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Abstract

The expansion of biofuel production can lead to an array of negative environmental impacts. Therefore, the

European Union (EU) has recently imposed sustainability criteria on biofuel production in the Renewable
Energy Directive (RED). In this article, we analyse the effectiveness of the sustainability criteria for climate

change mitigation and biodiversity conservation. We first use a global agriculture and forestry model to inves-

tigate environmental effects of the EU member states National Renewable Energy Action Plans (NREAPs)

without sustainability criteria. We conclude that these targets would drive losses of 2.2 Mha of highly biodi-

verse areas and generate 95 Mt CO2 eq of additional greenhouse gas (GHG) emissions. However, in a second

step, we demonstrate that the EU biofuel demand could be satisfied ‘sustainably’ according to RED despite its

negative environmental effects. This is because the majority of global crop production is produced ‘sustain-

ably’ in the sense of RED and can provide more than 10 times the total European biofuel demand in 2020 if
reallocated from sectors without sustainability criteria. This finding points to a potential policy failure of

applying sustainability regulation to a single sector in a single region. To be effective this policy needs to be

more complete in targeting a wider scope of agricultural commodities and more comprehensive in its mem-

bership of countries.
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Introduction

Recently, the European Union has set ambitious renew-

able energy targets with the RED (EC, 2009). As of 2020,

20% of the energy consumption and 10% of the total

transport fuel demand should be based on renewable

sources, it is expected that the bioenergy sector (biofuels

and biomass) will contribute substantially. Even though

biofuels offer the potential to reduce fossil fuel based

energy production and net emissions (Farrell et al.,

2006; Edwards et al., 2008), increasing biofuel demand

can result in higher GHG emissions through land use

change (Fargione et al., 2008; Searchinger et al., 2008).

Furthermore, biofuel production can also lead to biodi-

versity losses through direct or indirect displacement of

natural habitat and other ecologically valuable land

(Eggers et al., 2009; Hellmann & Verburg, 2010). In

order to ensure GHG emissions savings, prevent biodi-

versity loss and avoid other negative impacts on the

environment, sustainability criteria guiding biofuel pro-

duction have been included in the RED.

Already numerous studies have analysed effects of bio-

fuels on land use change and GHG emissions at global

scale (Al-Riffai et al., 2010; Britz & Hertel, 2011; Havlı́k

et al., 2011). Some studies have also explored the impact

of biofuel production on biodiversity inside Europe. Hell-

mann & Verburg (2010) show that direct effects of the

RED biofuel target on European land use are minor while

indirect effects can cause up to 8% of additional land use

change in Europe compared to a situation without biofuel

targets. Eggers et al. (2009) demonstrate that more species

might suffer habitat loss with increasing biofuel produc-

tion. However, they conclude that habitat loss due to

increasing European biofuel cultivation is much smaller

than habitat loss due to overall developments (demo-

graphic, economic, political and technological) until 2030.

To the best of our knowledge, none of the studies has

analysed the effects of biofuel expansion on biodiversity

at global scale although there is a serious potential that

similarly as the indirect land use change (ILUC) GHG

emissions, the ILUC biodiversity loss, will be substantial.
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Moreover, there is an ongoing discussion about the

effectiveness of RED sustainability criteria due to meth-

odological shortcomings of the RED approach. Since the

RED only targets the European biofuel sector which is

through trade directly linked with the rest of the world

(Laborde, 2011), leakage effects in other sectors and

countries cannot be prevented, potentially limiting the

effectiveness of RED sustainability criteria (Scarlat &

Dallemand, 2011; Soimakallio & Koponen, 2011; Van

Stappen et al., 2011). However, this has never been

quantified. We propose to use a global land use model-

ling framework to understand the environmental

impacts of the European biofuel directive on climate

change mitigation and biodiversity conservation and

assess the effectiveness of European biofuel sustainabil-

ity criteria in ensuring the latter.

Hence, we apply GLOBIOM (Global Biosphere Man-

agement Model), an integrated bottom-up, partial equi-

librium model of the global agricultural, bioenergy and

forestry sectors. GLOBIOM represents all major land

based sectors and therefore is able to account for the

direct and indirect effects of land use change implicitly.

Together with the detailed representation of technolo-

gies, these characteristics make the model a highly valu-

able tool for assessing impacts of biofuel policies

globally. Our approach for exploring effectiveness of

sustainability criteria relies on two main steps. First, we

use GLOBIOM to look at a Baseline scenario of the bio-

fuel development for the EU and compare it with the

Counterfactual scenario assuming no European biofuel

increase above 2010 level to analyse the environmental

impacts of the European biofuel targets. Second, we

assess effectiveness of the RED sustainability criteria by

identifying the share of production in the Baseline sce-

nario complying with these criteria and compare it with

EU biofuel demand. Computing the ‘sustainable’ pro-

duction complying with RED sustainability criteria

relies on an ex-post calculation respecting the rationale

of the RED.

