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Abstract 22 

Biofuels are considered as an important option for the mitigation of climate change. 23 

However, the negative impact of land-use change (LUC) on soil and vegetation carbon pools 24 

may jeopardize the potentially achievable savings of greenhouse gas (GHG) emissions. In this 25 

study the impact of GHG emissions from LUC on the overall GHG performance of 1st generation 26 

biofuels was analyzed for the European Union (EU). The scenario-based analysis was done by 27 

coupling a spatial land-use model to a Life Cycle Assessment (LCA) of biofuels. The biofuel 28 

demand in the scenarios was derived from figures for the transport sector of the EU-27 Member 29 

States. The calculation of GHG emissions was performed with a Geographic Information System. 30 

Finally, these results were integrated into the LCA approach of the EU Renewable Energy 31 

Directive (RED). Without taking LUC into account, the average GHG emission saving compared 32 

to fossil fuel use amounts to ~50%. In this case the mandatory 35% emission saving target laid 33 

down in the RED would be fulfilled. If LUC is considered, this target is reached under none of the 34 
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simulated biofuel scenarios. In the most realistic scenario the GHG emission savings from 1st 35 

gen. biofuel use compared to fossil fuel use range between -2% and 13%. Based on our findings, 36 

we conclude that national policy plans for biofuel use should be reconsidered and revised as in 37 

their current form they do not provide an adequate measure for the mitigation of global warming 38 

on EU-level.   39 

 40 

Keywords: Biofuels; Spatial model; Land-use change; GHG emissions; LCA; European Union   41 

1. Introduction 42 

The Renewable Energy Directive (RED)1 on the promotion of the use of energy from renewable 43 

sources [1] includes a specific target for the European Union (EU) transport sector. 10% of the 44 

energy consumption in transport has to be covered by renewable sources in each Member State 45 

by 2020. Besides reducing the dependency on oil imports and fostering the development of rural 46 

areas, the aim of this regulation is to diminish transport related greenhouse gas (GHG) 47 

emissions. This study addresses the last issue. Currently the share of renewable energy sources 48 

in EU road transport amounts to 3.5%, with 1st gen. biofuels as the most important renewable 49 

source [2]. Of all 1st gen. biofuels consumed in EU road transport, biodiesel makes up the largest 50 

share (72%), followed by bioethanol (19%) and other biofuels (9%). The major part of 1st gen. 51 

biofuels consumed in the EU is produced domestically from crops such as rapeseed, wheat, 52 

maize and sugar beet. Biodiesel imports, primarily from the US, account for 22%, bioethanol 53 

imports, primarily from Brazil, account for 35%. The GHG emissions associated with biofuels are 54 

often assessed with the help of Life Cycle Assessment (LCA), a technique intended to take into 55 

account  “the  potential  environmental  impacts  of  a  product  system  throughout  its  life  cycle”  [3]. 56 

                                                 
1 RED: Renewable Energy Directive, EU: European Union, GHG: Greenhouse gas, LCA: Life Cycle Assessment, 

LUC: land-use change, NREAP: National Renewable Energy Action Plan, GIS: Geographic Information System, 
SUE: Sustainability Eventually, TC: Technological change 
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But common LCA practice typically does not assess impacts resulting from direct or indirect 57 

land-use change (LUC) [4–7]. When GHG emissions from LUC are not taken into account IEA [8] 58 

estimates GHG emission savings from 1st gen. biofuel use compared to fossil fuel use between -59 

20% and 120%, while European Commission and UK RFA [1,9] estimate a range of 16 - 71%. 60 

Direct LUC due to biofuel production occurs if land (e.g. forest or grassland) is converted 61 

to cropland for the production of biofuels. Direct LUC is strictly regulated in the sustainability 62 

criteria of the RED [1]. Indirect LUC occurs if biofuel production takes place on existing cropland 63 

and for the production of food additional non-cropland has to be converted to cropland. In this 64 

study we account for both, direct and indirect LUC, but we do not explicitly differentiate between 65 

them. Since the carbon stocks in soil and vegetation are closely linked with the land-use type, 66 

they also change if LUC takes place. A decrease in these carbon stocks results in the release of 67 

carbon dioxide to the atmosphere [10]. Therefore LUC has an impact on the GHG performance 68 

of biofuels.  69 

According to Annex V of the RED [1] GHG emissions resulting from LUC have to be 70 

included in the LCA of biofuels. Since the location of LUC is relevant for the calculation of GHG 71 

emissions, the assessment of LUC should be spatially explicit [4].  72 

There are several studies concerning GHG emissions associated with LUC due to biofuel 73 

production. Bowyer [11] estimates GHG emissions from LUC between 44 and 77 MtCO2eq a-1 on 74 

EU-level by applying conversion factors to biofuel figures taken from the National Renewable 75 

Energy Action Plans (NREAPs) of the EU Member States [12]. The usage of conversion factors 76 

represents a non-spatially explicit form of accessing LUC and associated GHG emissions. DG 77 

Energy [13] carried out a literature review, taking into account 22 LUC modeling exercises, for 78 

the European Commission concerning the impact of LUC on the GHG performance of biofuels. 79 

They criticize that all of the reviewed models neglect the option of biofuels not being produced at 80 

all and that it is unclear throughout all evaluated models how the assumed quantities of biofuel 81 
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production are obtained. Moreover, none of the reviewed models considers the mandatory EU 82 

GHG emission saving target laid down in the RED and the possibility of GHG emission saving 83 

improvements by 2020. Finally, there are numerous differences in the method of carbon stock 84 

calculation among the reviewed models. 85 

In this paper we describe our approach to overcome the shortcomings listed above. We 86 

use the spatially explicit simulation model LandSHIFT [14,15] to determine LUC due to 1st gen. 87 

biofuel production on a 5 arc minutes grid map of the EU-27 Member States2. Based on 88 

standard values for carbon stocks in soil and vegetation taken from the EU's RED [1] we 89 

calculate the GHG emissions from LUC for each grid cell by employing Geographic Information 90 

System (GIS) software. We couple the spatial model to a LCA of biofuels by integrating the 91 

calculated GHG emissions from LUC, as an elementary flow, into the LCA approach of the EU's 92 

RED. In order to determine the overall GHG performance of biofuels we calculate the GHG 93 

emission saving indicator, which is directly comparable to the mandatory target laid down in the 94 

RED. Our analysis uses scenarios of 1st gen. biofuel production and compares them to a 95 

baseline scenario without biofuel use. The biofuel demand in the biofuel scenarios is based on 96 

figures for the period 2005-2020 taken from the NREAPs. Moreover, we assume that 97 

technological change (TC) increases crop yields and decreases GHG emissions in the biofuel 98 

industry. 99 

In the methods and materials section we describe the LCA approach of the RED, the 100 

LandSHIFT model and its validation, the design of our study, the calculation of GHG emissions 101 

from LUC and the impact assessment. Section 3 presents the results of our study on aggregate 102 

EU-level as well as on Member State level: LUC, GHG emissions from LUC and an indicator for 103 

                                                 
2  The study area comprises the EU-27 Member States except Malta, Cyprus and Luxembourg which have been 

excluded because the 5 arc minutes resolution we use does not allow for analysis of LUC in those countries. 



5 

the GHG performance of biofuels. In section 4 the study results are discussed. The paper ends 104 

with a short conclusion. 105 

2. Methods and materials 106 
 107 

2.1 Life cycle assessment 108 

In the RED [1], the LCA of fuels and biofuels regarding GHG emissions is defined as shown in 109 

equation 13. All emissions are expressed in gCO2eq MJ-1. 110 

     (1) 111 

where 112 
EB/F  = total emissions from the use of biofuel (B) or fossil fuel (F) 113 
eec  = emissions from the extraction or cultivation of raw materials 114 
el   = annualised emissions from carbon stock changes caused by LUC 115 
ep   = emissions from processing 116 
etd   =  emissions from transport and distribution 117 
eu   =  emissions from the fuel in use 118 

Since the methodology takes into account all GHG emissions from the fuel extraction or crop 119 

cultivation to the movement of the car, the LCA approach laid down in the RED can be 120 

categorized as well-to-wheels analysis. Compared to other approaches, like well-to-tank or tank-121 

to-wheels, well-to-wheels is the most holistic approach in determining the impact of fuels [16]. 122 

The  system  boundaries  of  the  LCA  system  are  clearly  defined:  ”Emissions  from  the  manufacture  123 

of machinery and equipment  shall  not  be  taken  into  account”  [1], which is common practice for 124 

well-to-wheels analyzes [16]. In order to compare the GHG emissions of fossil fuels and biofuels, 125 

a well-to-wheels analysis is performed for both, fossil fuels and biofuels.  126 

                                                 
3 In the framework of this study emission savings from carbon capture, excess electricity and soil carbon 

accumulation via improved agricultural management are assumed to be zero. Therefore the corresponding terms 
have been excluded from the equation. 



