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Greenhouse-gas payback times for
crop-based biofuels

P. M. F. Elshout, R. van Zelm', J. Balkovic?>3, M. Obersteiner?, E. Schmid?, R. Skalsky?,
M. van der Velde?" and M. A. J. Huijbregts’

A global increase in the demand for crop-based biofuels may be met by cropland expansion, and could require the sacrifice
of natural vegetation. Such land transformation alters the carbon and nitrogen cycles of the original system, and causes
significant greenhouse-gas emissions, which should be considered when assessing the global warming performance of crop-
based biofuels. As an indicator of this performance we propose the use of greenhouse-gas payback time (GPBT), that is, the
number of years it takes before the greenhouse-gas savings due to displacing fossil fuels with biofuels equal the initial losses
of carbon and nitrogen stocks from the original ecosystem. Spatially explicit global GPBTs were derived for biofuel production
systems using five different feedstocks (corn, rapeseed, soybean, sugarcane and winter wheat), cultivated under no-input and
high-input farm management. Overall, GPBTs were found to range between 1 and 162 years (95% range, median: 19 years)
with the longest GPBTs occurring in the tropics. Replacing no-input with high-input farming typically shortened the GPBTs by
45 to 79%. Location of crop cultivation was identified as the primary factor driving variation in GPBTs. This study underscores

the importance of using spatially explicit impact assessments to guide biofuel policy.

bioenergy directives that aim to increase the share of

renewable energy and to reduce greenhouse-gas (GHG)
emissions from the use of fossil fuel'. The production of liquid
biofuels for the transportation sector in particular has experienced
substantial growth since 1990>. Despite rapid developments in
the field of second- and third-generation biofuels (produced from
lignocellulosic biomass and microalgae, respectively), only first-
generation biofuel production from energy crops, such as corn,
soybean, rapeseed and sugarcane, is commercial at present™. A
growing demand for energy crops in the future may be met either
by increasing the amount of agricultural land or by increasing crop
production on existing agricultural land. Expansion of agricultural
land requires the sacrifice of other land cover, such as abandoned
lands, pastures or natural systems. The last of these can be especially
problematic from a climatic point of view, given that natural
forests and grasslands store large amounts of carbon that may
be released to the atmosphere on their conversion to agricultural
use, thereby disturbing the global carbon balance™. Most of the
carbon in natural terrestrial systems is stored in biomass and
soil’. Removal of natural biomass may result in large releases
of carbon through post-harvest combustion and decomposition.
Crops also store carbon in their biomass during growth, but the
regular harvest of many crops impedes long-term carbon storage.
In addition, agricultural land use may alter the balance between
inflows and outflows of the soil carbon pool through changes
in vegetation, increasing erosion and soil disturbance through
farming activities such as tillage and irrigation®’. Conversion
of native forest to croplands may result in a large loss of soil

O ver the past few decades, many countries have adopted

carbon stocks, releasing more than 40% of the original stock to
the atmosphere’.

Changes in the global carbon balance due to land conversion
are especially relevant in the case of biofuel production given that
carbon and nitrogen emissions from deforestation and land-use
intensification may nullify the environmental benefits of displacing
fossil fuels'®'!. The impact of biofuel production on the global
carbon balance can be quantified by calculating carbon payback
times'>'¢, also known as carbon debt repayment times', carbon
break-even points'” or carbon compensation points'®. The carbon
payback time is defined as the period over which the total GHG
savings due to displacement of fossil fuels by biofuels equals
the initial losses in ecosystem carbon stocks caused by land
conversion. These measures are analogous to the more widely
known energy payback times that are used in impact assessments
of, for example, photovoltaic systems. Here, we propose the term
greenhouse-gas payback time (GPBT) in assessing the impact of
crop-based biofuel production on the balance of multiple GHGs.
These GPBTs depend on the following: the amount of biogenic
carbon dioxide (CO,) emitted to the atmosphere due to the removal
and burning or decay of the original carbon-storing biomass; the
amount of biogenic CO, and dinitrogen oxide (N,O) emitted to
the atmosphere due to soil mineralization and (de)nitrification
processes following land conversion, that is, the net difference
between the original soil stocks and those of the bioenergy
system; the annual amount of N,O emitted to the atmosphere
due to fertilizer application during crop cultivation; the amount
of fossil GHGs emitted per unit of produced bioenergy (including
emissions from machinery use and transportation) relative to the
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amount of fossil GHGs emitted per unit of fossil energy that
is produced and combusted; the amount of bioenergy gained
through biofuel production, which depends on the feedstock yield,
feedstock-to-biofuel conversion efficiency, and energy content of
the biofuel.