This article is structured as follows. In the next

section we give an overview of the model and the

scenario characteristics. This is followed by a detailed

description of the sustainability criteria assessment

methodology. In the final section of this article we pres-

ent our results followed by a discussion.

Materials and methods

Model description

GLOBIOM is a global recursive dynamic partial equilibrium

bottom-up model integrating the agricultural, bioenergy and

forestry sectors. Demand and international trade are repre-

sented in this version of the model at the level of 27 EU mem-

ber states and 23 aggregated world regions outside Europe.

Trade calibration method proposed by Jansson & Heckelei

(2009) is applied to reconcile observed bilateral trade flows,

regional net trade, prices and trading costs for the base year

2000.

Commodity demand is specified as downward sloped func-

tion with constant elasticities parameterized using Food and

Agriculture Organization of the United Nations Statistics data

on prices and quantities, and own price elasticities as reported

by Seale et al. (2003). The supply side of the model is based on a

detailed disaggregation of land into Simulation Units (SimU) –

clusters of 5 arcmin pixels belonging to the same country, alti-

tude, slope and soil class and to the same 30 arcmin pixel

(Skalský et al., 2008). Production technologies at the level of

SimU, or their aggregates, are specified through Leontief pro-

duction functions, which imply fixed input – output ratios.

Crop, grassland, forest and short rotation tree plantation

productivity is computed together with related environmental

parameters like GHG budgets or nitrogen leaching at the SimU

level, either by means of process based biophysical models or

by means of downscaling. On the crop production side, GLOB-

IOM represents 18 major crops and 4 different management

systems (irrigated, high input – rainfed, low input – rainfed

and subsistence) simulated with the bio-physical process based

model EPIC (Environmental Policy Integrated Climate)

(Williams, 1995; Izaurralde et al., 2006). Parameters for primary

forest production such as mean annual increment, maximum

share of saw logs in harvested biomass, and harvesting costs

are provided by the G4M model (Kindermann et al., 2006). Five

primary forest products are represented in the model (saw

logs, pulp logs, other industrial logs, fuel wood and biomass

for energy).

In the model six land use types are represented: cropland,

grassland, short rotation tree plantation, managed forests,

natural forests and other natural land. Land use change is

driven endogenously by demand as well as profitability of the

different land based activities.

In the bioenergy sector, GLOBIOM covers first generation

and second generation biofuels as well as traditional biomass

use and production of heat, electricity and gas from woody bio-

mass. First generation biofuels include bioethanol made from

sugar cane, corn and wheat, and biodiesel made from rapeseed,

palm oil and soybeans. By-products obtained through biofuel

processing are represented in the model. Biomass for second

generation biofuels is processed either from existing forests,

wood processing residues or from short rotation tree

plantations.

In the objective function, the global agricultural and forest

market equilibrium is computed by choosing land use and pro-

cessing activities to maximize the sum of producer and con-

sumer surplus subject to resource, technological and policy

constraints. For a more detailed description of the model see

Havlı́k et al.(2011).

Scenarios

Our Baseline scenario provides an outlook on how bioenergy

markets could develop towards 2020 without any sustainability
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criteria related to biofuel production. The Primes Reference

Scenario (Capros et al., 2010) is used for European bioenergy

demand up to 2020 and NREAPs in 2020. Total European bio-

fuel demand in 2020 amounts to 881 PJ of biodiesel (235 PJ

imported), 286 PJ of bioethanol (74 PJ imported) and 31 PJ of

2nd generation biofuels. For the rest of the world we use the

POLES (Prospective Outlook on Long-term Energy Systems)

Baseline Scenario bioenergy projections (EC, 2011). Other

important driving forces in the model are macro-economic

developments such as population and gross domestic product

growth (EC, 2011).

The Baseline scenario is compared to the Counterfactual sce-

nario assuming no increase in European biofuel demand above

2010 level (biofuel demand fixed to 291 PJ) in order to derive

the effects of biofuel expansion on GHG emissions and

biodiversity.

Sustainability criteria assessment

The next step of the analysis consists in identifying what share

of the biofuel production in the Baseline scenario in 2020 com-

plies with the EU sustainability criteria and can be therefore

classified ‘sustainable’ in the sense of the RED. In GLOBIOM,

like in reality, markets are connected and substitution between

products and uses is possible. This means that we do not dis-

tinguish on the supply side between a crop for food or biofuel

as long as it is the same species. All of this makes that direct

and indirect effects of land use change in the sense of the RED

are simultaneously accounted for and reflected in the results.