6 

In the case of fossil fuels, the LCA might include GHG emissions from the extraction of 127 

crude oil (eec), the processing of crude oil to fuel (ep), the transport of fuel to a petrol station (etd) 128 

and finally the combustion of fuel in an engine (eu). In the framework of this study the GHG 129 

emissions from fossil fuel usage are assumed to be 83.8 gCO2eq MJ-1, which is the standard 130 

value for the fossil fuel comparator (EF) provided in the RED [1].  131 

In the case of biofuels, the LCA might include GHG emissions from the cultivation (eec), the 132 

carbon stock changes caused by LUC (el), the processing of crops to biofuel (ep) and the 133 

transport of biofuel to a petrol station (etd). GHG emissions from the fuel in use (eu) are assumed 134 

to be zero in the case of biofuels [1]. In this study, we use typical GHG emission values for eec, 135 

ep and etd from the RED according to the biofuel production pathways considered in our 136 

analysis4. For the remaining GHG emissions from carbon stock changes caused by LUC (el) the 137 

RED does not provide default values. Instead of a rough estimate, in this study we use the 138 

spatially explicit simulation model LandSHIFT in combination with GIS software in order to 139 

determine el in a more detailed way. The calculation of el is described in sub-section 2.5. 140 

2.2 Modeling of land-use change 141 

Computations of changes of cropland area are carried out with the spatially explicit land-use 142 

model LandSHIFT. The model is fully described in Schaldach et al. [14] and has been tested in 143 

different world regions [15,17]. It is based on the concept of land-use systems [18] and couples 144 

components that represent the respective anthropogenic and environmental sub-systems.  145 

In our study, we have included sub-modules to simulate the change of cropland area (AGRO-146 

module) and crop productivity (productivity-module). Changes of cropland area are calculated on 147 

a raster with the spatial resolution of 5 arc-minutes, i.e. the cell size is highest at the equator (~ 9 148 

km x 9 km) and gets smaller towards the poles (~ 6 km x 7 km in central Europe). Each cell is 149 

                                                 
4 See Table 6 
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assigned to the territory of one European country. Cell-level information includes the state 150 

variables   “dominant   land-use type” and a set of parameters that describe its landscape 151 

characteristics (e.g. terrain slope), available road infrastructure and zoning regulations. The land-152 

use data is derived from the EU's CORINE Land Cover project [19]. Information on crop 153 

productivity of each grid cell is derived from raster maps displaying the potential yields under 154 

rain-fed and irrigated conditions for 11 crop types (wheat, maize etc.), calculated with the 155 

dynamic global vegetation model LPJmL [20]. This data serves as input to the AGRO-module 156 

where it is used for suitability assessment and to define the amount of crop production that can 157 

be allocated to each cell.  158 

Further input data for the AGRO-module is provided on country level. It comprises scenario 159 

data that describes the amount of crop production and crop yield improvements due to 160 

technological change (TC). The latter information is used to adjust the crop yields generated by 161 

the productivity-module, accordingly. The rational of the AGRO-module is to simulate changes of 162 

cropland area in each country of the EU by distributing the crop production to the most suitable 163 

raster cells. The algorithm determines the suitability of each grid cell for crop cultivation with a 164 

multi-criteria analysis, considering the parameters potential crop yield, terrain slope, population 165 

density and road infrastructure. Furthermore, nature conservation areas as well as urban areas 166 

are excluded from being converted into cropland. The spatial allocation of crop production is 167 

computed with a modified version of the Multi Objective Land Allocation (MOLA) algorithm 168 

[14,21]. First, the production of each crop is distributed to the most suitable raster cells with 169 

already existing cropland area,   and   their   state   variable   “dominant   land-use   type”   is   set   to   the  170 

respective crop type. If not all of the crop production can be allocated on the existing cropland 171 

area, additional suitable land is converted to cropland. Model output is a series of raster maps 172 

displaying the change of cropland area during the simulation period. 173 
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2.3 Validation of the land-use model 174 

The validation of the AGRO sub-module of LandSHIFT for the European Union considers the 175 

ability of the model to simulate quantity and location of cropland area. Validation regarding 176 

quantity is done by comparing simulated cropland area for the year 2005 with census data from 177 

the FAO [22]. The validation procedure for location is testing the plausibility of the model 178 

assumptions about the suitability for cropland. This is achieved by analyzing the statistical 179 

distribution of calculated cell suitability values in the initial land-use map with a relative operating 180 

characteristic (ROC) [23]. 181 

In Fig. 1 census data from FAO [22] is plotted against simulated data from the LandSHIFT 182 

model, in order to perform a visual validation. Each data point represents the simulated and 183 

“observed”  cropland  area  in  106 ha for an EU Member State in 2005. The diagonal black line 184 

indicates the position of the perfect fit because along that line observed and simulated data are 185 

equal. The vertical deviation from the perfect fit line represents the goodness of fit [24], which 186 

describes the discrepancy between observed and simulated data. Fig. 1 shows a strong positive 187 

relationship between observed and simulated data along the line of perfect  fit. Most values are 188 

located in the lower range with relatively small deviations from that line. For larger countries 189 

(Romania, Germany, Spain, Poland) there is a trend of underestimating cropland area compared 190 

to observed data, which induces higher pressure for LUC in the LandSHIFT model than in reality. 191 

Taken together, we conclude from the visual validation that our model is capable to reproduce 192 

the observed quantity of cropland area for smaller countries but tends to underestimate cropland 193 

area in larger countries.  194 

 195 

Figure 1 196 

 197 
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Additionally, as a statistical test method, the modelling efficiency (ME)5 [25] is calculated 198 

as performance measure. The ME as defined in equation 2 [24] is a dimensionless test statistic 199 

which directly relates simulated to observed data by calculating the goodness of fit towards the 200 

perfect fit line [26]. While a near perfect model would achieve values close to 1, models with 201 

negative values cannot be recommended [24]. 202 

     (2) 203 

The calculation of the ME is based on the same data employed for the visual validation. 204 

For the year 2005 the ME is 0.85. This result indicates that the model output largely matches 205 

with the FAO census data and supports the findings from the visual validation. Therefore, we are 206 

confident that LandSHIFT's AGRO sub-module is suitable for the simulation of LUC in terms of 207 

quantity of cropland use, with limitations for larger countries. 208 

ROC is a tool for the evaluation of LandSHIFT's ability to determine the location of 209 

cropland. In our case it relates the proportions of predictions classified as correct and incorrect 210 

over the range of suitability classes. For this purpose the calculated suitability values are 211 

grouped into 20 classes. In the first step, the frequency distributions of suitability values for 212 

cropland and non-cropland cells in the initial land-use map are calculated. This analysis shows 213 

that cropland cells have in tendency higher suitability values (0.71) than no-cropland cells (0.44) 214 

which gives a first indication that LandSHIFT is capable to simulate the correct location of 215 

cropland. Based on the frequency distributions, in the second step the ROC analysis is 216 

conducted. Starting with the highest suitability class the proportions of cropland cells (correct 217 

predictions) and non-cropland cells (incorrect predictions) are plotted against each other. 218 

Performance measure is the area under curve (AUC) which is calculated with the trapezoidal 219 

                                                 
5  The modelling efficiency (ME) is equivalent with the Nash-Sutcliffe model efficiency coefficient. 
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approximation shown in equation 3 where xi / yi is the cumulative non-cropland / cropland 220 

frequency for suitability class i and n the number of suitability classes (based on [23]): 221 

     (3) 222 

AUC values range between 0 and 1, with 1 marking a perfect allocation. If the suitability 223 

values were located randomly across the map, the expected value of the ROC would be 0.5 224 

meaning that the proportion of cropland cells in the different suitability classes would be more or 225 

less the same. The calculated AUC of 0.88 is better than this random value, indicating that 226 

cropland  cells  of  the  initial  map  can  be  found  predominantly  at  locations  with  “high”  suitability  227 

values. 228 

In summary, we have demonstrated that the employed version of LandSHIFT is a 229 

suitable model for the simulation of quantity and location of cropland area.  230 

2.4 Study design 231 

The study area comprises the EU-27 Member States except Malta, Cyprus and Luxembourg 232 

which have been excluded because the 5 arc minutes resolution we use is too coarse to allow 233 

for analysis of LUC within those countries. When in the following we talk about the EU-27 we 234 

always refer to the definition of the study area given above. Our analysis uses scenarios of 1st 235 

gen. biofuel production  and compares them to a baseline scenario describing a development 236 

without biofuels. According to Alcamo [27] we define a scenario as  “a description of how the 237 

future may unfold based on 'if-then' propositions and typically consists of a representation of an 238 

initial situation and a description of the key driving forces and changes that lead to a particular 239 

future  state”. The scenarios used in our study are derived from the Sustainability Eventually 240 
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(SUE) scenario which has been developed within the EU SCENES project6.  SUE  “is  a  scenario  241 

that sketches the transition from a globalizing, market-oriented Europe to environmental 242 

sustainability” [29]. It is assumed that exports of agricultural goods to the world markets are 243 

substantially reduced. Nevertheless, an increasing crop productivity leads to a decrease of 244 

cropland and grazing land. Land use changes in general promote greater biological diversity. 245 

The SUE input data for LandSHIFT comprise country-specific information regarding crop 246 

production and Technological Change (TC) for each time-step of the simulation period (see 247 

below). This data, including imports and exports of agricultural goods, were calculated by the 248 

integrated ecological, economic, and socio-demographical policy model AEZ–BLS [30]. It 249 

combines the spatially explicit agro-ecological zone model (AEZ) and a regionalized general 250 

equilibrium model of world food economy (BLS). Neither 1st nor 2nd gen. biofuels are considered 251 

in the SUE scenario. In the framework of our study, the SUE scenario is chosen as baseline 252 

scenario in order to serve as reference of comparison for the biofuel scenarios. In the biofuel 253 

scenarios total biomass demand increases due to 1st gen. biofuel demand in addition to the 254 

baseline's food demand. Since the demand for 1st gen. biofuels is the sole difference between 255 

the baseline and biofuel scenarios, it is possible to isolate the impact of 1st gen. biofuel 256 

production on land-use change and related GHG emissions..  257 

The biofuel demand is derived from the NREAPs [12] each Member State of the EU had to 258 

submit to the European Commission as a consequence of the RED [1]. The NREAPs comprise 259 

Member State specific information for the period 2005-2020 on bioethanol and biodiesel usage. 260 

Accordingly, the simulation period of our analysis covers the years 2005-2020. The biofuel 261 

demand in our study has two restrictions. First of all, we excluded imported biofuels. This implies 262 

that potential GHG emissions from LUC of imported biofuels are not accounted for with respect 263 

                                                 
6 SCENES was a research project (2006-2010) under the EU 6th framework program dedicated to the development 

of future scenarios for Europe's freshwater availability [28] 
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to the GHG balance of biofuels in the EU Member States. Secondly, we exclusively considered 264 

1st gen. / conventional biofuels and excluded 2nd gen. / advanced biofuels. Up to date, 2nd gen. 265 

biofuels are still under development and not yet applied in large-scale [31]. Moreover, we 266 

excluded trade of 1st gen. biofuels within the EU. 267 

We developed two biofuel scenarios in order to perform a sensitivity analysis for the 268 

production of 1st gen. biofuels in the EU-27. The biofuel demand for each EU Member State 269 

considered in the first biofuel scenario, denoted as 1xNREAP, is derived directly from the 270 