The GHG emissions associated with the production of crop-
based biofuels (including related land-use change) have been
assessed extensively before'*?2. Previous assessments have shown
that emissions vary with the type of crop that is cultivated, the
location of cultivation, and the intensity of farm management
practices. However, most previous work has consisted of case
studies that focused on specific countries or regions, and researchers
have thus failed to identify the implications of growing various
crops worldwide. Development of standardized, globally applicable
metrics, such as GPBTs, is a precondition for progress towards a
sustainable biofuel trade. Therefore, the first aim of our study was to
derive spatially explicit, high-resolution GPBTs for potential crop-
based biofuel production on a global scale, taking into account
the conversion of natural vegetation to feedstock cropland. These
GPBTs were calculated for the production of bioethanol from
corn grain, sugarcane sucrose and winter wheat grain, which
could replace fossil gasoline, and for production of biodiesel from
rapeseed and soybean oil, which could replace fossil diesel. The
cultivation of the biofuel crops was simulated spatially explicitly,
using the global crop model EPIC (see Supplementary Information).
Second, we assessed the reduction in GPBTs when high-input
croplands replace no-input croplands of the same crop (that
is, farm intensification). Finally, we analysed how geographic
location, management regime and crop type affect the GPBTs.
To our knowledge, the present study is the first to calculate
GPBTs at a global scale, and the first to quantitatively assess
the the relative importance of the three primary drivers of
GPBT variation.

By-products

The crop-based biofuel production processes studied here produce
significant quantities of by-products to which part of the GHG
emissions should be allocated. Examples are corn stover, rapeseed
meal and soybean meal, and dried distiller grains with solubles
from corn and wheat, which are used as animal feed, and
sugarcane bagasse, which can be used in electricity production.
Three commonly used methods to allocate emissions between the
biofuel and its by-products are those based on energy content, mass
and market value®. The outcomes of the GPBT calculations vary
with these different approaches. When allocation is included on
an energy basis, GPBTs are on average 61% shorter than when
applying no allocation. For mass-based and market value-based
allocation, this is 67% and 30%, respectively. The results given
below are those using energy-based allocation. The outcomes of
mass-based and market value-based allocation can be found in the
Supplementary Information.

Cropland replacing natural vegetation

When taking the replacement of natural vegetation by croplands as
a starting point for biofuel production, the GPBTs for our biofuel
production systems varied from 1 to 162 years (95% range; median
of 19 years) depending on the crop, management intensity and
location. The spatial distribution of global GPBTs for each crop-
management combination is shown in Fig. 1. The longest GPBTs
were found in the tropical regions of South America, Africa and
Southeast Asia, where we calculated a median GPBT of 51 years
(95% range of 7 to 313 years) when converting tropical moist forest
to cropland for biofuels and 27 years (95% range of 3 to 164 years)
when replacing tropical grasslands. Shorter GPBTs were found in the
temperate and boreal regions, where the median GPBT was 20 years
(95% range of 3 to 103 years) when converting temperate broadleaf
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forest to biofuel cropland, 19 years (95% range of 1 to 155 years)
when replacing temperate coniferous forests, 10 years (95% range of
0 to 87 years) when replacing boreal forests and taiga, and 6 years
(95% range of 0 to 54 years) when replacing temperate grasslands.
In <1 to 3% of the grids, particularly in the temperate and boreal
regions, we found negative GPBTs, which resulted from cropland
soil organic carbon (SOC) stocks that exceeded the total carbon
stock in the soil and biomass of the reference vegetation.

Under no-input farming, rapeseed-based biodiesel production
yielded the shortest GPBTS, that is, a global median of 21 years (95%
range of 1 to 404 years). Bioethanol production from sugarcane
under no-input farming yielded the longest GPBTs, with a global
median of 60 years (95% range of 8 to 209 years). In the tropical
regions all crops had longer GPBTs, with soybean and sugarcane
performing best: median GPBTs of 77 years (95% range of 13 to
141 years) and 90 years (95% range of 13 to 190 years), respectively.
Under high-input farming, the median GPBTs for all crops were
45 to 79% shorter compared with no-input farming. Corn and
winter wheat performed best in this case: median GPBTs of 6
years (95% range of 0 to 29 years) and 8 years (95% range of 0 to
57 years), respectively.