Consequently, instead of trying to implement the sustain-

ability criteria ex-ante in the model, we choose an ex-post

calculation approach to assess effectiveness of sustainability

criteria which apply only to the biofuel sector. Through this

approach, we overcome the conceptual difficulty of separating

the direct land use change effects of biofuel production as

required by the RED.

We represent the most important sustainability criteria speci-

fied in the RED following strictly the methodology defined in

the RED, using default parameters from the Directive and

when available, more precise indicators supplied at the grid

cell level by the model.

With respect to GHG emissions savings the following criteria

apply:

• Article 17.2: With effect from 1 January 2017, the GHG
emission saving from the use of biofuels and bioliquids
shall be at least 50%

• Article 17.4: Biofuels and bioliquids shall not be made from
raw material obtained from land with high carbon stock
namely wetlands and continuously forested areas

With respect to biodiversity protection:

• Article 17.3: Biofuels and bioliquids shall not be made from
raw material obtained from land with high biodiversity
value namely primary forests and other wooded land, pro-
tected areas or highly biodiverse grassland

To evaluate compliance with these criteria, we identify and

exclude agricultural production on previously forested, highly

biodiverse and high nature value farmland areas. Then the

GHG emission saving (mitigation potential) per crop and grid

cell is calculated for the remaining agricultural production.

Agricultural production that does not comply with the 50%

mitigation target is further excluded from the regional ‘sustain-

able’ production potential in the sense of the RED. Subse-

quently, we analyse if the identified ‘sustainable’ potential is

large enough to satisfy European biofuel demand (biofuels pro-

cessed inside the EU or imported to the EU) within projected

trade flow patterns and processing quantities.

Implementation of the GHG emission criteria

We use the life cycle assessment methodology provided by the

RED to calculate the GHG emission savings for biofuels for

each grid cell. Total emissions are calculated using Eqn (1).

Total emissions of fuel ¼ eec þ el þ ep þ etd þ eu ð1Þ

where, eec are the emissions from the extraction or cultivation

of raw materials, el are the annualized emissions from carbon

stock changes caused by land use change, ep are the emissions

from processing, etd are the emissions from transport and distri-

bution and eu are the emissions from the fuel in use.

Model values are used for emissions from the extraction and

cultivation of raw materials for biofuel processing (eec) and

emissions from carbon stock changes caused by land use

change (el) while default values from RED Annex V are taken

for emissions from processing (ep) and transport and distribu-

tion (etd) (Table 1). Emissions from fuel in use are zero (eu) for

biofuels according to RED. Emission savings from soil carbon

accumulation, carbon storage and excess electricity from cogen-

eration as specified in the RED are assumed to be zero and not

considered in our calculation.

Emissions from the extraction and cultivation of feedstocks

for biofuel processing (eec) contain emissions from soil N2O,

fertilizer production and fossil fuel use. For emissions related

to fertilizer production and application, we use EPIC data for

fertilizer inputs harmonized with IFA data (International Fertil-

izer Industry Association) on global fertilizer use per crop spe-

cies. Soil N2O emissions are calculated according to IPCC tier 1

approach using adjusted EPIC fertilizer data and RFA (Renew-

able Fuels Agency) emission coefficients (RFA, 2009). RFA coef-

Table 1 Default values from the Renewable Energy Directive

in g CO2 eq MJ�1

Feedstock Processing

Transport

and distribution

Corn* 21 2

Palm oil† 18 5

Rapeseed 22 1

Soybean 26 13

Sugar cane 1 9

Wheat* 19 2

*Natural gas as process fuel in CHP plant.

†process with methane capture at oil mill.
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ficients are also used for the calculation of emissions from fer-

tilizer production and emissions from fossil fuel use (emissions

coefficients and average fossil fuel consumption).

Emissions from land use change (el) are based on carbon

stocks in above and below ground living biomass estimated for

the forest sector by G4M and for grasslands and other natural

land taken from Ruesch & Gibbs (2008). Total direct land use

change per grid cell is calculated over a 20 year period accord-

ing to the formula specified in the RED Annex V [Eqn (2)].

Since degraded land is not represented in GLOBIOM, the

bonus specified in the RED for biomass production on restored

degraded land is not considered. The land use change emis-

sions per grid cell are then allocated to specific crops in a grid

cell, according to crop area increase in the Baseline scenario

over 2010–2020.

el ¼ ðCSR � CSAÞ � 3:664� 1

20
� 1

P
ð2Þ

where, el is the annualized emission from carbon stock changes

caused by land use change, CSR is the carbon stock per unit

area associated with the reference land use, CSA is the carbon

stock per unit area associated with the actual land use and P is

the productivity of the crop measured in biofuel or bioliquid

energy per unit area per year.