NREAPs. In the second biofuel scenario, 2xNREAP, the biofuel demand for 2020 is doubled 271 

compared to 1xNREAP. Table 1 shows the domestic 1st gen. biofuel demand in 2005 and 2020 272 

on aggregate EU-level taken from NREAPs [12]. In the 1xNREAP scenario 1st gen. biofuel 273 

demand in 2020 amounts to 660 PJ, which represents ~5% of aggregate energy consumption in 274 

transport in the EU in 20207. Under 2xNREAP this proportion increases to ~10%.  275 

 276 

Table 1 277 

 278 

In order to process the scenario specific biofuel demands with LandSHIFT, two 279 

transformations are necessary. The biofuel demands have to be divided up into the crop types 280 

LandSHIFT accounts for and the demand's unit has to be transformed from PJ biofuel into Mt 281 

feedstock for each country. Table 2 shows the EU-27 1st gen. biofuel production characteristics in 282 

2010 for the following biofuel production pathways: Bioethanol from wheat, maize, sugar beet 283 

and rye / barely; Biodiesel from rapeseed, soybean and sunflower oil. We used the feedstock 284 

share as a proxy for the allocation of 1st gen. biofuel demand to different crop types. Based on 285 

the EU-level feedstock share in 2010 [32,33], we derived individual bioethanol and biodiesel 286 

                                                 
7 The aggregate energy consumption in transport in the EU in 2020 amounts to 12,927 PJ [12] 
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feedstock shares for each EU-27 Member State considered in our study8. Referring to FAPRI 287 

[32], we assume the feedstock shares to be fixed until 2020. The resulting amount of bioethanol 288 

and biodiesel [PJ] to be produced from the crop types listed in Table 2 is finally converted into Mt 289 

by application of heating value [MJ liter-1] and biofuel yield [liter t-1] [34–37].  290 

 291 

Table 2 292 

 293 

Table 3 summarizes the aggregate EU-level input data employed in the LandSHIFT model 294 

for the starting year (2005) and the final year (2020) of the simulation. Biomass demand for food 295 

are taken from the SUE scenario [28]. Biomass demand for 1st gen. biofuel production is derived 296 

from the NREAPs [12]. In 1xNREAP biomass demand for 1st gen. biofuel production makes up 297 

about one-fifth of total biomass demand in 2020. 298 

 299 

Table 3 300 

 301 

In order to obtain a range of results from scenario analysis and not just a single value, 302 

the baseline as well as the biofuel scenarios are each simulated with technological change (TC) 303 

and without (NO-TC). TC is leading to an increase of crop yields by 9.4% between 2005 and 304 

2020 in both, baseline and biofuel scenarios. It is assumed that in the biofuel scenarios TC 305 

additionally decreases the GHG emissions from cultivation, processing and transportation by 10% 306 

in the whole simulation period9 (Table 4).  307 

 308 

Table 4  309 

                                                 
8 See country specific list of feedstock shares in SI 
9 The resulting average GHG emission saving (equation 5) according to the considered biofuel production pathways 

is consistent with the IEA Biofuel Roadmap target for 2020 [8] 
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2.5 GHG emissions from LUC 310 

LUC within the simulation period is determined by analyzing LandSHIFT's scenario specific grid 311 

maps for 2005 and 2020 with GIS software. LUC occurs if the land-use type of a cell in 2020 is 312 

different from the land-use type of this cell in 2005. The land-use type of a cell changes if the 313 

dominant land-use of this cell changes. For instance a grassland cell is converted to cropland if 314 

the model starts to grow crops on that cell. The land supporting 1st gen. biofuels and food crops 315 

is classified as cropland. Accordingly, the GIS analysis accounts for changes between the land-316 

use types perennial crops, grassland, forest, shrub-lands, set aside land and cropland. The 317 

calculation of GHG emissions from LUC (el) needed for the LCA described in sub-section 2.1 is 318 

defined as shown in equation 4 [1]10 319 

   (4) 320 

where 321 

 el = annualized emissions from carbon stock change due to LUC [gCO2eq MJ-1] 322 
 CSR = carbon stock in soil and vegetation associated with reference land use [tC ha-1] 323 
 CSA = carbon stock in soil and vegetation associated with actual land use [tC ha-1] 324 
 3.664 = factor for the conversion of C to CO2 325 

 20 = annualizing of carbon stock changes over a 20 year period 326 
 P = feedstock productivity [MJ ha-1 a-1] 327 

In the framework of our study CSR is the carbon stock in 2005, while CSA represents the carbon 328 

stock in 2020. The calculation takes into account the carbon stocks in soil and vegetation. Since 329 

the area for which a carbon stock is calculated shall have similar conditions in terms of land-use, 330 

soil and climate, CSR and CSA are determined for each cell of the corresponding grid map 331 

separately. Cell-level information regarding soil and climate is retrieved from the JRC Support to 332 

Renewable Energy Directive project [38]. The guidelines for the calculation of land carbon stocks 333 

                                                 
10 In the framework of this study it is assumed that no severely degraded or heavily contaminated land is recultivated. 

Therefore the bonus eB has been excluded from the equation. 
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[39] provide land-use, soil and climate type dependent default values for soil organic carbon and 334 

vegetation carbon stocks (above and below ground). The calculation of carbon stocks for 335 

mineral soils and organic soils is consistent with the IPCC Tier 1 methodology11. After the carbon 336 

stocks for 2005 and 2020 have been determined , for each cell the annualized GHG emissions 337 

from LUC (el) are computed according to equation 4. To obtain the change in carbon stocks due 338 

to LUC in the simulation period, CSA is subtracted from CSR. Then, as explained in Annex V C(7) 339 

of the aforementioned guidelines [39], the yearly emissions related to these carbon stock 340 

changes are calculated for a time frame of 20 years by allocating it in 20 equal parts to each 341 

year. This is due to the fact that some emissions occur during the conversion process itself and 342 

others over a long period of time after the conversion [5].       343 

The division of carbon stock changes by the feedstock productivity (P) relates the CO2 344 

emissions to the energy content (MJ) of biofuels. The country specific P values, representing the 345 

energy productivity of feedstock (how much biofuel can be produced per unit area), are derived 346 

from Biograce [41] according to the bioethanol / biodiesel ratio of the respective Member State. 347 

For EU-level we calculated a feedstock productivity of 53 GJ ha-1 a-1.  348 

2.6 Impact Assessment 349 

The impact assessment of GHG emissions from LUC is split up into two steps. At first, the GHG 350 

emissions of the biofuel scenarios are related to the GHG emissions of the respective baseline 351 

scenario in order to isolate the GHG emissions from LUC caused by 1st gen. biofuel production. 352 

Secondly, the GHG emission saving of 1st gen. biofuel use compared to fossil fuel use is 353 

calculated based on the LCA result.  354 

 In order to isolate the GHG emissions from LUC due to 1st gen. biofuel production from 355 

the GHG emissions resulting from LUC due to food production, the baseline scenario GHG 356 

                                                 
11 See [40] for more information on IPCC Tier 1, 2 and 3 methodologies 
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emissions have to be subtracted from the biofuel scenario GHG emissions. For this purpose the 357 

GHG emissions in the baseline and biofuel scenarios have to be presented in the same units. 358 

Since in the baseline scenario no biofuel production takes place, its GHG emissions cannot be 359 

related to the energy content of biofuels as shown in equation 4. Therefore P-1 is not applied until 360 

the GHG emissions from LUC due to 1st gen. biofuel production have been isolated. The result 361 

(el) represents the GHG emissions from LUC caused by the production of 1st gen. biofuels in the 362 

simulation period 2005-2020, which is integrated as an elementary flow into the LCA of biofuels 363 

[equation 1].  364 

 In order to provide an indicator for the GHG performance of biofuels, the GHG emission 365 

saving from 1st gen. biofuel compared to fossil fuel use is calculated as shown in equation 5 [1]. 366 

–      (5) 367 

where 368 
 369 
 EF = total emissions from fossil fuel use [83.8 gCO2eq MJ-1] 370 
 EB = total emissions from biofuel use [gCO2eq MJ-1] 371 
 AF = allocation factor 372 

EF, the total emissions attributable to fossil fuel use of 83.8 gCO2eq MJ-1, is taken from the RED 373 

[1] and serves as a comparator for the emissions from biofuel use. EB, the total emissions from 374 

biofuel use, is a direct result of the LCA according to equation 1. The allocation factor (AF) 375 

describes the share of emissions attributable to biofuel use. AF is based on Biograce [41] and 376 

the biofuel production pathways considered in our study. On EU-level12 we use an average AF of 377 

~0.59, i.e. ~59 % of energy crops are used for biofuel production, while the remainder is used for 378 

co-products (e.g. sugar beet pulp) [42]. The GHG emissions saving from biofuel use is 379 

expressed in percent of saved GHG emissions compared to fossil fuel use and is directly 380 

                                                 
12 See result tables in SI for Member State figures 
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comparable to the minimum saving target of 35% laid down in the RED, which is mandatory for 381 

all Member States [1]. 382 

 383 

3. Results 384 
 385 

3.1 LUC and related GHG emissions on EU-level 386 

Table 5 summarizes the results from analyzing LandSHIFT grid maps with GIS software 387 

concerning LUC and GHG emission from LUC for the period 2005-2020 on aggregate EU-level.  388 

As pointed out in sub-section 2.5, land-use changes comprise conversions of non-cropland to 389 

cropland as well as from cropland to non-cropland / set aside land. In the baseline scenario with 390 

technological change (TC) total LUC amounts to 15 x 106 ha, while the annualized GHG 391 

emissions from LUC related to that area amount to -29 MtCO2eq a-1. Negative GHG emissions 392 

represent net carbon sinks and can therefore be interpreted as GHG emission savings. These 393 

negative GHG emissions from LUC occur because food demand in the baseline scenario 394 

increases by ~1 %, while crop productivity due to TC increases by ~10 % [Tables 3, 4]. This 395 

causes the conversion of cropland to set-aside land. Accordingly total cropland area decreases 396 

from 90 x 106 ha in 2005 to 84 x 106 ha in 2020. Due to ecological succession on the new set-397 

aside land, carbon dioxide is detracted from the atmosphere. In the baseline under NO-TC total 398 

