate
that substantial production increases (up to 70%) are possible
by closing the yield gap with currently available management
practices.

The following policy relevant conclusions can be drawn
from the results. First, a potential climate policy that prices
land-use and land-use change emissions could significantly
increase supply prices of bioenergy, since it reduces the land
available for bioenergy production and since it adds cost for
fertilizer emissions to the production costs. Second, a carbon
tax can be an effective measure to protect forests (or any other
carbon stock under taxation), even if accompanied by large-
scale bioenergy production. However, it can only protect land
that is defined to be under emission control. The political
question of which land to put under carbon taxation defines
how much land is accessible. Thus, it is highly relevant not
only for the effectiveness of nature conservation and emission
mitigation but also for the supply of bioenergy. Third, the
combination of the carbon tax and the bioenergy demand is
expected to cause substantial pressure and strong intensifi-
cation on the remaining land, particularly if biomass is pro-
duced at large scale. Energy crop yields would be required to
rise beyond today’s potential yields. A climate policy that
builds on carbon taxation and bioenergy deployment thus
requires considerable accompanying R&D efforts that ensure
continuous technological progress in the agricultural sector.

In this study, we investigated the impact of GHG prices
on bioenergy supply. However, there are further crucial
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factors interacting with the long-term bioenergy supply that
could be studied, such as food demand, different levels of
forest and biodiversity protection, other land-use based miti-
gation options (e.g. afforestation), and bioenergy yields. The
latter are particularly uncertain, since there is almost no
practical experience with large-scale dedicated production of
lignocellulosic biomass. Second, due to the potential com-
petition with food production, the impact of bioenergy
demand and GHG prices on food supply needs further
research. Finally, the issue of fragmented climate policies
leading to regionally non-uniform GHG prices and potential
emission leakage needs to be considered for the environ-
mental performance of bio-energy production.
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1 Additional information on the MAgPIE model 

1.1 Key characteristics of the MAgPIE model 

Model feature Implementation in MAgPIE Source 

Solution concept Partial equilibrium, recursive dynamic, minimize 

total agricultural production costs 

 

Time horizon 1995-2095 in 10-year time steps  

Land available for food and feed 

production 

Crop land, forest, other natural vegetation, other 

arable land 

(Krause et al 

2013) 

Land available for bioenergy The same as for food and feed crops  

Technological change (TC) Endogenous (Dietrich et al 

2013) 

Agricultural yields   

   

Initial actual bioenergy yields in MAgPIE are 

derived from potential bioenergy yields in LPJmL 

by downscaling potential yields using information 

about observed land-use intensity (Dietrich et al 

2012) and yields (FAO 2013). Actual yields in 

MAgPIE can increase due to endogenous TC. More 

LPJmL (Bondeau 

et al 2007, Müller 

and Robertson 

2013) 
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information on agricultural yields can be found in 

(Humpenöder et al n.d.) 

Water availability The calculation of available water per grid cell is 

based on LPJmL 

LPJmL (Bondeau 

et al 2007, Müller 

and Robertson 

2013) 

Water use efficiency Irrigation efficiency is static  

Climate impacts Not used in this study  

Food demand (Population, GDP) SSP Database and SSP storylines (O’Neil et al 2012, 

IIASA 2013) 

Pasture Static  

Forestry Static  

Biodiversity protection Forest protection, rainfed bioenergy only 

 

(FAO and JRC 

2012) 

Area requirements for nature 

protection 

Forest protection  (FAO and JRC 

2012) 

Trade/self-sufficiency and its 

variation 

Endogenous trade but exogenous self-sufficiency  

Transport costs for bioenergy Based on the GTAP 7 database (Narayanan and 

Walmsley 2008) and the transport distance to the 

next market (Nelson 2008) 

 

Irrigation of crops Food crops: Rainfed and irrigated 

Bioenergy crops: Rainfed only 

 

Irrigation infrastructure Starting point based on Siebert et al (2007). Can 

change endogenously. 

 

Land degradation -  

GHG accounting CO2, N2O, CH4 emissions  

Carbon pools that are considered Vegetation, litter and soil carbon pool  

Carbon pools that are priced Vegetation, litter and soil carbon pool of forest land  

Land use based mitigation Marginal abatement cost curves (N20, CH4) (Lucas et al 

2007) 

1.2 MAgPIE regions 

 
Figure S1: MAgPIE regions 
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MAgPIE Region 

AFR Sub-Saharan Africa 

CPA Centrally planned Asia including China 

EUR Europe including Turkey 

FSU States of the former Soviet Union 

LAM Latin America 

MEA Middle East/North Africa 

NAM North America 

PAO Pacific OECD including Japan, Australia, New Zealand 

PAS Pacific (or Southeast) Asia 

SAS South Asia including India 
 

Table S1: Names and abbreviations of the 10 economic world regions in MAgPIE. 

2 Scenario design 

2.1 Socio-economic assumptions 

The socio-economic scenarios employed in this study are geared to the qualitative “Middle of the 

Road” narrative of Shared Socio-economic development Pathways (SSP) with intermediate socio-

economic challenges for adaptation and mitigation (O’Neil et al 2012). Based on this SSP 2 narrative 

we assume a globalizing economy with medium rates of trade liberalization and medium rates of 

forest protection. Food, feed and material demand (c.f. Figure S2) is calculated using the 

methodology described in Bodirsky et al. (in review) based on the SSP 2 population and GDP 

projections (IIASA 2013). The SSPs do not incorporate climate policy by definition. For the purpose 

of this study we apply GHG taxes and bioenergy demand scenarios as exogenous parameters. 
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Figure S2: Global food demand scenario with regional breakdown. 

 

2.2 Tax scenarios 

 
Figure S3: The two tax scenarios applied in this study. The tax30 scenario increases with 5 %/yr. 
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2.3 Deriving the supply price curves 

The bioenergy supply price curves are derived by measuring the price response of the MAgPIE 

model to different global bioenergy demand scenarios. The demand scenarios and resulting price 

paths are available in 10-year time steps between 2005 and 2095. For each of the GHG tax scenarios 

the MAgPIE model was run with 73 different bioenergy demand scenarios. Each global bioenergy 

demand scenario yields a time path of regional allocation of bioenergy production and bioenergy 

price. Thus, in each time step and each region 73 combinations of bioenergy production and 

resulting bioenergy prices exist. 

The regional supply curves were derived by fitting the function p(x,t,r) = a1(t,r) + a2(t,r) * x(t,r) ^ 

a3(r) using the method of least squares for p-p*, where p is the price calculated by the fit and p* the 

price calculated by MAgPIE. a1, a2, and a3 are the parameters to be adjusted, t is the time step, r the 

region and x the production of bioenergy (all fit coefficients are presented in the additional data-

SOM). 

The supply curves were derived using the full set of 73 demand scenarios. The scenarios start with 

a similar global demand of about 10 EJ in 2005 and evolve to values of 10 EJ to 270 EJ in 2055 and 

50 EJ to 580 EJ in 2095. The sample scenario has a global demand of 145 EJ in 2055 and 240 in 

2095. To identify the effect of bioenergy production we compare results of this sample scenario to a 

zero-demand scenario (see Figure S4). 

 
Figure S4: All bioenergy demand scenarios used for deriving the supply curves with the sample-scenario and the 

zero-demand scenario marked. 
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3 Additional results 

3.1 Components of the effect of GHG taxes on the supply curves 

 
Figure S5: The different components of the price-elevating effect of GHG taxes: Globally aggregated bioenergy 

supply curves for the scenarios without the GHG tax (tax0), with a pure carbon tax (tax30c) and the GHG tax 

on all emissions (CO2,N2O, and CH4), (tax30). 
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Figure S6: The different components of the price-elevating effect of GHG taxes: Regional bioenergy supply 

curves for the major bioenergy producers for the scenarios without the GHG tax (tax0, black), with a pure 

carbon tax (tax30c, green) and the GHG tax on all emissions, i.e. CO2,N2O, and CH4, (tax30, red). 

 

On the special behavior of PAS: The supply curve of PAS changes its shape from the tax0 to the 

tax30 scenario. This is due to small amounts of forest that can be cleared in the tax0 scenario at low 

prices. This forest is protected by the tax in the tax30 scenario, letting the supply curve start at high 

prices for low demands already. High bioenergy demands in PAS are satisfied by expansion into 

other arable land both in the tax0 and the tax30 scenario, since resulting emissions are not included 

in the GHG tax. Thus PAS supply curves of the tax0 and tax30 scenarios share similar features at 
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higher demands but differ for low demands. The low initial prices in the tax0 scenario lead to a fit of 

the data that is shaped concave. In the tax30 scenario the supply curve starts at higher prices and is 

convex. Other regions do not have access to high productive other land that can be used without 

being penalized by the GHG tax. Thus their supply curves are convex in all scenarios. 

The high productive land in PAS with, at the same time, high carbon content was accounted “other 

arable land” in our scenarios. This is based on data from Erb et al 2007, who accounted huge areas 

of “grazing land” in PAS, which in MAgPIE is included into the pasture land pool. Since the FAO 

reports less grazing land in PAS, the difference between both sources was accounted “other arable 

land” in the MAgPIE scenarios used in this study and only the intersection was defined as pasture 

land.  

3.2 Land allocation 

 
Figure S7: Global land cover in 2055 and 2095 for the four land types that are subject to the optimization and 

the four scenarios and the initial value in 2005. 
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Figure S8: Global land cover in 2055 (top) and 2095 (bottom) for all land types and the four scenarios and the 

initial value in 2005. 
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Figure S9: Regional land cover in 2055 (top) and 2095 (bottom) for the four land types that are subject to the 

optimization (and additionally for protected forest) for the four scenarios and the initial value in 2005. The 

figure focusses on the relevant range, thus AFR, LAM, and NAM are cut at 450 Mha. 
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3.3 Carbon emissions 

The carbon tax pushes the carbon emissions backwards in time, since early deforestation is stopped 

by the tax and the land conversion in PAS (which causes CO2 emissions) starts after 2050 when the 

pressure from bioenergy and food demand increases. 

 
Figure S10: Total (agriculture + bioenergy) CO2 emissions over time for the four scenarios. 

3.4 Bioenergy yields 

Figure S11: Regional grassy bioenergy yields (rainfed only) from LPJmL (1995, green) and MAgPIE 

(1995, 2055, 2095, orange) from the sample scenario. LPJmL (Beringer et al 2011) represents 

potential yields, while MAgPIE aims to represents actual yields. Therefore, LPJmL yields are 

downscaled using information about observed land-use intensity (Dietrich et al 2012) and FAO 

yields (FAO 2013). It is assumed that LPJmL bioenergy yields represent yields achieved under 

highest currently observed land use intensification, which is observed in EUR. Therefore, LPJmL 

bioenergy yields for all other regions than EUR are downscaled proportional to the land use 

intensity in the given region. In addition, yields are calibrated at regional level to meet FAO yields in 

1995, resulting in a further reduction of yields in all regions. Due to yield-increasing technological 

change (TC) MAgPIE yields can exceed LPJmL yields until 2095. 
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Figure S11: Regional average yields for herbaceous bioenergy (rain fed only) for LPJmL (1995) and MAgPIE (1995, 

2055, 2095) for the scenarios without (left) and with GHG tax (right). Yields of dedicated bioenergy crops (rainfed only) 

obtained from the vegetation model LPJmL (Beringer et al 2011) represent potential yields achieved under the best 

available management options. Since MAgPIE aims to represent actual yields in its initial time step, these yields are 

downscaled using information about observed land-use intensity (Dietrich et al 2012) and FAO yields (FAO 2013). For 

instance, in AFR yields are reduced by about 70%. Due to investment in yield-increasing TC MAgPIE yields can exceed 

LPJmL yields by 2095. This figure shows regional averages of yields averaged over all land in the respective region that 

is potentially available for bioenergy production. Regional average yields shown in Figure S14 are potentially higher 

since they only take land into account that is actually used for bioenergy production in the respective region. 