Emissions from the extraction and cultivation, land use

change and processing1 are then corrected for the share of the

by-products for corn (37%), wheat (40%), rapeseed (41%) and

soybean (71%) according to energy content based on the BIO-

GRACE project (www.biograce.net) and RFA (2009) coeffi-

cients. No by-products are considered for palm oil and sugar

cane. Default values for emissions from transport and distribu-

tion are added and the mitigation potential is calculated using

Eqn (3).

MITIGATION POTENTIAL ¼ ðEF � EBÞ
EF

ð3Þ

where, EF is the total emissions from the fossil fuel comparator,

EB is the total emissions from the biofuel or bioliquid.

Implementation of the biodiversity criteria

The Renewable Energy Directive requires biofuel feedstocks

not to be obtained from land with high biodiversity value.

However, it does not include a map of the highly biodiverse

lands. We use high nature value (HNV) farmland areas elabo-

rated by Paracchini et al. (2008) to identify agricultural produc-

tion on highly biodiverse areas in Europe. Paracchini et al.

define HNV farmland as agricultural land having:

• a high share of semi natural vegetation.

• a mosaic of low intensity agriculture and natural and struc-
tural elements.

• a population of rare species or a high proportion of Euro-
pean or world populations.

The HNV farmland distribution map gives the probability

to find HNV farmland in a certain area. To determine Euro-

pean HNV farmland in our datasets, we follow the approach

suggested by Hellmann & Verburg (2010) and interpret the

probability as the actual HNV farmland area in this grid cell,

i.e. 30% probability translates into 30% of area in a grid cell is

HNV.

Data from United Nations Environment Programme – world

Conservation Monitoring Centre (UNEP–WCMC) is used to

identify highly biodiverse areas outside Europe. In the Carbon

and Biodiversity Report (Kapos et al., 2008), global terrestrial

biodiversity areas are identified wherever four or more priority

schemes overlap (Conservation International’s Hotspots, WWF

Global 200 terrestrial and freshwater eco-regions, Birdlife Inter-

national Endemic Bird Areas, WWF/IUCN Centres of Plant

Diversity and Amphibian Diversity Areas).

Overlaying the high biodiversity land maps for Europe and

the rest of the world with the land cover maps used in GLOBI-

OM, we find that in the base year 2000 7.8% of global forests,

5.2% of natural vegetation and 8.1% of grasslands can be con-

sidered highly biodiverse. Highly biodiverse primary forests

and other natural vegetation are mainly located in Latin Amer-

ica, Sub-Saharan Africa and Asia. A major share of highly bio-

diverse grasslands is in Europe due to HNV farmland

classification. Designated highly biodiverse forest and grass-

land areas are within the ranges specified in other sources.

FAO (2011) reports 7.4% of global forests designated under

conservation of biodiversity in 2000 and Hoekstra et al. (2005)

find 4.6% of temperate and 11.9% of tropical grasslands, savan-

nas and shrublands under conservation.

Results

In the first part of the result section we present impacts

of biofuel expansion on GHG emissions and biodiver-

sity by comparing the Baseline to the Counterfactual

scenario without biofuel increase in the EU above the

2010 level. In the second part we assess effectiveness of

RED sustainability criteria in preventing negative

impacts on GHG emissions and biodiversity. Therefore,

we first identify the share of production in the Baseline

in 2020 complying with RED sustainability criteria. Sub-

sequently, we analyse if the identified ‘sustainable’

potentials can satisfy European biofuel demand within

the projected trade flow patterns. When talking about

‘sustainable production’ we refer to production comply-

ing with the RED sustainability criteria.

Environmental impacts of European biofuel expansion

When contrasting the Baseline to the Counterfactual sce-

nario, total emissions increase by 95 Mt CO2 eq (+1.3%

1We choose natural gas as process fuel in CHP plant as pro-
cessing path for both corn and wheat in order to be consistent
as only for this path a default value for corn is offered in the
RED. For palm oil we take the default value for methane cap-
ture at oil mill since dissemination of that technology is
expected to increase further due to low GHG emissions (Peh-
nelt & Vietze, 2011).

© 2012 Blackwell Publishing Ltd, GCB Bioenergy, doi: 10.1111/j.1757-1707.2012.01188.x
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additional emissions) in 2020. In the Baseline scenario

rising emissions from deforestation (84 Mt CO2 eq),

other land use changes (18 Mt CO2 eq) and from change

in cropland management (63 Mt CO2 eq) and livestock

systems (5 Mt CO2 eq) cannot be compensated for by

an increasing carbon sink due to additional establish-

ment of short rotation tree plantations (�17 Mt CO2 eq)

and emission savings due to the replacement of fossil

fuel with biofuels (�58 Mt CO2 eq).

The ILUC factor associated with biofuel production

hence amounts to 48 g CO2 eq MJ�1 over 20 years.

