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			Abstract

			Purpose: The quantification of CO2 emissions from indirect land use change (ILUC) is proposed by some stakeholders for the inclusion in carbon footprints (CF) of biofuels. The ILUC concept does not appropriately consider so far that each ILUC of a biofuel is direct land use change (DLUC) of another product. This leads to either double counting or free-rider incentives. The article’s purpose is to introduce and test inter-crops-allocation (ICA); this new approach allocates CO2 emissions from natural ecosystem conversion between all agricultural activities responsible for the land use change - be it directly or indirectly. 

			Methods: ICA was tested with a simplified model which covered two crops: one crop and its final products with an assumed indirect land use change (ILUC) effect and one crop and its final products with an assumed direct land use change (DLUC) effect. The model was applied on two case studies (sugarcane cultivation in Brazil, rapeseed production in Germany) while testing three different allocation procedures (energy, economic, cereal unit allocation). 

			Results and discussion: The ICA prove to be easily applicable and yields plausible results that avoid double counting and free rider incentives. The results of the first case study proves (sugarcane ethanol and beef) indicate that the significance of the ICA approach compared to the normal ILUC quantification is relatively small, especially taking into account the inherent uncertainties in ILUC quantification: 46g CO2 MJ-1 of sugarcane ethanol without ICA; 41 - 45g CO2 MJ-1 of sugarcane ethanol with ICA. However, the results of the second case study (rapeseed biodiesel and palm oil) prove that the approach can have a significant influence on ILUC quantification because the original value for rapeseed biodiesel production without ICA of 104g CO2 MJ-1 was reduced by up to 23% when ICA was applied (80-101g CO2 MJ-1). 

			Conclusion: ICA allows considering the direct as well as the indirect impact of agricultural activities on natural ecosystem conversion while avoiding double counting and free-rider incentives at the same time. If ILUC factors are considered in CF of biofuels, the application of ICA will lead to more scientific consistency and robustness. Further case studies and additional research are needed to expand the scope on the overall agricultural system.
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			Introduction

			Since 2008 numerous scientific studies that deal with the quantification of CO2 emissions from indirect land use change (ILUC) attributed to biofuel production have been published [1-9]. ILUC is a displacement effect defined as follows: If biofuel crops replace another agricultural production system the amount of this former product will decrease in the world market. If the demand for this product remains the same, the product’s price will increase due to the reduced supply. These higher prices act as an incentive for farmers or companies to develop new agricultural area. The final land use change (LUC) that occurs in order to provide new agricultural land is in the studies indicated above attributed as ILUC of biofuel production. In case carbon rich natural ecosystems such as primary forest, peat bogs or land uses such as managed grassland are converted to arable land considerable 

amounts of greenhouse gas (GHG) emissions will be released [10]. These emissions will be significant for the carbon footprint (CF) if the related GHG emissions are included systematically in carbon footprinting; the application of ILUC on the CF has so far been mainly been performed for biofuels [1,9,10], even though the concept as such applies to all agricultural products [11,12]. 

			Many of the scientific publications to date focus on which types of economic or deterministic models are suitable for ILUC quantification [1,2,4,9], on how high uncertainties about input parameters and results are [5,9,11] or on how the scientific knowledge could be used in policy making [11,13,14]. 

			The quantification of GHG emissions caused by ILUC however also raises methodological questions about consistency with life cycle assessment (LCA) and carbon footprinting. As an example, the assessment of ILUC is up to now limited to the global warming potential only, even though other environmental impact categories are also affected. A comprehensive discussion of the scientific robustness and consistency of ILUC in the context of the international LCA standards can be found in Finkbeiner [11,12,15]. As of now, almost all studies focus on biofuels while not considering other agricultural products with the exception of by-products from biofuels production [16]. 

			ILUC caused by biofuel feedstock expansion is however always direct land use change (DLUC) of another agricultural production “incentivized by the cross-price effects of an increased production of biofuel feedstock which then translates into an additional demand for so far unused land areas” [17]. The same LUC thus can be defined as DLUC of a specific agricultural activity that displaces a natural ecosystem as well as ILUC of an elsewhere expanding agricultural activity. About the quantification of ILUC factors the currently common practice is to debit all CO2 emissions from the final LUC to the expanding biofuel feedstock while disburdening the crops that directly displace natural ecosystems at the same time. However, the same ILUC could be also just accounted for as DLUC of the crop that is displaced.