LUC in the study area amounts to 10 x 106 ha, while the GHG emissions from LUC amount to 2 399 

MtCO2eq a-1. GHG emissions from LUC in the baseline under NO-TC are positive because the 400 

missing TC requires the conversion of non-cropland to cropland in order to fulfill the demand for 401 

food crops, leading to an slight increase of cropland area by 2020.  402 

In the biofuel scenarios LUC and the related GHG emissions are increasing. In 1xNREAP 403 

total LUC between 2005 and 2020 amounts to 19 x 106 ha under TC and to 22 x 106 ha under 404 
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NO-TC with cropland area increasing to 100 x 106 ha and 106 x 106 ha respectively by 2020. In 405 

2xNREAP total LUC for the study area in the simulation period amounts to 30 x 106 ha under TC 406 

and to 35 x 106 ha under NO-TC13. Cropland area is increasing to 111 x 106 ha (TC) and 112 x 407 

106 ha (NO-TC) by 2020. Based on the initial cropland area in 2005 (90 x 106 ha) and the total 408 

cropland area in the biofuel scenarios by 2020 we derive land requirements for 1st gen. biofuel 409 

production ranging from 10 - 16 x 106 ha in 1xNREAP and from 11 - 22 x 106 ha in 2xNREAP, 410 

which is in the same order of magnitude as the figures published by RFA [9]. 411 

Under all NO-TC scenarios LUC figures are larger than the corresponding LUC figures 412 

under TC due to the missing increase in crop yields. Under TC the aggregate GHG emissions 413 

from LUC for all Member States amount to 68 MtCO2eq a-1 in 1xNREAP and to more than twice 414 

of that, 143 MtCO2eq a-1, in 2xNREAP. To recap, GHG emissions from LUC in the biofuel 415 

scenarios are caused by food and biofuel production. Since the biofuel production in 2xNREAP 416 

is doubled compared to 1xNREAP this represents a positive scale effect regarding GHG 417 

emissions from LUC under TC. Under NO-TC the aggregate GHG emissions from LUC for all 418 

Member States amount to 98 MtCO2eq a-1 in 1xNREAP and to 186 MtCO2eq a-1 in 2xNREAP, 419 

which represents a negative scale effect14. In general, the non-linearity between biofuel 420 

production and GHG emissions from LUC can be explained by disproportionally increasing 421 

demands for cropland. The demand for cropland does not grow proportionally with the biofuel 422 

production because additionally cultivated land can hold different crop yields and because TC 423 

affects the demand for cropland. 424 

The quotient of total GHG emissions and total LUC area [Table 5, columns 1-2] returns per 425 

hectare GHG emissions [Table 5, column 3] in tCO2eq ha-1 a-1. In the baseline scenario under TC 426 

annual per-hectare GHG emissions due to food and biofuel production amount to -2.0 tCO2eq ha-427 

                                                 
13 See result tables in SI for Member State figures 
14 See result tables in SI for Member State figures 
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1 a-1, while under NO-TC emissions are positive with 0.2 tCO2eq ha-1 a-1. In the biofuel scenarios 428 

per hectare GHG emissions increase and range between 3.5 - 4.4 tCO2eq ha-1 a-1 in 1xNREAP 429 

and 4.7 - 5.3 tCO2eq ha-1 a-1 in 2xNREAP. All results described up to here represent GHG 430 

emissions from LUC caused by food and biofuel production. In order to carry out a LCA of 431 

biofuels the GHG emissions from LUC due to biofuel production are isolated by subtracting the 432 

baseline scenario emissions from the biofuel scenario emissions [see sub-section 2.6]. For 433 

1xNREAP this results in GHG emissions from LUC attributable to 1st gen. biofuel production of 434 

4.1 (no-TC) and 5.5 (TC) tCO2eq ha-1 a-1, while for 2xNREAP GHG emissions from LUC 435 

attributable to 1st gen. biofuel production range between 5.1 (NO-TC) and 6.7 (TC) tCO2eq ha-1 a-436 

1. 437 

Table 5 438 

 439 

3.2 GHG emissions from LUC on Member State level 440 

Fig. 2 shows the annual GHG emissions [tCO2eq ha-1 a-1] from LUC due to 1st gen. biofuel 441 

production on cell-level. The annual per-hectare GHG emissions represent changes in GHG 442 

emissions, i.e. the difference between GHG emissions from LUC in the 1xNREAP and the 443 

baseline scenario under TC for the period 2005-2020. In the legend of Fig. 2 these changes in 444 

GHG emissions are classified in five groups: Negative GHG emissions, i.e. carbon stock 445 

increases due to LUC, are indicated by green color. Cells with no change in GHG emissions, i.e. 446 

no LUC takes place, are colored in white. Positive GHG emissions are indicated by pastel (low, 0 447 

- 5 tCO2eq ha-1 a-1), orange (medium, 5 - 10 tCO2eq ha-1 a-1) and red (high, > 10 tCO2eq ha-1 a-1). 448 

 449 

Fig. 2 450 

 451 
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The map in Fig. 2 reveals that only in about 6% of all cells simulated (~80,000) LUC and 452 

related GHG emissions attributable to 1st gen. biofuel production occur, while all other cells show 453 

up in white indicating no change in GHG emissions compared to the baseline scenario. In about 454 

5% of all cells GHG emissions are positive, while in about 1% of all cells negative GHG 455 

emissions can be observed. Most negative GHG emissions occur in Germany, Spain, France, 456 

Poland and Italy. LUC in these cells primarily consists of conversions from cropland to set-aside 457 

land. Due to ecological succession on set-aside land additional carbon dioxide is detracted from 458 

the atmosphere and stored in above- and belowground carbon stocks. Denmark, Romania and 459 

Greece show zero GHG emissions attributable to 1st gen. biofuel production. In Denmark and 460 

Romania no biofuel is produced at all15, while in Greece the transport sector share, the 461 

proportion of renewable energy in the whole transport sector, amounts to 3%. Low GHG 462 

emissions due to biofuel production (0 - 5 tCO2eq ha-1 a-1) mainly occur in Poland, France, Spain, 463 

Hungary and Bulgaria, while medium GHG emissions due to biofuel production (5 - 10 tCO2eq ha-464 

1 a-1) mainly occur in the Benelux and Baltic states, Southern Italy, Ireland, Spain, France and in 465 

some spots in Scandinavia. Low and medium GHG emission are primarily caused by the 466 

conversion of perennial crops, grassland and set-aside land to cropland. In Finland GHG 467 

emissions are triggered by the conversion of shrublands on organic soils to cropland. High GHG 468 

emissions (> 10 tCO2eq ha-1 a-1) occur primarily in Slovenia, which shows up almost completely in 469 

red, and in some spots in Portugal, France, Italy, Germany, Poland and the Baltic States. These 470 

are primarily caused by the conversions of forest to cropland. It has to be noted that the 471 

transport sector share of Slovenia is high and amounts to 10%.  472 

Taken together, the GHG emissions from LUC depend on the type of land conversion, for 473 

example from grassland to cropland or from forest to cropland, and the climate and soil type. 474 

Under NO-TC GHG emissions from LUC are in general higher, but the national differences 475 

                                                 
15 See result tables in SI for detailed Member State figures 
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remain similar. In 2xNREAP GHG emissions from LUC increase, especially in countries with 476 

relatively low GHG emissions from LUC in 1xNREAP. 477 

.  478 

3.3 Impact assessment 479 

LCA of biofuels and GHG performance on EU-level 480 

Table 6 shows the LCA of 1st gen. biofuels in terms of gCO2eq MJ-1 for the whole study area in the 481 

period 2005 - 2020 on aggregate EU-level as well as the GHG emission saving indicator. The 482 

GHG emissions from LUC (el) for the LCA are obtained by multiplying the isolated GHG 483 

emissions from LUC due to biofuel production [Table 5, column 4] with the factor P-1 [53 GJ ha-1 484 

a-1 on EU-level, see sub-section 2.5].  Together with the GHG emissions from cultivation (eec), 485 

processing (ep) and transport (etd), they represent the total GHG emissions from biofuel 486 

production (EB). Allocated EB is being obtained by applying the allocation factor to EB [59% on 487 

EU-level, see sub-section 2.1]. The GHG emission saving indicator is calculated by relating 488 

allocated EB to the GHG emissions from fossil fuel use [sub-section 2.6]. The GHG emission 489 

savings of biofuel compared to fossil fuel use range between -2% (TC) and 13% (NO-TC) in 490 

1xNREAP and between -18% (TC) and 1% (NO-TC) in 2xNREAP. Since negative emission 491 

savings equal positive emissions the use of biofuels in 1xNREAP and 2xNREAP under TC emits 492 

more GHG's than the use of fossil fuels. The mandatory GHG emission saving target laid down 493 

in the RED of 35% [1] is not reached under any 1st gen. biofuel scenario on aggregate EU-level.  494 

 495 

Table 6. 496 

 497 

GHG performance on Member State level 498 

To highlight the national differences in the GHG performance of biofuels, Fig. 3 shows the 499 

GHG emission saving indicator in 1xNREAP under TC and NO-TC for the period 2005-2020 on 500 
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Member State level. The vertical line represents the mandatory 35% GHG emission saving 501 

target laid down in the RED [1]. In 1xNREAP the five Member States Bulgaria, Germany, Greece, 502 

Latvia and Great Britain achieve this target under TC, NO-TC or both. Italy and Bulgaria reach 503 

the 35% target under NO-TC but have positive GHG emissions under TC. The remaining 504 

Member States feature GHG emission savings below 35%, while the GHG emission savings are 505 

at least positive in France, Hungary, Poland, Slovakia and Spain. In Austria, Estonia, Finland, 506 

