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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.
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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 costoptimized 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.

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 sugarrich 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

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 hydrological 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, autoand 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
2
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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 Independent 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). 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 crosscountry 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 macroeconomic 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
3
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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).

2.3. Scenarios

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 ).

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.

(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.

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
4
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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)).

(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) bioenergy 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

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
5
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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.
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.

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

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
6
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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 lowcarbon 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 bioenergy 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

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%
7
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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 largescale 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 N2 O 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 lignocellulosic 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 highcarbon 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 largescale 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 landuse-related GHG emissions, biodiversity conservation, food
and water security.
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