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a b s t r a c t

Right after the enforcement of the Directive (EU) 2015/1513, amending the Renewable Energy Directive
of the European Union, the situation of the biodiesel sector in Spain is particularly uncertain. Although
domestic biodiesel production has significantly increased since 2013, many plants are still idle, leading to
an excess of capacity. This paper aims to provide an operational framework that combines Life Cycle
Assessment (LCA) with economic optimization to determine the feedstock combination for domestic
biodiesel production in Spain in compliance with this Directive, and quantify the associated impacts.

A multi-sector, mathematical programming model is proposed in a Partial Equilibrium setting,
implementing an LCA module. The optimal oil mix for the sector is highly dependent on assumptions
regarding land use change in crude vegetable oil exporting countries. Increasing greenhouse gas savings
thresholds enhance the use of waste oils and domestic oilseeds, while preventing deforestation of
carbon-rich ecosystems; the only exception is the Brazilian Cerrado savanna. A double-counting scheme
for waste oil biodiesel is necessary to make plants with second-generation technology work at full ca-
pacity, delivering further environmental benefits. Although there is room for further improvement, the
model can provide very good insights for biodiesel policy analysis in the context of Spain.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The EU has been the world's largest biodiesel producer since the
sector took off before the end of the 20th century and it is expected
to remain so in the future, as shown in Fig. 1 [1]. Public policies on
the promotion of renewable energies have certainly been one of the
main drivers of this outcome, together with rising crude oil prices
and tax exemptions on biofuel production across the MSs, espe-
cially in the period 1998e2012 [2e4]. The first EU biofuel Directive
2003/30/EC set indicative targets for a minimum proportion of
biofuels to be placed on the market. Directive 2009/28/EC, known
as the RED, subsequently updated these goals, establishing a 10%
target for renewable energy consumption in transport by 2020. In a
parallel effort, Directive 2009/30/CE (revising Directive 98/70/EC or
FQD) introduced a 6% reduction obligation in the fuel carbon in-
tensity. Both goals have been maintained by Directive (EU) 2015/
@gmail.com (N. Escobar).
1513, which recently amended the RED. The blending of biofuels in
mineral oil derivatives is one of the methods available for the MSs
to meet these targets, and is expected to be the main contributor
due to the low market penetration of other technologies.

Biodiesel has been the most important biofuel in the EU since
the 1990s, accounting for between 70 and 80% of the total transport
biofuel market, on volume basis [5,6]. Nameplate capacity has been
increasing steadily, reaching a maximum of 23.5 Mt in 2012 [7,8].
However, more recent circumstances in the international markets
have slowed down the development of the EU biodiesel sector since
that very year, namely relatively lower crude oil prices, high
vegetable oil prices, gradual phasing out of the tax exemptions, and
increased biodiesel imports in the period 2010e2013 [9]. Yearly
capacity utilization rate is forecast to remain flat, at around 42% of
the biodiesel nameplate capacity, since some plants all over the EU
temporarily stopped production [8]. Although ethanol capacity
increases are expected, the nameplate capacity is still much lower
than that of biodiesel (around 8.6 Mt [4,7]). This study is focused on
the Spanish biodiesel sector, with clear indications of inefficiency.
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Abbreviations

1G First-generation
2G Second-generation
CAP Common Agricultural Policy
CML Centrum voor Milieukunde Leiden
CNMC National Markets and Competition Commission
DCB 1,4-dichlorobenzene
EC European Commission
ESM Electronic supplementary material
EU European Union
FAE Freshwater aquatic ecotoxicity
FADN Farm Accountancy Data Network
FQD Fuel Quality Directive
FU Functional unit
GAMS General Algebraic Modeling System

GHG Greenhouse gas
GW Global warming
ILUC Indirect land use change
LCA Life Cycle Assessment
LHV Lower Heating Value
LUC Land use change
MS Member State
OECD Organization for Economic Co-operation and