 

 
Figure S12: Bioenergy land cover across regions for the scenarios with and without GHG tax in 2055 and 2095 
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Figure S13: Bioenergy production across regions for the scenarios with and without GHG tax in 2055 and 2095 

 

 
Figure S14: Realized bioenergy yields across regions for the scenarios with and without GHG tax in 2055 and 2095. 
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Figure S15: Bioenergy as a driver for technological change: yields versus bioenergy demand across regions for the 

scenarios with and without GHG tax in 2095 
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Abstract This study investigates the use of bioenergy for achieving stringent climate
stabilization targets and it analyzes the economic drivers behind the choice of bioenergy
technologies. We apply the integrated assessment framework REMIND-MAgPIE to show
that bioenergy, particularly if combined with carbon capture and storage (CCS) is a crucial
mitigation option with high deployment levels and high technology value. If CCS is
available, bioenergy is exclusively used with CCS. We find that the ability of bioenergy to
provide negative emissions gives rise to a strong nexus between biomass prices and carbon
prices. Ambitious climate policy could result in bioenergy prices of 70 $/GJ (or even 430
$/GJ if bioenergy potential is limited to 100 EJ/year), which indicates a strong demand for
bioenergy. For low stabilization scenarios with BECCS availability, we find that the carbon
value of biomass tends to exceed its pure energy value. Therefore, the driving factor behind
investments into bioenergy conversion capacities for electricity and hydrogen production are
the revenues generated from negative emissions, rather than from energy production.
However, in REMIND modern bioenergy is predominantly used to produce low-carbon
fuels, since the transport sector has significantly fewer low-carbon alternatives to biofuels
than the power sector. Since negative emissions increase the amount of permissible emis-
sions from fossil fuels, given a climate target, bioenergy acts as a complement to fossils
rather than a substitute. This makes the short-term and long-term deployment of fossil fuels
dependent on the long-term availability of BECCS.
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1 Introduction

Bioenergy is expected to play an important role within the portfolio of long-term greenhouse
gas (GHG) mitigation options (Chum et al. 2011; Fischedick et al. 2011). Its combination
with carbon capture and sequestration technologies (CCS) allows carbon to be removed
from the atmosphere, making it a measure of active carbon management (Obersteiner et al.
2001; Riahi et al. 2007; Tavoni et al. 2013). This feature1 of bioenergy with CCS (BECCS)
alleviates the deep reductions of GHG emissions that are necessary to meet stringent climate
change mitigation targets (van Vuuren et al. 2010a, b; Azar et al. 2010; Kriegler et al. 2013a;
Edenhofer et al. 2010). Another advantage of biomass is its versatility: it can be converted
into several types of secondary energy such as electricity, heat, liquid fuels, and hydrogen
(Luckow et al. 2010; van Vuuren et al. 2010a). Therefore, it can serve as a flexible measure
for mitigation across different sectors. The combination of both features makes it a valuable
and robust mitigation option (Riahi et al. 2007). However, there are major uncertainties
regarding the main factors that determine biomass deployment. First, due to uncertainty
about future development of land use and agricultural production, there is a wide range of
future estimates of bioenergy potential, ranging from less than 50 to several hundred EJ in
2050 (Chum et al. 2011). Furthermore, concerns about the negative impacts of large-scale
biomass production on food security, biodiversity and GHG emissions exist (Wise et al.
2009; van Vuuren et al. 2010a; Creutzig et al. 2012; Popp et al. 2011, 2012, 2013). Second,
there is major uncertainty about the availability of advanced second-generation bioenergy
conversion technologies (Sims et al. 2010). Finally, large uncertainties remain regarding the
future deployment of CCS with respect to technological challenges, constraints on storage
capacities, and limited social acceptance (Zoback and Gorelick 2012).

This study argues that two key features of bioenergy—versatility and negative
emissions—determine its use and value as a mitigation option. Versatility allows bioenergy
to be deployed in the way most valuable for decarbonizing energy use (as measured in terms
of revenues from its energy production), and its negative emissions capability suggests to
use it in a way which maximizes the amount of CO2 withdrawn from the atmosphere. In the
framework of our study, the latter is incentivized by the fact that the carbon price accrues as
revenue to BECCS operators for every ton of CO2 withdrawn (carbon revenue). Concretely,
we ask the following questions:

& How do the carbon and energy value of bioenergy determine its overall value for climate
change mitigation?

& How does the structure of energy and carbon revenues differ across different bioenergy
technologies, and how do these differences affect their deployment for different levels of
climate stabilization targets?

& How does biomass deployment interact with the deployment of fossil fuels?

Based on these questions, we aim to characterize the two key economic drivers behind
bioenergy use, their interplay and the potential trade-offs between them. To our knowledge,
such a detailed characterization has not yet been provided in the literature. To account for the
uncertainties about crucial determinants of bioenergy deployment we additionally vary the
availability of biomass and CCS technology and study their impact on the mitigation
strategy and its costs. We shed light on the crucial factors that determine the choice of
bioenergy conversion technology if carbon and bioenergy markets are interlinked, adding to

1 There are other options to generate net negative emissions, e.g., direct air capture technologies and
afforestation. In contrast to biomass, they are not usable as primary energy carriers.
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existing studies (Luckow et al. 2010; Calvin et al. 2009; van Vuuren et al. 2010a) on the
preferred long-term and large-scale applications of bioenergy under climate policy.

2 Methodology

Bioenergy deployment depends on the evolution of both energy and land-use systems.
Therefore, an in-depth analysis of future scenarios of bioenergy use requires modeling of
the two systems. This study applies the combined model system REMIND-MAgPIE. The
integrated assessment model REMIND represents the energy-economy-climate system and
covers a wide range of bioenergy and competing conversion technologies. Within REMIND,
the land-use sector is represented by an emulation of the high-resolution land-use model
MAgPIE. This emulation focuses on bioenergy supply costs and total agricultural emissions.

2.1 The integrated assessment model REMIND

The Refined Model of Investment and technological Development (REMIND) is a global
multi-regional model that assesses climate change mitigation policies over the course of the
21st century, while integrating the interactions between the economy, the energy sector, and
climate change (Leimbach et al. 2010a, b; Luderer et al. 2012, 2013; Bauer et al. 2012a, b).

REMIND combines a macro-economic Ramsey-type growth model, a detailed bottom-up
model of energy production and conversion, and a climate module. The macro-economy
endogenously determines the demand for final energy. The final energy carriers and services
are produced from primary energy using a broad set of technologies for conversion,
transmission, and distribution (cf. supplementary online material (SOM) Table S2).
Endogenous technology learning is assumed for solar photovoltaic and concentrating solar
power as well as wind turbines (see SOM Section S1 for further information on non-biomass
renewables). REMIND assumes a global storage potential for captured carbon of 3600
GtCO2 and a maximal annual injection rate of 0.5 % of the regional total potential (see
SOM Section S1.6 for regional potentials). Prices for fossil and biomass resources are
calculated from supply cost curves. Regions interact via trading of goods and primary
energy carriers, including biomass.

Bioenergy can pursue different technology routes to be converted from primary energy
into several types of secondary energy carriers. Dominant technologies are biomass-to-liquid
fuels B2L, BIGCC (integrated gasification combined cycle) producing electricity, and
biomass-to-hydrogen (B2H2). BIGCC and B2H2 feature high capture rates (80 % and
90 %, respectively), whereas B2L maintains a lower capture rate (48 %) since a significant
share of carbon is embedded in the resulting fuel. Detailed information about bioenergy
conversion routes and competing technologies and their techno-economic characteristics can
be found in SOM Table S3. Biomass is considered a low-carbon energy source with a credit
for negative emissions from CCS in the energy system. A detailed description of the
assumptions on bioenergy and the interaction of the REMIND and MAgPIE model can be
found in Section 2.3 and 2.3.

The techno-economic characteristics of the technologies and the endogenously evolving
prices of energy and GHG emissions determine the size and structure of the energy sector.
Climate change stabilization targets are implemented by constraining radiative forcing (cf.
SOM Section S2.2). The REMIND model computes the cost-effective emission mitigation
with full where (abatement can be performed where it is cheapest), when (optimal timing of
emission reductions and investments) and what (optimal allocation of abatement among
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emission sources and greenhouse gases) flexibility. Further key characteristics of the
REMIND model can be found in SOM Table S1 and a full model description in Luderer
et al. (2013).

2.2 The land-use model MAgPIE

The bioenergy supply prices and land-use emissions represented in REMIND are based on
data from the global land-use model MAgPIE (Model of Agricultural Production and its
Impact on the Environment), (Lotze-Campen et al. 2008, 2010). MAgPIE is a recursive
dynamic optimization model that minimizes the total cost of production for a given amount
of regional food and bioenergy demand. In order to increase total agricultural production,
MAgPIE can invest either in yield-increasing technological change or in land expansion
(Krause et al. 2012; Popp et al. 2011). Four categories of costs arise in the model: production
costs for livestock and crop production, yield-increasing technological change costs
(Dietrich et al. 2013), land conversion costs, and intraregional transport costs. A breakdown
of total agricultural production costs into these categories can be found in SOM Figure S14.
MAgPIE considers regional economic conditions such as demand for agricultural commod-
ities, level of agricultural technology, and production costs as well as spatially explicit data
on potential crop yields, land, and water constraints (from the dynamic vegetation model
LPJmL, Bondeau et al. 2007) and derives specific land-use patterns, yields, and total costs of
agricultural production. The model incorporates N2O and CH4 emissions from agricultural
production (Bodirsky et al. 2012) as well as CO2 emissions from land-use change (Popp
et al. 2012). Since the demand for food is prescribed exogenously based on the assumed
pattern of regional per capita income, there is no price response of food demand.
Neither is there any underlying “food-first” policy in MAgPIE. Biomass competes with the
production of food crops for land and other agricultural resources. This competition
determines the biomass prices that emerge from MAgPIE. Biomass supplies special-
ized 2nd generation ligno-cellulosic grassy and woody bioenergy crops, i.e. miscanthus, poplar,
and eucalyptus.

2.3 Representation of the land-use sector

The supply of purpose-grown ligno-cellulosic biomass in REMIND is represented by
regional supply price curves that are calculated based on the price responses of MAgPIE
to different biomass demand scenarios (Klein, in prep., SOM Fig. S2). Regional biomass
endowments within REMIND are not limited explicitly (apart from a global limit, see
below). However, there is an implicit limit, since the biomass supply curves prescribe rising
prices for increasing demand. Therefore, the competitiveness of bioenergy with other energy
carriers is limited. The emission baselines for CH4, N2O, and CO2 from land-use and land-
use changes were also obtained from MAgPIE. They are exogenously prescribed to
REMIND and can be reduced according to marginal abatement cost (MAC) functions
(Lucas et al. 2007). The MAC function for CO2 abatement resulting from avoided defores-
tation was derived from MAgPIE by measuring the response of CO2 emissions to varying
CO2 prices.

We use different bioenergy supply cost curves for the policy and baseline scenarios in
REMIND since carbon pricing not only results in lower land-use emissions, but also
increases bioenergy prices. Consistent with Wise et al. (2009) we find that pricing emissions
from land-use change induces avoided deforestation. The avoided deforestation leads to an
intensification rather than extensification of land for bioenergy production and thus makes it
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more costly to produce bioenergy. Wise et al. (2009) observes that carbon prices not only
reduce deforestation but may even lead to afforestation. However, this option is not available
in the current MAgPIE model. In the presence of carbon pricing, deforestation comes to a
halt by 2020 in all policy scenarios. The resulting carbon emissions from land use show
levels of about 4.4 GtCO2/year until 2020 and zero emissions thereafter. N2O emissions
from bioenergy production due to fertilization are covered by an emissions factor2 of 3.7 kg
CO2 eq/GJ in REMIND. By including the emission baselines and emission factors, direct
and indirect emissions caused by bioenergy deployment are fully represented and are part of
the climate change stabilization target in REMIND. Therefore, emissions from the land-use
sector and the energy system are valued equally.

Bioenergy is assumed to be predominantly produced from second-generation, ligno-
cellulosic, purpose grown biomass, and ligno-cellulosic agricultural and forestry residues.
The traditional use of biomass phases out until 2050, based on the assumption that it is
replaced with modern, sustainable, and less harmful fuels as incomes rise, especially in
developing countries. First-generation biofuels are expected to contribute only in the short-
to mid-term and they are expected to be replaced by second-generation fuels (Sims et al.
2010). Land-use impacts, co-emissions, and competition with food production from first-
generation biofuels are heavily debated (Searchinger et al. 2008; Fargione et al. 2008).
REMIND assumes that only small amounts of first-generation fuels exist (less than
0.1 EJ/year globally). The model considers the low-cost potential of ligno-cellulosic
agricultural and forest residues, which increases from 20 EJ/year in 2005 to 70
EJ/year in 2100 (based on Haberl 2010 and own calculations). Given the concerns
about the sustainability implications of large-scale bioenergy production, REMIND
assumes, by default, an upper global limit of 300 EJ/year for second-generation
biomass use. This constraint is consistent with the upper end of potential 2050
deployment levels identified in Chum et al. (2011). Based on the current public
debate, we consider this constraint to be a reflection of the potential institutional
limitations on the widespread use of bioenergy; however, it does not reflect a
limitation of bioenergy supply in the MAgPIE model. We have run the scenarios
analyzed in this study with unconstrained bioenergy supply and found that bioenergy
deployments in 2100 reach 355 EJ/year in the 550-FullTech scenario and 535 EJ/year in the 450
FullTech scenario. Therefore, the bioenergy constraint becomes binding at some point in the
second half of the 21st century (cf. Section 3 on results).

2.4 Interaction of the models

For the EMF27 scenario analysis the three models REMIND, MAgPIE and MAGICC
(Meinshausen et al. 2011) were run consecutively (cf. SOM Figure S4). In a first step
REMIND calculates the optimal mitigation strategy for the energy system. Using an
emulation of the MAgPIE model REMIND takes into account the bioenergy supply curves,
land use emissions and land use based mitigation potentials as described above. REMIND
also includes an emulator of the MAGICC model to relate emissions to radiative forcing and
temperature. Results from the land use and climate emulation in REMIND and from the
subsequent post-runs in MAgPIE and MAGICC are very close to each other. The latter are
reported to the EMF27 database.

2 This emission factor was estimated from MAgPIE results and assuming a global warming potential of 298
for N2O. Van Vuuren et al. 2010c report a similar value of 2.93 kg CO2 eq/GJ.
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2.5 Scenario definition

This analysis focuses on the EMF27 scenarios that combine different climate targets with the
availability of CCS and high and low bioenergy potential. The EMF 27 scenarios cover three
types of climate targets: baseline scenarios without climate protection targets (referred to as
“Base”), 3.7 W/m2 forcing stabilization targets (not to exceed, referred to as “550”), and
2.8 W/m2 forcing targets with overshoot (referred to as “450”). Scenarios with CCS and an
upper limit of 300 EJ/year for biomass are labeled “FullTech”. Scenarios imposing a limit of
100 EJ/year on global bioenergy potential are referred to as “LimBio”. If a scenario excludes
CCS, it is labeled “NoCCS”. A description of the full portfolio of EMF27 scenarios is given
in Kriegler et al. (2013b).