We compared our GPBTs with those obtained in a few studies
in which payback times were obtained for specific crop-based
biofuels'®*!>!¢_ In general, we found wider GPBT ranges than those
of previous studies. Given that the biomass carbon losses due to land
conversion are similar (ref. 13 also used IPCC data; ref. 10 used
average data from the literature), the differences can be attributed
to the highly variable SOC and crop yields. For example, we found
short (or, in some cases, negative) GPBTs when the SOC content
in cropland was higher or only slightly lower than the total carbon
in the natural system. These circumstances were not observed
in the previous studies, which used relatively high estimates of
SOC in the natural system and applied a default decrease in
the amount of SOC following conversion to cropland, based on
scientific literature'®"”. However, we obtained long GPBTs in grids
where the SOC in the cropland was lower than the total carbon in
the natural system and where the crop yield was low. The previous
studies typically focused on crop cultivation in regions where the
crops are grown at present or where the climatic conditions allow for
their cultivation in the near future. In the present study, however, we
simulated potential crop cultivation worldwide, which implies that
more regions with relatively low yields were included (for example,
sugarcane cultivation in temperate regions and rapeseed cultivation
in tropical regions). This inclusion explains why more variability was
observed in the present study than in previous studies.

No input versus high input

Large differences in GPBTs were associated with the use of two
types of farm management. We observed that replacing no-input
farming with high-input farming tends to shorten the GPBTs, often
by more than 100 years (Fig. 2). High-input farming generally
resulted in greater SOC losses to the atmosphere and higher
GHG emissions from fertilizer and machinery compared with
farm management without the input of fertilizer and irrigation.
Nevertheless, cultivating biofuel crops under high input resulted
in shorter GPBTs in 95 to 99% of the global grids due to higher
crop yields, which offset the higher GHG emissions. Although lower
rates of fertilizer application evidently lead to lower GHG emissions,
we conclude that a reduction in fertilizer application will be
counterproductive if it results in large decreases in yields. However,
it should be noted that the two farm management scenarios analysed
in the present study differed only in the application of nitrogen
fertilizer and irrigation. Other farm management practices that
affect GHG emissions, such as tillage, potassium and phosphorus
fertilizer application, stover removal and crop rotation, were
not addressed.
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Figure 1| Global maps of GPBTSs for the five bioenergy crops under no-input and high-input farm management. White areas (for example, deserts and ice
cover) were deemed unsuitable for agricultural land use a priori. Grey areas were excluded because their modelled crop yields were below the yield
threshold (see Supplementary Information). These maps were constructed at a 5-arcmin resolution.

Explained variance

We identified the effects of crop type, management system and
location on the variance in grid-specific GPBTs. Overall, 90.7% of
the variance in GPBTs was attributable to differences in location
(Supplementary Table 5). The other factors were of less importance:
farm management and the type of crop accounted for 6.5%
and 2.5% of the variance in the GPBTs, respectively, and the
remaining 0.3% was due to crop-management interactions. These
findings stress the importance of accounting for spatial differences
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when assessing the influence of crop-based biofuel production
on GPBTs.

Although significant differences in GPBTs were found between
different crops, the effect of crop type on the global GPBTs
was small compared with the influence of location. However,
most crops included in the present study were annual crops,
which have no long-term storage of carbon owing to frequent
harvest. Perennial grasses and permanent crops (for example, oil
palm) generally produce higher yields and have the potential
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Figure 2 | Histograms of AGPBT showing the change in payback times when converting no-input farming to high-input farming of the same feedstock
crop. The colours denote the two primary classes of natural vegetation that were replaced by agricultural land, that is, forests and rangelands, based on the

classification in ref. 33.

to sequester more carbon in soil and biomass®*'. Sugarcane,
the only perennial crop in our study, was indeed found to
have higher average yields (7 to 25 times) and slightly higher
SOC stocks (3 to 7%) than the other crops, which were partly
negated by a more inefficient crop-to-fuel conversion. Earlier
studies on the effects of biofuel produced from permanent crops
were inconclusive. For example, ref. 13 reported shorter carbon
payback times for oil palm biodiesel compared with several
annual crop-based biofuels, whereas ref. 10 reported that palm
biodiesel yielded the longest carbon payback times. Lignocellulosic
biomass, such as switchgrass, miscanthus, and grassland mixtures,
is frequently considered to be a suitable replacement for degraded
croplands'®®, but the effect of replacing natural vegetation with
these crops has not been extensively studied. However, under
favourable conditions, lignocellulosic crops can maintain higher
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SOC contents than mature forests and native grasslands®**’, and

therefore biofuel production from lignocellulosic biomass is worth
further investigation.