			GHG emissions arising from DLUC are to be included in CF calculations according to the PAS 2050 [18], may be included according to the GHG Protocol [19] and are consistent to be included according to ISO 14044 [20] on LCA [11]. As emissions from DLUC are even obligatorily to be included in the CF of biofuels according the Renewable Energy Directive (RED) it should be a logical consequence to do the same for all other agricultural products. However, if the scope of CF is extended to all agricultural products, i.e. if all LUC is accounted for as DLUC, there is no more ILUC. If the assessment intends to share the LUC burdens between the direct and indirect drivers, the question arises how the CO2 emissions from the final LUC should be allocated between the expanding biofuel feedstock and the crop that directly displaces the natural ecosystem. Assuming that both agricultural activities share the responsibility by either indirectly or directly contributing to natural ecosystems conversion, it seems reasonable that all products resulting from both agricultural activities should share the burden of the CO2 emissions caused by the associated LUC [15]. Thus, we propose a methodology that allows considering the impact of both agricultural activities, the expanding agricultural activity as well as the one that directly displaces natural ecosystems; this is a typical situation for allocation.
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			Figure 1 schematically shows different modeling options. What happens in reality is presented in the upper part of the figure. In the real world only LUC can be observed, shown here exemplary for conversion of forest to agricultural land. Several possibilities exist to model this process in LCA - depending on the allocation choices of the burden generated by the LUC. The LUC burden can be either allocated to the direct process responsible for physically cutting down the forest. This would be DLUC shown here for the example of cattle farming. The LUC burden could also be allocated indirectly to a process that is assumed to be responsible for the cattle farmer’s action to cut the forest. This would be ILUC shown here for the example of biofuel production. 

			The physical reality and the physical allocation are shown in case A in Figure 1: The direct physical action takes 100% of the burden; therefore, there is 0% of ILUC. Option A would be the standard modeling approach in attributional LCA or CF. The second case B shows the allocation choice of the proponents of the ILUC concept, even though they do not present it as an allocation choice. If all the burden of the DLUC of the displaced crop (here feed for cattle) is accounted for as ILUC of the displacing crop (here: biofuel producer), the resulting net DLUC of the displaced crop will be zero. This can only be done based on economic assumptions and is inconsistent with attributional LCA. This case obviously provides wrong incentives because the one who is cutting the natural forest (physical reality) gets a free-rider ticket to do so. Case C represents the case of double-counting. In this case the emissions are allocated to both cattle and biofuels. As a result, there is 100% DLUC and 100% ILUC, which is obviously not consistent with the ISO standard´s requirement to avoid double-counting. The last case D represents the proposed ‘inter-crops-allocation’. Transparency requires making an explicit allocation choice for the LUC burden. If ILUC is supposed to be considered at all, this ICA allocation will be required to avoid double-counting and wrong free-rider incentives. 

			There are – as usual – different allocation procedures available, but the condition they have to fulfill is clearly that the total allocated burden has to be 100% according to formula (1).

			DLUCnet (displaced crop) = 

			DLUCgross (displaced crop) – ILUC (displacing crop)        (1)

			Allocation represents a regularly applied methodology in LCA whenever it comes to multi-output processes. Agriculture is a multi-output process so that we suggest allocation as a suitable approach to consider direct as well as indirect drivers on natural ecosystem conversion; we call this specific field of application inter-crops-allocation (ICA). According to the ISO standards on LCA [21] and CF [22] allocation is preferably done based on the physical properties of all accruing products [20]. The lower heating value (LHV) and the mass represent suitable properties for physical allocation. Brankatschk and Finkbeiner [23] additionally introduced the cereal unit (CU) allocation as a method particularly suitable for agricultural products. Economic allocation based on market values is another approach that can be used, if there are no clear physical relationships applicable [20].

			In this article we present a simplified two-crops-model used to investigate how different allocation procedures would affect the CF of specific agricultural products when applying ICA. The objective is not to present the most realistic values on ILUC or DLUC but to test the applicability and suitability of this method and to assess the relevance of the topic.

			Methodology

			Agriculture worldwide can be considered as a multi-output production system, in which one is able to identify an expansion of the overall agricultural land, of specific agricultural activities and of specific end products resulting from agricultural activities. GHG emissions related to LUC caused by the agricultural area expansion could theoretically be debited to all end products; one has to quantify the expansion of the agricultural area used for specific agricultural activities and the increase in the resulting end products. A huge amount of data is however required in order to conduct this overall ICA. As we first want to investigate the relevance of the topic, we use a simplified and idealized model calculation in order to investigate how different ICA approaches would affect the CF of agricultural products, and particularly biofuels. 

			As a simplification the model only considers two crops: one expanding agricultural activity, one displacing agricultural activity and all end products resulting from both activities. We furthermore assume a direct displacement without any other agricultural activities being involved. This model has been applied to two case studies. Both case studies deal with the end product biofuels as biofuels have been the driver for the ILUC debate. As shown by Bauen et al. [24] an increase of biofuel production can lead to several market reactions; all of them have an influence on the amount of ILUC. These market reactions are expansion of the cultivation area, yield increase and substitution. The first case study conducted here deals with the market reactions area expansion and yield increase while the second case study addresses the case of substitution.

			As a first example we chose sugarcane cultivation as the expanding agricultural activity; the end product is sugarcane ethanol. Sugarcane area expansion was assumed to take place on pasture land. As a result, a cattle farming with the purpose of beef production is assumed to be displaced. The final natural ecosystem conversion is assumed to be a conversion of tropical rain forest to pasture land. This situation is plausible for the situation in Brazil where sugarcane ethanol production is supposed to be partly responsible for deforestation by displacing cattle farming from the South-Central Region to the Amazon Legal [4]. 