3 Results

The general finding across all scenarios shows that bioenergy is one of the major mitigation
options in stringent climate policy scenarios. This paramount importance of bioenergy for
achieving low-stabilization targets can be attributed to its two key characteristics: its
versatility for producing different secondary energy carriers, and the option to create
negative emissions by combining bioenergy with CCS. Section 3.1 and 3.2 focus on the
deployment of bioenergy in the energy supply mix, and how this relates to its versatility and
negative emissions capability. Section 3.3 and 3.4 investigate the value of and economic
drivers behind bioenergy deployment in climate policy scenarios.

3.1 The contribution of bioenergy to primary energy supply

The REMIND baseline scenario is characterized by a strong reliance on fossil fuels.
Traditional biomass is used in the first half of the century, but modern bioenergy use remains
insignificant. While total primary energy demand continues to increase, deployment of fossil
fuels peaks in 2070 due to increasing scarcity and is subsequently replaced with renewable
sources. Solar and wind energy contribute to electricity production, whereas bioenergy
replaces fossil transport fuels.

As Fig. 1 (left and middle) shows, climate policy leads to earlier deployment of bioenergy
and much higher long-term deployment, reaching 300 EJ/year. While bioenergy contributes
substantially to global primary energy supply in all scenarios, primary energy mixes vary
considerably depending on the stringency of the climate target and the availability of
technology. All climate policy scenarios show a reduction of final energy demand compared
to the baseline (−16 % to −28 %, cf. SOM Figure S5), which results in a substantial decrease
in primary energy demand.3 In all climate policy scenarios, the use of conventional coal
without CCS is phased out quickly after 2010 and decreases to nearly zero by 2040. In
addition, only negligible or relatively small coal use with CCS is observed across the
scenarios. The 550 FullTech scenario allows for higher deployment levels of oil and gas
throughout the whole century compared to the 450 FullTech case. In both FullTech mitiga-
tion scenarios, gas with CCS is a mid-term mitigation option with maximal deployment

3 The direct equivalent method was used for primary energy accounting. Since it accounts one unit of non-
biomass renewable or nuclear energy for roughly three units of fossil fuels in electricity production, it tends to
understate the contribution of renewables or nuclear in primary energy supply. Reductions in primary energy
are partly due to a shift from fossil fuel combustion to non-biomasss renewables and nuclear energy.
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around 2045. At the end of the century, fossil fuels account for approximately 30 % (300 EJ)
in the 550 FullTech scenario and only 10 % (90 EJ) in the 450 FullTech scenario. In all
policy scenarios, the expansion of modern bioenergy use begins around 2030, about 30 years
earlier than in the baseline, and evolves dynamically thereafter. The maximum potential is
reached between 2040 (100 EJ in 450-LimBio) and 2080 (300 EJ in 550-FullTech). BECCS
conversion routes are so attractive that bioenergy without CCS is crowded out. New
conversion capacities for bioenergy are exclusively built with CCS in all policy scenarios
that allow for CCS. In contrast, fossil CCS is less favored as it entails residual emissions in
the REMIND model. In both FullTech policy scenarios, BECCS makes up approximately
30 % (300 EJ) of primary energy at the end of the century.

In all policy scenarios, the non-biomass renewable energies - solar, wind, and hydro -
have a dominant share in the power supply after 2060, of which solar comprises the majority.
By 2100, their contribution reaches approximately 41 % (550-FullTech) to 76 % (450-
LimBio) of primary energy supply.

In the 450/550-FullTech scenarios fossil fuels and industry emit 1670/2290 GtCO2 from
2005 to 2100, of which 830/610 GtCO2 (50/27 %) are withdrawn by BECCS, resulting in
840/1680 GtCO2 deposited in the atmosphere by 2100. Together with fossil CCS 950/770
GtCO2 have been captured by 2100 (SOM Section S2.3 and S2.4).

3.2 Bioenergy: a versatile energy carrier

Due to its versatility, bioenergy assumes a unique position among non-fossil energy carriers.
In contrast to nuclear or non-biomass renewables, it can be converted into different types of
secondary energy. Figure 1 (right) depicts the demand of primary bioenergy for those types
of secondary energy cumulated for 2005–2100. Modern bioenergy is mainly deployed in the
second half of the century. The exogenously prescribed phase out of traditional biomass is
not varied across scenarios.

In almost all scenarios including the baseline, bioenergy is predominantly used to
produce liquid fuels. In the baseline scenario, biofuel is a substitute for increasingly scarce
and costly oil in the second half of the century. Under climate policy, biofuel production with
CCS has two purposes. First, it lowers emissions in the transportation sector, for which other
decarbonization methods, such as electrification, are rather costly. Second, it produces
negative emissions, which offset emissions from other sources (cf. Section 3.3). Only the
450-ppm scenarios (FullTech and LimBio) show capacities for dedicated electricity produc-
tion from biomass using BIGCC with CCS. In all other scenarios the small amounts of
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bioenergy demand for electricity accompanying the dominant demand for liquids is due to
the fact that electricity is a byproduct of the biomass liquefaction process represented in
REMIND (cf. SOM Table S2). The BIGCC and B2H2 processes feature higher capture rates
and, therefore, enable the higher negative emissions that are required in the more stringent
mitigation scenarios. In general, tightening the climate target or restricting the bioenergy
potential increases the deployment of technologies with higher capture rates, in order to
maximize negative emissions per unit of primary bioenergy used. Consequently, the shares
of BIGCC (80 % capture rate) and/or hydrogen production (90 % capture rate) increase from
550-FullTech to 450-FullTech, from 550-FullTech to 550-LimBio, from 450-FullTech to
450-LimBio, and from 550-LimBio to 450-LimBio. Kriegler et al. (2013a) also observe a
higher share of B2H2 and BIGCC compared to B2L due to tighter bioenergy supply limited
to 200 EJ/year.

3.3 The value of bioenergy for climate change mitigation

The following sections show that bioenergy has a high value for climate mitigation. As a
direct reflection of this, mitigation costs, an indicator of the economic challenges resulting
from climate policy, rise sharply if bioenergy or CCS are limited (Fig. 2). This indicates that
without bioenergy and CCS, it is difficult to achieve low stabilization targets.

Aggregate mitigation costs are expressed in terms of consumption losses between a
climate policy scenario and the corresponding baseline, in net present value terms for the
period 2005–2100 and discounted at 5 % per year, as a share of net present value consump-
tion in the baseline. We find that mitigation costs depend strongly on the climate target as
well as the abundance of bioenergy and the availability of CCS technologies. Increasing the
stringency of the climate target from 550 ppm to 450 ppm results in almost a doubling of
mitigation costs from 1.8 % to 3.1 %. The unavailability of CCS increases mitigation costs
more (to 2.7 % for 550-ppm and 10.5 % for 450-ppm) than lowering the bioenergy potential
from 300 EJ/year to 100 EJ/year (to 2.3 % and 5.7 % respectively). The costs for all 550-
ppm scenarios lie below the 450-ppm policy costs. In the 450-ppm scenario, costs almost
double (to 5.7 %) if bioenergy supply is limited to 100 EJ/year and more than triple (to
10.5 %) if CCS is not available. The value of bioenergy and BECCS increases with the
stringency of the mitigation target, and is particularly important for low stabilization at
450 ppm CO2e.

BECCS is particularly valuable because its negative emissions provide an additional
degree of freedom for the amount and timing of emission reductions (Kriegler et al. 2013a).
Since emissions from fossil fuel combustion in earlier periods can be compensated by
negative emissions at a later stage (up to 50 % in the 450-FullTech scenario), negative
emissions allow for the postponement of some emission reductions in the short-term and the
preservation of some residual emissions in the long run. This is even more significant if
overshooting of the stabilization target (in terms of radiative forcing) is allowed before 2100.
Figure 2 illustrates this emission dynamics and the challenges associated with climate
stabilization with full and limited technology portfolios. The graph shows CO2 emissions
over time from fossil fuel and industry with (top left) and without accounting (top right) for
negative emissions from BECCS as well as the resulting CO2 prices (bottom left). Pathways
of net emissions do not depend on the availability of biomass or CCS in the 550-ppm case.
In the 450-ppm scenario, BECCS in the second half of the century compensates for the
emissions of the preceding decades. Limiting the bioenergy potential to 100 EJ/year or
excluding CCS strongly reduces this inter-temporal flexibility. An immediate and rapid
restructuring of the energy system is required in the early decades since strong overshooting
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of the forcing target (by 0.7 W/m2 as observed in the 450-FullTech scenario), is no longer
possible (0.3 W/m2 in the 450-NoCCS scenario). Consequently, carbon prices as high as 120
$/tCO2 in 2020 (520 $/tCO2 with NoCCS), compared to 50 $/tCO2 in the FullTech scenario,
are required to trigger this early transformation and to reach the 450-ppm target.

Figure 3 (left) shows that these emission dynamics directly translate into a relationship
between the pathways of fossil fuels and bioenergy deployment making the short and long-term
deployment of fossil fuels dependent on the long-term potential of biomass. Figure 3 (right)
depicts the cumulated amounts (from 2005 to 2100) of fossil fuels and bioenergy for scenarios
with different bioenergy availabilities scaled to the 450-FullTech scenario. Comparing the 450-
LimBio with the 450-FullTech case shows the simultaneous increase of cumulated fossil fuel
and bioenergy demand. Due to the creation of negative emissions, more biomass use allows for
higher deployment of fossil energy. This leads to the following conclusion: while biomass is an
important substitute for fossil fuels in climate mitigation scenarios, given a climate target it also
displays characteristics of a complement to fossil fuels.
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Figure 4 shows the additional 450-HighBio scenario (not part of EMF27 portfolio)
which omits the 300 EJ/year constraint on global bioenergy deployment. Although the
bioenergy demand strongly exceeds 300 EJ/year the corresponding amount of fossil
fuels does not increase further. This is the consequence of assuming a physical
limitation of the injection rate for captured carbon in REMIND. Since this limit is
reached in 2060 (450-FullTech), removing the bioenergy-constraint in the 450-
HighBio scenario cannot provide additional negative emissions and there is no room
for additional fossil fuels. Thus, the short to long-term deployment of fossil fuels and
BECCS technologies additionally depend on the rate at which CO2 can be sequestered into
geological reservoirs.
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3.4 The relation between bioenergy and carbon markets

Maintaining today’s fossil fuel deployment over the next decades under stringent climate
policies induces a strong demand for BECCS in the second half of the century. This is
reflected by the strongly increasing prices for biomass. While bioenergy prices in the Base-
FullTech scenario range between 1 $/GJ in 2010 and 12 $/GJ in 2100, prices reach 32 $/GJ
in the 550-ppm scenario and 73 $/GJ in the 450-FullTech scenario in 2100. Limiting
bioenergy potential or excluding CCS increases bioenergy prices to 105 $/GJ and 431
$/GJ, respectively. Average production costs of bioenergy are much lower (around 6 $/GJ)
indicating substantial revenues for bioenergy producers.

Figure 4 (left) reveals a strong correlation between carbon prices and bioenergy prices.
This is not surprising: with increasing carbon prices, the incentive to replace fossil fuels with
bioenergy increases, as do potential revenues from BECCS-generated negative emissions.
The dependence of bioenergy prices on carbon prices is stronger in scenarios with CCS and
somewhat weaker in the NoCCS scenario. In the climate mitigation scenarios, the value of
bioenergy is determined by both its energy value and the value of potential negative
emissions. An analysis of the revenues gained from biomass conversion demonstrates that
under stringent climate targets, and in the presence of BECCS, the value of negative
emissions tends to dominate over the value of the energy.

Figure 4 (right) shows the revenues from secondary energy production and captured
carbon per unit of primary energy input for different BECCS power plants in 2050 and 2100
for the US and for the 450 and 550-FullTech scenario. In both scenarios, a major share of
revenues from BIGCC and B2H2 plants is gained from capturing carbon, whereas revenues
from energy production are relatively low. This effect is stronger at higher carbon prices
(550 vs. 450 and 2050 vs. 2100). Compared to electricity and hydrogen, revenues from
diesel are significantly higher since the transportation sector has fewer low-carbon alterna-
tives to biomass than the electricity sector. Fossil liquids prices increase due to entailed
carbon emissions. This drives up the demand for biofuels and the resulting prices for
biofuels (cf. SOM Fig. S12 and Fig. S13 for a regional breakdown of revenues and liquid
fuel prices). Thus, the B2L technology is attractive despite its lower capture rate. Only in
scenarios with high carbon prices (LimBio vs. FullTech, 450 ppm vs. 550 ppm) technologies
with higher capture rates become more favorable. The driving factor for building bioenergy
conversion capacities for electricity and hydrogen production are the revenues generated
from negative emissions, rather than from energy production.

4 Summary and conclusion

The potentially negative carbon content of biomass has far-reaching consequences for
mitigation strategies, mitigation costs and bioenergy deployment. Our analysis shows that
BECCS can be a crucial mitigation option with high deployment levels and a high technol-
ogy value, particularly for low stabilization targets. In our model results, modern bioenergy
is exclusively used with CCS if this technology is available. Not having BECCS available
strongly increases mitigation costs.