Implications

Whether biofuel production in a specific location may be favourable
or unfavourable for mitigating climate change depends on the total
production period of the cropland during which it is used for
biofuel feedstock cultivation in that location'. For example, the
Intergovernmental Panel on Climate Change (IPCC) proposes an
average of 20 years as the typical cultivation period before cropland
is converted to a different land use®®. In this case, therefore, the
GPBT in a specific location should be shorter than 20 years for
the biofuel production to be beneficial versus the use of fossil
fuels in terms of total GHG emissions. Additional locations would
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Figure 3 | Histograms of the GPBTSs for the five energy crops under no-input and high-input farm management. The colours denote the two primary
classes of natural vegetation that were replaced by agricultural land, that is, forests and rangelands, based on the classification in ref. 33. The dashed lines
denote various cropland production periods that may be assumed, which affect the number of grids (expressed as percentages) where biofuel production
is beneficial versus the use of fossil fuels in terms of total GHG emissions. The low yield bar denotes the percentage of grids for which no GPBTs were

calculated because the modelled yield was less than the threshold value.

qualify as beneficial when assuming a cropland production period
of 30 or possibly 100 years®. Frequency distributions of the GPBTs
indicating the effects of assuming various cropland production
periods are shown in Fig. 3. Under no-input farming, the GPBT
was shorter than 20 years in only 14 to 43% of the grids. When
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assuming a 100-year cropland production period”, this areal extent
increases to 62 to 93% of the grids. A similar trend was evident in
high-input farming: there, the GPBT was shorter than 20 years in 42
to 82% of the grids, and shorter than 100 years in 74 to 93% of the
grids (Fig. 3).
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Limitations and uncertainties

The data used in our GPBT calculations come with uncertainties
and limitations that should be considered when interpreting the
results. First, the crop model simulations with EPIC include only a
limited number of natural land cover types (that is, deciduous forest,
coniferous forest, rangelands), which are used to simulate the global
natural soil carbon content. Therefore, the crop model simulations
do not fully encompass the complexity of certain natural systems
such as peatlands and mangroves, which are particularly relevant
in that they store large amounts of carbon and nitrogen in their
organic soils*?. Previous studies indicated that replacing tropical
peatlands with oil palm plantations results in the release of up to
35MgCO,eha™" yr! from the soil alone during the first 25 years
of cultivation®*?, thereby leading to a payback time of 75 to nearly
700 years'. Ref. 13 calculated payback times ranging between 750
(sugarcane) and 12,000 (soybean) years when agriculture replaces
peat forests.

Second, the IPCC maps® used to derive the biomass carbon
stocks in natural ecosystems do not fully address local differences in
carbon densities. The maps show generic carbon stocks for a variety
of natural land cover types, and thus any variation within each land
cover type is not accounted for. Such variation may be expected, for
example, in the case of temperate forests, where land-use history
varies greatly among forest sites*. Nevertheless, we conclude that
the IPCC maps adequately address the most important spatial
differences in global biomass carbon stocks for the purposes of the
present study.

Third, the fossil GHGs emitted during cultivation and refining of
biofuel crops are based on data from a limited number of countries.
The global average GHG emission data used in the present study
were based on studies from Switzerland, France, Germany, Spain,
the US and Brazil®. A comparison of the available country-specific
fossil GHG emissions indicated that the greatest international
variations, that is, 32% and 11%, were associated with the
cultivation of rapeseed and refining of rapeseed, respectively, which
demonstrates that the variation between these countries is moderate
to low. However, other than in the few countries mentioned
above, no attention has been paid to international differences in
farming techniques, transportation or refining technology, and,
consequently, on fossil GHG emissions in the biofuel production
chain. Projecting emissions based on this selection of countries
to all countries across the globe will probably underestimate the
emissions (and GPBTs) from developing countries that lack optimal
techniques and infrastructure for the cultivation and refining of
feedstock crops. However, the available data are too limited to
improve the coverage of this assessment.