However, if we distribute emissions over 30 years like

most other authors we come up with 32 g CO2 eq MJ�1.

This estimate is within the range of other studies such

as Britz & Hertel (2011) who made ILUC estimates of

42 g CO2 eq MJ�1 for European oilseeds biodiesel.

Using European crop specific ILUC factors from

Laborde (2011) and applying Baseline shares of biofuel

feedstocks, the average ILUC estimate would be

29 g CO2 eq MJ�1.

In addition biofuel expansion is responsible for about

2.2 Mha losses of highly biodiverse areas (+12.4% addi-

tional biodiversity loss). Deforestation of highly biodi-

verse primary forests rises by 0.9 Mha (+9.3%) and

additional grassland conversion goes up by 1.0 Mha

(+45.8%). Total deforestation rises by 2.4 Mha (+4.2%).

Effectiveness of RED sustainability criteria

Disaggregated ‘sustainable’ production potential. The disag-

gregated ‘sustainable’ production potential refers to the

share of Baseline production in 2020 complying with

single or combined sustainability criteria (Table 2). For

example when we impose only the 50% mitigation tar-

get 52% of global corn production is classified as ‘sus-

tainable’ according to RED methodology. Interestingly,

sustainability criteria related to the reduction of defores-

tation and the conservation of highly biodiverse areas

are less stringent criteria than the 50% mitigation target.

Consequently, the 50% mitigation target is responsible

for the major share of production excluded from the

‘sustainable’ production potential while only a small

share of total production is excluded due to violation of

sustainability criteria on direct land use change and

conservation of high biodiversity areas. More than 50%

of total production of all investigated biofuel feedstocks

complies with the sustainability criteria. Especially for

rapeseed, soybean, palm oil and sugar cane the over-

whelming share of production can be classified ‘sustain-

able’ in the sense of the RED.

One reason for the large biofuel production potential

that is already compliant with the RED relates to the

fact that deforestation in the Baseline scenario cannot be

directly attributed to biofuels as it is mainly driven by

grassland expansion into forests. Since only direct land

use change effects are considered in the RED methodol-

ogy, few areas are excluded from the RED specific ‘sus-

tainable’ production potential. Moreover, areas directly

affected by land use change or protected highly biodi-

verse areas represent only a minor share of total avail-

able cropland and areas converted prior to the base year

2000 are not excluded following the RED methodology

(this explains the rather surprising result for palm oil,

in addition palm oil area expansion until 2020 is small

in the Baseline).

Furthermore, allocating emissions to by-products

according to energy content reduces emissions signifi-

cantly for biofuels produced from soybeans, rapeseed,

corn and wheat as this method allocates a big share of

emissions to the by-products thus limiting the impact of

the mitigation criteria. Also high productivity increases

the mitigation potential per MJ energy output. Since

cropland is usually located on fertile land with high

yield potentials, this helps many regions to comply with

the 50% mitigation threshold. When looking at areas

excluded from the ‘sustainable’ potential for corn, only

35% of the total corn area is classified sustainable. How-

ever, it produces 50% of total supply. Moreover, it has

to be noted that biofuel feedstocks differ besides pro-

ductivity also in regional distribution patterns which is

reflected in the results. For example, corn has a lower

‘sustainable’ production potential than rapeseed since it

is produced globally but only a small share of the pro-

duction in Asia, Africa and Latin America is classified

‘sustainable’ due to not compliance with the mitigation

criteria resulting from low productivity while rapeseed

is mainly produced in Europe and Canada where pro-

ductivity is high and production as a result compliant

with the GHG mitigation criteria. However, this does

not imply that rapeseed production is more ‘sustain-

able’ than corn as it shows only that a larger part of the

Table 2 Share of Baseline production in 2020 that is compliant

with individual or combined European Union – Renewable

Energy Directive criteria.

DEF

(%)

BIO

(%)

MIT

(%)

DEF + BIO

(%)

DEF +

BIO + MIT

(%)

Corn 97 93 52 90 50

Sugar

cane

96 90 93 87 84

Wheat 99 94 56 93 55

Palm oil 100 97 100 97 97

Soybean 99 97 93 96 90

Rapeseed 100 95 81 95 78

DEF, no deforestation (Art. 17.4); BIO, biodiversity conserva-

tion (Art. 17.3); MIT, 50% mitigation (Art. 17.2).

© 2012 Blackwell Publishing Ltd, GCB Bioenergy, doi: 10.1111/j.1757-1707.2012.01188.x
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global production is classified ‘sustainable’ in the sense

of the RED.

Applying uniform processing default values also

brings controversial results for palm oil since a large

share of palm oil production is classified ‘sustainable’.