BECCS has impact on the timing and dynamics of emission reductions over the course of
the century. Negative emissions are valuable because they increase the amount of permis-
sible carbon emissions from fossil fuels and therefore allow postponing some emissions
reductions in the short-term. Thus, for a given climate target, bioenergy acts as a comple-
ment to fossils rather than a substitute. Postponing emission reductions turns this inter-
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temporal flexibility into a commitment since the prolonged short-term deployment of fossil
fuels rely on the long-term potential of biomass and the availability of CCS. Given the
uncertainties about CCS technology and the concerns about the sustainability of large-scale
production of bioenergy, a strong reliance on the availability of these two options could be a
risky strategy.

The potential of biomass to provide negative emissions establishes a strong link between
bioenergy prices and carbon prices. For low stabilization scenarios with BECCS availability,
we find that the carbon value of biomass tends to exceed its pure energy value. This has
consequences for the choice of BECCS technologies: with rising carbon price the capture
rate becomes the crucial deciding factor in terms of which conversion routes are taken. High
carbon prices (as observed in the LimBio scenarios) induce investments in technologies that
would not be built for the purpose of energy production. In our scenarios these are electricity
and hydrogen. However, except in the 450-LimBio scenario exhibiting higher carbon prices
than all other CCS-scenarios, bioenergy is predominantly used to produce low-carbon fuels,
since the transport sector has significantly fewer low-carbon alternatives to biofuels than the
power sector.

The price link has another consequence: as this study shows, imposing stringent climate
targets induces a strong demand for BECCS and a high willingness-to-pay for biomass.
Postponing emission reductions will further increase this demand-pull for biomass. Thus, a
high pressure on the agricultural sector can be expected under stringent climate policy even
if production costs of purpose-grown biomass were high. In our analysis, biomass prices
exceed average production costs, giving rise to considerable land rents for producers. The
resulting large-scale bioenergy production potentially has unintended negative impacts on
land-use systems, such as competition with food production, reduction of biodiversity, and
additional GHG emissions (Wise et al. 2009; Searchinger et al. 2008; Fargione et al. 2008).
Imposing sustainability constraints on the production of bioenergy likely will limit the potential
of bioenergy (Haberl et al. 2010; van Vuuren et al. 2009) as a mitigation option. Therefore,
further research is needed to study the potentially far-reaching implications of connecting
agricultural, energy and carbon markets. In particular, unintended side effects should be
included into the assessment of bioenergy as a mitigation measure. The investigation of this
climate policy induced land-energy nexus requires an integrated assessment based on fully
coupled energy-economy and land use models.

Acknowledgments The research leading to these results has received support from the ERMITAGE project
funded by the Seventh Framework Programme (FP7/2007-2013) under grant agreement n° 265170.

References

Azar et al (2010) The feasibility of low CO2 concentration targets and the role of bio-energy with carbon
capture and storage. Clim Chang 100:195–202

Bauer N et al (2012a) The REMIND–R model: the role of renewables in the low–carbon transformation—first–
best vs. second–best worlds. Clim Chang 114:145–168

Bauer N et al (2012b) Economics of nuclear power and climate change mitigation policies. Proc Natl Acad Sci
U S A 109(42):16805–16810

Bodirsky B et al (2012) Current state and future scenarios of the global agricultural nitrogen cycle. Biogeosci
Discuss 9:2755–2821

Bondeau A et al (2007) Modelling the role of agriculture for the 20th century global terrestrial carbon balance.
Glob Chang Biol 13(3):679–706

Climatic Change

130 6 The value of bioenergy in low stabilization scenarios



Calvin K et al (2009) Limiting climate change to 450 ppm CO2 equivalent in the 21st century. Energy Econ
31:S107–S120

Chum H et al (2011) Bioenergy. In: IPCC special report on renewable energy sources and climate change
mitigation. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, p 1075

Creutzig F et al (2012) Reconciling top-down and bottom-up modelling on future bioenergy deployment. Nat
Clim Chang 2:320–327

Dietrich JP et al (2013) Forecasting technological change in agriculture—an endogenous implementation in a
global land use model. Technol Forecast Soc Chang. doi:10.1016/j.techfore.2013.02.003

Edenhofer O et al (2010) The economics of low stabilization: model comparison of mitigation strategies and
costs. Q J IAEE’s Energy Econ Educ Found 31:11–48 (Special Issue)

Fargione J et al (2008) Land clearing and the biofuel carbon debt. Science 319:1235–1238
Fischedick M et al (2011) Mitigation potential and costs. In: IPCC special report on renewable energy sources

and climate change mitigation. Cambridge University Press, Cambridge, United Kingdom and New York,
NY, USA

Haberl H et al (2010) The global technical potential of bio-energy in 2050 considering sustainability
constraints. Curr Opin Environ Sustain 2:394–403

Krause M et al (2012) Conservation of undisturbed natural forests and economic impacts on agriculture. Land
Use Policy 30:344–354

Kriegler E et al (2013a) Is atmospheric carbon dioxide removal a game changer for climate change mitigation?
Clim Chang 118:45–57

Kriegler E et al (2013b) The role of technology for achieving climate policy objectives: overview of EMF27
study on technology and climate policy strategies. Clim Chang (this issue)

Leimbach M et al (2010a) Mitigation costs in a globalized world: climate policy analysis with REMIND–R.
Environ Model Assess 15:155–173

Leimbach M et al (2010b) Technological change and international trade – insights from REMIND–R. Energy
J 31:109–136

Lotze-Campen H et al (2008) Food demand, productivity growth and the spatial distribution of land and water
use: a global modeling approach. Agric Econ 39:325–338

Lotze-Campen H et al (2010) Scenarios of global bioenergy production: the trade-offs between agricultural
expansion, intensification and trade. Ecol Model 221:2188–2196

Lucas PL et al (2007) Long-term reduction potential of non-CO2 greenhouse gases. Environ Sci
Policy 10:85–103

Luckow P et al (2010) Large-scale utilization of biomass energy and carbon dioxide capture and storage in the
transport and electricity sectors under stringent CO2 concentration limit scenarios. Int J Greenh Gas
Control 4:865–877

Luderer G et al (2012) Asia’s role in mitigating climate change: a technology and sector specific analysis with
REMIND–R. Energy Econ 34:S378–S390

Luderer G et al (2013) Description of the REMIND-R model. Technical Report, Potsdam Institute for Climate
Impact Research. http://www.pik-potsdam.de/research/sustainable-solutions/models/remind/description-
of-remind-v1.5

Meinshausen M et al (2011) Emulating coupled atmosphere–ocean and carbon cycle models with a simpler
model, MAGICC6—Part 1: model description and calibration. Atmos Chem Phys 11:1417–1456

Obersteiner M et al (2001) Managing climate risk. Science 294:786–787
Popp A et al (2011) The economic potential of bioenergy for climate change mitigation with special attention

given to implications for the land system. Environ Res Lett 6(3):034017. doi:10.1088/1748-9326/6/3/
034017

Popp A et al (2012) Additional CO2 emissions from land use change: forest conservation as a precondition for
sustainable production of second-generation bioenergy. Ecol Econ 74:64–70

Popp A et al (2013) Land-use transition for bioenergy and climate stabilization: model comparison of drivers,
impacts and interactions with other land use based mitigation options. Clim Chang (this issue)

Riahi K et al (2007) Scenarios of long-term socio-economic and environmental development under climate
stabilization. Technol Forecast Soc Sci 74:887–935

Searchinger T et al (2008) Use of U.S. croplands for biofuels increases greenhouse gases through emissions
from land-use change. Science 319:1238–1240

Sims R et al (2010) An overview of second-generation biofuel technologies. Bioresour Technol 101:1570–
1580

Tavoni M et al (2013) Modeling meets science and technology: an introduction to a special issue on negative
emissions. Clim Chang 118:1–14

van Vuuren D et al (2009) Future bio-energy potential under various natural constraints. Energy
Policy 37:4220–4230

Climatic Change

6.5 References 131



van Vuuren D et al (2010a) Bioenergy use and low stabilization scenarios. Energy J 31:193–221
van Vuuren D et al (2010b) The relationship between short-term emissions and long-term concentration

targets. Clim Chang 104:793–801
van Vuuren D et al (2010c) Exploring IMAGE model scenarios that keep greenhouse gas radiative forcing

below 3 W/m2 in 2100. Energy Econ 32:1105–1120
Wise M et al (2009) Implications of limiting CO2 concentrations for land use and energy. Science

324:1183–1186
Zoback MD, Gorelick StM (2012) Earthquake triggering and large-scale geologic storage of carbon dioxide.

PNAS 109(26):10164–10168

Climatic Change

132 6 The value of bioenergy in low stabilization scenarios



Supporting Online Material for the Climatic Change manuscript submission 

 

“The value of bioenergy in low stabilization scenarios: an assessment 

using ReMIND-MAgPIE”  

 

by David Klein, Gunnar Luderer, Elmar Kriegler, Jessica Strefler, Nico Bauer, Alexander Popp, 

Marian Leimbach, Jan Philipp Dietrich, Florian Humpenöder, Hermann Lotze-Campen, Ottmar 

Edenhofer 

 

1 Additional model description ........................................................................................................................................... 2 

1.1 Key characteristics of the REMIND model ...................................................................................................... 2 

1.2 Energy conversion routes ........................................................................................................................................ 3 

1.3 Techno-economic data of bioenergy technologies...................................................................................... 4 

1.4 Regional breakdown of renewable energy potentials .............................................................................. 6 

1.5 Bioenergy supply price curves .............................................................................................................................. 7 

1.6 Regional carbon storage potentials .................................................................................................................... 7 

1.7 Nuclear technology and uranium resource potential ................................................................................ 8 

1.8 Model framework and interaction between the models.......................................................................... 8 

2 Detailed results ........................................................................................................................................................................ 9 

2.1 Energy mixes .................................................................................................................................................................. 9 

2.2 Forcing targets and resulting emission budgets in ReMIND ............................................................... 10 

2.3 Contribution of BECCS to GHG emission mitigation................................................................................. 11 

2.4 Captured carbon ......................................................................................................................................................... 12 

2.5 Regional energy prices for liquids ..................................................................................................................... 14 

2.6 Regional revenues from bioenergy ................................................................................................................... 14 

2.7 Agricultural production costs .............................................................................................................................. 15 

2.8 References ...................................................................................................................................................................... 15 

 

  

6.6 Supporting Online Material 133



1 Additional model description 

The full model documentation can be found in Luderer 2013: http://www.pik-

potsdam.de/research/sustainable-solutions/models/remind/description-of-remind-v1.5 

1.1 Key characteristics of the REMIND model 

Table S1: Key characteristics of the REMIND model and its implementation of climate policy 

Model feature Implementation in ReMIND-R Version 1.5 

Macro-economic core and 

solution concept 

Intertemporal optimization: Ramsey-type growth model, Negishi approach for 

regional aggregation 

Substitution possibilities 

within the macro-

economy & sectoral 

coverage 

Nested CES function for production of generic consumption good from factors 

capital, labor, and different end-use energy types (electricity, stationary non-

electric energy, non-electric energy used for transport). 

Link between energy 

system and macro-

economy 

Economic activity determines demand; energy system costs (investments, fuel 

costs, operation and maintenance) are included in macro-economic budget 

constraint. Energy system and macro-economy are optimized jointly. 

Production function in the 

energy system & 

substitution possibilities 

Linear substitution between competing technologies for secondary energy 

production. Supply curves for exhaustibles (cumulative extraction cost curves) 

as well as renewables (grades with different capacity factors) introduce 

convexities. Adjustment costs on the rate of capacity expansion penalize rapid 

deployment. 

Technological Change  & 

Learning 

Learning by doing (LbD) for wind and solar power. A global learning curve is 

assumed. LbD spillovers are internalized. Labor productivity and energy 

efficiency improvements are prescribed exogenously. 

International trade 

 

Global markets for coal, oil, gas and biomass; generic consumption good and 

capital; emissions permits. Interregional trade of captured CO2 is not considered. 

Discounting The constant rate of pure time preference in the iso-elastic welfare function is 

set to 3%. The discount rate emerges endogenously on the global capital 

markets. In line with the Keynes-Ramsey-Rule, with an intertemporal elasticity 

of substitution of one and an average rate of increase of global per capita 

incomes of around 3%, the discount rate is between 5 and 7%. 

Emissions and forcing 

representation 

CO2 emissions from fossil fuel use are modeled by source. A marginal abatement 

cost curve (MAC) for land use CO2 emissions is used to capture the potential for 

reduced deforestation. MACs for CH4 and N2O emissions integrate abatement 

potentials in the energy and land use sectors. N2O emissions from bioenergy use 

are modeled explicitly (3.7 kgCeq/GJ of biomass primary energy). CH4 emissions 

from fossil fuel extraction depend on the amount of fossils extracted. CO2 

emissions from cement production and CH4 and N2O emissions from waste are 

estimated using a simple econometric model, where per capita emisisons depend 
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on per capita capital investments or GDP, respectively. SO2 and carbonaceous 

aerosol emissions from fossil fuel combustion are modeled by source. Emissions 

of HFCs, PFCs, SF6, Montreal gases, ozone precursors (CO, VOC, NOx) and biomass 

burning aerosols are treated exogenously. Radiative forcing from nitrate 

aerosols, mineral dust, and land albedo changes is assumed exogenously. 