Slovenia and Sweden GHG emissions from 1st gen. biofuel use are higher compared to fossil 507 

fuel use. However, the transport sector share16 of countries reaching the 35% target is relatively 508 

low compared to countries with GHG emission savings below that target [see SI]. 509 

At first glance it seems not intuitive that with technological change GHG emissions from 510 

1st gen. biofuel use can be higher than without (e.g. Ireland, Italy, Portugal). The effect can be 511 

explained by taking into account the carbon stock changes in the baseline scenario. In the 512 

baseline with TC less cropland is needed to fulfill the biomass demand due to higher increase in 513 

crop yields  [Table 3-4]. The leftover cropland is converted to set-aside land. Ecological 514 

succession takes place and detracts carbon from the atmosphere. This results in negative GHG 515 

emissions in the baseline under TC while GHG emissions are positive in the baseline under NO-516 

TC. In the biofuel scenarios overall GHG emissions increase. The GHG emissions attributable to 517 

1st biofuel production are represented by the difference of the corresponding biofuel scenario 518 

and baseline scenario carbon stocks. Since GHG emissions in the baseline under TC are 519 

negative, the impact of 1st gen. biofuel production on the GHG emission saving indicator is 520 

higher under TC than NO-TC.  521 

Fig. 3 522 

                                                 
16 See result tables in SI for detailed Member State figures 
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4. Discussion 523 

In this study, we coupled a spatial model for the simulation of LUC to a LCA of biofuels in order 524 

to determine the impact of GHG emissions from LUC on the overall GHG performance of 525 

biofuels. Geyer et al. [4] applied a similar approach for biodiversity assessments of LUC in 526 

California. Compared to this our study for the Member States of the EU can be considered as a 527 

large-scale analysis. Since geospatial information about land-use is necessary for the precise 528 

calculation of carbon stocks in soil and vegetation, we estimated LUC for each cell of a 5 arc 529 

minutes grid map of the study area. This spatial resolution allows analyzing the impacts of 530 

general land-use dynamics at the national and the European level. It is not suitable to capture 531 

land-use change that operates on local or regional level for example due to changes of farming 532 

practices. Finally, the obtained GHG emissions from LUC for each cell have been aggregated to 533 

country or EU-level and transferred, as an elementary flow, to the LCA of biofuels.  534 

 For the determination of LUC we used the spatially explicit simulation model LandSHIFT. 535 

Since LandSHIFT represents a demand driven approach it is capable to take into account 536 

competition for land resources between food and biofuel production. The LandSHIFT model was 537 

validated for our study area, the EU-27 except Malta, Cyprus and Luxembourg, in terms of 538 

quantity and location of cropland use. Quantity of cropland use was validated visually and by 539 

calculating the modeling efficiency (ME). Validation of location of cropland use was done by 540 

performing a relative operating characteristic (ROC) and calculating the area under the curve 541 

(AUC) as performance measure for LandSHIFT's suitability evaluation. Both performance 542 

measures indicate that the employed model can be considered as suitable for the simulation of 543 

LUC. For larger countries (Romania, Germany, Spain, Poland) it has to be taken into account 544 

that LandSHIFT tends to underestimate the cropland area, leading to increasing pressure for 545 

LUC.  546 
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Our analysis uses scenarios of 1st gen. biofuel production and compares them to a 547 

baseline scenario describing a development pathway without biofuels. As each scenario is run 548 

with and without technological change (TC) the biofuel scenarios could be compared to multiple 549 

baselines. In the baseline scenarios, biomass demand is driven by food demand alone, while in 550 

the biofuel scenarios biomass demand increases due to additional biomass demand for 1st gen. 551 

biofuels. First of all, this setup made it possible to capture the whole impacts of 1st gen. biofuel 552 

production on the land system in terms of GHG emissions. Secondly, by examining the 553 

sensitivity of GHG emissions from both traditional agronomy and biofuel production as the 554 

systems develop with improved efficiency (TC) the idea that 1st gen. biofuel production will 555 

reduce GHG emissions can be challenged. Taken together, these issues demonstrate the 556 

importance of LUC in GHG emissions associated with 1st. gen biofuel production. Since the 557 

results obtained from our analysis strongly depend on the baseline scenario LUC GHG 558 

emissions, we clearly have to highlight that a change of the baseline scenario setup can lead to 559 

fundamental different results. Figures for the biofuel production in the biofuel scenarios were 560 

derived from the NREAPs [12] and thus are based on assumptions of the Member States 561 

regarding their biofuel consumption in the period 2005-2020. Moreover, the applied methodology 562 

of carbon stock calculation in the GIS software is consistent with the guidelines for the 563 

calculation of land carbon stocks provided by the European Commission [39] and the employed 564 

LCA approach, a well-to-wheels analysis, is consistent with the LCA methodology described in 565 

the RED [1]. The GHG emissions calculated for the 1xNREAP scenario (68 MtCO2eq a-1) lie 566 

within the range of GHG emissions from LUC estimated from Bowyer and colleagues [11] which 567 

is between 44 and 77 MtCO2eq a-1 on EU-level.    568 

By coupling the spatial model to the LCA of biofuels we identified the relationship between 569 

1st gen. biofuel production and GHG emissions to be not linear. This is an important finding with 570 

respect to LCA because it contradicts the assumption that a doubling of biofuel production 571 
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generates twice as much GHG emissions from LUC. Moreover, we showed that LUC has a 572 

major impact on the GHG performance of biofuels. Without taking LUC into account in the LCA, 573 

the average GHG emission saving compared to fossil fuel use amounts to about 50%17. In this 574 

case the mandatory 35% GHG emission saving target of the RED would be fulfilled. If LUC is 575 

considered in the LCA of biofuels the average GHG emission saving on EU-level ranges 576 

between -2% and 13% under 1xNREAP. Thus the 35% target is not reached under 1xNREAP. 577 

Under 2xNREAP, in which the biofuel demand is doubled compared to 1xNREAP, the GHG 578 

emission saving becomes negative and ranges between -18% and 1%. Since we excluded 579 

imported and 2nd gen. biofuels in our analysis, the transport sector share of biofuels in 1xNREAP 580 

in 2020 amounts not to 10%, the mandatory target of the RED, but to 5.1%. Instead, under 581 

2xNREAP a transport sector share of 10% is reached by the domestic production of 1st gen.  582 

biofuels. Since GHG emission savings under 2xNREAP are negative this implies that a 583 

production quantity of biofuels compatible with the 10% target emits more GHGs than fossil fuel 584 

use.  585 

According to our results on EU-level 1st gen. biofuel use does not substantially reduce 586 

GHG emissions compared to fossil fuel use. Depending on the conditions biofuel use can be 587 

even less attractive than fossil fuel use. Our results question the EU biofuel policy because the 588 

introduction of biofuel quotas is aimed to mitigate global warming. If 1st gen. biofuel use does not 589 

substantially reduce GHG emissions compared to fossil fuel use, it cannot be considered as an 590 

adequate measure for the mitigation of global warming.  591 

However, there are huge national differences. Germany, Greece and Great Britain for 592 

instance reach the 35% target, while Slovenia emits 70-100% more GHGs when using biofuels 593 

instead of fossil fuels. In Germany, although LandSHIFT underestimates the initial cropland area, 594 

                                                 
17 Calculated using equation 5 (without allocation) and average GHG emission values for cultivation, processing, and 

transport and distribution for the biofuel production pathways considered in this study [1]. 
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there is enough cropland available to fulfill the biomass demand for 1st gen. biofuel production 595 

derived from the NREAPs. Therefore cropland is converted to set aside land, where the 596 

ecological succession detracts carbon from the atmosphere. Since Greece and Great Britain 597 

anticipate to import most of their 1st gen. biofuels the pressure for LUC is relatively low in these 598 

countries. In Slovenia the cropland needed to fulfill the biofuel demand is mainly obtained by the 599 

conversion of forest to cropland. Due to this LUCs the carbon stored in soil and vegetation of the 600 

forest, which is more than in most other land-use types, is released to the atmosphere. This 601 

process results in the highest GHG emissions from LUC obtained from our analysis. If Slovenia 602 

would realize its 1st gen. biofuel production as stated in their NREAP, almost the whole forest 603 

area would be threatened. Both Poland and Spain appear to fail to reach the target, despite 604 

having reduced GHG emissions; the underestimation of initial agronomic area in LandSHIFT 605 

may be the cause.  606 

The seven EU Member States reaching the 35% GHG emission saving target have 607 

generally smaller transport sector requirements than those failing, a consequence of a 608 

proportional target. Since each Member State has to cover 10% of the energy consumption in 609 

transport by renewable sources in 2020 a low transport sector share indicates a high import 610 

quota of biofuels. The impact of imported biofuels on the overall GHG performance of biofuels 611 

was not assessed in this study which limits the significance of the GHG emission saving 612 

indicator. Hence,our calculations can be interpreted as rather optimistic estimate because the 613 

consideration of imported biofuels in the LCA is likely to increase GHG emissions due to land-614 

use changes in exporting regions [43]. In these scenarios, on average the EU-27 Member States 615 

anticipate to import 29% of all biofuels in 2020 [12]. In addition, 2nd gen. biofuels, which 616 

represent a proportion of 19% in terms of total biofuels in 2020 [12] as well as trade of 1st gen. 617 

biofuel within the EU were not considered. A comprehensive sensitivity analysis that would be 618 
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necessary to determine the effects of these influencing factors on the GHG balance of biofuels 619 

was beyond the scope of this study.  620 

There are several challenges for further research in the field of GHG emissions due to 621 

biofuel production. Examples include the reduction of uncertainties in the applied data and 622 

system descriptions, the standardization of carbon accounting methods and the better 623 

determination of N emissions from fertilizer application [44,45]. In this context particular 624 

emphasis should be on the linkage between future yield increases and N2O emissions resulting 625 

from an associated increasing fertilizer use which would have an additional negative effect on 626 

the total GHG balance of biofuels [46].  627 

Since different biofuel production pathways entail different environmental impacts, a 628 

detailed spatial analysis makes it possible to identify preferable pathways, not only in terms of 629 