Applying the higher processing default values for palm

oil (49 g CO2 eq MJ�1) from the RED (processing path

where no process fuel use is specified instead of meth-

ane capture at oil mill) no production is classified ‘sus-

tainable’. This highlights the importance of choosing

actual values over standardised default values.

Aggregated ‘sustainable’ production potential. European

bioethanol and biodiesel demand in 2020 amounts to

286 PJ and 881 PJ respectively, and has to be pro-

cessed from feedstocks complying with RED sustain-

ability criteria. Table 3 presents the share of the total

European biofuel demand (1.167 PJ) that could be sat-

isfied from ‘sustainable’ production in a region per

feedstock type. For example, Latin America could sup-

ply 39% of total European biofuel demand in 2020

with its ‘sustainable’ soybean production potential.

Globally, ‘sustainable’ production in the sense of the

RED can produce more than 10 times the 2020 EU

biofuel demand.

Especially crops for bioethanol production like sugar

cane and corn have large ‘sustainable’ production

potentials to satisfy the European biofuel demand.

These potentials are located in the US, Brazil and South

and South East Asia. In the US, the huge ‘sustainable’

potential for corn results mainly from high productivity

and a rather low default value for emission from biofuel

processing, although it is generally accepted in the liter-

ature that corn based bioethanol in the US has negative

impacts on GHG emissions due to indirect land use

change effects and is therefore considered not as sus-

tainable (Fargione et al., 2008; Searchinger et al., 2008;

Hertel et al., 2010; Mosnier et al., 2012).

The ‘sustainable’ production potentials of biodiesel

feedstocks outside Europe are located in Canada and

Asia (rapeseed), South and South East Asia (palm oil)

as well as in Brazil and the US (soybean). About 75% of

EU biofuel demand is expected to come from biodiesel,

which offers limited ‘sustainable’ feedstock production

potential inside the EU (rapeseed can at most supply

33% of the biodiesel mandate). Consequently, a substan-

tial share of biodiesel feedstocks has to be imported to

Europe. For Brazil, the large ‘sustainable’ potential for

soybean can be explained by the fact, that deforestation

in Latin America is mainly driven by grassland expan-

sion in the model. Therefore no land use change emis-

sions from deforestation are allocated particularly to

soybean production since only direct effects are consid-

ered in the RED methodology. However, besides grass-

land expansion also soybean production is an important

driver of deforestation in Amazon (Fearnside, 2005;

Morton et al., 2006; Nepstad et al., 2006).

Supplying EU biofuel demand from ‘sustainable’ sources.

The NREAPs specify which share of the demand will be

satisfied from domestically refined biofuels, and which

share of biofuels will be imported. Table 4 illustrates

the methodology used in the ex-post calculation of the

feasibility to satisfy European biofuel demand as speci-

fied in the NREAPs – consisting of biofuels refined

inside the EU (upper part of the table) and biofuel

imports (lower part of the table) – from ‘sustainable’

sources within projected Baseline trade flows and pro-

cessing quantities.

With respect to the sustainable supply of biofuels

refined in the EU in the Baseline in 2020, 72% of biofuel

demand refined in the EU is satisfied from rapeseed,

21% from corn, 4% from soybean and 3% from wheat.

While bioethanol demand refined in the EU (column 2)

can be met from domestic ‘sustainable’ feedstock pro-

duction (column 1 > column 2), biodiesel demand

Table 3 Share of ‘sustainable’ production potential per region and feedstock compared to total European biofuel demand in 2020

Corn (%) Wheat (%) Sugar cane (%) Rapeseed (%) Soybean (%) Palm oil (%) Total (%)

EU27 33 63 0 25 0 0 120

Middle East and North Africa 15 15 0 0 1 0 31

Sub-Saharan Africa 6 3 10 0 0 4 23

Pacific 0 9 10 9 0 0 28

Former USSR 0 62 0 1 0 0 63

China 0 2 9 25 13 0 49

South and South East Asia 2 55 111 5 0 77 250

Latin America 29 10 80 0 39 3 162

Canada 5 0 0 26 0 0 31

US 246 54 7 0 45 0 352

World 337 274 228 91 98 84 1111

© 2012 Blackwell Publishing Ltd, GCB Bioenergy, doi: 10.1111/j.1757-1707.2012.01188.x
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refined in the EU for rapeseed and soybean has to rely

on ‘sustainable’ feedstock imports (column 3 = column

2 – column 1). Since European feedstock production

complying with the RED sustainability criteria is smal-

ler than the feedstock demand for biodiesel processing,

about 21.3 Mt of rapeseed and 5.2 Mt of soybean have

to be imported from the rest of the world. The next step

is to analyse whether these import requirements for

rapeseed and soybean can actually be met through trade

from ‘sustainable’ sources outside Europe.