Land use Land use is not modeled explicitly (see manuscript Section 2.3 and 2.4 and SI 

Figure S4). The bioenergy supply curve is based on MAgPIE data. A marginal 

abatement cost curve for REDD is included in the model. The option of 

afforestation is not represented. Interactions between deforestation and 

bioenergy use are not explicitly captured, but bioenergy use is capped at 300 

EJ/yr or 100 EJ/yr depending on the scenario. This limit applies to modern 

second-generation biomass including residues, but not including the traditional 

use of biomass. 

Implementation of the  

CO2e stabilization target 

The CO2e(quivalent) constraint is imposed on total anthropogenic forcing (a 

detailed description can be found in SI Section 2.2). This leads to a uniform 

shadow price for the endogenous Kyoto gas emissions in the model (CO2, CH4, 

N2O). The price is established under full when (time), where (region) and what 

(GHG) flexibility to meet the radiative forcing constraint.  

The 450 ppm CO2e target is imposed in the year 2100, with overshoot allowed 

before 2100. The REMIND model runs until 2150 to ensure that the 21st century 

emissions trajectory will not violate the target beyond 2100.  

Implementation of 

emissions taxes 

CO2, N2O and CH4 from the energy and land use sectors are subjected to the 

emissions tax. The tax level for a ton of carbon dioxide (equivalent) is converted 

into N2O and CH4 using their 100 year global warming potentials reported in the 

4th Assessment Report of the IPCC. 

1.2 Energy conversion routes 

Table S2: Conversion Technologies in ReMIND 

  PRIMARY ENERGY CARRIERS 

  Exhaustible Renewable 

 

 
Coal  Oil  Gas  Uranium  

Solar, 

Wind, 

Hydro  
Geothermal  Biomass  

S
E

C
O

N
D

A
R

Y
 E

N
E

R
G

Y
 

C
A

R
R

IE
R

S
 

Electricity  PC, IGCC  DOT  NGCC  LWR 
SPV, WT, 
Hydro, 
CSP  

HDR  BIGCC  

H2  C2H2   SMR     B2H2  

Gases  C2G   GasTR     B2G  

Heat  
CoalHP, 
CoalCHP  

 
GasHP, 
GasCHP  

  GeoHP  
BioHP, 
BioCHP  

Liquid C2L  Refin.      B2L 

6.6 Supporting Online Material 135



fuels  Bioethanol  

Other 

Liquids  
 Refin.       

Solids  CoalTR       BioTR  

Abbreviations:  
B2G = biogas 
B2H2 = biomass to H2 
B2L = biomass to liquids 
BIGCC = Biomass IGCC 
BioCHP = biomass combined heat and power 
BioEthanol = biomass to ethanol 
BioHP = biomass heating plant 
BioTR = biomass transformation  
C2G = coal to gas 
C2H2 = coal to H2 
C2L = coal to liquids 
CoalCHP = coal combined hat power 
CoalHP = coal heating plant 
CoalTR = coal transformation 

DOT = diesel oil turbine 
GT = gas turbine GasCHP = Gas combined heat power 
GasHP= gas heating plant 
GasTR = gas transformation 
GeoHP = heating pump 
HDR = hot-dry-rock 
Hydro = hydro power 
IGCC = integrated coal gasification combined cycle 
LWR = light water reactor 
NGCC = natural gas combined cycle 
PC = conventional coal power plant 
Refin. = Refinery 
SMR = steam methane reforming 
SPV = solar photo voltaic 
WT = wind turbine 

 

1.3 Techno-economic data of bioenergy technologies 

Table S3: Techno-economic parameters of biomass conversion technologies (Iwasaki, 2003; Hamelinck, 2004; 

Ragettli, 2007; Schulz et al., 2007; Uddin and Barreto, 2007; Takeshita and Yaaij, 2006; Gül et al., 2008; Brown et al., 

2009; Klimantos et al., 2009) and selected competing technologies represented in the integrated assessment model 

REMIND1.5. 

 Investment costs 
[US$2005/kW] 

O&M costs 
[$/GJ] 

Conversion 
efficiency 

Couple 
production* 

Capture 
rate 

Learning 

NGCC 650 0.95 0.56    

NGCC CCS 1100 1.62 0.48  90 %  

NGT 350 1.47 0.38    

GasCHP 800 2.38 0.45 0.42 Heat   

GasHP 300 1.35 0.75    

Gas2H2 498 0.58 0.73 -0.01 Electr.   

Gas2H2 CCS 552 0.66 0.70 -0.04 Electr. 90 %  

O2Ld 494 0.84 0.75 0.21 Diesel   

O2Lp 222 0.55 0.75 0.21 Petrol   

IGCC 1650 3.09 0.43    

IGCC CCS 2050 4.20 0.38  90 %  

PC 1400 2.57 0.45    

PC CCS 2400 4.69 0.36  90 %  

PC CCS ox 2150 4.33 0.37  99 %  

CoalCHP 1350 3.74 0.40    

CoalHP 400 1.90 0.70    

C2L 1450 3.85 0.40    
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C2L CCS 1520 4.54 0.40  70 %  

C2H2 1260 1.64 0.59 0.08 Electr.   

C2H2 CCS 1430 1.87 0.57 0.05 Electr. 90 %  

BioTr 150 0.00 1.00    

BioSolids 225 0.24 0.90    

BioCHP 1375 4.75 0.43 0.72 Heat   

BioHP 400 2.06 0.80    

BIGCC 1860 3.95 0.42    

BiGCC CCS 2560 5.66 0.31  80 %  

B2G 1000 1.74 0.55    

B2H2 1400 5.27 0.61    

B2H2 CCS 1700 6.33 0.55  90 %  

B2Lp 2380 8.95 0.36 0.15 Electr.   

B2Ld 2500 3.48 0.40 0.16 Electr.   

B2Ld CCS 3000 4.52 0.41 0.14 Electr. 48 %  

Hydro 2300 1.46     

Wind 1400 0.89    Floor: 900 $/kW; 
Learning rate: 
12% of costs 
above floor 

SPV 5300 3.36    Floor: 600 $/kW; 
Learning rate: 
20% of costs 
above floor 

CSP 9500 9.04    Floor: 1900 $/kW; 
Learning rate: 9% 
of costs above 
floor 

Abbreviations: 
NGCC: Natural gas combined cycle 
NGCC CCS: NGCC with CCS 
NGT: Natural gas turbine 
GasCHP: Natural gas combined heat and power 
GasHP: Natural gas heating plant 
Gas2H2: Natural gas to hydrogen 
Gas2H2 CCS: Gas2H2 with CCS 
O2Ld: Refinery from crude oil to diesel 
O2Lp: Refinery from crude oil to petrol 
IGCC: Coal integrated gasification combined cycle 
IGCC CCS: IGCC with CCS 
PC: Pulverized coal power plant 
PC CCS: PC with CCS 
PC CCS ox: PC with CCS using oxy-fuel 
CoalCHP: Coal combined heat and power 
CoalHP: Coal heating plant 
C2L: Coal to diesel 
C2L CCS: C2L with CCS 

C2H2: Coal to hydrogen 
C2H2 CCS: C2H2 with CCS 
BioTr: Traditional biomass usage 
BioSolids: Modern solid production from biomass 
BioCHP: Biomass combined heat and power 
BioHP: Biomass heating plant 
BIGCC: Biomass IGCC power plant 
BiGCC CCS: BIGCC with CCS 
B2G: Biomass to gas 
B2H2: Biomass to hydrogen 
B2H2 CCS: B2H2 with CCS 
B2Lp: Biomass to diesel 
B2Ld: Biomass to petrol 
B2Ld CCS: B2Ld with CCS 
Hydro: Hydro power plant 
Wind: Wind turbine (combined on- and offshore) 
SPV: Photovoltaic 
CSP: Concentrated solar power plant 

* defined as units of couple product that can be additionally produced (or is consumed in case of negative 
vale) per unit of main product. 
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1.4 Regional breakdown of renewable energy potentials 

Figure S1: Maximal annual production across regions and grades for solar photovoltaic, concentrated solar 

power, wind (on-shore and off-shore combined) and hydro power. 

The resource potentials for non-biomass renewables are modeled using region-specific potentials. 

For each renewable energy type, the potentials are classified into different grades, which are 

specified by capacity factors. Superior grades have higher capacity factors, which correspond to 

more full-load hours per year. This implies that more energy is produced for a given installed 

capacity. Therefore, the grade structure leads to a gradual expansion of renewable energy 

deployment over time as a result of optimization.  
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1.5 Bioenergy supply price curves 

 
Figure S2: Regional price curves for the supply of 2nd generation purpose grown bioenergy. For Japan it is assumed 

that due to space limitation in the agricultural system there is no potential to produce purpose grown biomass. 

1.6 Regional carbon storage potentials 

 
Figure S3: Regional storage potential for carbon, for exact numbers see Table S4 below. 

Table S4: Assumptions on regional storage potentials in GtCO2 

 
AFR CHN EUR IND JPN LAM MEA OAS ROW RUS USA World 

Total potential 229 367 178 183 69 550 458 183 367 917 458 3959 

Realizable potential* 109 174 84 87 33 261 218 87 174 435 218 1881 
* Limit is defined by the maximal annual injection rate of 0.5 % of the regional total potential and the timespan of 

95 years (2005-2100). 

The storage of CO2 is described by three main characteristics. First, the levelized costs for 

transporting and injecting the CO2 are at 9US$ per tCO2. Second, the storage potentials are limited 

for each region. The assumptions are derived from the IEA report on CCS (IEA 2008). This 

assessment is relatively optimistic and therefore the most uncertain deposits have been excluded. 
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The total global storage volume is limited to 3959 GtCO2 (1100GtC). Third, the annual injection rate 

in each region is limited to 0.5% of the total storage potential. This assumption reflects that storage 

sites cannot be filled with full temporal flexibility. In order not to over use storage sites and 

maintain the storage integrity we apply this limit. Geo-physical factors that rationalize this 

constraint are the local pressure increase that is induced at the location of the injection. 

1.7 Nuclear technology and uranium resource potential 

For the present study we assume 23MtU of global uranium potential with increasing extraction 

costs up to 260US$ per tU. Reprocessing and fast breeding reactors are not considered here. We 

only assume once-trough reactor types. We do not assume fuel recycling for reasons of operational 

safety and non-proliferation. The fast breeder technology is not assumed to be available because of 

reasons of technical issues, operational safety, cost, and non-proliferation. The potential of 23 MtU 

comprises all conventional resources including undiscovered. We assumed 17 MtU of conventional 

resources that were identified in NEA (2010) and WEC (2010), c.f. Table S5. To account for the large 

uncertainties about unconventional uranium resources we only consider a share of 6 MtU to be 

available in future. This adds to a global total portential of 23 MtU that is assumed in the ReMIND 

model. 

Table S5: Assumptions on global uranium resources 

  BGR (2010) NEA (2010) WEC (2010) 
Identified Resource < 80 $US per kg 2.5 3.7  

< 130 $US per kg  1.7 5.4 
< 260 $US per kg 3.8 0.9 0.9 

Undiscovered 

Resource 

Prognosticated 2.9 2.9 6.8 
Speculative 3.9 7.5 3.6 

Unconventional   < 22 10-22 
 

1.8 Model framework and interaction between the models 

 
Figure S4: Data flow and interaction between the models used for the EMF27 scenario analysis. 
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Forcing is calculated using the climate model MAGICC 6 (Meinshausen 2011). 

2 Detailed results 

2.1 Energy mixes 

  
Figure S5: Final energy mixes across scenarios and time 

   
Figure S6: Secondary energy mixes in the power sector across scenarios and time 

Similar to gas with CCS, nuclear energy is a mid-term mitigation option with maximum deployment 

levels around 2050. The resource potential of 23 Mt of uranium (NEA 2010) is exhausted in all 

scenarios1. Climate policy stringency and technology availability mainly affect the temporal 

distribution of deployment. Studies that consider nuclear power to be unlimited, suggest higher 

contributions of nuclear power to emission mitigation (Mori 2012, Luckow 2010). 
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Figure S7: Secondary energy mixes in the non-electric sector across scenarios and time 

2.2 Forcing targets and resulting emission budgets in ReMIND 

The forcing targets imposed in ReMIND include the following forcing agents: CO2, CH4, N2O, F-

Gases, Montreal Gases, SO2, black and organic carbon (including BC on snow), aerosols from 

biomass burning, stratospheric and tropospheric ozone, stratospheric water vapor from methane 

oxidation and indirect aerosol forcing. Though negative forcing e.g. from sulfur emissions is 

accounted for, it cannot be used by the model to control the total forcing level. The EMF27 forcing 

targets refer to the so called AN3A forcing (Kriegler et al., this issue) that does not include forcings 

from nitrate, mineral dust, and land-use albedo. The temperature calculations are based on the total 

forcing and result in 1.6°C and 2.0°C in 2100, respectively, when assuming a climate sensitivity of 

3 °C. 

The non-Kyoto forcings nearly cancel each other when the targets are reached, so that the Kyoto 

forcing is similar to the AN3A forcing. CH4 and N2O account for 0.7-0.8 W/m2, which leaves a CO2 

forcing target of 1.9 respectively 2.7 W/m2. This defines a CO2 budget for the period 2005-2100. 

From this total CO2 budget, the CO2 land use emissions have to be subtracted, which yields the 

budgets for CO2 fossil fuels and industry. Budgets that have been assessed to be compatible with 

450 ppm vary widely. Meinshausen et al. (2009) calculated, that with a carbon budget of 886 Gt CO2 

(including carbon emissions from land use change) from 2000-2049, the chance of exceeding 2°C is 

20%. The RCP 3PD scenario (v. Vuuren et al. 2007), which is also compatible with 450 ppm, arrives 

at a CO2 budget of about 1400 Gt CO2 for the same time horizon. Reasons for this variation are 

among others uncertainties in the climate system and the carbon cycle. When we compare the 

carbon budget calculated with ReMIND with others, we find that it is at the lower end. 