Development
PE Partial Equilibrium
PER Spanish Plan on the Promotion of Renewable Energies
RED Renewable Energy Directive
SOC Soil organic carbon
UCO Used cooking oil
US United States
WTO World Trade Organization
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All the above plus other factors (e.g. the reduction in the 2013
and 2014 blending targets) have led to an extremely oversized
sector in Spain. While total capacity reached 4.46 Mt by the end of
2013 [10], domestic biodiesel production hardly came to 0.57 Mt
[11]. Some plants even had to close after the great escalation of
biodiesel imports from Argentina and Indonesia in 2011 and 2012
[9]. Anti-dumping duties enforced in 2013, together with a quota
system allocating 5.5 Mt/year in 2014 and 2015 (law Orden IET/
2736/2012), finally alleviated the pressure on the Spanish industry.
As a result, the sector worked at a rate of approximately 26% of the
nameplate capacity (0.97 Mt) in 2015, but almost half of the plants
remained idle [12]. The end of the quota scheme and the pressure of
Argentina's disputes in the WTO, bring further uncertainty for the
sector. Furthermore, the Spanish supply relies heavily on imports of
raw materials, especially of palm oil [5]. Although domestic oil-
seeds are partially diverted to biodiesel production, food uses
dominate, particularly in the case of sunflower [13,14]. However,
following overall trends in the EU market [15], a simultaneous in-
crease in the use of recycled oils and animal fats has been observed
in Spain since the RED enforcement (2.4% of the mix in 2013 vs.
15.9% in 2015) and their market share will remain strong [9,11,16]
given the current legal framework, explained below.

In view of the evidence that biofuels can generate much greater
GHG emissions than presumed [17,18], Directive (EU) 2015/1513
maintains the sustainability criteria in the RED/FQD, aimed at
reducing emissions from (direct) LUC. These are oriented in two
directions. Firstly, certain land types are excluded from the options
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Fig. 1. Biodiesel production (million liters) in the leading countries sinc
considered suitable for the production of biofuels (e.g. wetlands or
peatlands). Secondly, biofuels used for compliance with the
mandate must fulfill minimum emission reduction targets: at least
a 35% reduction in GHG compared with fossil fuels; 50% from 2017;
and 60% from 2018. Additionally, a double-counting scheme for
biofuels made from waste and non-food cellulosic and ligno-
cellulosic material is proposed, given the lower margin levels. Ac-
cording to this, their contribution towards reaching the target is
considered twice, reducing the volumes needed for mandate
compliance and lowering production costs for fuel suppliers. These
products are known as 2G, or simply, advanced biofuels, as opposed
to 1G biofuels, which are those made from edible biomass. Addi-
tionally, 1G biofuels may cause further GHG emissions due to the
so-called ILUC. Governed by market forces, those crops that are
displaced on current agricultural land may be relocated elsewhere,
with the subsequent changes in carbon pools. Motivated by
prominent studies on the ILUC effects from biofuel mandates
[19e22], the possibility of including ILUC emissions in the sus-
tainability criteria is envisaged, as soon as robust estimates of ILUC
factors are available. MSs and the EC are encouraged to develop
schemes to reliably prove that a given amount of biofuel feedstock
may have negligible ILUC effects when produced under specific
conditions. Apart from this, MSs should limit the contribution of 1G
biofuels towards the national targets, while encouraging greater
research for advanced biofuel production on a commercial scale.

While direct LUC emissions from biofuels are commonly calcu-
lated by combining attributional LCA and the IPCC guidelines [23],
1. EU-28

2. United States

3. Brazil

4. Argentina

5. Indonesia

6. Thailand

e 2009, including forecasts for the period 2014e2023. Source: [1].



1 Autonomous Communities in Spain correspond to the NUTS-2 level of the EU,
while provinces correspond to the NUTS-3 level, established by Eurostat. The NUTS
system is instrumental in the EU's Structural Fund delivery mechanisms.
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such as in Refs. [17,18,24], there is a lack of consensus on the
methodology to apply to measure ILUC; it cannot be directly
measured but predicted by using economic modeling for a conse-
quential LCA approach. PE models are one of the means of carrying
out a consequential LCA [25]. Indeed, the EC has applied some
robust PE models, jointly developed with other organizations such
as the OECD, not only to study the effects of EU agricultural policies
but also to understand the ILUC implications of EU biofuel man-
dates [26,27]. Under a smaller scope, other PE models analyze the
economic and environmental performance of biofuel supply chains
in particular EU countries [28e30]. Multi-sector optimization
models can be found in the literature too, mainly for the analysis of
investment decisions [31,32], also incorporating environmental
considerations [33e36]. Biofuel supply chains are complex, and
analytical tools can be very helpful to obtain a full understanding of
multifaceted related issues.

In view of the uncertainty in the Spanish biodiesel sector, the
present paper aims to provide an operational framework that
combines LCA with economic optimization in order to determine
the feedstock combination for biodiesel production in Spain in
compliance with the RED. To the best of our knowledge, there is no
model addressing the economic feasibility of the Spanish biodiesel
supply chain under more stringent GHG savings constraints. The
model allows for other impacts to be quantified besides GW, for the
purposes of discerning whether the RED/FQD sustainability criteria
are compatible with other environmental and economic gains. In
this way, this tool could help to analyze trade-offs from different
policy scenarios in the Spanish context.