Fourth, we did not account for the potential effects of a changing
climate and higher atmospheric CO, concentrations on future
carbon and nitrogen cycles. Although higher CO, concentrations
may enhance crop yields’”’, a temperature increase will probably
decrease yields, particularly at low latitudes®. The amount of carbon
stored in vegetation biomass is expected to increase with increasing
temperatures”, whereas decomposition rates are expected to
increase with increasing atmospheric CO, concentrations, thereby
limiting soil carbon storage®. The net outcome of these contrasting
changes remains largely unclear®; therefore, these are not accounted
for in our GPBT calculations.

Fifth, we did not address the relation between biofuel demand
and agricultural production in our study. Other studies have
modelled the link between biofuel demand and agricultural
production thoroughly, which requires an understanding of the
implications of policymaking and economics, including the complex
relationship between fuel and food prices'**"**.

Finally, previous studies have shown that biofuels are
generally disadvantageous compared with fossil fuels with
respect to environmental impact categories such as acidification,
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eutrophication, ozone depletion and human toxicity*™*, and

replacing natural vegetation with croplands may affect local
biodiversity'®. Therefore, the biofuel feedstocks that performed well
in the present study may not be the best options when considering
the total environmental impact.

Conclusions

We developed spatially explicit GPBTs for crop-based biofuels on
a global scale, which allows for a more-detailed spatial assessment
of the global warming concerns and benefits of biofuel production
than was possible earlier. Under no-input cultivation, rapeseed-
based biodiesel yielded the shortest GPBTs, whereas sugarcane
yielded the longest GPBTs. High-input farming strongly reduced the
climatic impact of biofuels. Specifically, fertilization and irrigation
resulted in higher crop yields, which offset the negative effects
of decreases in soil carbon and higher GHG emissions from
farming activities, particularly emissions of dinitrogen oxide from
fertilizer application. Geographic location was found to be the
most important factor controlling the environmental performance
of the biofuel production systems included in the present study:
the location affects the replaced natural carbon stocks and the
carbon stocks and crop yields in the bioenergy system. For example,
crop cultivation in tropical forest regions typically resulted in
long GPBTs (medians of 17 to 51 years), whereas cultivation in
temperate regions yielded substantially shorter GPBTs (medians
of 6 to 20 years). Careful selection of growing locations is thus a
prerequisite for the contribution of biofuel crops to the mitigation of
climate change.

Methods
Methods and any associated references are available in the online
version of the paper.

Received 25 September 2014; accepted 7 April 2015;
published online 11 May 2015

References

1. Sorda, G., Banse, M. & Kemfert, C. An overview of biofuel policies across the
world. Energy Policy 38, 6977-6988 (2010).

2. Faaij, A. P. C. Bio-energy in Europe: Changing technology choices. Energy
Policy 34, 322-342 (2006).

3. Naik, S. N, Goud, V. V,, Rout, P. K. & Dalai, A. K. Production of first and
second generation biofuels: A comprehensive review. Renew. Sust. Energ. Rev.
14, 578-597 (2010).

4. Singh, A., Nigam, P. S. & Murphy, J. D. Renewable fuels from algae: An answer
to debatable land based fuels. Bioresour. Technol. 102, 10-16 (2011).

5. Johnson, J. A., Runge, C. E, Senauer, B., Foley, ]. & Polasky, S. Global agriculture
and carbon trade-offs. Proc. Natl Acad. Sci. USA 111, 12342-12347 (2014).

6. Popp, A. et al. Land-use protection for climate change mitigation. Nature Clim.
Change 4, 1095-1098 (2014).

7. Guo, L. B. & Gifford, R. M. Soil carbon stocks and land use change: A meta
analysis. Glob. Change Biol. 8, 345-360 (2002).

8. Don, A., Schumacher, J. & Freibauer, A. Impact of tropical land-use change on
soil organic carbon stocks—a meta-analysis. Glob. Change Biol. 17,

1658-1670 (2011).

9. Olson, K. R., Gennadiyev, A. N., Zhidkin, A. P. & Markelov, M. V. Impacts of
land-use change, slope, and erosion on soil organic carbon retention and
storage. Soil Sci. 177, 269-278 (2012).

10. Fargione, J., Hill, J., Tilman, D., Polasky, S. & Hawthorne, P. Land clearing and
the biofuel carbon debt. Science 319, 1235-1238 (2008).

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

12. Lamers, P. & Junginger, M. The ‘debt’ is in the detail: A synthesis of recent
temporal forest carbon analyses on woody biomass for energy. Biofuels Bioprod.
Biorefin. 7, 373-385 (2013).

13. Gibbs, H. K. et al. Carbon payback times for crop-based biofuel expansion in
the tropics: The effects of changing yield and technology. Environ. Res. Lett. 3,
1-10 (2008).