Table S6: Forcing targets and emission budgets (2005-2100) for the two climate policy cases. 

 450 ppm 550 ppm Unit 
AN3A forcing 2.8 3.7 W/m² 
Kyoto forcing 2.8 3.5 W/m² 
Total forcing 2.5 3.3 W/ m² 
CO2 forcing 1.9 2.7 W/m² 
CO2 budget (total) 807-920 1670-1780 Gt CO2 
CO2 budget (Fossil fuel and Industry) 723-845 1600-1700 Gt CO2 
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2.3 Contribution of BECCS to GHG emission mitigation 

 
Figure S8: Global GHG emissions [GtCO2_eq] including negative emissions cumulated over different time periods 

across all policy scenarios. 
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Figure S9: Regional GHG emissions [GtCO2_eq] including negative emissions cumulated from 2005-2100 across the 

two FullTech scenarios. 

2.4 Captured carbon 
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Figure S10: Bioenergy and CCS: Left: Primary bioenergy deployed with and without CCS cumulated (2005-2100), 

Right: Captured carbon from bioenergy and fossil fuels cumulated (2005-2100) 

 
Figure S11: Captured carbon from 2005-2100 for scenarios with CCS available (see also Figure S10) 
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2.5 Regional energy prices for liquids 

 
Figure S12: Prices for liquid fuels across regions and two scenarios. 

2.6 Regional revenues from bioenergy 
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Figure S13: Value of energy versus value of carbon. Revenues from production of electricity, diesel, hydrogen, and 

negative emissions in 2100 across regions for the 450 FullTech scenario. 

2.7 Agricultural production costs 

 
Figure S14: Components of agricultural production cost for the Baseline scenario. 

2.8 References 

BGR (2010): Reserven, Ressourcen und Verfügbarkeit von Energierohstoffen (Bundesanstalt für 

Geowissenschaften und Rohstoffe, Hannover, Germany). 

Brown D, et al. (2009): “Thermo-economic analysis for the optimal conceptual design of biomass 

gasification energy conversion systems.” Applied Thermal Engineering 29: 2137-52. 

Gül T (2009): An Energy-Economic Scenarios Analysis of Alternative Fuels for Transport. ETH-

Thesis No. 17888, Zürich, Switzerland. 

Hamelinck, C. (2004). Outlook for advanced biofuels. Ph.D thesis, University of Utrecht, The 

Netherlands. 

IEA (2008): CO2 Capture and Storage. A key carbon abatement option. Paris, France. 

Iwasaki W (2003): A consideration of the economic efficiency of hydrogen production from 

biomass.” International Journal of Hydrogen Energy 28: 939-44. 

Klimantos P, et al. (2009): “Air-blown biomass gasification combined cycles: System analysis and 

economic assessment.” Energy 34: 708-14. 

Kriegler, E, et al. (this issue) Overview over the EMF27 study. 

6.6 Supporting Online Material 147



Luckow P, et al. (2010) Large-scale utilization of biomass energy and carbon dioxide capture and 

storage in the transport and electricity sectors under stringent CO2 concentration limit scenarios. 

International Journal of Greenhouse Gas Control 4. 

Luderer, G., et al. (2013) Description of the REMIND-R model. Technical Report, Potsdam Institute 

for Climate Impact Research. http://www.pik-potsdam.de/research/sustainable-

solutions/models/remind/description-of-remind-v1.5 

Meinshausen M., et al. (2009) Greenhouse-gas emission targets for limiting global warming to 2°C. 

Nature 458, 1158-1162, doi:10.1038/nature08017 

Meinshausen M, et al. (2011) Emulating coupled atmosphere-ocean and carbon cycle models with a 

simpler model, MAGICC6 – Part 1: Model description and calibration. Atmos. Chem. Phys., 11. 

Mori S (2012) An Assessment of the potential of nuclear power and CCS in the long-term global 

warming options based on Asian Modeling Exercise scenarios. Energy Economics 34. 

NEA (2010) Uranium 2009. Resources, Production, and Demand (Nuclear Energy Agency and 

Organization of Economic Co-operation and Development, Paris). 

Ragettli M (2007): Cost Outlook for the Production of Biofuels. Master Thesis, ETH Zürich, February, 

2007. 

Schulz, T. (2007): Intermediate Steps towards the 2000-Watt Society in Switzerland: An Energy-

Economic Scenario Analysis. ETH Thesis No. 17314, Zürich, Switzerland. 

Takeshita T, Yamaji K, Fujii Y (2006): “Prospects for interregional energy transportation in a CO2-

constrained world.” Environmental Economics and Policy Studies 7:285-313. 

Uddin S, Barreto L (2007): “Biomass-fired cogeneration systems with CO2 capture and storage.” 

Renewable Energy 32: 1006-19. 

van Vuuren D, et al. (2007) Stabilizing greenhouse gas concentrations at low levels: an assessment 

of reduction strategies and costs. Climatic Change, doi:10.1007/s/10584-006-9172-9. 

WEC (2010) 2010 Survey of Energy Resources (World Energy Council, London). 

148 6 The value of bioenergy in low stabilization scenarios



7 Synthesis and Outlook

The objective of this thesis has been to examine the role bioenergy can play in achieving
ambitious climate change mitigation targets, to identify the economic drivers behind the
choice of bioenergy conversion technologies, and to investigate how bioenergy supply,
mitigation strategies and costs depend on constraints on the supply side and the demand
side of bioenergy.
The results suggest that bioenergy with CCS is one of the major long-term mitigation

options, particularly for achieving low-stabilization targets. High CO2 prices offer high
economic benefits from generating negative emissions with BECCS. Accordingly negative
emissions are found to be the main driver behind BECCS deployment with significant
impact on the cost-effective emission trajectory and overall mitigation costs. Besides
these findings that are discussed in detail in the next sections this thesis makes five
contributions to the assessment of bioenergy that are briefly recapitulated below:

1. By reviewing the SRREN and scrutinizing how it performs in relation to proposed
assessment requirements the thesis identifies knowledge gaps that may be addressed
in future bioenergy assessments and research.

2. Integrating models of energy, economy, land use, and climate the thesis provides
a quantitative framework that allows to explore consistent long-term scenarios for
climate change mitigation while considering the trade-off between benefits from
bioenergy deployment in the energy sector and potential additional emissions in
the land use sector.

3. It presents regional bioenergy supply curves with global coverage that can be ap-
plied in IAMs to represent the bioenergy resource potential.

4. Based on a broad literature review it supplies techno-economic parameters for the
biomass-to-electricity conversion route with and without CCS.

5. It contributes long-term scenarios of bioenergy deployment under different con-
straints on climate, technology, and biomass-supply.

The potential role of bioenergy in climate change mitigation has been analyzed in Chapter
3 to 6 addressing specific research questions as defined in Section 1.6. The major findings
of the chapters are presented along these research questions (next section) followed by a
synthesis and discussion of the results (Section 7.2) and suggestions for further research
(Section 7.3).
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7.1 Synthesis of results

What is the current state of bioenergy assessment?

The complexity of the bioenergy supply system induces a high level of uncertainty about
future outcomes. Policy makers therefore have a need for comprehensive and balanced
bioenergy assessment. This chapter asks the question whether the Special Report on
Renewable Energy Sources and Climate Change delivers such an assessment with respect
to bioenergy. For this purpose three criteria for assessment making are defined: An
assessment should (1) Provide a review of literature that is comprehensive in topics
and communities. (2) Make diverging assumptions transparent and possibly reconcile
disparate views by identifying trade-offs. (3) Present a consistent set of policy-relevant
storylines.

Regarding comprehensiveness the SRREN succeeds in bringing various insights from
different communities together and shows a good coverage of key-issues of bioenergy
deployment, such as costs, emissions, resource potentials, impacts, and governance.

Tradeoffs between bioenergy deployment and other essential land use related dimen-
sions of the bio-socio-sphere such as water, food, emissions, soil, and biodiversity are
identified and discussed. A major gap, however, was identified as the missing reconcil-
iation between the life-cycle-assessment (LCA) and the IAM community, representing
disparate perspectives on bioenergy-associated GHG emissions. Most scenarios explored
with IAMs assume first-best worlds where so-called market failures, such as land use
emissions from bioenergy deployment, are addressed by appropriate policy instruments.
LCA researchers observe life-cycle emissions of biofuels that can be comparable to gaso-
line, and are highly uncertain. High deployment levels could lead to co-emissions from
land use change and agricultural intensification.

Storylines representing various worldviews are identified but – with the exception of
deployment costs – not systematically explored in models. SRREN Chapter 2 maps ex-
pert judgment on future bioenergy deployment on four scenarios defined in the Special
Report on Emission Scenarios (SRES), (IPCC 2000), but the SRES dimensions are only
insufficiently considered in IAMs. Most models do not cover the land use sector explic-
itly but rely on an exogenous supply cost function. There is a lack of transparency of
underlying assumptions. In contrast to SRREN Chapter 2 supply cost curves in SRREN
Chapter 10 assume “good governance” for all SRES storylines by assuming that bioen-
ergy is produced on abandoned and rest land only, which implies underlying food-first
or nature protection policies. Bioenergy is generally assumed to be carbon-neutral in
many IAMs. Harmonization of assumptions with SRREN Chapter 2 is not attempted.
Neither is the SRES scenario space of SRREN Chapter 2 systematically covered. Hence,
the space of possible bioenergy storylines explored with IAMs is very narrow.

Chapter 2 of this thesis concludes that numerous specifications need to be introduced
into IAMs such that a more complete scenario space, representing the trade-offs identified
in SRREN Chapter 2, can be systematically explored in an integrated setting. Aiming at
a better representation of sustainability constraints in the land use sector the following
chapters use an integrated framework of energy-economy-climate and land use to explore
the potential contribution of bioenergy to climate change mitigation. The next chapter
starts with an analysis that focuses on the impacts of large-scale bioenergy deployment
on the land use system.



7.1 Synthesis of results 151

How this thesis aims to improve bioenergy assessment

Chapter 2 criticizes that so far IAMs do not represent the land use sector in detail but use
supply cost curves for bioenergy. It further criticizes that these supply functions until now
assume first-best worlds with good governance, since they allow bioenergy production on
abandoned land only and thus consider zero land use change emissions from bioenergy
production. Due to constraints to the numerical feasibility of a fully integrated energy-
economy-climate-land use model this thesis maintains the concept of bioenergy supply
cost curves, yet derived from a high-resolution land use model. However, in several
respects the approach applied in this thesis aims to improve bioenergy assessment by
covering a broader perspective than previous studies.

Most importantly bioenergy production is not restricted to abandoned land as it was
in previous bioenergy potential studies but it has full access to agricultural and non-
protected forest land and can induce land use change. Thus, in contrast to previous
studies criticized in Chapter 2 there is no per se assumption of good governance like an
underlying food-first policy. GHG emissions induced by bioenergy production, such as
carbon emissions from deforestation and other land use changes, and nitrogen emissions
from fertilizer use are fully accounted for (except in Chapter 3). Therefore, by assuming
bioenergy not to be carbon neutral this thesis takes a step toward the reconciliation of
LCA and IAM community.

In this thesis the dimension of good and poor governance on the one hand is addressed
by the different GHG pricing regimes applied in the land use sector (pricing vs. no
pricing) resulting in different supply curves and GHG emissions (most prominently in
Chapter 5). On the other hand, good governance is represented by the assumption that
carbon emissions from deforestation can be measured and priced at all. An example
for potential consequences of poor governance is the carbon leakage effect observed in
Chapter 5 resulting from imperfect land classification that, in this case, excludes land
with high carbon density from emission control. This illustrates that in addition to im-
plementing GHG pricing in the land use sector also the issue of land classification poses
a challenge to effective land based mitigation strategies. Furthermore, the approach
applied in this thesis allows investigating the impact of bioenergy production on sustain-
ability indicators like food and water prices as done in Chapter 3, which gets particularly
important if bioenergy production - as in this study - is not restricted to abandoned land
but has the same access to land as food production. The solution space regarding bioen-
ergy deployment, criticized as too narrow in Chapter 2, is further explored in Chapter 6,
where different second-best worlds with limitations of technology availability (CCS) and
bioenergy supply are evaluated.

What is the cost-effective contribution of bioenergy to a low-carbon transition,
paying special attention to implications for the land system?