2. Materials and methods

The study consists of a simulated policy experiment that cor-
responds to an exogenous increase in domestic demand for bio-
diesel in 2020 being simultaneously in compliance with Directive
(EU) 2015/1513, and also with the PER 2011e2020 [37]. An increase
of 2.58Mt has been calculated relative to 2009, based on [11], while
biodiesel exports are not taken into account. 2009 is the base year
since it is when the RED entered into force, for which detailed
agricultural production data was available. For this exercise, we
assume that this increased demand is entirely met with domestic
production; this is consistent with the anti-dumping duties on
major imports and with the possibility of extending the quota
system. Law Orden IET/2736/2012 allocated around 3 Mt of bio-
diesel to Spanish companies, which is of the same order of
magnitude than the amount considered. Some of the plants in
operation in 2014 [10], would then be mobilized, reducing the idle
capacity. This may help to identify sustainable ways in which to
stimulate the sector and protect current investments.

To this aim, an optimization model has been built based on
mathematical programming principles, which represents the bio-
diesel industry and the agricultural sector in Spain in a multi-
sectorial setting. The joint optimization of both the agricultural
and industry modules after the demand shock shows the most
efficient way of supplying biodiesel, given the sector configuration.
This delivers the optimal combination of vegetable oils (domestic
or imported) and the optimal biomass supply, given the farming
sector in Spain and its regional differences. Prices are exogenous,
defined for the base year, which corresponds to the hypothesis of a
small open economy. The optimal feedstock mix is then derived
from themaximization of the sum of the individual surpluses of the
actors throughout the supply chain, as a measure of the producers'
welfare. An emission balance module is implemented to estimate
the environmental impacts across all the sub-stages, namely
biomass production, oilseed transport to the mill, crude vegetable
oil extraction and refining, transport to the transesterification plant
and biodiesel production.
The optimization model comprises three main components,

namely a) the industrial module, b) the agricultural module, and c)
the LCA module, all described in the following paragraphs, while
further details are given in Section S1 of the ESM. The model is
written in GAMS [38] and the algebraic notation is detailed in
Section S2.

2.1. Industrial module

The industrial module calculates the profits generated by both
the extraction plants ewhen domestic oilseeds are employede and
the transesterification plants, as the difference between total rev-
enues and total costs, including both fixed and variable costs. In the
extraction stage, revenues are given by the sales of oil and protein
meal, while costs include seeds, energy, chemicals and amortiza-
tion costs. Biodiesel plants sell the fuel but also glycerin as a by-
product, with a lower price if it comes from waste oil pathways;
transesterification costs refer to labor costs, maintenance services,
insurance, and other costs, together with input (vegetable oil,
methanol, additives, energy, fuel, and distribution services) and
investment cost, which is scale-dependent (see Section S2 of the
ESM). Based on this, the industrial module defines a step-function
for the biodiesel supply to meet the simulated domestic demand.
Biodiesel is then produced by those plants with the highest effi-
ciency, depending, in turn, on unit costs and limited by their
nameplate capacity. It is not possible to switch from 1G to 2G
technology or the other way round. Different raw materials are
available, namely a) domestic vegetable oils, b) imported vegetable
oils, c) UCO collected in Spain, and d) imported UCO. Despite the
fact that oils from domestic crushing are scarcely used for energy
purposes [13], it can be expected that the GHG reduction targets in
the RED/FQD reinforce their role in the production mix, provided
they are competitive. Indeed, while domestic oils accounted for
only 1.95% of the mix underlying biodiesel production in Spain in
2013 [11], this share increased to 9.42% in 2015 [16]. The demand
shock can thus trigger higher production levels of rapeseed and
sunflower in the agricultural module, promoting the integration of
the agro-industrial biofuel supply chain [37,39]. The most
competitive vegetable oils on the global market are considered too,
namely soybean oil from Argentina and Brazil, and palm oil from
Southeast Asia. The UCO availability in Spain varies approximately
between 100,000 and 300,000 t year�1 [39], while imported UCO
can come from France and the US, consistent with data from CNMC
[16].

2.2. Agricultural module

Domestic vegetable oil supply leads to changes in the produc-
tion of major crops in Spain as a consequence of the increased
demand for oilseeds under a comparative-static approach. To pre-
dict these land use shifts, a region-based model of Spanish arable
agriculture is built, capturing the sector heterogeneity. Adminis-
trative territorial units or Autonomous Communities1 (hereinafter
called “regions”) that concentrate the bulk of oilseed production
are included. Table 1 shows these regions and their corresponding
provinces, which accounted for 99.7% and 96.5% of the total pro-
duction of sunflower and rapeseed in Spain in 2009, respectively
[40]. Those crops covering at least 2% of the total arable land in each
province were included, accounting between 92% and 100% of the



Table 1
Provinces of each region considered in the model of the agricultural sector, corresponding to major oilseed-producing regions in Spain.