			As a second example we chose rapeseed oil that is used to produce biodiesel in Germany. Studies on ILUC indicate that if less rapeseed oil is available as a vegetable oil in the EU food market because of its usage as a feedstock for biodiesel production it will probably be substituted by rapeseed oil from Ukraine and by palm oil produced in Indonesia or Malaysia [24]. We assume that 50% of the “loss” of rapeseed oil will be substituted by rapeseed oil produced in Ukraine where enough agricultural land is available [24]. The remaining 50% of rapeseed oil are assumed to be substituted by palm oil from Malaysia where new oil palm plantations are assumed to be generated on peat bogs. Thus, the usage of rapeseed oil supposed for biodiesel production in the EU is assumed to partly lead to a transformation of peat bogs in Malaysia in order to cultivate oil palms. 

			Average CO2 emissions from the conversion of natural ecosystems were calculated based on the IPCC methodology [25]. In addition, several data on biomass and energy yields is required in order to run our simplified model and to derive the allocation factors (see Table 1 & 2) [26-40]. Overall, three different allocation procedures have been used for ICA: energy allocation based on the LHV, CU allocation and economic allocation based on the market value. Emissions from ILUC and DLUC are calculated and related to the agricultural products, respectively, based on the following formulae (2), (3), and (4). Our starting point is the production of a biofuel feedstock on one hectare of already existing agricultural area (AB). We then calculate the area that is additionally needed in order to produce the displaced agricultural product. The finally resulting area expansion on natural ecosystems ALUC is usually less than one hectare as a part of the displaced product can be regained by an increase in yields (see formula (2)). CO2 emissions from natural ecosystem conversion can then be allocated to all products produced on the overall area (AB + ALUC). The allocation factor included in formulae (3) and (4) is not considered in current models; it is proposed here as part of the ICA approach.
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			ALUC: Agricultural area expansion on natural ecosystems [ha].

			AB: Area used for additional biofuel production [ha].

			AY: Area saved because of yield increase over time and/or higher yields of the substituting crop [ha].
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			ILUCGHG: ILUC induced CO2 emissions related to the amount of end product gained on AB [g CO2 kg-1].

			∆CO2: CO2 emissions resulting from natural ecosystem conversion [g CO2 ha-1].

			Y1: Yield for product 1 (expanding agricultural activity) [kg ha-1].

			AF: allocation factor.
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			DLUCGHG: DLUC induced CO2 emissions related to the amount of end product gained on ALUC [g CO2 kg-1]
Y2: Yield for product 2 (directly displacing agricultural activity) [kg ha-1]

			If the ICA allocation factor is not being considered this practice will obviously cause double counting as the same CO2 emissions are included in the CF of both products. Thus, we suggest including an allocation factor into ILUC and DLUC calculations. The following formulae show how to calculate the allocation factors. 
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			p1: lower heating value, cereal unit or market price of product 1.

			P1: overall lower heating value, cereal unit or market price of product 1 gained on AB.

			p2: lower heating value, cereal unit or market price of product 2.

			P2: overall lower heating value, cereal unit or market price of product 2 gained on ALUC.

			These formulae assume that one product accrues on a specific area; however, if more than one product is produced on AB and ALUC additional products can easily be included in the calculation.

			Results and Discussion

			Case study 1: sugarcane ethanol and beef production in Brazil

			The first case study refers to the expansion of sugarcane area in Brazil for the purpose of ethanol production. Expansion takes place on pasture land so that a cattle farming with the purpose of beef production is displaced. The final natural ecosystem conversion is tropical rain forest conversion to pasture land in the North of Brazil. Results of ILUC modeling show that one hectare of sugarcane expansion on pasture land will not lead to a generation of one hectare of pasture land in the Amazon Legal but will only lead to a minor displacement. The reason is that the loss in beef production is not only compensated by generating new pasture land but also by increasing the cattle stocking rate and the average slaughter weight. Nassar et al. [41] claimed that only 0.08 ha new land would be necessary for one additional ha of sugarcane. De Souza Ferreira Filho [42] ascertained a value of 0.14 ha for one ha of sugarcane and Dunkelberg [43] a value of 0.22 ha. The latter value is chosen as this study used the same input parameter values as they were used in the calculation presented here.
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			CO2 emissions resulting from the conversion of Amazonian rain forest to pasture land are calculated to be 30.5t CO2 ha-1 yr-1 for a period of 20yr based on IPCC [25]. Overall only 6.7t CO2 yr-1 will be released as only 0.22 ha of new pasture land have to be generated in order to compensate the loss of one ha pasture land in the South-Central Region. These emissions must be allocated to all products gained on 0.22ha of pasture land and on one hectare of sugarcane. The main products are sugarcane ethanol (147GJ) and beef (50kg); other products such as fibers have not been considered. Figure 2 visualizes the displacement effect caused by sugarcane area expansion and demonstrates the results of ILUC and DLUC quantification when conducting ILUC quantification as currently common (A), when applying the concept of carbon foot printing on ethanol and beef (B, C) and when applying various ICA procedures (D-F).