14. Havlik, P. et al. Global land-use implications of first and second generation
biofuel targets. Energy Policy 39, 5690-5702 (2011).

609

© 2015 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nclimate2642
http://dx.doi.org/10.1038/nclimate2642
http://dx.doi.org/10.1038/nclimate2642
www.nature.com/natureclimatechange

ARTl C LES NATURE CLIMATE CHANGE po!: 10.1038/NCLIMATE2642

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

610

Kim, H., Kim, S. & Dale, B. E. Biofuels, land use change, and greenhouse gas
emissions: Some unexplored variables. Environ. Sci. Technol. 43,

961-967 (2009).

Yang, Y. & Sugh, S. Marginal yield, technological advances, and emissions
timing in corn ethanol’s carbon payback time. Int. J. Life Cycle Assess. 20,
226-232 (2015).

Lamers, P, Junginger, M., Dymond, C. C. & Faaij, A. Damaged forests

provide an opportunity to mitigate climate change. Glob. Change Biol. 6,
44-60 (2013).

Danielsen, E et al. Biofuel plantation on forested lands: Double jeopardy for
biodiversity and climate. Conserv. Biol. 23, 348-358 (2008).

Adler, P. R., Grosso, S. J. D. & Parton, W. J. Life-cycle assessment of net
greenhouse-gas flux for bioenergy cropping systems. Ecol. Appl. 17,

675-691 (2007).

Hoefnagels, R., Smeets, E. & Faaij, A. Greenhouse gas footprints of different
biofuel production systems. Renew. Sust. Energ. Rev. 14, 1661-1694 (2010).
Kim, S. & Dale, B. E. Life cycle assessment of fuel ethanol derived from corn
grain via dry milling. Bioresour. Technol. 99, 5250-5260 (2008).

Kim, S. & Dale, B. E. Regional variations in greenhouse gas emissions of
biobased products in the United States—corn-based ethanol and soybean oil.
Int. J. Life Cycle Assess. 14, 540-546 (2009).

Wang, M., Huo, H. & Arora, S. Methods of dealing with co-products of biofuels
in life-cycle analysis and consequent results within the U.S. context. Energy
Policy 39, 5726-5736 (2011).

Flynn, H. C. et al. Quantifying global greenhouse gas emissions from land-use
change for crop production. Glob. Change Biol. 18, 1622-1635 (2012).
Tilman, D., Hill, J. & Lehman, C. Carbon-negative biofuels from low-input
high-diversity grassland biomass. Science 314, 1598-1600 (2006).

Conant, R. T,, Paustian, K. & Elliott, E. T. Grassland management and
conversion into grassland: Effects on soil carbon. Ecol. Appl. 11,

343-355 (2001).

Zan, C. S, Fyles, J. W,, Girouard, P. & Samson, R. A. Carbon sequestration in
perennial bioenergy, annual corn and uncultivated systems in southern
Quebec. Agric. Ecosyst. Environ. 86, 135-144 (2001).

Lasco, R. D. et al. in 2006 IPCC Guidelines for National Greenhouse Gas
Inventories Vol. 4 (eds Eggleston, H. S. et al.) Ch. 5, 25-41 (IPCC, IGES, 2006).
Donato, D. C. et al. Mangroves among the most carbon-rich forests in the
tropics. Nature Geosci. 4,293-297 (2011).

Jauhiainen, J., Takahashi, H., Heikkinen, J. E. P, Martikainen, P. J. &
Vasander, H. Carbon fluxes from a tropical peat swamp forest floor. Glob.
Change Biol. 11, 1788-1797 (2005).

Germer, J. & Sauerborn, J. Estimation of the impact of oil palm plantation
establishment on greenhouse gas balance. Environ. Dev. Sustain 10,

697-716 (2008).

Murdiyarso, D., Hergoualc’h, K. & Verchot, L. V. Opportunities for reducing
greenhouse gas emissions in tropical peatlands. Proc. Natl Acad. Sci. USA 107,
19655-19660 (2010).

Ruesch, A. & Gibbs, H. K. New IPCC Tier-1 Global Biomass Carbon Map For the
Year 2000 (CDIAC, Oak Ridge National Laboratory, 2008);
http://cdiac.ornl.gov/epubs/ndp/global_carbon/carbon_documentation.html
Keith, H., Mackey, B. G. & Lindenmayer, D. B. Re-evaluation of forest biomass
carbon stocks and lessons from the world’s most carbon-dense forests.