GHG emissions but also in terms of biodiversity and water needs [44]. Another driver of interest 630 

with respect to biofuel production is climate change, which has impacts on crop yields and water 631 

availability. Finally, the consideration of imported biofuels, trade patterns, costs and prices could 632 

contribute to the assessment of environmental and economic impacts inside and outside the EU. 633 

5. Conclusion 634 

If the assumptions made during this exercise are accepted and not compromised, we have 635 

demonstrated that under specific constraints LUC has a major impact on GHG emissions, 636 

casting doubt on the ability of 1st gen. biofuels to mitigate anthropogenic climate change.  Indeed, 637 

1st gen. biofuels may even be more damaging than fossil fuels. Taking our findings along with 638 

other critical comments (e.g. UK RFA [9] and IEEP [11]), we conclude that the national 1st gen. 639 

biofuel targets for the transport sector of the EU Member States must be reconsidered 640 

fundamentally and revised.  641 
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Although in their current form 1st gen. EU grown biofuels cannot be considered as an 642 

effective measure for the mitigation of global warming by Europe, their value in specific locations, 643 

not only for climate change mitigation but also energy security and economic development must 644 

be assessed.   645 
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Figure captions 772 

 773 

Fig. 1. Validation of LandSHIFT cropland area. Points represent national values of cropland area 774 

[106 ha] for 2005 as published by the FAO [22] on the vertical axis and as simulated by the 775 

LandSHIFT model on the horizontal axis. 776 

 777 

Fig. 2. Gridded map of the study area showing changes in annual per hectare CO2 emissions 778 

[tCO2 ha-1 a-1] from LUC due to 1st gen. biofuel production in 1xNREAP compared to the baseline 779 

scenario under technological change (TC) for the period 2005-2020. 780 

 781 

Fig. 3. GHG emission saving from biofuel use compared to fossil fuel use [%] in 1xNREAP with 782 

technological change (TC) and without (NO-TC) for the period 2005-2020. The national GHG 783 

emission saving values are evaluated towards the EU target of 35% [1]. 784 

 785 



Table 1. Domestic 1st gen. biofuel demand in 2005 and 2020 on aggregate EU-level taken from 
NREAPs [11] in PJ 
 
 2005 2020 
Baseline 0 0 

1xNREAP 111 660 

2xNREAP 111 1320 
 

Table 1



Table 2. EU-27 1st gen. biofuel production characteristics in 2010 
 
 Bioethanol from  Biodiesel from 

 wheat maize sugar 
beet 

rye, 
barley 

 rape-
seed 

soy-
bean 

sun-
flower 

Feedstock [Mt] a 4.5 2.5 10.9 16  7.0 0.9 0.3 

Feedstock share [%] 23% 13% 56% 8%  86% 11% 3% 

Biofuel yield [liter t-1] b 374 413 102 335  417 199 436 

Heating value [MJ liter-1] c 21.06  32.65 
 

a mean values [34-35] 
b mean values [36-39] 
c [36] 
 
 

Table 2



Table 3. Aggregate EU-level input data employed in the LandSHIFT model for 2005 and 2020 
 
  Biomass  
  Food Biofuel 
  [Mt] [Mt] 

20
05

 Baseline 600 0 

1xNREAP 600 20 

2xNREAP 600 20 

20
20

 Baseline 606 0 

1xNREAP 606 126  

2xNREAP 606 252  
 

Table 3



Table 4. Technological change (TC) scenario assumptions for the simulation period (2005-2020). TC 
implies an increase of yields of both biofuel and food crops. At the same time GHG emissions in the 
biofuel industry are reduced. 
 

 Crop yields GHG 
emissions a 

TC 9.4% -10% 

NO-TC 0% 0% 
 
a GHG emission reduction in biofuel industry 

Table 4



Table 5. Estimated average land-use change (LUC) and GHG emissions from LUC in the period 2005-
2020 on aggregate EU-level (results from GIS analysis of LandSHIFT grid maps). The first two 
columns represent total LUC area [106 ha] and total GHG emissions from LUC [MtCO2eq a-1] due to 
food and biofuel production. The quotient of total GHG emissions and total LUC area returns per 
hectare GHG emissions [tCO2eq ha-1 a-1]. The last column shows GHG emissions attributable to biofuel 
production [tCO2eq ha-1 a-1]. 
 

  Food & Biofuel production GHG emissions 
attributable to 

biofuel 
production  

  Total LUC area Total GHG 
emissions 

Per hectare 
GHG emissions 

  [106 ha] [MtCO2eq a-1] [tCO2eq ha-1 a-1] [tCO2eq ha-1 a-1] 

TC
 

Baseline 15 -29 -2.0 0 

1xNREAP 19 68 3.5 5.5 

2xNREAP 30 143 4.7 6.7 

N
O

-T
C

 Baseline 10 2 0.2 0 

1xNREAP 22 98 4.4 4.1 

2xNREAP 35 186 5.3 5.1 
 
 

Table 5



Table 6. LCA of 1st gen. biofuels for the period 2005-2020 on aggregate EU-level and GHG emission 
saving indicator 
 

  LCA of biofuels [gCO2eq MJ-1]  GHG 
emission 
savinga   el 

eec + ep 
+ etd 

EB 
Alloca-
ted EB 

 

TC 
1xNREAP 103 41 144 85  -2% 
2xNREAP 126 41 166 99  -18% 

NO- 
TC 

1xNREAP 77 45 122 73  13% 
2xNREAP 95 45 140 83  1% 

 

a GHG emission saving compared to fossil fuel use (83.8 gCO2eq MJ-1) 

Table 6



0 

2 

4 

6 

8 

10 

12 

14 

0 2 4 6 8 10 12 14 

O
bs

er
ve

d 
(F

A
O

 c
en

su
s)

 [1
06

 h
a]

  

Simulated (LandSHIFT) [106 ha] 

perfect fit 2005 

Germany 

Italy 

Poland 
Spain 

UK 
Hungary 

Bulgaria 

Greece 

Latvia 

Romania 

Figure 1



40

50

60

70

−10 0 10 20 30
longitude

la
tit

ud
e

tCO2eq ha−1 a−1

> 10

(5−10]

(0−5]

0

< 0

cartesian projection

Figure 2



Austria

Belgium

Bulgaria

Czech Republic

Denmark

Estonia

Finland

France

Germany

Greece

Hungary

Ireland

Italy

Latvia

Lithuania

Netherlands

Poland

Portugal

Romania

Slovakia

Slovenia

Spain

Sweden

United Kingdom

-100% -80% -60% -40% -20% 0% 20% 40% 60% 80% 100%

TC NO-TC
35% EU target

EU-level

Austria

Belgium

Bulgaria

Czech Republic

Denmark

Estonia

Finland

France

Germany

Greece

Hungary

Ireland

Italy

Latvia

Lithuania

Netherlands

Poland

Portugal

Romania

Slovakia

Slovenia

Spain

Sweden

Great Britain

EU-level

-100% -80% -60% -40% -20% 0% 20% 40% 60% 80% 100%

TC NO-TC

⇤    GHG emission increase     ⇥⇤     GHG emission decrease     ⇥

35% EU target

Figure 3



Assumed feedstock productivity1 [GJ ha-1 a-1] 
"

Bioethanol from  Biodiesel from 

wheat maize sugar 
beet 

rye, 
barley 

 rape-
seed 

soy-
bean 

sun-
flower 

41 31 153 41  43 18 36 
"
 
Assumed biofuel feedstock shares, biofuel shares and feedstock productivity  

"
 Bioethanol feedstock  

shares Biodiesel feedstock shares 
Biofuel  

shares2 

Feedstock 

productivity3 

IS
O

 

w
he

at
 

m
ai

ze
 

ro
ot

 c
ro

ps
 

ot
he

r 
ce

re
al

s 

ra
pe

se
ed

  
oi

l 

so
yb

ea
n 

 
oi

l 

su
nf

lo
w

er
  

oi
l 

bi
oe

th
an

ol
 

bi
od

ie
se

l 

G
J 

ha
-1

 a
-1

 

AT 23% 13% 56% 8% 86% 11% 3% 23% 77% 54 

BE 23% 13% 56% 8% 100% 0% 0% 14% 86% 51 

BG 42% 32% 0% 27% 86% 11% 3% 27% 73% 39 

CZ 23% 13% 56% 8% 86% 11% 3% 28% 72% 57 

DK 27% 0% 60% 12% 100% 0% 0% 0% 0% 0 

EE 58% 0% 0% 43% 100% 0% 0% 43% 57% 42 

FI 27% 0% 60% 12% 100% 0% 0% 24% 76% 58 

FR 23% 13% 56% 8% 92% 0.0% 8% 0% 100% 52 

DE 23% 13% 56% 8% 86% 11% 3% 21% 79% 55 

GR 23% 13% 56% 8% 86% 11% 3% 0% 100% 40 

HU 58% 0% 0% 43% 100% 0% 0% 63% 37% 79 

IE 23% 13% 56% 8% 86% 11% 3% 28% 72% 42 

IT 58% 0% 0% 43% 100% 0% 0% 26% 74% 56 

LV 23% 13% 56% 8% 100% 0% 0% 0% 100% 43 

LT 42% 32% 0% 27% 100% 0% 0% 22% 78% 56 

NL 23% 13% 56% 8% 100% 0% 0% 15% 85% 51 

PL 23% 13% 56% 8% 100% 0% 0% 24% 76% 57 

PT 23% 13% 56% 8% 0% 0% 100% 6% 94% 40 

RO 23% 13% 56% 8% 89% 11% 3% - - - 

SK 23% 13% 56% 8% 86% 11% 3% 38% 62% 64 

SI 42% 32% 0% 27% 86% 11% 3% 10% 90% 40 

ES 23% 13% 56% 8% 86% 11% 3% 13% 87% 48 

SE 27% 0% 60% 12% 100% 0% 0% 41% 59% 69 

GB 27% 0% 60% 12% 100% 0% 0% 57% 43% 80 

 
The NREAPs [12] do not provide information concerning biofuel feedstock shares. For allocation of demanded biofuel to crop 
types we applied two steps. In a first step shares are set to the EU-level value [Table 2]. In a second step the projected 
production quantities based on the 1xNREAP scenario in 2010 for the listed crops [in absolute terms] are compared to 
FAOSTAT statistics [22]. In case the FAOSTAT production quantity is 0, the feedstock share is set to 0%. The leftover 
percentage is distributed in equal parts to the other crops. In case there are major inconsistencies between FAOSTAT and 
projected production quantities the feedstock shares are adjusted in order to minimize these inconsistencies. 