			According to the approach of ILUC quantification as discussed within the scope of the European biofuel policy, all CO2 emissions from the final LUC are charged to the expanding sugarcane ethanol production (see case A in Figure 2). Based on an average ethanol yield of 147GJ ha-1 of sugarcane, CO2 emissions from ILUC amount to 46g CO2 MJ-1 of ethanol. This approach, however, has the effect of disburdening cattle farming that directly displaces forested land from responsibility for any LUC-induced CO2 emissions; although DLUC caused by a new generation of pasture land would occur, in the CF calculation of beef emissions from DLUC would be set to zero. This, however, can lead to a free-rider effect, as the party directly profiting from the final LUC is not held accountable for these LUC-induced CO2 emissions - not even in a scenario in which the product CF is used as a market incentive to reduce carbon emissions in the economy. Thus, such an approach, in which all LUC CO2 emissions are allocated to the expanding biofuel feedstock, fails to provide a market incentive for LUC reduction that specifically addresses those directly benefitting from deforestation.

			If the scope of the CF were broadened and applied to all agricultural products as it is now applied to biofuels, ILUC would no longer exist, as DLUC would be completely charged to the respective agricultural activity directly displacing the natural ecosystem (case B). Thus, in our example all CO2 emissions from LUC are debited to beef while disburdening sugarcane ethanol at the same time. This option would however not consider the potential indirect effect of expanding crops, which has been proposed as a relevant concern in the case of biofuel production [4,44,45]. Case C addresses ILUC as it is currently done while allowing the inclusion of CO2 emissions from DLUC into the CF of beef at the same time. This would cause double counting of the LUC-induced CO2 emissions. As double counting shall be avoided [19], this does not represent an appropriate and ISO conformant approach for handling LUC-induced CO2 emissions.

			 ICA of LUC-induced CO2 emissions was tested in order to avoid both double counting and free rider incentives. Several allocation procedures are available, including energy, economic, and CU allocation methods, each with its respective allocation factor (see Table 1, Figure 2). Depending on the allocation procedure the percentage of the overall LUC CO2 emissions allocated to ethanol varies between 90 and 100%. The resulting ILUC CO2 emissions were in the range between 41 and 45g CO MJ-1 of ethanol and DLUC CO2 emissions were between 1 and 14g CO2 t-1 of beef. The results prove that the choice of the allocation procedure influences the CF of ethanol and beef. The values for ILUC however are in a similar range compared to the situation without ICA in which the allocation factor is either 0 or 100% (100% ILUC: 46g CO MJ-1 of ethanol; 100% DLUC: 137g CO t-1 of beef). The choice of the allocation procedure thus influences the assessment of both beef and ethanol albeit not to the same degree as the general decision on how to consider DLUC and ILUC. The difference between ICA and “normal” ILUC quantification is the highest in the case of CU allocation when ILUC emissions debited to ethanol are 10% lower than without ICA.

			Table 1: Data used to derive the allocation factors; case study sugarcane ethanol.

			
				
					
					
					
					
					
				
				
					
							
							 

						
							
							Yielda) 

							[kg ha-1]

						
							
							CUb)

							 [kg ha-1]

						
							
							CU (ALUC) [kg]

						
							
							Allocation Factor [%]

						
					

					
							
							CU Allocation

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
					

					
							
							Ethanol

						
							
							5,510

						
							
							2,672

						
							
							2,672

						
							
							89.7

						
					

					
							
							Beef

						
							
							223

						
							
							1,395

						
							
							307

						
							
							10.3

						
					

					
							
							Economic Allocation

						
							
							 

						
							
							Monetary Valuec) 

							[R$ ha-1]

						
							
							Monetary Value 

							(ALUC) [R$]

						
							
							 

						
					

					
							
							Ethanol

						
							
							5,510

						
							
							7,324

						
							
							7,324

						
							
							96.2

						
					

					
							
							Beef

						
							
							223

						
							
							1,312

						
							
							289

						
							
							3.8

						
					

					
							
							Energy Allocation

						
							
							 

						
							
							LHVd) 

							[MJ ha-1]

						
							
							LHV 

							(ALUC) [MJ]

						
							
							 

						
					

					
							
							Ethanol

						
							
							5,510

						
							
							147,124

						
							
							147,124

						
							
							99.6

						
					

					
							
							Beef

						
							
							223

						
							
							2,752

						
							
							605

						
							
							0.4

						
					

				
			

			a) Calculated using an average sugarcane yield of 75 t ha [26]; average ethanol yields 93 L t-1 of sugarcane [27]; stocking rate 1.027 [28]; average slaughter weight of bovine animals 217kg [29].

			b) Calculated using 47.5kg melasse t-1 of sugarcane, 0.75dt CU dt-1 of sugarcane, average ethanol yields 93 L t-1 of sugarcane (0.48 dt CU dt-1 for ethanol); 6.26dt CU dt-1 of beef [30].

			c) Calculated using the average producer prices of 5.89 R$ L-1 for beef and 1.05 R$ L-1 of ethanol [31].

			d) Calculated with an LHV of 26.7MJ kg-1 of ethanol [32] an LHV of 25.2MJ kg-1 of dry beef [33] (water content: 51% [34]).