This chapter explores the cost-effective contribution of bioenergy to low-carbon transition
including its costs and trade-offs with food and water security and taking the impact of
forest conservation on bioenergy potentials into account. Results show that bioenergy
from dedicated lignocellulosic energy crops is likely to be a cost-efficient contribution
to the future energy mix with deployment levels of 100 EJ in 2055 and up to 300 EJ
in 2095. Due to rising bioenergy prices, restrictions on land availability from forest
protection reduce bioenergy deployment by about 40 EJ/yr. Cultivation of bioenergy
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crops has several effects: it increases crop land expansion; it takes over a huge share in
total cropland; it increases the rate of technological change required to accommodate
food and bioenergy demand (0.8% per year until 2095 with bioenergy demand compared
to 0.6% without bioenergy); it is mainly located in areas that today are occupied by
intact ecosystems; and it increases CO2 emissions from deforestation. The restriction of
agricultural land expansion due to forest protection would have to be compensated by
further increases in rates of technological change (0.9% per year until 2095 with forest
protection compared to 0.8% per year without it).
Food prices and the implicit values of irrigation water are only slightly affected without

forest conservation, but rise significantly (especially in the tropics) if forests are excluded
from available land for future cropland expansion. Higher food prices (80% increase in
Africa and 70% in Latin America) follow directly from competition with energy crops,
due to limitations in land availability and associated needs for technological development
at additional costs. Shadow prices of irrigation water rise with increasing forest conser-
vation (390% in Africa and 460% in Latin America), because less land is available for
rainfed agriculture, and biomass accumulation for dedicated bioenergy cultivation leads
to higher evapotranspiration rates, which can reduce water availability in regions where
water is already scarce. This is a strong indication that the competition for water be-
tween agriculture, private households, and industry is likely to increase heavily in many
regions. Avoiding deforestation for biodiversity conservation by excluding intact forests
(mainly in the tropics) from suitable land for cropland expansion could add additional
pressure on other natural ecosystems with extraordinary biodiversity, such as savannas.
Focusing on the land use implications of bioenergy deployment this chapter showed

that forest conservation combined with large-scale cultivation of dedicated biomass for
climate change mitigation will likely generate conflicts with respect to food supply and
water resource management. Forest protection was found to increase bioenergy prices and
thus reduce bioenergy deployment. However, due to its versatility and potentially nega-
tive carbon content bioenergy remains an attractive mitigation option even if bioenergy
prices increase due to constraints on the land use side. The next chapter will exemplify
this focusing on the deployment of a particular conversion technology, whereas Chap-
ter 6 demonstrates it with a broader perspective on technology mix, bioenergy demand
drivers, and mitigation strategies.

What is the mitigation potential of the BioIGCC technology and how does it
depend on the techno-economic performance and the biomass feedstock?

This chapter explores the mitigation potential of the high-efficient biomass-to-electricity
BioIGCC technology that can cope with heterogeneous feedstocks and that is suitable
for CCS with a high capture rate.
Results indicate that BioIGCC with CCS could serve as an important mitigation op-

tion under stringent climate change mitigation targets contributing one third of total
emissions reduction at the end of the century by generating large amounts of negative
emissions after 2050 (440-660 GtCO2 cumulated from 2005-2100). The most important
parameter that decides about the application of the BioIGCC technology is the capture
rate. The technology is only used with CCS. A decreasing capture rate leads to less
deployment. It has to exceed 60% otherwise the technology is not applied even though
it could supply electricity. The BioIGCC technology competes for providing energy and
negative emissions with the fuel producing Fischer-Tropsch process which steps in when
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the BIGCC+CCS technology becomes unattractive due to low capture rates. However,
when biomass raw material becomes scarce and consequently more expensive it is ex-
clusively used with the BioIGCC technology to produce as much negative emissions as
possible, provided the capture rate is high. Biomass feedstock is predominantly produced
from lignocellulosic perennial grassy feedstock. However, this requires robust gasification
technologies to be available that can cope with the heterogeneous grassy feedstock. Since
results indicate that modern bioenergy is predominantly deployed after 2030 there is still
some time to bring these technologies to maturity. Bioenergy prices rise if the supply
of primary biomass is constrained to woody feedstock, which can only be produced at
lower production levels than grass.
The previous two chapters have already indicated that global emissions constraints

could lead to high deployment levels of bioenergy. The analyses focused on land use
implications and technological aspects. The next chapter asks the question how climate
policy affects the supply of biomass feedstock and resulting land use emissions.

How much biomass can by supplied under full land use competition at what
price? How does the biomass potential depend on GHG prices?

This study explores the global potential of purpose-grown lignocellulosic biomass under
different carbon tax regimes using the land use optimization model MAgPIE. In the anal-
ysis bioenergy supply curves for 10 world regions are derived by measuring the bioenergy
price response of the MAgPIE model to different scenarios of bioenergy demand and
GHG prices.
The results show that the implementation of GHG taxes is crucial for the slope of the

supply function and the GHG emissions from the land use sector. Global supply prices
start at 5 $/GJ and increase almost linearly, doubling at 150 EJ (in 2055 and 2095). The
GHG tax has a clear elevating impact on bioenergy prices (roughly +5 $/GJ in 2055 and
+10 $/GJ in 2095 at 150 EJ). The elevation can be separated into an effect that steepens
the supply curve (scaling with the bioenergy demand) due to reduced land availability
and a roughly constant upwards translation effect (independent of bioenergy demand)
due to non-CO2 co-emissions from bioenergy. The steepening is caused by the CO2 price
which effectively stops deforestation and thus excludes large amounts of high-productive
land (mainly in tropical regions). The resulting increases in land scarcity are reflected in
increasing bioenergy prices. The translation effect is caused by pricing nitrogen emissions
that accrue from fertilizer use for bioenergy crop cultivation. It does not scale with the
bioenergy demand since the amount of organic and inorganic fertilizer used per unit of
bioenergy is constant. The land exclusion is partly compensated by expansion into other
arable land, since resulting emissions are not penalized by the GHG tax (in this setting
only emissions from deforestation are covered by the GHG tax). The remaining part is
compensated by the replacement of cropland with bioenergy crop land.
Conditions of bioenergy production differ across regions as do resulting bioenergy

supply curves. Without a GHG tax major producers are the tropical regions Africa
(AFR) and Latin America (LAM), which offer access to large areas of forest that can
be converted to high productive land for crop and bioenergy production. This results in
relatively flat supply curves if carbon is not taxed. Introducing a GHG tax changes the
relative position of the regional supply curves since the consequences of pricing emissions
are different across regions. Regions where no forest land is used, such as Centrally
Planned Asia (CPA), Pacific Asia (PAS), and South Asia (SAS), are only affected by
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the N2O-price effect. The supply curves of regions that deforest without the GHG tax
are additionally affected by the steepening effect of CO2 prices (strongest in AFR and
LAM). The combined effects significantly increase regional supply prices and change the
relative position of the supply curves. This is reflected in the reallocation of bioenergy
production that shifts from AFR and LAM mainly to PAS, CPA, and SAS under the
GHG tax. The tax lets PAS get competitive, which features a relatively high but flat
supply curve. The land restriction in PAS is not as strong as in other regions because it
can expand into other land that is not under emission control. However, this increases
land use change emissions in PAS under the GHG tax so that global land use emissions
due to bioenergy production are higher under the tax than without tax. Nonetheless, the
tax reduces total global land use change emissions by one third, since emission savings
from avoided deforestation overcompensate increased emissions from conversion of other
land. Average yields required for bioenergy production in 2095 are roughly between 500
and 600 GJ/ha for the major producer regions with and without tax.
This chapter explored the global potential of biomass feedstock and showed that GHG

prices could significantly increase biomass prices. Using the bioenergy supply curves that
were presented in this study Chapter 6 analyzes the economic demand drivers behind the
large-scale deployment of bioenergy in long-term climate change mitigation scenarios.

Which factors determine the willingness-to-pay for bioenergy under climate
change mitigation targets? How do these factors affect the choice of bioenergy
conversion routes?

Chapter 6 investigates the use of bioenergy in long-term climate change mitigation sce-
narios, how its energy and carbon content determine the value of bioenergy for climate
change mitigation and how they affect the choice of bioenergy conversion technologies if
carbon and bioenergy markets are interlinked. The role of bioenergy is analyzed under
two different climate targets: a weaker forcing target of 3.7 W/m2 (not to exceed) and
a stringent low-stabilization target of 2.8 W/m2 (with overshoot before 2100), the latter
of which holds the increase of global mean temperature below 2 �.
The carbon content of biomass, which allows generating negative emissions, has far-

reaching consequences for mitigation strategies, mitigation costs and bioenergy deploy-
ment. In the scenarios of this analysis modern bioenergy is exclusively used with CCS
if this technology is available. BECCS is particularly important for low-stabilization,
which is hard to achieve without negative emissions. The mitigation costs (calculated
as the cumulated consumption losses compared to a reference scenario without climate
policy) for low-stabilization almost double (to 5.7%) if bioenergy supply is limited and
more than triple (to 10.5%) if CCS is not available. In the weak policy case they are
between 1.8% and 2.7%. Biomass is predominantly used to produce liquid fuels for the
transportation sector, for which other decarbonization methods, such as electrification,
are rather costly. Tightening the climate target or restricting the bioenergy potential
increases the deployment of technologies with higher capture rates, in order to maximize
negative emissions per unit of primary bioenergy used.
The potential of biomass to provide negative emissions establishes a strong link be-

tween carbon prices and bioenergy prices, the latter of which are interpreted as the
willingness-to-pay for bioenergy. The carbon price increases with the stringency of the
climate target and with the reduction of the bioenergy potential, as does the willingness-
to-pay for bioenergy. While bioenergy prices are 12 $/GJ in 2100 without climate policy,
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under low-stabilization targets prices increase to 73 $/GJ if the bioenergy potential is
constrained to 300 EJ/yr and 430 $/GJ if it is constrained to 100 EJ/yr. It is hard to
imagine that these bioenergy prices and underlying carbon prices would be politically
desirable and enforceable or would be paid in the real world. Rather they are an indicator
for the strong need for negative emissions that occurs in the second half of the century
from intertemporal emissions balancing. Since the CCS technology is the only way to
transform the biomass carbon into negative emissions the price-link is weaker if CCS
is not available (66 $/GJ in 2100). Consequently, the willingness-to-pay for bioenergy
depends on the carbon price and the availability of CCS. For low stabilization scenarios
with BECCS availability, we find that the carbon value of biomass tends to exceed its
pure energy value. This has consequences for the choice of BECCS technologies: with
rising carbon price the capture rate becomes the deciding factor in terms of which con-
version routes are taken. Rising carbon prices induce investments in technologies that
would not be built for the purpose of energy production.
BECCS has impact on the timing and dynamics of emission reductions over the course

of the century. Negative emissions are valuable because they increase the amount of per-
missible carbon emissions from fossil fuels and therefore allow postponing some emissions
reductions in the short-term and the preservation of some residual emissions in the long
run. Thus, for a given climate target, bioenergy acts as a complement to fossils rather
than a substitute. Postponing emission reductions turns this inter-temporal flexibility
into a commitment since the prolonged short-term deployment of fossil fuels relies on
the long-term potential of biomass and the availability of CCS. Given the uncertainties
about CCS technology and the concerns about the sustainability of large-scale produc-
tion of bioenergy, a strong reliance on the availability of these two options could be a
risky strategy.
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Key findings

� Bioenergy with CCS is a mitigation option with paramount importance particularly
for achieving stringent climate change mitigation targets. If CCS is available, in
mitigation scenarios bioenergy is exclusively used with CCS and it is predominantly
used to produce liquid fuels for the transportation sector. Bioenergy deployment
increases rapidly after 2030 to around 300 EJ/yr. Mitigation costs rise sharply if
bioenergy or CCS is constrained. This indicates that without bioenergy and CCS,
it is difficult to achieve low stabilization targets.

� In the climate mitigation scenarios, the value of bioenergy is determined by both
its energy value and the value of potential negative emissions. The availability of
BECCS creates a strong link between carbon prices and bioenergy prices. For low
stabilization scenarios with BECCS availability, the carbon value of biomass tends
to exceed its pure energy value. Rising carbon prices thus induce investments in
technologies that would not be built for the purpose of energy production.

� Bioenergy is so valuable because its negative emissions increase the amount of per-
missible carbon emissions from fossil fuels and therefore allow postponing emissions
reductions in the short-term and the preservation of some residual emissions in the
long run. For a given climate target, bioenergy thus acts as a complement to fossils
rather than a substitute.

� However, this makes the prolonged short-term deployment of fossil fuels dependent
on the long-term potential of biomass and the availability of CCS. Thus, uncertain-
ties about the long-term developments of (i) conditions in the land use sector (land
availability, yields etc.) and (ii) CCS technology are highly relevant for short-term
decisions about emission reduction.

� Since bioenergy prices and carbon prices are closely linked, stringent climate protec-
tion targets induce a high willingness-to-pay for bioenergy that exceeds bioenergy
supply prices by far.

� Biomass feedstock can be supplied at prices above 5 $/GJ. GHG taxes increase
bioenergy supply prices due to reduced availability of high-productive forest land
and due to nitrogen-emissions from bioenergy production. Grassy biomass feed-
stock can be produced at lower cost than woody feedstock.

� Rising bioenergy demands are generally realized by yield increasing technological
development, i.e. intensification. Average yields required for bioenergy production
in 2095 are roughly between 500 and 600 GJ/ha for the major producer regions.
Without a GHG tax in the land use sector bioenergy reduces food cropland, other
land and forest. Introducing a tax on land use change emissions from deforestation
further reduces cropland and other land but saves forest completely. Two “valves”
are used to accommodate food and bioenergy demand if land availability is reduced
by GHG taxes: intensification and expansion into other land. Since GHG taxes
effectively prevent deforestation, also in the presence of bioenergy demand, they
significantly reduce global land use change emissions. However, high bioenergy
demands plus GHG taxes (as observed under low-stabilization targets) at the same
time put substantial pressure on the land use sector and could create a carbon
leakage effect from conversion of land that is not under emission control.
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� There is a strong indication that the competition for water between agriculture,
private households, and industry is likely to increase heavily in many regions, par-
ticularly if forests are protected and bioenergy is used for climate change mitigation.