""""""""""""""""""""""""""""""""""""""""""""""""""""""""
1 Based on BioGrace [41] 
2 Domestic vales (corrected for imports and advanced biofuels); based on NREAPs [12] 
3 Weighted mean based on assumed feedstock productivity. Firstly the assumed feedstock productivity is weighted with 
assumed biofuel feedstock shares, secondly the resulting values for bioethanol and biodiesel are weighted with biofuel shares. 
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1xNREAP, Technological change, 2005-2020: Domestic 1st gen. biofuel production according to NREAP

2005 2020 2020 2005 2020 Food Biofuel

C
ou

nt
ry

IS
O

transport 
sector 
share

total LUC 
area (1)

total
GHG 

emissions(2)

GHG 
emissions (2)

baseline 
GHG 

emissions (2)

attributable
GHG 

emissions (2)
el 

(2,3)
eec+ep

+etd 
(4) EB 

(5)
of GHG 

emissions  
to biofuel

allocated 
EB

GHG 
emission 
saving (6)

PJ PJ % Mt Mt 106 ha MtCO2eq a-1 tCO2eq ha-1 a-1 tCO2eq ha-1 a-1 tCO2eq ha-1 a-1 gCO2eq MJ-1 gCO2eq MJ-1 gCO2eq MJ-1 % gCO2eq MJ-1 %

AT 40 0 13 4% 0 3 0.27 1.8 6.7 -3.3 10.0 185 40 225 58% 131 -56%
BE 56 0 28 8% 0 5 0.48 2.5 5.1 -1.8 6.9 136 41 177 60% 105 -26%
BG 100 0 1 1% 0 0 0.42 -1.0 -2.4 -3.8 1.4 35 43 78 56% 44 48%
CZ 203 0 12 4% 0 2 0.33 1.0 3.1 -5.0 8.1 141 40 182 59% 106 -27%
DK 208 0 0 0% 0 0 0.18 -1.3 -7.1 -7.1 0.0
EE 233 0 4 10% 0 1 0.22 2.0 8.9 1.6 7.3 175 46 220 59% 130 -55%
FI 246 0 16 9% 0 3 0.57 7.2 12.5 -1.2 13.7 235 41 276 60% 167 -99%
FR 250 16 128 7% 3 25 2.74 9.1 3.3 -1.7 5.1 97 41 138 58% 80 5%
DE 276 73 83 4% 12 15 1.89 -3.5 -1.8 -3.8 2.0 36 40 76 60% 46 45%
GR 300 0 8 3% 0 1 0.11 -0.2 -1.7 -1.4 -0.3 -7 41 34 56% 19 77%
HU 348 0 20 9% 0 5 0.45 1.4 3.2 -2.3 5.5 69 39 108 62% 67 20%
IE 372 0 6 2% 0 1 0.29 2.0 6.8 2.1 4.7 111 44 155 59% 91 -9%
IT 380 7 53 4% 1 11 1.30 1.1 0.9 -5.1 6.0 107 40 147 58% 86 -2%
LV 428 0 0 1% 0 0 0.10 0.0 0.3 0.1 0.2 4 41 46 59% 27 68%
LT 440 0 7 10% 0 1 0.52 2.0 3.7 -2.4 6.2 111 40 151 60% 91 -8%
NL 528 0 11 2% 0 2 0.49 3.8 7.8 2.1 5.7 111 41 151 60% 90 -8%
PL 616 2 72 9% 0 13 1.97 6.6 3.3 -2.2 5.6 98 40 138 60% 83 1%
PT 620 0 20 8% 0 3 0.43 1.9 4.4 -0.3 4.8 120 32 152 63% 96 -14%
RO 642 0 0 0% 0 0 1.05 -2.3 -2.2 -2.2 0.0
SK 703 0 5 5% 0 1 0.28 0.8 2.8 -1.2 4.0 63 40 102 60% 61 27%
SI 705 0 8 10% 0 1 1.73 23.2 13.4 2.2 11.2 283 42 325 56% 182 -118%
ES 724 11 126 10% 2 23 1.73 4.8 2.7 -1.0 3.7 77 41 118 57% 68 19%
SE 752 2 18 5% 0 4 0.23 1.6 7.0 -4.9 12.0 172 40 212 62% 131 -57%
GB 826 0 22 1% 0 5 1.24 3.1 2.5 0.7 1.8 23 40 62 63% 39 53%
EU 111 660 5% 20 126 19 68 3.5 -2.0 5.5 103 41 144 59% 85 -2%

(0) Biofuel demand is allocated to feedstock according to feedstock shares listed above
(1) Conversions from non-cropland to cropland and vice versa
(2) Annualized (20 year basis)
(3) GHG emissions from carbon stock changes caused by land-use change due to biofuel production; obtained by the quotient of biofuel GHG emissions from land-use change and productivity of feedstock
(4) Biofuel GHG emissions from cultivation (eec), processing (ep), transport and distribution (etd)
(5) Total GHG emissions from biofuel use
(6) Compared to fossil fuel GHG emissions: EF = 83.8 gCO2eq MJ-1; Saving = (EF-EB)/EF; negative values indicate that the GHG performance of biofuel use is inferior to fossil fuel use; EU target: at least 35%

Allocation
Land-use change / GHG emissions

GHG emissions
LCA of biofuel

Food and Biofuel production
Biomass demand

feedstock for 
1st gen. biofuel 
production (0)

Energy demand

1st gen. biofuels
(bioethanol / biodiesel)

Florian Humpenöder
Member State level result table for scenario 1xNREAP with technological change

Florian Humpenöder


Florian Humpenöder


Florian Humpenöder




1xNREAP, No technological change, 2005-2020: Domestic 1st gen. biofuel production according to NREAP

2005 2020 2020 2005 2020 Food Biofuel

C
ou

nt
ry

IS
O

transport 
sector 
share

total LUC 
area (1)

total
GHG 

emissions(2)

GHG 
emissions (2)

baseline 
GHG 

emissions (2)

attributable
GHG 

emissions (2)
el 

(2,3)
eec+ep

+etd 
(4) EB 

(5)
of GHG 

emissions  
to biofuel

allocated 
EB

GHG 
emission 
saving (6)

PJ PJ % Mt Mt 106 ha MtCO2eq a-1 tCO2eq ha-1 a-1 tCO2eq ha-1 a-1 tCO2eq ha-1 a-1 gCO2eq MJ-1 gCO2eq MJ-1 gCO2eq MJ-1 % gCO2eq MJ-1 %

AT 40 0 13 4% 0 3 0.38 2.6 6.8 -1.4 8.2 152 45 196 58% 114 -36%
BE 56 0 28 8% 0 5 0.60 2.9 4.9 0.2 4.8 93 45 139 60% 82 2%
BG 100 0 1 1% 0 0 0.30 -0.2 -0.6 -2.6 2.0 52 47 99 56% 56 33%
CZ 203 0 12 4% 0 2 0.50 2.6 5.2 0.8 4.4 77 45 121 59% 71 15%
DK 208 0 0 0% 0 0 0.06 -0.1 -1.9 -1.9 0.0
EE 233 0 4 10% 0 1 0.30 2.6 8.6 0.0 8.6 206 51 257 59% 152 -81%
FI 246 0 16 9% 0 3 0.72 9.0 12.5 2.0 10.6 182 45 227 60% 137 -64%
FR 250 16 128 7% 3 25 3.21 13.7 4.3 1.2 3.0 58 45 103 58% 60 29%
DE 276 73 83 4% 12 15 1.40 0.8 0.6 -1.7 2.2 41 44 85 60% 51 39%
GR 300 0 8 3% 0 1 0.08 -0.1 -1.2 -1.4 0.2 6 46 52 56% 29 65%
HU 348 0 20 9% 0 5 0.74 2.3 3.2 -2.0 5.1 65 43 108 62% 67 20%
IE 372 0 6 2% 0 1 0.36 2.6 7.3 3.7 3.6 84 49 133 59% 78 6%
IT 380 7 53 4% 1 11 2.41 -0.8 -0.3 0.0 -0.3 -5 45 39 58% 23 73%
LV 428 0 0 1% 0 0 0.08 0.2 2.8 1.5 1.3 30 46 76 59% 44 47%
LT 440 0 7 10% 0 1 0.65 3.3 5.1 -0.7 5.8 104 45 149 60% 89 -7%
NL 528 0 11 2% 0 2 0.49 4.2 8.5 5.6 2.9 57 45 103 60% 61 27%
PL 616 2 72 9% 0 13 2.92 10.8 3.7 -1.2 4.9 86 45 131 60% 79 6%
PT 620 0 20 8% 0 3 0.40 2.1 5.3 5.5 -0.2 -5 35 30 63% 19 77%
RO 642 0 0 0% 0 0 0.65 -0.6 -1.0 -1.0 0.0
SK 703 0 5 5% 0 1 0.32 1.5 4.7 1.0 3.7 58 44 102 60% 61 28%
SI 705 0 8 10% 0 1 1.74 23.3 13.4 5.2 8.2 207 47 254 56% 142 -70%
ES 724 11 126 10% 2 23 2.66 7.4 2.8 0.2 2.6 53 45 99 57% 56 33%
SE 752 2 18 5% 0 4 0.38 2.6 6.9 -4.7 11.6 167 45 211 62% 131 -56%
GB 826 0 22 1% 0 5 1.10 5.0 4.6 2.3 2.3 29 44 73 63% 46 45%
EU 111 660 5% 20 126 22 98 4.4 0.2 4.1 77 45 122 59% 73 13%