Andalucía: Arag�on: Castilla y Le�on: Castilla-La Mancha: Catalunya: Extremadura: Navarra:

Almería Huesca �Avila Albacete Barcelona Badajoz Navarra
C�adiz Teruel Burgos Ciudad Real Girona C�aceres
C�ordoba Zaragoza Le�on Cuenca Lleida
Granada Palencia Guadalajara Tarragona
Huelva Salamanca Toledo
Ja�en Segovia
M�alaga Soria
Sevilla Valladolid

Zamora

Table 2
Crops included in the model of the Spanish agricultural sector. B: for bioenergy uses; F: for food uses.

Cereals: Vegetables: Industrial crops: Legumes: Fodder crops: Tubers:

Soft wheat Lettuce Sugarbeet Broad beans Alfalfa Potato
Durum wheat Watermelon Cotton Lentils Fodder vetch
Barley Tomato Sunflower (F) Chick peas
Oats Onion Sunflower (B) Peas
Rye Artichoke Rapeseed (F) Vetch
Triticale Pepper Rapeseed (B)
Rice Anis
Corn
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entire agricultural area depending on the region. All crops in the
agri-module are shown in Table 2.

The dataset underlying the agri-model comprises yields, area,
variable costs and water needs of each crop in each province in
2009. The crop yield and area vary depending on the province and
technique (irrigation vs. no irrigation), according to [40]. In the
event that cropland expands at the cost of fallow, the lowest yields
were considered, following the approach in Ref. [37]. The irrigation
water consumption was calculated by using [41]. Variable costs (in
terms of V$ha�1) include intermediate costs (seeds or seedlings,
fertilizers, pesticides, electricity, fuels, insurance and water),
depreciation, and labor costs; these were gathered from the
Spanish FADN [42]. Direct payments for specific crops (e.g. durum
wheat, sugarbeet, rice or protein crops) under Regulations 1782/
2003 and 73/2009 of the CAP were also taken into account. Finally,
prices were fixed and calculated as the 2009 average of each crop in
the most important wholesale markets in Spain [43e48]. This al-
lows for the gross margin of a unit of area to be calculated for each
crop.

Besides resource constraints, a quota for sugarbeet was imple-
mented by assuming that the total area diverted to this crop in 2009
corresponds to those farms holding a quota and possessing
considerable experience in sugarbeet cultivation. The most repre-
sentative constraints affecting rainfed rotation agriculture were
also defined according to [49] and are described in Section S2 of the
ESM. A minimum fallow land requirement is introduced too,
imposed by agronomic reasons.

Under this approach, after the shock, the model selects the set of
activities (cropping plan) that maximizes the total agricultural
surplus in each province (as an aggregate of all the farms in it). The
overall demand for non-energy crops (in tons) is assumed to be
constant before and after the mandate shock; this prevents an in-
crease in bioenergy production at the expense of food consump-
tion. Hence, increased oilseed production comes from crop
relocation into those provinces inwhich higher yields are obtained;
this entails intensification, since higher yields imply higher fertil-
izer application rates, while total agricultural land in each province
remains constant. LUC comes from changes in crop rotations rather
than from land expansion. At the same time, the crop distribution is
governed by resource availability and technical and policy
constraints (see Section S2 of the ESM). Neither perennial nor
greenhouse crops are considered since they are not readily
convertible into annual crops or viceversa. The possibility of
switching from rainfed crops to irrigated ones is, however, allowed
and viceversa.

2.3. Life cycle assessment module

Environmental effects generated by the optimal activities are
estimated by implementing the LCAmethodology [50,51]. The FU is
the increased amount of biodiesel to be produced in Spain (2.58Mt)
so as to meet the 2020 targets and sustainability criteria in the RED/
FQD. The CML 2001 method [52] is applied in order to analyze the
following midpoint impact categories: eutrophication (PO4

3�-eq.),
FAE (DCB-eq.) and acidification (SO2-eq.). Additionally, GW (CO2-
eq.) is estimated by taking CO2, N2O and CH4 emissions into ac-
count, as the RED/FQD specifies. These are critical impact categories
for agricultural and biofuel systems [53,54]. The main biodiesel
pathways contained in the LCAmodule, as well as themost relevant
data sources for their modeling, are explained in Table 3.