			Case study 2: rapeseed biodiesel produced in Germany and palm oil produced in Indonesia

			The second case study refers to biodiesel production from rapeseed oil in Germany. As already mentioned, 50% of the “loss” of rapeseed oil is assumed to be substituted by rapeseed oil from Ukraine where enough abandoned agricultural land is available. The remaining 50% of rapeseed oil are assumed to be substituted by palm oil from Malaysia. We furthermore assume that one liter of rapeseed oil is substituted by one liter of palm oil. As the yield per hectare of palm oil is much higher than that of rapeseed oil (4.2t ha-1 vs. 1.4t ha-1) only 0.17 ha of oil palms are required in order to substitute one hectare of rape. 

			Table 2: Data used to derive the allocation factor; case study rapeseed biodiesel.

			
				
					
					
					
					
					
				
				
					
							
							 

						
							
							Yielda) 

							[kg ha-1]

						
							
							CUb) [t ha-1]

						
							
							CU (ALUC) [t]

						
							
							Allocation Factor[%]

						
					

					
							
							CU Allocation

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
					

					
							
							Rapeseed oil

						
							
							1,404

						
							
							3.8

						
							
							3.8

						
							
							52.6

						
					

					
							
							Rapeseed meal

						
							
							2,096

						
							
							1.6

						
							
							1.6

						
							
							22

						
					

					
							
							Palm oil

						
							
							4,211

						
							
							10.5

						
							
							1.8

						
							
							24

						
					

					
							
							PKC

						
							
							477

						
							
							0.6

						
							
							0.1

						
							
							1.4

						
					

					
							
							Economic Allocation

						
							
							 

						
							
							Monetary Valuec) [USD ha-1]

						
							
							Monetary Value (ALUC) [USD]

						
							
							 

						
					

					
							
							Rapeseed oil

						
							
							1,404

						
							
							1,734

						
							
							1,734

						
							
							55

						
					

					
							
							Rapeseed meal

						
							
							2,096

						
							
							748

						
							
							748

						
							
							23.7

						
					

					
							
							Palm oil

						
							
							4,211

						
							
							3,958

						
							
							660

						
							
							20.9

						
					

					
							
							PKC

						
							
							477

						
							
							63

						
							
							10

						
							
							0.3

						
					

					
							
							Energy Allocation

						
							
							 

						
							
							LHVd) 

							[MJ ha-1]

						
							
							LHV (ALUC) [MJ]

						
							
							 

						
					

					
							
							Rapeseed oil

						
							
							1,404

						
							
							52,236

						
							
							52,236

						
							
							43.9

						
					

					
							
							Rapeseed meal

						
							
							2,096

						
							
							39,820

						
							
							39,820

						
							
							33.5

						
					

					
							
							Palm oil

						
							
							4,211

						
							
							153,707

						
							
							25,626

						
							
							21.5

						
					

					
							
							PKC

						
							
							477

						
							
							8,116

						
							
							1,353

						
							
							1.1

						
					

				
			

			a) Calculated using an average rapeseed yield of 3.5t ha-1 [35]; average rapeseed oil yield of 0.4t t-1 of rapeseed; average rapeseed meal yield of 0.6t t-1 of rapeseed [36]; average palm oil yield of 4.2t ha-1; average PKC yield of 0.48t ha-1 [37].

			b) Calculated using an average CU of 2.74t t-1 of rapeseed oil and 0.77t t-1 of rapeseed meal [23]; average CU of palm oil of 2,5t t-1 of palm oil (based on energy value 36.5kJ kg-1 of palm oil and 14.6kJ kg-1 of barley) [38].

			c) Calculated using the average prices in 2012: 1,235USD t-1 of rapeseed oil, 357USD t-1 of rapeseed meal (UFOP 2012); exchange ratio 1 EUR = 1.28 USD, 940USD t-1 of palm oil [39] and 131USD t-1 of PKC [37].

			d) Calculated using the following LHV: 37.2MJ kg-1 of rapeseed oil, 19.0MJ kg-1 of rapeseed meal, 36.5MJ kg-1 of palm oil [32] and 17.0MJ kg-1 of PKC [40].

			CO2 emissions resulting from the conversion of peat bogs to oil palm plantations are calculated to be 50.8t CO2 ha-1 yr-1 for a period of 20yr based on IPCC [25]. Overall some 8.5t CO2 yr-1 will be released as only 0.17ha of new oil palm plantations have to be generated in order to substitute the loss of rapeseed oil to the biodiesel market. These emissions must be allocated to all products gained on 0.17ha of oil palm plantation and on one hectare of rapeseed. The main products are rapeseed oil (1.4t), rapeseed meal (2.1t), palm oil (0.7t) and palm kernel cake (PKC: 0.1t); other products such as empty fruit bunches and shells have not been considered here. As the amount of rapeseed meal in the market will not change if rapeseed oil is used in the biodiesel sector instead of in the food sector, we do not have to consider any substitution effects caused by a change in the supply of rapeseed meal. Substitution effects caused by the additional supply of PKC are assumed to be negligible. The allocation factors and data used to derive these factors are shown in Table 2.