(0) Biofuel demand is allocated to feedstock according to feedstock shares listed above
(1) Conversions from non-cropland to cropland and vice versa
(2) Annualized (20 year basis)
(3) GHG emissions from carbon stock changes caused by land-use change due to biofuel production; obtained by the quotient of biofuel GHG emissions from land-use change and productivity of feedstock
(4) Biofuel GHG emissions from cultivation (eec), processing (ep), transport and distribution (etd)
(5) Total GHG emissions from biofuel use
(6) Compared to fossil fuel GHG emissions: EF = 83.8 gCO2eq MJ-1; Saving = (EF-EB)/EF; negative values indicate that the GHG performance of biofuel use is inferior to fossil fuel use; EU target: at least 35%

feedstock for 
1st gen. biofuel 
production (0)

Food and Biofuel production
Biomass demand

1st gen. biofuels
(bioethanol / biodiesel)

Allocation
Energy demand Land-use change / GHG emissions

GHG emissions
LCA of biofuel

Florian Humpenöder
Member State level result table for scenario 1xNREAP without technological change

Florian Humpenöder


Florian Humpenöder


Florian Humpenöder




2xNREAP, Technological change, 2005-2020: Two times NREAP domestic 1st gen. biofuel production for 2020 

2005 2020 2020 2005 2020 Food Biofuel

C
ou

nt
ry

IS
O

transport 
sector 
share

total LUC 
area (1)

total
GHG 

emissions(2)

GHG 
emissions (2)

baseline 
GHG 

emissions (2)

attributable
GHG 

emissions (2)
el 

(2,3)
eec+ep

+etd 
(4) EB 

(5)
of GHG 

emissions  
to biofuel

allocated 
EB

GHG 
emission 
saving (6)

PJ PJ % Mt Mt 106 ha MtCO2eq a-1 tCO2eq ha-1 a-1 tCO2eq ha-1 a-1 tCO2eq ha-1 a-1 gCO2eq MJ-1 gCO2eq MJ-1 gCO2eq MJ-1 % gCO2eq MJ-1 %

AT 40 0 25 7% 0 5 0.62 4.3 6.9 -3.3 10.2 188 40 228 58% 133 -58%
BE 56 0 55 15% 0 9 0.98 5.5 5.6 -1.8 7.4 146 41 187 60% 111 -33%
BG 100 0 2 2% 0 0 0.31 0.2 0.7 -3.8 4.5 116 43 158 56% 89 -7%
CZ 203 0 23 8% 0 5 0.66 3.1 4.7 -5.0 9.7 170 40 210 59% 123 -47%
DK 208 0 0 0% 0 0 0.18 -1.3 -7.1 -7.1 0.0
EE 233 0 7 19% 0 1 0.47 4.3 9.0 1.6 7.4 176 46 222 59% 131 -56%
FI 246 0 32 19% 0 6 1.09 14.2 13.0 -1.2 14.2 243 41 284 60% 172 -105%
FR 250 16 255 14% 3 50 4.61 21.5 4.7 -1.7 6.4 123 41 164 58% 95 -13%
DE 276 73 166 8% 12 30 1.52 5.1 3.4 -3.8 7.2 131 40 171 60% 103 -23%
GR 300 0 17 6% 0 3 0.11 -0.2 -1.7 -1.4 -0.3 -7 41 34 56% 19 77%
HU 348 0 41 18% 0 11 1.11 5.0 4.5 -2.3 6.8 86 39 125 62% 77 8%
IE 372 0 12 5% 0 2 0.53 3.7 7.1 2.1 5.0 118 44 162 59% 95 -14%
IT 380 7 106 7% 1 22 2.57 2.2 0.9 -5.1 6.0 107 40 147 58% 86 -2%
LV 428 0 1 1% 0 0 0.09 0.2 2.6 0.1 2.5 58 41 99 59% 58 31%
LT 440 0 14 19% 0 3 0.89 5.8 6.6 -2.4 9.0 161 40 202 60% 121 -45%
NL 528 0 21 5% 0 4 0.89 7.0 7.8 2.1 5.8 112 41 153 60% 91 -9%
PL 616 2 145 17% 0 27 4.93 19.3 3.9 -2.2 6.1 108 40 148 60% 89 -7%
PT 620 0 39 16% 0 6 0.45 1.8 4.0 -0.3 4.3 108 32 139 63% 88 -5%
RO 642 0 0 0% 0 0 1.05 -2.3 -2.2 -2.2 0.0
SK 703 0 11 9% 0 2 0.45 2.1 4.6 -1.2 5.8 90 40 130 60% 78 8%
SI 705 0 16 20% 0 3 1.72 23.2 13.4 2.2 11.3 284 42 326 56% 183 -118%
ES 724 11 252 19% 2 47 3.05 8.3 2.7 -1.0 3.7 77 41 118 57% 68 19%
SE 752 2 36 10% 0 8 0.71 4.9 6.8 -4.9 11.8 170 40 210 62% 130 -55%
GB 826 0 43 2% 0 11 1.08 4.8 4.5 0.7 3.8 48 40 87 63% 55 34%
EU 111 1320 10% 20 252 30 143 4.7 -2.0 6.7 126 41 166 59% 99 -18%

(0) Biofuel demand is allocated to feedstock according to feedstock shares listed above
(1) Conversions from non-cropland to cropland and vice versa
(2) Annualized (20 year basis)
(3) GHG emissions from carbon stock changes caused by land-use change due to biofuel production; obtained by the quotient of biofuel GHG emissions from land-use change and productivity of feedstock
(4) Biofuel GHG emissions from cultivation (eec), processing (ep), transport and distribution (etd)
(5) Total GHG emissions from biofuel use
(6) Compared to fossil fuel GHG emissions: EF = 83.8 gCO2eq MJ-1; Saving = (EF-EB)/EF; negative values indicate that the GHG performance of biofuel use is inferior to fossil fuel use; EU target: at least 35%
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2xNREAP, No technological change, 2005-2020: Two times NREAP domestic 1st gen. biofuel production for 2020 
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PJ PJ % Mt Mt 106 ha MtCO2eq a-1 tCO2eq ha-1 a-1 tCO2eq ha-1 a-1 tCO2eq ha-1 a-1 gCO2eq MJ-1 gCO2eq MJ-1 gCO2eq MJ-1 % gCO2eq MJ-1 %

AT 40 0 25 7% 0 5 0.75 5.5 7.3 -1.4 8.7 160 45 205 58% 119 -42%
BE 56 0 55 15% 0 9 1.14 6.4 5.6 0.2 5.4 107 45 152 60% 91 -8%
BG 100 0 2 2% 0 0 0.52 0.9 1.7 -2.6 4.3 108 47 156 56% 88 -5%
CZ 203 0 23 8% 0 5 0.93 4.8 5.2 0.8 4.4 77 45 121 59% 71 15%
DK 208 0 0 0% 0 0 0.06 -0.1 -1.9 -1.9 0.0
EE 233 0 7 19% 0 1 0.56 5.3 9.5 0.0 9.5 227 51 278 59% 164 -95%
FI 246 0 32 19% 0 6 1.23 16.2 13.2 2.0 11.2 192 45 237 60% 144 -71%
FR 250 16 255 14% 3 50 5.70 27.7 4.8 1.2 3.6 70 45 115 58% 66 21%
DE 276 73 166 8% 12 30 1.93 11.3 5.9 -1.7 7.6 138 44 182 60% 110 -31%
GR 300 0 17 6% 0 3 0.08 -0.1 -1.2 -1.4 0.2 6 46 52 56% 29 65%
HU 348 0 41 18% 0 11 1.52 5.8 3.8 -2.0 5.8 73 43 116 62% 72 14%
IE 372 0 12 5% 0 2 0.61 4.5 7.3 3.7 3.6 85 49 134 59% 79 6%
IT 380 7 106 7% 1 22 2.51 4.2 1.7 0.0 1.7 30 45 75 58% 44 48%
LV 428 0 1 1% 0 0 0.07 0.4 6.1 1.5 4.6 107 46 153 59% 90 -7%
LT 440 0 14 19% 0 3 1.04 7.4 7.1 -0.7 7.7 139 45 184 60% 111 -32%
NL 528 0 21 5% 0 4 0.89 7.7 8.7 5.6 3.1 60 45 105 60% 63 25%
PL 616 2 145 17% 0 27 6.25 27.0 4.3 -1.2 5.5 97 45 142 60% 85 -2%
PT 620 0 39 16% 0 6 0.47 2.2 4.6 5.5 -0.9 -23 35 13 63% 8 90%
RO 642 0 0 0% 0 0 0.66 -0.6 -1.0 -1.0 0.1
SK 703 0 11 9% 0 2 0.53 2.7 5.1 1.0 4.2 65 44 109 60% 65 22%
SI 705 0 16 20% 0 3 1.75 23.3 13.3 5.2 8.1 205 47 251 56% 141 -68%
ES 724 11 252 19% 2 47 3.80 10.4 2.7 0.2 2.5 53 45 98 57% 56 33%
SE 752 2 36 10% 0 8 0.85 5.8 6.9 -4.7 11.6 166 45 211 62% 130 -56%
GB 826 0 43 2% 0 11 1.13 7.0 6.2 2.3 3.9 49 44 93 63% 59 30%
EU 111 1320 10% 20 252 35 186 5.3 0.2 5.1 95 45 140 59% 83 1%

(0) Biofuel demand is allocated to feedstock according to feedstock shares listed above
(1) Conversions from non-cropland to cropland and vice versa
(2) Annualized (20 year basis)
(3) GHG emissions from carbon stock changes caused by land-use change due to biofuel production; obtained by the quotient of biofuel GHG emissions from land-use change and productivity of feedstock
(4) Biofuel GHG emissions from cultivation (eec), processing (ep), transport and distribution (etd)
(5) Total GHG emissions from biofuel use
(6) Compared to fossil fuel GHG emissions: EF = 83.8 gCO2eq MJ-1; Saving = (EF-EB)/EF; negative values indicate that the GHG performance of biofuel use is inferior to fossil fuel use; EU target: at least 35%
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