Total exports to the EU (column 5) represent total

Baseline exports to Europe in 2020 and include exports

for biofuel processing, human consumption and animal

feeding. The ‘sustainable’ exports to the EU (column 6)

are the maximum quantity of ‘sustainable’ feedstocks or

biofuels that can be exported to Europe. Sustainable

feedstock imports are limited either by the ‘sustainable’

production potential in the exporting region (column 4)

(a region cannot export more ‘sustainable’ feedstock than

what is being produced in that region) or by the pro-

jected total exports to the EU (column 5) (a region cannot

export more ‘sustainable’ feedstocks to the EU than the

total trade flow volume to the EU in the Baseline) i.e.

even though the ‘sustainable’ production potential for

rapeseed amounts to 50.6 Mt in the rest of the world,

only 24.7 Mt can be exported to Europe for biofuel pro-

cessing since in the Baseline scenario projected total

exports to the EU sum up to only 26.8 Mt. It is to be

noted that this calculation is conducted at the regional

level and then aggregated to the rest of the world, which

is the reason why projected total exports to the EU and

the ‘sustainable’ exports to the EU deviate. Basically, this

rigid procedure ensures that European sustainable feed-

stock demand is satisfied just by reallocating ‘sustain-

able’ supply within the limits of the trade flows as

obtained in the Baseline model solution.

Overall, European biofuel processing demand can be

met from ‘sustainable’ sources, since the ‘sustainable’

exports to Europe from the rest of the world exceed the

import requirements. Processing demand for rapeseed

can be satisfied by importing ‘sustainable’ rapeseed

from Canada and Asia. About 42% of the ‘sustainable’

production potential in the rest of the world has to be

imported to Europe filling up 80% of the projected rape-

seed imports to Europe.

In Europe, soybean prices decrease due to the avail-

ability of cheap by-products from biofuel processing

such as rapeseed cake and corn dry distiller grains,

which can substitute soybean as a typical feedstock for

animals. Since European farmers are not competitive at

Table 4 Meeting of European Baseline biofuel demand from ‘sustainable’ sources in 2020 by distributing sustainable production

potentials in the rest of the world to biofuel demand in the European Union

EU Rest of the world

Sustainable

production

potential Demand

Import

requirements

Sustainable

production

potential

Total

exports

to the

EU

Sustainable

exports

to the EU

1 2 3 = 2-1 4 5 6

EU SUSTAINABLE FEEDSTOCK BALANCE

EU refined biodiesel in Mt feedstocks

From rapeseed 19.2 40.4 21.3 50.6 26.8 24.7

From soybean 0.0 5.2 5.2 190.1 23.3 21.5

EU refined bioethanol in Mt feedstocks

From corn 46.1 21.9 0.0

From wheat 93.3 3.8 0.0

EU SUSTAINABLE BIOFUEL TRADE BALANCE

Imported biodiesel in PJ

From rapeseed 769 32

From soybean 1,142 252

From palm oil 976 94

Total 235 2,887 235 378

Imported bioethanol in PJ

From corn 3,555 774

From sugar cane 2,657 383

From wheat 2,462 3

Total 74 8,674 74 1,160

Correction added on 17 July 2012 after online publication: The total for ‘Sustainable exports to the EU’ has been changed from 1.160 to 1,160.

© 2012 Blackwell Publishing Ltd, GCB Bioenergy, doi: 10.1111/j.1757-1707.2012.01188.x
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low prices, soybean processing demand in the EU

(5.2 Mt) has to be met exclusively by imports. However,

since large ‘sustainable’ production potentials are

located in Latin America and the US and sufficient trade

flows to Europe are projected, European soybean

processing demand can be satisfied from ‘sustainable’

sources. Overall, only 3% of the total ‘sustainable’

production potential in the rest of the world has to be

imported to Europe using 23% of the total projected

imports to Europe in 2020.

With respect to biofuels refined outside of the EU and

then imported (235 PJ of biodiesel and 74 PJ of bioetha-

nol according to the NREAPs – lower part of column 3),

they also have to comply with RED sustainability crite-

ria. For biofuel imports, the ‘sustainable’ exports to the

EU are limited by the ‘sustainable’ production potential

(column 4) less the ‘sustainable’ exports of biofuel feed-

stocks to the EU (upper part of column 6) and by the

projected Baseline processing quantities in 2020 in a

region. For example, the ‘sustainable’ rapeseed produc-

tion potential in the rest of the world amounts to

50.6 Mt of which 24.7 Mt can be exported to Europe to

satisfy the EU refined biodiesel demand from rapeseed.