Proc. Natl Acad. Sci. USA 106, 11635-11640 (2009).

Weidema, B. P. et al. Data Quality Guideline for the Ecoinvent Database
Version 3 (The Ecoinvent Centre, 2013).

36

37.

38.

39.

40.

41.

42.

43.

44.

45.

A

. Jaggard, K. W,, Qi, A. & Ober, E. S. Possible changes to arable crop yields by
2050. Phil. Trans. R. Soc. B 365, 2835-2851 (2010).

Ewert, E, Rounsevell, M. D. A., Reginster, I., Metzger, M. J. & Leemans, R.
Future scenarios of European agricultural land use: Estimating changes in crop
productivity. Agric. Ecosyst. Environ. 107, 101-116 (2005).

Rosenzweig, C. et al. Assessing agricultural risks of climate change in the 21st
century in a global gridded crop model intercomparison. Proc. Natl Acad. Sci.
USA 111, 3268-3273 (2014).

Friend, A. D. et al. Carbon residence time dominates uncertainty in terrestrial
vegetation responses to future climate and atmospheric CO,. Proc. Natl Acad.
Sci. USA 111, 3280-3285 (2014).

Van Groenigen, K. J., Qi, X., Osenberg, C. W,, Luo, Y. & Hungate, B. A. Faster
decomposition under increased atmospheric CO, limits soil carbon storage.
Science 344, 508-509 (2014).

Kim, S. & Dale, B. E. Indirect land use change for biofuels: Testing predictions
and improving analytical methodologies. Biomass Bioenerg. 35,

3235-3240 (2011).

Zilberman, D., Hochman, G., Rajagopal, D., Sexton, S. & Timilsina, G. The
impact of biofuels on commodity food prices: Assessment of findings. Am. J.
Agric. Econ. 95,275-281 (2013).

Kim, S. & Dale, B. E. Life cycle assessment of various cropping systems utilized
for producing biofuels: Bioethanol and biodiesel. Biomass Bioenerg. 29,
426-439 (2005).

Borjesson, P. & Tufvesson, L. M. Agricultural crop-based biofuels—resource
efficiency and environmental performance including direct land use changes.
J. Clean. Prod. 19, 108-120 (2011).

Van Der Velde, M., Bouraoui, F. & Aloe, A. Pan-European regional-scale
modelling of water and N efficiencies of rapeseed cultivation for biodiesel
production. Glob. Change Biol. 15, 24-37 (2009).

cknowledgements

The research was partly financially supported by three projects of the European
Commission under the 7th framework program for the environment, ENV.2012.6.3-3:
DESIRE—DEvelopment of a System of Indicators for a Resource efficient Europe, grant
agreement 308552; ENV.2008.3.3.2.1: PROSUITE—Sustainability Assessment of
Technologies, grant agreement 227078; and ENV. 2009.3.3.2.1: LC-IMPACT—Improved
Life Cycle Impact Assessment methods (LCIA) for better sustainability assessment of
technologies, grant agreement 243827. M.A.J.H. was further financially supported by the
Dutch National Institute for Public Health and the Environment RIVM-project $/607020,
Measurably Sustainable within the spearhead Healthy and Sustainable Living
Environment, commissioned by the Director-General of RIVM and run under the
auspices of RIVM’s Science Advisory Board.

A

uthor contributions

PM.EE., Rv.Z,, M.v.d.V,, M.O. and M.A.J.H. developed the methodological framework;
E.S. performed the EPIC model simulations; M.v.d.V,, ].B. and R.S. performed the

po

st-processing of the simulation results; PM.EE. performed the GPBT calculations and

statistical analyses; and all contributed to the writing of the paper.

A

dditional information

Supplementary information is available in the online version of the paper. Reprints and
permissions information is available online at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to PM.EE.

Competing financial interests
The authors declare no competing financial interests.