When co-products are generated in the life cycle, partitioning is
applied based on the energy content, as recommended by the RED/
FQD. The allocation factor for the biodiesel production is deter-
mined on the basis of the co-products’ LHV, while allocation factors
for the oil extraction stages are determined on the basis of the LHV
of the vegetable oil and the metabolizable energy content of the
protein meals, as in Ref. [69]. The energy content and data sources
used for each co-product are shown in Table 4.

This module allows for the GHG saving thresholds in the RED/
FQD to be implemented as a constraint on the agro-industrial
supply. Hence, the model's output is exactly the same as the FU:
2.58 Mt of biodiesel, leading to an overall GHG emissions saving of
35% (and higher) relative to the reference fossil fuel. For this pur-
pose, and as specified in the Directive, the model allows for con-
signments of raw materials with differing sustainability
characteristics to be mixed.

2.4. Policy and land use scenarios

Four distinct scenarios are considered, allowing for different



Table 3
Biodiesel pathways modeled in the life cycle assessment module and data sources for the life cycle inventory.

Biodiesel pathway and the corresponding sub-stages Data sources

a) Biodiesel from domestic virgin oils:
Direct Land Use Change Zero emissions according to the Tier 1 procedure from Ref. [23].
Seed production and appropriation Standard processes from the Ecoinvent v2.2 database [55] for rapeseed in Central

Europe and sunflower seed in Central Spain.
Fertilizer production and application - Fertilization needs (as N, P2O5 and K2O) [56e58]; GHG emission factors from An-

nex II of Ref. [37]; [59] for the calculation of the rest of emissions.
- GHG emissions from fertilizer application and land management (CH4 and direct
and indirect N2O) according to [23] under the Tier 1 procedure.

- Other emissions: [60] for NH3; nitrate leaching as a percentage of the N input of
each crop according to [61].

Pesticide production and application - GHG emissions from the production of carbofuran, linuron, deltamethrin,
pendimethalin, dimethenamide and metazachlor from Ref. [37].

- Other emissions from Ecoinvent v2.2 [55] by extrapolation.
- For the FAE from pesticide application, the same principles used by Ref. [62] were
chosen to determine the fraction of the pesticide that goes to each environmental
compartment.

Agricultural machinery and electricity from irrigation - Input data on agricultural practices (h/ha) and electricity for irrigation in each
region from Ref. [37].

- Fuel consumption of the average machinery from Ref. [63]; emissions from fuel
and electricity production from Ref. [55].

Seed transport to the oil extraction plant tkm of road and rail transport, at regional level [37]; emissions per tkm [55].
Oil transport to the transesterification plant Average distances per ton of oil in Ref. [64], including those for the collection of UCO,

and emissions from Ecoinvent v2.2 [55].
Industrial production Inventory by Ref. [37], including oil extraction, refining and transesterification;

production of inputs from average industrial production processes [55].
b) Biodiesel from imported virgin oils:
Direct Land Use Change - Carbon pools for different ecosystems [18,65,66].

- Emissions calculated assuming an average oil yield of 4 t/ha and 0.5 t/ha,
respectively [67], and annualized by following [23].

- Soybean rotation with corn in Brazil [17,18]; the carbon uptake by plant photo-
synthesis is excluded, as mandated by the RED/FQD.

Biomass production (including fertilizer and pesticide production), seed transport to
the extraction plant, industrial production and oil transport to the biodiesel plant

[68].

c) Biodiesel from UCO:
Stages up to the collection Neglected as explicitly indicated in the RED/FQD.
Collection [68].
Transport to Spain (when imported) Average distance between the exporting countries (United States and France) and

Spain; fuel consumption from average transportation systems in Ecoinvent v2.2 [55].
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policy issues to be analyzed, in terms of economic surplus and
environmental impacts. Specifically, the proposed scenarios depict
both the increasing levels of GHG reduction thresholds and two
different prices of biodiesel fromUCO, one representing the current
market price in Spain and the other representing a double-counting
scheme. This measure reduces the actual amount of UCO biodiesel
in the blend by half, and hence the costs, being beneficial for the
blenders. This is why the double-counting translates into a higher
market price for advanced biofuels; the sales price of the Spanish
UCO biodiesel in France is considered in this case (with a double-
Table 4
Energy content of each co-product considered for the calculation of the allocation
factors in the emissions module. Note that, for the meal co-products, the metabo-
lizable energy content is calculated by taking a value of 8.40 MJ per kg of protein
from Ref. [70].