			Table 3: Results of different options of how to consider ILUC and DLUC.

			
				
					
					
					
					
					
					
					
				
				
					
							
							Case

						
							
							Description

						
							
							CO2 Emissions from LUC

						
					

					
							
							[g CO2 kg-1 Rapeseed Oil]

						
							
							[g CO2 kg-1 Rapeseed Meal]

						
							
							[g CO2 kg-1 Palm Oil]

						
							
							[g CO2 kg-1 PKC]

						
							
							[g CO2 MJ-1 Rapeseed Biodiesel]

						
					

					
							
							A

						
							
							only ILUC

						
							
							3.4

						
							
							1.7

						
							
							0

						
							
							0

						
							
							104

						
					

					
							
							B

						
							
							only DLUC

						
							
							0

						
							
							0

						
							
							11.5

						
							
							5.3

						
							
							0

						
					

					
							
							C

						
							
							ILUC and DLUC

						
							
							3.4

						
							
							1.7

						
							
							11.5

						
							
							5.3

						
							
							104

						
					

					
							
							D

						
							
							Economic all.

						
							
							3.3

						
							
							1

						
							
							2.5

						
							
							0.4

						
							
							101

						
					

					
							
							E

						
							
							Energy all.

						
							
							2.6

						
							
							1.4

						
							
							2.6

						
							
							1.2

						
							
							80

						
					

					
							
							F

						
							
							Cereal unit all.

						
							
							3.2

						
							
							0.9

						
							
							2.9

						
							
							1.5

						
							
							96

						
					

				
			

			If all CO2 emissions resulting from peat bog transformation are allocated to rapeseed oil and rapeseed meal, CO2 emissions from ILUC will amount to 3.4g CO2 t-1 of rapeseed oil and 1.7g CO2 t-1 of rapeseed meal (case A) (see Table 3). This is concordant with 104g CO2 MJ-1 of biodiesel. If all CO2 emissions are allocated to palm oil and PKC, emissions from DLUC will amount to 11.5g CO2 t-1 of palm oil and 5.3g CO2 t-1 of PKC (case B). ICA of LUC-induced CO2 emissions again leads to a range of results depending on which allocation approach is used. The percentage of the overall LUC CO2 emissions allocated to rapeseed oil varies between 44 and 55%. The results prove that the choice of the allocation procedure significantly influences the CF of all products. ILUC CO2 emissions revealed values between 80 and 101g CO2 MJ-1 of biodiesel; DLUC CO2 emissions were between 2.1 and 3.5g CO2 t-1 of palm oil and 0.4 and 1.6g CO2 t-1 of PKC respectively [46]. Without ICA ILUC emissions amount to 104g CO2 MJ-1 of biodiesel and DLUC emissions amount to 11.5g CO2 t-1 of palm oil and 5.3g CO2 t-1 of PKC. If energy allocation is applied in ICA, the approach leads to 23% lower ILUC emissions than without ICA. Thus, in this case study the application of ICA significantly reduces the amount of ILUC induced CO2 emissions related to biodiesel production. 

			Conclusion

			During the last years many efforts have been made to quantify CO2 emissions from ILUC attributed to biofuel production. The proposal to consider such indirect CO2 emission effects in the CF of biofuels however still has methodological challenges, especially if the scope is extended to all agricultural products. The problem is that ILUC of the one agricultural activity is always DLUC of another agricultural activity. This fact has neither been sufficiently discussed nor properly reflected in the models proposed for ILUC quantification. Including both ILUC induced CO2 emission in the CF of one product and DLUC induced CO2 emissions in the CF of the other product would cause double counting. Only considering ILUC induced CO2 emissions would however cause a free-rider effect for the crops that directly lead to natural ecosystem conversion. To tackle this problem, it is necessary to allocate the CO2 emissions from the final LUC to all agricultural activities involved as drivers in the process of natural ecosystem conversion. The resulting approach proposed in this paper is called inter-crops-allocation (ICA). The feasibility and applicability of the ICA approach was demonstrated by a simplified model of two crops and the exemplary calculation of two case studies. Allocation has been conducted based on the CU, the LHV and on the market value. 

			The first case study refers to sugarcane ethanol production in Brazil that displaces cattle farming to the Amazonian rain forest. The results prove that the choice of the allocation procedure influences the CF of beef and ethanol albeit not to the same degree as the general decision on whether and how to consider DLUC and ILUC. Compared to the influence of various uncertainties in ILUC quantification the influence of ICA is rather small in this case study: 46g CO2 MJ-1 of sugarcane ethanol without ICA; 41 - 45g CO2 MJ-1 of sugarcane ethanol with ICA. The second case study refers to rapeseed biodiesel production in Germany. Rapeseed oil produced in Germany was assumed to be substituted by rapeseed oil produced in Ukraine and by palm oil produced in Malaysia by 50% each. We also considered rapeseed cake and PKC accruing as by-products. The results prove that the approach can have a significant influence on the ILUC emissions debited to biofuels: 104g CO2 MJ-1 of rapeseed biodiesel without ICA; 80 -101g CO2 MJ1 of rapeseed biodiesel with ICA. The difference between ILUC quantification with and without ICA is the highest in the case of energy allocation when ILUC emissions debited to biodiesel are 23% lower than without ICA. Thus, it is worth and necessary to have a closer look at this topic in prospective research activities.