7.2 Discussion

Climate policy not only increases the demand for bioenergy as Chapter 6 and several
further studies show (Calvin et al. 2009; Rose et al. 2013; van Vuuren et al. 2010a), it
could also substantially increase supply prices of biomass raw material as Chapter 5 of
the present study demonstrates. These prices are relatively high compared to previous
studies (about 4 $/GJ in Hoogwijk et al. (2009) and van Vuuren et al. (2009)) and
other energy carriers, particularly if GHG emissions in the land use sector are priced,
8-12 $2005/GJ for 100 EJ of biomass in 2055 compared to e.g. 4.6 $2005/GJ for coal
in 2011 IEA (2012b). However, Chapter 6 reveals that the BECCS technology offering
negative emissions, and the need for negative emissions under climate policy establish a
close link between carbon prices and bioenergy prices. The resulting willingness-to-pay
for bioenergy by far exceeds bioenergy supply prices identified in Chapter 5. Postponing
emission reductions are likely to further increase this demand-pull for biomass, if a given
stabilization target shall be achieved. According to these findings ambitious climate
change mitigation targets thus can be expected to put substantial pressure on the land
use sector in the second half of the century by demanding large-scale production of
biomass feedstock.
To the author’s knowledge there are only few studies that explicitly present supply

price curves for long-term global bioenergy supply (c.f. Section 5.2). Using a different
approach compared to these studies the analysis in Chapter 5 finds significantly higher
supply prices. Previous studies assume so called food-first policies calculating pure bioen-
ergy production costs on abandoned land only that would not be used for other purposes.
However, based on the rationale that farmers autonomously decide which crops to culti-
vate this study rather regards bioenergy and food crops as equal competitors for fertile
land, and that land allocation is solely based on cost-effectiveness. Bioenergy supply
prices in this study thus emerge under full land use competition with food and feed
production and are therefore higher than pure production costs in the previous studies.
The high willingness-to-pay for bioenergy offers substantial revenues for agricultural

producers and creates an incentive to convert high-productive forest land often located in
tropical ecosystems with high biodiversity (Doornbosch and Steenblik 2008) into land for
bioenergy production, which could entail substantial upfront carbon emissions. There-
fore, global forest protection measures are needed to reduce emissions from bioenergy
production. Deforestation could either be prevented by explicit forest protection policies
as applied in Chapter 3. According to Chum et al. (2011) “Persson and Azar (2010)
acknowledge that pricing LUC carbon emissions could potentially make many of the
current proximate causes of deforestation unprofitable (e.g., extensive cattle ranching,
small-scale slash-and-burn agriculture and fuelwood use) but they question whether it
will suffice to make deforestation for bioenergy production unprofitable because these
bioenergy systems are highly productive”. Chapter 5 confirms findings of Wise et al.
(2009) that pricing LUC carbon emissions can indeed be another effective measure to
prevent deforestation and to reduce land use change emissions substantially even under
large-scale bioenergy production. In the scenarios analyzed in Chapter 5 deforestation
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is completely stopped by the GHG tax. However, Chapter 5 also showed that the high
pressure from bioenergy demand and LULUC emission pricing might increase emissions
from conversion of land that is not under emission control. Each piece of land that is
protected by emission pricing increases the incentive to expand bioenergy and food pro-
duction into land that is not protected otherwise. This demonstrates the limitations of
carbon pricing: carbon taxes can only protect land that is under emission control and
only based on its carbon content. There are other reasons, though, that make land valu-
able to be excluded from agricultural use, most of all biodiversity, necessitating effective
nature protection policies that accompany GHG taxation. However, the more land is
excluded from agricultural production, the stronger gets the competition for land, water
and other agronomic inputs between bioenergy and food production (Chapter 3). At the
same time the willingness-to-pay for bioenergy can be very high, as Chapter 6 revealed,
creating an incentive for producers to switch from food production to bioenergy produc-
tion. This shows that land-based mitigation options, such as BECCS, could lead to a
revaluation of land by creating substantial carbon-price-induced land rents. Considering
that climate policy on the other hand devaluates fossil fuels the combined effects could
result in a substantial redistribution of rents from fossil fuel owners to land owners.

Carbon prices induced by climate policy propagate through two channels into the
land use sector, directly in the form of GHG prices on LULUC emissions and indirectly
in the form of bioenergy demand. Thus, they would reduce land for food production
in two ways, by effectively preventing deforestation and by requiring additional land for
bioenergy cultivation. If so, ambitious climate change mitigation targets require substan-
tial yield increases throughout the whole century to accommodate food and bioenergy
demand.

As presented in Chapter 1 there is a broad portfolio of potential mitigation options
of which BECCS is the only one considered in this thesis that can generate negative
emissions. Chapter 6 showed that the availability of BECCS is crucial for mitigation
strategies and corresponding costs. Large amounts of carbon, up to 50% (830 GtCO2)
of total cumulated CO2 emissions, have been captured at the end of the century in the
low-stabilization scenarios analyzed in Chapter 6. However, the (intertemporal) balanc-
ing of emissions via negative emissions from biomass relies on the availability of three
crucial chain links: the biomass potential, bioenergy conversion technologies, and the
carbon capture and storage technology. All of which are still uncertain since they have
only been demonstrated on laboratory scale and are by no means commercial yet. Under-
ground CO2 storage has to be tested at scale, long-term leakage rates remain unknown,
and the availability of storage capacities in reasonable range of emission sources are un-
certain. The long-distance transport of captured CO2, if needed, would require a pipeline
network similar to the existing gas transport infrastructure (ICF 2009). Furthermore, the
lack of social acceptance constitutes a major barrier for the implementation of demon-
stration and commercial deployment projects. There are alternative means for carbon
dioxide removal, such as direct air capture technologies (DAC) and afforestation (Tavoni
and Socolow 2013) or soil carbon build-up (Smith et al. 2008), that could lower the
dependency on BECCS. However, in contrast to bioenergy they do not provide energy
but potentially even demand energy in the case of DAC. Furthermore DAC technologies
also rely on large-scale and long-term underground storage capacities. This is not the
case for afforestation, which builds up above ground carbon stocks that, however, might
be at risk of being released at a later point in time. Thus, permanence of storage is an
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issue for all carbon removal technologies (BECCS, DAC, and afforestation). Moreover,
afforestation is similar to bioenergy in that it requires land. Many IAM models including
REMIND lack representation of these options yet (Kriegler et al. 2013c).
The other determinant of the amount of realizable negative emissions, the bioenergy

potential, strongly depends on developments of yields, technological change, and land
availability. Second generation lignocellulosic feedstock, mainly short-rotation perennial
grasses, such as Miscanthus, have not been produced for energy purposes on large and
commercial scale yet. The lack of experience results in uncertainty about actual and
future yields. As pointed out in Section 5.5 the bioenergy potential presented in this
study is based on optimal land allocation, solely based on cost-effectiveness, accompa-
nied by optimal investments into research and development (R&D), and full impact of
R&D on all crops. However, sub-optimal real world conditions are likely to lower bioen-
ergy potentials (Section 5.5). The rates of yield increases required for large-scale biomass
deployment identified in Chapter 3 (0.9%/yr) are slightly lower, though, than historical
yield growth of about 1.3% annually from 1970 to 1995 averaged across all crops. The
MAgPIE version applied for the bioenergy potential estimated in this thesis assumes the
global pasture land to be fixed at 1995 level and thus not accessible for other agricultural
activities. However, under real world conditions the evolvement of pasture land is, like
all other agricultural areas, subject to economic conditions and decisions. High bioen-
ergy prices could create an incentive to convert pasture land to bioenergy crop land.
Technological progress in livestock production could reduce required pasture land and
increase the land availability for bioenergy and food production.
The major bioenergy conversion routes analyzed in this study rely on gasification of

lignocellulosic feedstock. Albeit long experience from coal gasification makes this part
of the route to negative emissions the one closest to maturity it still is far from the
commercial state. First demonstrations projects have been abandoned due to technical
issues and lack of financial support (Stahl 2004; Waldheim and Carpentieri 1998).
Another important and highly uncertain parameter that affects the supply side and

the demand side of bioenergy likewise is the evolvement of the world population, since
it drives the demand for food and energy. Land requirements for food production and
resulting land use competition between bioenergy and food also depend on human diet,
mainly due to large land requirements for meat production. A diet shift to reduced meat
consumption could decrease global agricultural non-CO2 emissions (Popp et al. 2010)
and hence the need for negative emissions.

7.3 Outlook

This thesis demonstrated the paramount importance large-scale BECCS deployment
could gain for achieving low-stabilization targets that keep global warming below 2 �. It
showed that mainly in the second half of the century large amounts of biomass have to
be produced and converted, and large amounts of carbon have to be captured and stored
underground. However, none of these bioenergy chain links have been demonstrated
at large and commercial scale yet: neither the production of purpose-grown lignocellu-
losic biomass for energy purposes nor the conversion (mainly relying on gasification) nor
capturing and storing carbon. The results of this analysis indicate that investments in
research and development (R&D) for all of these practices could be justified. The tech-
nologies are not required immediately but research and development should make them
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available soon after 2030. In particular further research is needed how purpose-grown
lignocellulosic biomass can be produced sustainably on a large-scale. The success of the
large-scale application of BECCS not only depends on technological improvements but
it crucially depends on the social acceptance of large-scale bioenergy production and
underground carbon storage, which will only be realizable if adverse effects, particularly
deforestation and competition with food production, can be mitigated. This requires
not only R&D investments but also political institutions that enforce nature protection
and potentially necessary policies preventing adverse effects on food production. This
becomes even more important if yield improvements, as estimated in this study, can not
be realized under real world conditions that are characterized by market imperfections
such as under-investments, subsidies, trade-barriers and other regulations.

Moreover, it would be worthwhile to study how real world land owners may react
in a non-optimal way on high carbon prices that revaluate their land due to the need
for land-based mitigation options. Are institutions and policies needed to manage and
handle the potentially large redistribution of land rents that may occur under climate
policy? Furthermore, long-term climate policy requires time consistent policies and in-
stitutions. This gets particularly important if negative emissions from BECCS are used
for intertemporal emission balancing, since the compliance with a certain climate tar-
get relies on the application of negative emission technologies after 2050 to compensate
emissions that will have been released at that time. In addition, results in this thesis,
especially in Chapter 5, are based on an important precondition for successful emis-
sion mitigation in the land use sector: the accounting of land use and land use change
emissions. In the real world this would require ubiquitous institutions that guarantee a
comprehensive monitoring of agricultural activities, land use change, and resulting emis-
sions. In summary, the deployment of bioenergy with CCS for climate change mitigation
requires short-term as well as long-term planning, high institutional efforts, and time
consistent policy intervention on various levels (global, regional, and local) and vari-
ous topics (rents and investments, emission accounting, climate target) throughout the
whole century to ensure timely R&D of BECCS technologies and feedstocks, sustainable
large-scale production of biomass, and intertemporal emission balancing.

There are further challenges for future research. The interactions of bioenergy and
food production are of particular interest. The deployment levels of bioenergy presented
in this study require large amounts of land and thus reduce land available for food
production. First of all, the impact of the resulting competition on food supply should
be studied in more detail. Food prices could rise due to higher costs for land, labor,
fertilizer, water, and other agronomic inputs. Including market imperfections (such as
trade barriers) and sub-optimal R&D investments into the analysis and investigating
their impact on food and bioenergy supply could be another step. Furthermore, impacts
of climate change on the biomass potential, not considered in this study, should be taken
into account. Since agricultural yields are strongly dependent on climatic conditions
global warming could substantially alter future yields. Finally, there are alternatives to
bioenergy with CCS, such as direct air capture technologies and afforestation that have
not been covered by this study. Afforestation is of special interest because it does not
require the development of new technologies or the availability of underground carbon
storage. In contrast to short-rotation bioenergy feedstocks afforestation builds up long-
lived forests and could thus even increase biodiversity. However, since it requires land it
interferes with bioenergy and food production. In particular it competes with BECCS for
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land and the cost-effective reduction of carbon emissions. Therefore, the potential trade-
off between BECCS deployment and afforestation should be studied in an integrated
framework, as developed in this thesis, covering dynamic interactions between the energy
and the land use sector.
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Tools and Resources

This dissertation relies on numerical modeling. A number of software tools were used
to create and run the models, and to process, analyze and visualize the results. This
section lists these tools.

Modeling The REMIND model, the MAgPIE model, and the supply curve fitting tool
were implemented in GAMS1. The CONOPT32 solver was used to solve the non-linear
formulations.

Data Processing For the data pre- and postprocessing and figure generation the Math-
Works’ MATLAB3, version 7.5 (R2007b) and the free software programming language
R4, version 3.01, were used.

Source code management All code projects were managed using the Subversion ver-
sion control system5.

Typesetting This document was prepared with LATEX2ε
6 using KOMA-Script7 version

2013/12/19 v3.12 KOMA-Script and the packages pdfpages, scrpage2, booktabs, hyperref,
nomencl, inputenc, textcomp, caption, sidecap, and biblatex. Chapters 2 to 6 were written
with Microsoft Word 2010.

Literature management Zotero8 was used for literature management and providing
the bibliography to LATEX2ε and biblatex.

1http://www.gams.com
2http://www.gams.com/docs/conopt3.pdf
3http://www.mathworks.de/products/matlab/
4http://www.r-project.org/
5http://subversion.apache.org/
6http://www.latex-project.org/intro.html
7http://www.komascript.de
8http://www.zotero.org/
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