Co-product Energy content (MJ/kg) Data source

a) Transesterification:
Biodiesel 37.53 [71]
Glycerin 14.3 [72]
b) Oil extraction:
Soybean oil 37.56 [73]
Palm oil 37.36 [73]
Rapeseed oil 37.64 [73]
Sunflower oil 37.59 [73]
Soybean meal 3.7 [74]
Palm kernel meal 1.25 [74]
Rapeseed meal 2.77 [74]
Sunflower meal 2.52 [74]
counting scheme). All biodiesel prices were obtained from Span-
ish plants. The four main scenarios consist of different policy
measures as follows: 1) no double-counting scheme, no GHG
emission constraint, 2) double-counting scheme, 35% GHG saving,
3) double-counting scheme, 50% GHG saving, and 4) double-
counting scheme, 60% GHG saving.

In addition, when the emission constraint holds, different LUC
emission factors are considered for the imported crude vegetable
feedstock; these correspond to ecosystems that can be potentially
converted into oil crops in Argentina, Brazil and Malaysia-
Indonesia, namely:

- Argentina: continuous dry forest of El Chaco and tropical
montane Andean or Yungas forest, following [65].

- Brazil: tropical Brazilian forest and Cerrado savanna, following
[18].

- Malaysia-Indonesia: peatland, tropical rainforest and degraded
grassland, following [66].

Additionally, conversion from cropland is considered in
Argentina and Brazil, causing a small carbon uptake [18]. As a result,
three versions of those scenarios in which the RED is binding have
been formulated, as summarized in Table 5.

3. Results

Main outcomes from the optimization model are presented in
the following sub-sections.



Table 5
Scenario formulations depending on the ecosystem that is transformed in each region to produce 1 t of vegetable oil for export, and the subsequent annualized CO2 emissions
from land use change (t CO2$t�1 vegetable oil$year�1).

Double
counting

Emission
constraint

Scenario Argentina (soybean oil) Brazil (soybean oil) Southeast Asia (palm oil)

Prior land use t of CO2/t of oil$year Prior land use t of CO2/t of oil$year Prior land use t of CO2/t of oil$year

No No 1 Chaco forest 10.82 Tropical Brazilian
forest

18.34 Tropical rainforest 8.35

Yes 35% reduction 2.1 Chaco forest 10.82 Tropical Brazilian
forest

18.34 Tropical rainforest 8.35

2.2 Yungas forest 25.51 Cerrado savanna 2.39 Peatland 16.69
2.3 Cropland �0.09 Cropland �0.09 Degraded

grassland
�1.68

50% reduction 3.1 Chaco forest 10.82 Tropical Brazilian
forest

18.34 Tropical rainforest 8.35

3.2 Yungas forest 25.51 Cerrado savanna 2.39 Peatland 16.69
3.3 Cropland �0.09 Cropland �0.09 Degraded

grassland
�1.68

60% reduction 4.1 Chaco forest 10.82 Tropical Brazilian
forest

18.34 Tropical rainforest 8.35

4.2 Yungas forest 25.51 Cerrado savanna 2.39 Peatland 16.69
4.3 Cropland �0.09 Cropland �0.09 Degraded

grassland
�1.68
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Fig. 2. Oil mix for domestic biodiesel production under the different policy scenarios
defined. Palmo.my_in: palm oil from Southeast Asia; rapo.sp: rapeseed oil from Spain;
soyo.ar: soybean oil from Argentina; soyo.br: soybean oil from Brazil; sunfo.sp: sun-
flower oil from Spain; uco.fr: UCO from France; uco.sp: UCO from Spain; uco.us: UCO
from the US.

Table 6
GHG emission factors (g CO2-eq. MJ�1) and saving coefficients (%) of biodiesel
pathways in the consumption mix. The emission factor of the reference fuel is 90.3 g
CO2-eq. MJ�1, gathered from Ref. [75].

Feedstock GHG emission factor (g CO2-eq./
MJ)

GHG saving
(%)

Sunflower oil from Spain 43.2e43.9 51e52
Rapeseed oil from Spain 51.8e53.4 41e43
Palm oil from Southeast

Asia
23.2 74

Soybean oil from Argentina 147.8 �64
Soybean oil from Brazil 105.6 �17
UCO from Spain 5.5 94
UCO from France 11.5 87
UCO from the US 15 83
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3.1. Optimal mix, emission factors and GHG savings

Fig. 2 shows the oil mix composition for the different scenarios,
which amounts to 2.66 Mt in scenario 1 (without double-counting)
and 1.76 Mt in the rest. It must be noted that only 19.5% of the
sector's capacity is used to produce 2G biodiesel, mostly from UCO.
The GHG emission factors and saving coefficients generated by each
biodiesel pathway in themix are shown in Table 6. Results for those
pathways based on domestic feedstock vary depending on the
scenario formulation, since, raw materials (i.e. sunflower and
rapeseed) from different provinces lead to different amounts of
emissions from fertilizer application.