NATU

RE CLIMATE CHANGE | VOL 5 | JUNE 2015 | www.nature.com/natureclimatechange

© 2015 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nclimate2642
http://cdiac.ornl.gov/epubs/ndp/global_carbon/carbon_documentation.html
http://dx.doi.org/10.1038/nclimate2642
http://www.nature.com/reprints
www.nature.com/natureclimatechange

NATURE CLIMATE CHANGE poi: 10.1038/NCLIMATE2642

ARTICLES

Methods

The GPBTs for the biofuel production systems of crop x cultivated under
management strategy j in location i were calculated using the following equation

AGHGij + AGHGypiomass v.ij
(Miosst — Miyio) X Y. x BE, X E,

GPBT, ;=

where AGHG,; is the difference between stocks of SOC and nitrogen in natural
and agricultural soil (MgCO,eha™"); AGHGjomss, is the difference between carbon
stored in natural and crop biomass (MgCO,e ha™"); M, is the life-cycle fossil fuel
GHG emissions during production and combustion of gasoline or diesel

(MgCO,e MJ™1); My, is the life-cycle fossil fuel GHG emissions during biofuel
production, including crop fertilizer application (MgCO,e MJ™); Y is the crop
yield (kgha™' yr™'); BF is the biofuel conversion efficiency, that is, the amount of
biofuel that can be generated per amount of crop x; and E is the energy content of
the crop x biofuel (MJkg™"). The carbon stored in dead material was not included
as the contribution of dead material to the total carbon pool is typically low: <3%
in forests*® and <1% in grasslands®.

The two farm management strategies under investigation were no-input and
high-input cultivation. A scenario where no-input cultivation is converted to
high-input cultivation to improve crop production was studied as an alternative to
the expansion of agricultural lands at the expense of natural vegetation. GPBTs for
this land-use scenario were calculated using the equation

AGPBTX,K = GPBTx,z,high input GPBTx,i,no input

The SOC content of the agricultural systems and natural systems was simulated
using the environment policy integrated climate (EPIC) model*. For each
combination of crop type and management strategy, the EPIC model simulates the
SOC content as the amount of organic carbon in the soil to a depth of 30 cm
(Mg Cha™), thereby accounting for the carbon content of crop residues, carbon
respiration from the soil, leaching of carbon from the soil profile to lower layers,
and carbon lost in runoff and eroded sediment. Regarding SOC in natural systems,
the EPIC model distinguishes between forest and rangeland (that is, grass- and
shrubland) vegetation. Emissions of dinitrogen oxide (N,O) resulting from soil
mineralization were assumed to be directly proportional to the loss of soil carbon,
following ref. 24. The EPIC model was also used to simulate spatially explicit
dry-matter yields of grain (corn and winter wheat), seed (rapeseed) and beans
(soybeans), and the entire plant in the case of sugarcane.

The amounts of carbon stocked in natural biomass were based on the IPCC
Tier-1 Global Biomass Carbon Map for the Year 2000 of ref. 33, which provides
default carbon densities for both above- and below-ground biomass of various
natural vegetation types at a 1 x 1-km spatial resolution. The amount of carbon
stored in crop biomass was set to zero because annual harvesting of crops hinders
the long-term storage of carbon.

Life-cycle GHG emissions related to the production and use of biofuels and
fossil fuels were obtained from the ecoinvent v3 database®. For fossil fuels, we used

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

the global average of GHGs associated with the production of 1 MJ of fossil fuel
energy. For the biofuels, we included only GHGs emitted during the production
(for example, use of farming machinery, refining) of 1 MJ of bioenergy.

Carbon emissions during combustion of biofuels were not included owing to
the short rotation time of crops, implying a negligible global

warming potential®.

Direct N,O emissions from fertilizer application during high-input crop
cultivation were based on the nonlinear response between nitrogen fertilizer
application and soil N, O emissions reported in ref. 50. Indirect emissions through
nitrogen volatilization (through NH; and NO,) and from the leaching and runoff
of nitrogen from fertilizer applications were calculated using IPCC default
emission factors™.

For fossil fuel, as well as for biogenic GHG emissions, CO,, N,O and methane
were summed on the basis of their global warming potentials over a 100-year
period, that is, 1, 265 and 30 CO,-equivalents (CO,e), respectively™.

To address by-products of biofuel production systems, GHG emissions were
allocated based on energy content, mass and market value. In the main text, we
present the results of energy content-based allocation. Results of mass-based and
market value-based allocation are presented in Supplementary Figs 1-4.

We determined the variance between grid-specific GPBTs that was attributable
to type of crop used for biofuel production, management regime during crop
cultivation, and cultivation location. This variance was calculated using an
ANOVA as the sums of squares for crop type and management regime factors, and
the residual representing the spatial variability. The sum of squares of each factor
and the residual were divided by the total sum of squares to provide a measure of
the explained variance. The analyses were conducted using the R statistical
software, v3.0.2, in RStudio.

A detailed account of the methods is available in the Supplementary
Information.
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