			The great advantage of allocating LUC CO2 emissions to all directly and indirectly expanding agricultural activities and end products is that free-rider-effects can be prevented while avoiding double counting at the same time. In the scope of this study the ICA approach has only been applied to simplified case studies. Thus, more research and case studies are needed before results can be generalized. Finally, a model that covers the whole agricultural sector will be necessary to properly allocate LUC CO2 emissions between all drivers for natural ecosystem conversion. However, in the absence of such an ultimate solution, any implicit or explicit attribution or allocation of CO2 emissions to DLUC or ILUC remains a value choice and is not scientifically proven.

			References

			
					Searchinger T, Heimlich R, Houghton RA, Dong F, Elobeid A, et al. (2008) Use of U.S. Croplands for biofuels increased greenhouse gases through land-use change. Science 319(5867): 1238-1240.

					Fritsche UR, Hennenberg K, Hünecke K (2010) The “iLUC Factor” as a means to hedge risks of ghg emissions from indirect land use change. Öko-Institut. 

					Havlik P, Schneider UA, Schmid E, Böttcher H, Fritz S, et al. (2011) Global land-use implications of first and second generation biofuel targets. Energy Policy 39(10): 5690-5702. 

					Lapola DM, Schaldach R, Alcamo J, Bondeau A, Koch J, et al. (2010) Indirect land-use changes can overcome carbon savings from biofuels in Brazil. P Natl Acad Sci USA 107(8): 3388-3393.

					Plevin RJ, O’Hare M, Jones AD, Torn MS, Ginss HK (2010) Greenhouse gas emissions from biofuels’ indirect land use change are uncertain but may be much greater than previously estimated. Environ Sci Technol 44: 8015-8021. 

					Britz W, Hertel TW (2011) Impacts of EU biofuels directives on global markets and EU environmental quality: An integrated PE, global CGE analysis. Agr Ecosyst Environ 142(1-2): 102-109. 

					Djomo SN, Ceulemans R (2012) A comparative analysis of the carbon intensity of biofuels caused by land use changes. Glob Change Biol Bioenergy 4(4): 392-407.

					Ahlgren S, Di Lucia L (2014): Indirect land use changes of biofuel production - a review of modelling efforts nd policy developments in the European Union. Biotechnology for Biofuels 7: 35. 

					Whitaker J, Field JL, Bernacchi CJ, Cerri CEP, Ceulemans R, et al. (2018) Consensus, uncertainties and challenges for perennial bioenergy crops and land use. GCB Bioenergy 10(3): 150-164. 

					Fargione, L, Hill J, Tilman D, Polasky S, Hawthorne P (2008) Land clearing and the biofuel debt. Science 319(5867): 1235-1238.

					Finkbeiner M (2014a) Indirect land use change–Help beyond the hype? Biomass and Bioenergy 62: 218-221.

					Finkbeiner M (2014b) Indirect Land Use Change–Science or Mission? Bio Resources 9(3): 3755-3756.

					Gawel E, Ludwig G (2011) The iLUC dilemma: How to deal with indirect land use changes when governing energy crops? Land Use Policy 28(4): 846-856. 

					Di Lucia L, Ahlgren S, Ericsson K (2012) The dilemma of indirect land-use changes in EU biofuel policy – An empirical study of policy-making in the context of scientific uncertainty. Environ Sci Policy 16: 9-19. 

					Finkbeiner M (2013) Indirect land use change (iLUC) within life cycle assessment (LCA) – scientific robustness and consistency with international standards, Association of the German Biofuel Industry, Verband der ölsaatenverarbeitenden Industriein Deutschland, Berlin, Germany.

					Lywood W, Pinkney J, Cockerill S (2009) Impact of protein concentrate coproducts on net land requirement for European biofuel production. Glob Change Biol Bioenergy 1(5): 346-359. 

					Delzeit R, Klepper G, Lange M (2011) Review of IFPRI study Assessing the Land Use Change consequences of European Biofuel policies and its uncertainties. Kiel Institut für Weltwirtschaft. 

					BSI [British Standards Institution] (2011) PAS 2050: Specification for the assessment of the life cycle greenhouse gas emissions of goods and services.

					WRI, and WBCSD [World Resources Institute, World Business Council for Sustainable Development] (2011) Product life cycle accounting and reporting standard. 

					ISO 14044 (2006) Environmental Management - Life cycle assessment - Requirements and guidelines (ISO 14044:2006). International Organisation for Standardisation, Geneva.

					Finkbeiner M, Inaba A, Tan RBH, Christiansen K, Klüppel HJ (2006) The new international standards for life cycle assessment: ISO 14040 and ISO 14044. Int J Life Cycle Assess 11(2): 80-85.

					Finkbeiner M (2009) Carbon footprinting—opportunities and threats. Int J Life Cycle Assess 14(2): 91-94.