In scenario 1, the supply chain is only driven by profit-
maximization, with no environmental constraints; thus, biodiesel
is entirely produced from crude vegetable oils since UCO biodiesel
entails higher operational costs. The two cheapest oils, palm and
soybean, fill the market (98.9%). Producers opt for Argentinian
soybean oil over Brazilian since freight costs are lower [76]. This
composition is consistent with the observed situation in Spain
before the new tariff regime on imports from Argentina and
Indonesia [11,77]. Palm oil has become the major discount oil in the
pivotal EU market, even allowing for its freight disadvantage [67].

The 35% GHG saving obligation together with the double-
counting implementation encourage the use of both domestic oil-
seeds and UCO. The share of UCO from US, Spain and France re-
mains at 33.2%, 17.0% and 0.6%, respectively, in every formulation of
scenario 2, with all the 2G plants working at full capacity. All the
French and Spanish UCO available on the market is used, due to
lower transportation costs (and emissions) relative to those of US
UCO, which is equally needed to meet the firms' demand. The
remaining 49.2% of the market share corresponds to crude vege-
table oils, and the presence of each feedstock depends on the
ecosystems being transformed. Scenario 2.1 clearly promotes the
use of domestic oilseeds because the biodiesel coming from them
saves many more CO2-eq. emissions than imported oils. In scenario
2.2, soybean oil from Brazil gains market share, becoming the only
imported vegetable oil in the mix, since converting the Cerrado
savanna generates much lower emissions. Scenario 2.3 again pro-
motes crude vegetable oils, accounting for 47.5% of the market. In
scenarios 2.3, 3.3 and 4.3, domestic oilseeds represent barely 1.7% of
the oil mix. In this case, Argentinian soybean oil prevails because it
incurs lower freight charges than both the Brazilian and the
Southeast Asian pathways. This indicates that the 35% GHG emis-
sion constraint leaves room for the profit-maximization criteria to
prevail when choosing the mix.

When the GHG saving thresholds increase to 50% and 60%,
oilseed crops for bioenergy partly expand in Spain at the expense of
fallow land; the minimum fallow land constraint must be
completely eliminated in scenarios 3.1, 3.2, 4.1, and 4.2. This pro-
vision particularly fosters the presence of rapeseed oil in the mix,
since this crop is generally produced in rotation with fallow land.
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Sunflower oil still accounts for a larger share than rapeseed oil since
it is more widely grown across Spain, as already observed in 2009,
and has lower carbon footprints (see Table 6). All the UCO plants
keep running at full capacity due to the double-counting scheme. In
scenario 3.1, palm oil provides 6.8% of the biodiesel, since it gen-
erates the lowest GHG emissions among the imported oils. The
same occurs in scenario 3.2 with Brazilian soybean oil from the
Cerrado savanna. In scenario 3.3, palm oil and Argentinian soybean
oil take almost the entire 1G biodiesel market share for both
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environmental and economic reasons. This trend is equally
observed in scenarios 4.1, 4.2 and 4.3, in which larger amounts of
domestic vegetable oils are used. This comes at the expense of the
supply chain's surplus, since sunflower oil is the most expensive oil,
as discussed below. The share of palm biodiesel increases in sce-
nario 4.3 relative to scenario 3.3 because it brings the highest car-
bon savings.

Scenario 4.1 is the one with the greatest share of domestic oil-
seeds and UCO (97.1%); thus, it is the most interesting option in
terms of surplus, as Fig. 3 confirms. Increased GHG saving thresh-
olds yield greater welfare, since they favor the use of domestic oils
(except in the case of scenario formulations 2.3, 3.3 and 4.3). This
entails farming and extraction activities in the Spanish territory,
which are highly profitable. For a given threshold, scenarios 2.1, 3.1
and 4.1 yield greater profits across the supply chain in Spain since
these are detrimental to the environmental profile of the imported
oils. However, the transesterification stage still remains unprofit-
able for both all the 1G plants and for the three smallest plants
using UCO, for which the double-counting price is not enough to
compensate for higher investment costs. This would imply rees-
tablishing subsidies on biodiesel production. When the second
ecosystem combination is taken into account (scenarios 2.2, 3.2 and
4.2), overall surplus is lower, since soybean oil from Brazil benefits
from these scenario assumptions. Surplus ranges between 19.3 and
32.9 million EUR in scenarios 2.3, 3.3 and 4.3, with the agricultural
stage yielding the highest profits. Specifically, the agricultural sur-
plus represents between 51.6% and 88.1% of the overall welfare in
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all the scenarios, with the exception of scenario 1, which has the
highest share of imported feedstock. This scenario yields the lowest
agricultural surplus results (�120.8 million EUR), since the added
value of the oil benefits the producing countries. In scenario 1 all
the biodiesel plants incur losses (betweenV27.2 andV92.3 per ton)
when considering investment, while UCO plants remain idle. The
greatest contributor to the overall costs of the biodiesel plants in
scenario 1 is the cost of the raw material (between 75.6% and
78.4%). When double-counting is introduced, feedstock costs
represent between 66.0% and 75.0% of the total costs of UCO plants,
accounting for as much as 80.4% in the case of the least profitable
1G plants. Plants with a higher nameplate capacity show lower unit
production costs due to the investment cost function.