The remaining 25.9 Mt are potentially available for bio-

diesel processing in the rest of the world. However, in

the Baseline in 2020 actually only 2.1 Mt of rapeseed are

refined to biodiesel outside Europe and therefore the

‘sustainable’ exports to the EU for biodiesel from rape-

seed amounts only to 32 PJ. Overall, 1.6 times more bio-

diesel (column 6 divided by column 5) and 15 times

more bioethanol than what needs to be imported to Eur-

ope, can be processed sustainably in the rest of the

world. Hence, besides EU refined biofuels also Euro-

pean biofuel imports can be comfortably supplied from

‘sustainable’ sources in the Baseline scenario.

Discussion

The sustainability debate on biofuels has mainly

focused on GHG emissions related to direct and indirect

land use changes. Recently, concerns have been raised

about negative impacts of biofuels on biodiversity and

habitat loss. Hence, we used GLOBIOM to assess the

impacts of European biofuel mandates on GHG emis-

sions and global biodiversity and effectiveness of RED

sustainability criteria on the latter.

Our results indicate that European biofuel targets

have a negative impact on high biodiversity areas and

global GHG balance as biofuel expansion according to

the NREAP targets would generate losses of 12.4% of

high biodiversity areas. We identified in our Baseline

scenario large feedstock potentials for bioethanol pro-

duction in North America, Brazil and Asia complying

with RED sustainability criteria (without taking addi-

tional action). Globally, ‘sustainable’ production in the

sense of the RED could supply more than 10 times the

EU 2020 biofuel demand if reallocated from sectors

without sustainability criteria. Substantial shares of bio-

ethanol feedstock and to a smaller amount biodiesel

feedstocks comply with the sustainability criteria

defined in the RED. Hence, EU refined biofuels and bio-

fuel imports can be supplied from ‘sustainable’ sources

complying with the RED sustainability criteria.

However, the calculated mitigation and ‘sustainable’

production potentials complying with RED sustainability

criteria have to be considered within the limits of the

methodology and uncertainty of the data used. First, the

total emissions are sensitive to the setting of default val-

ues. Since the computation of N2O and carbon stock

changes depends on various local factors (cropping sys-

tem, climate, reference land use system etc.), they are dif-

ficult to quantify and highly uncertain. Nevertheless,

their contribution to total GHG emissions from biofuel

production can form a substantial share (Edwards et al.,

2008; Reijnders & Huijbregts, 2011; Van Stappen et al.,

2011). Different ways of allocating emissions to the by-

product (i.e. by price or physical unit) influence results of

life cycle assessment too (Cherubini et al., 2011; Mala &

Freire, 2011). Consequently, the allocation of emissions to

by-products based on energy content, the chain step

where the energy allocation takes place (Van Stappen

et al., 2011) as well as the magnitude of by-product sup-

ply coefficient have an impact on the calculated mitiga-

tion potential. This highlights the sensitivity of the life

cycle assessments. Results may changewhen using differ-

ent emission coefficients, regional actual values instead of

default values for processing, transport and distribution.

Moreover, Soimakallio & Koponen (2011) and the EEA

(2011) conclude, that applying the REDmethodology can-

not ensure reduced GHG emissions from biofuel produc-

tion due to methodological choices such as the subjective

setting of system boundaries in the life cycle assessment

or the not consideration of ILUC effects.

Despite these uncertainties and shortcomings of the

RED, our results enable us to conclude, that sustainability

criteria of the RED will have little or no effect on global

agricultural production systems due to leakage effects in

the food and animal feed sector and the biofuel sector

outside Europe. Since the ‘sustainable’ production poten-

tial is too large compared to the ‘sustainable’ feedstock

demand resulting from European biofuel mandate, the

‘sustainable’ production will be easily redirected to the

demand without changing the environmental impacts

compared to a situation without sustainability criteria.

Consequently, RED sustainability criteria are ineffective

in ensuring GHG mitigation and preventing loss of

highly biodiverse areas in agriculture as they only cover a

small part of the global agricultural feedstock demand.

© 2012 Blackwell Publishing Ltd, GCB Bioenergy, doi: 10.1111/j.1757-1707.2012.01188.x
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Our findings are in agreement with other studies that

also stress the possibility of leakage effects due to ILUC

when limiting sustainability criteria only on the biofuel

sector (Van Stappen et al., 2011). Some authors propose

extending sustainability standards to all agricultural

production (Edwards et al., 2008; Gallagher, 2008; Scarlat

& Dallemand, 2011). Hence, to be effective this policy

needs to be more complete in targeting a wider scope of

agricultural commodities and more comprehensive in its

membership of countries. In addition, a combination

with wider land use change policies targeting all drivers

of land use change and not only the biofuel sector – such

as reduction of emissions from deforestation and forest

degradation (REDD) – may improve overall effective-

ness of policies in achieving biodiversity conservation

since deforestation is an important driver for biodiver-

sity loss (Fearnside, 2005; Strassburg et al., 2012).
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