					Brankatschk G, Finkbeiner M (2014) Application of the Cereal Unit in a new allocation procedure for agricultural life cycle assessments. Journal of Cleaner Production 73: 72-79.

					Bauen A, Chudziak C, Vad K, Watson P (2010) A causal descriptive approach to modelling the GHG emissions associated with the indirect land use impacts of biofuels. 

					IPCC [Intergovernmental Panel on Climate Change] (2006) Guidelines for national greenhouse gas inventories, Volume 4, Agriculture, forestry and other land use. 

					Lisboa CC, Butterbach-Bahl K, Mauder M, Kiese R (2011) Bioethanol production from sugarcane and emissions of greenhouse gases - known and unknowns. Glob Change Biol Bioenergy 3(4): 277-292. 

					Gopal AR, Kammen DM (2009) Molasses for ethanol: the economic and environmental impacts of a new pathway for the lifecycle greenhouse gas analysis of sugarcane ethanol. Environ Res Lett 4: 1-5. 

					IBGE [Instituto Brasileiro de Geografia e Estatística] (2010) Censo Agropecuário 2006.

					Nassar AM, Antoniazzi LB, Moreira MR, Chiodi L, Harfuch L (2010) An allocation methodology to assess GHG emissions associated with land use change. Institute for International Trade Negotiations (ICONE). 

					BMELV [Bundesministerium für Ernährung, Landwirtschaft und Verbraucherschutz] (2011) Getreideeinheitenschlüssel.

					CEPEA [Centro de Estudos Avançados em Economia Aplicada] (2012): Centro de Estudos Avançados em Economia Aplicada.

					Fehrenbach H, Giegrich J, Gärtner S, Reinhardt GA, Rettenmaier N (2007) Greenhouse gas balances for the German biofuel quota legislation. Methodological guidance and default values. 

					Beilicke G (2010) Bautechnischer Brandschutz: Brandlastberechnung. BBV Beilicke Brandschutz Verlag.

					TU Dresden [Technische Universität Dresden] (2012): Wassergehalt verschiedener Lebensmittel. 

					FNR [Fachagentur Nachwachsende Rohstoffe e.V.] (2009) Biokraftstoffe. Eine Vergleichende Analyse. 

					USDA [U.S. Department of Agriculture] (2011) EU-27 Annual Biofuels Report. 

					MPOB [Malaysian Palm Oil Board] (2012) Overview of the Malaysian oil palm industry 2011. 

					BAG [Bundesamt für Gesundheit] (2012): Schweizer Nährwertdatenbank. 

					Indexmundi (2012): Palmöl monatlicher Prep - US Dollar pro Tonne. 

					Gust S (n.d.), Biofuel pathways energy comparisons. 

					Nassar AM (2010) Relatorio final CGEE planilha. 

					De Souza Ferreira Filho JB, Horridge M (2011) Ethanol expansion and indirect land use change in Brazil.

					Dunkelberg E (2014) A case-study approach to integrating indirect land-use change into the carbon footprint of biofuels. Dissertation. Technische Universität Berlin, Mensch und Buch Verlag, Berlin, p. 235, ISBN: 978-3-86387-437-7.

					Fritsche UR, Sims REH, Monti A (2010) Direct and indirect land-use competition issues for energy crops and their sustainable production - an overview. Biofuel Bioprod Bior 4(6): 692-704. 

					Laborde D (2011) Assessing the Land Use Change Consequences of European Biofuel Policies. International Food Policy Research Institute (IFPRI).

					 Gnansounou E, Panichelli L, Dauriat A, Villegas JD (2008) Accounting for indirect land-use changes in GHG balances of biofuels: Review of current approaches.

			

		

		
			Research Article

			Volume 18 Issue 1 - March 2019

			DOI: 10.19080/IJESNR.2019.18.555979

		

		
			Int J Environ Sci Nat Res

			Copyright © All rights are reserved by  Matthias Finkbeiner

		

		
			
				[image: ]
			

		

	OEBPS/image/Image259514.png
Ay *L*p, =P,





OEBPS/image/IJESNR.jpg





OEBPS/image/261075.png
(Ae)* ACO,
DLUC gy =~ 25— (AF -1,
@ ety AETD





OEBPS/toc.xhtml

		
			
						
					CoverImage
				


						
					IJESNR.MS.ID.555979
				


			


		
	

OEBPS/image/261068.png
_ () *ACO, e

ILUCos =5





OEBPS/image/Image259471.png
Arpe =45 — 4y





OEBPS/image/JP_Logo_for_web_310x90-01(1).png
?,;,_J:,« junlp

usLiskers
E eyt





OEBPS/image/ijesnr1.jpg
International Journal of
‘Environmental Sciences & Natural Resources
~* ISSN: 2572-1119






OEBPS/image/260275.png
Lc
—_—

A reality
model
[
| 200%
| dwe 1
—=
I
0% |
iuc !
|
L

Figure 1: Schematic options for allocating land use change.
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Figure 2: Options for inter-crop allocation and their resuits for the sugarcane ethanol / beef example.
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