3.2. Life cycle assessment results

Environmental impacts arising from the production of 2.58 Mt
of biodiesel in Spain under each scenario formulation are shown in
Fig. 4. LCA outcomes depend, on the one hand, on the oil mix un-
derlying biodiesel consumption, and, on the other hand, on the
emissions associated with the sub-stages in each biodiesel
pathway.

Overall GHG emissions decrease from scenario 1 to scenario 4
according to the GHG saving constraint (Fig. 4a). Specifically, sce-
nario 2 causes an 87.9% reduction in GW relative to scenario 1;
scenarios 3 and 4 entail a 90.9% and 92.8% reduction, respectively.
GW is the highest in scenario 1, mainly due to direct CO2 emissions
from LUC when huge amounts of imported vegetable oils are used.
LUC accounts for 76.4% of the life cycle GHG emissions of palm
biodiesel, while this percentage is 57.7% in the Argentinian soybean
biodiesel pathway. The contribution of palm biodiesel to the overall
GW is greater due to its large share, but the Argentinian soybean
biodiesel generates higher emission levels when considering
deforestation in El Chaco, than when tropical rainforest is consid-
ered in Malaysia-Indonesia: 13.4 vs. 10.8 kg CO2-eq. kg�1 product,
respectively. This is because the agricultural production of soybean
is input-intensive and palm plantations yield approximately 8
times more oil per hectare than soybean fields.

Introducing UCO in the mix clearly helps to meet the GHG
reduction targets; firstly, because of the double-counting, and
secondly due to the lower GW intensity (between 0.2 and 0.6 kg
CO2-eq. kg�1 biodiesel). Similarly, the share of domestic sunflower
and rapeseed increases when the GHG constraint becomes stron-
ger; these generate fewer GHG emissions than the imported crude
vegetable oils (around 1.5 and 2.0 kg CO2-eq. kg�1 biodiesel,
respectively). Besides producing zero emissions from LUC, GHG
emissions from the farming of domestic feedstocks are less than
half of those from soybean farming in both Argentina and Brazil. In
scenarios 2.2, 3.2 and 4.2, the soybean biodiesel from the Cerrado
savanna exhibits the lowest carbon intensity among the imported
oils, with only 5.8 kg CO2-eq. kg�1 product, compared with 19.1 kg
CO2-eq. when peatland is diverted to palm plantations, or to 23.8 kg
CO2-eq. when the Yungas forest is converted in Argentina. In sce-
narios 2.3, 3.3 and 4.3, the palm pathway only causes 0.9 kg CO2-eq.
kg�1 biodiesel, while the soybean pathway generates 4.0 and 5.6 kg
CO2-eq. kg�1 biodiesel from Brazilian and Argentinian seeds,
respectively.

Improving the GHG balance of the biodiesel consumptionmix in
Spain does not necessarily imply lowering other impacts though.
For a given level of GHG emission threshold, emissions of PO4

3�-eq.
dramatically increase when the share of imported crude vegetable
oils increases in the mix. The biodiesel pathway with the largest
phosphate intensity is that from Brazilian soybeans (26.8 kg t�1

product), followed by that from Argentinian soybeans (22.8 kg t�1).
The greater the share of soybean oil in the mix, the worse the
eutrophication performance (Fig. 4b). As regards FAE (Fig. 4c), the
same is true but only in the case of soybean oil from Argentina
(15.7 kg DCB-eq. t�1 biodiesel vs. 0.2 kg t�1 in Brazil), since this
pathway requires the use of heavy doses of cypermethrin and
deltamethrin [35]. Somewhere in between the two soybean bio-
diesel pathways, we find the palm and domestic oilseed pathways,
which use pesticides to a similar extent, yielding around 2.7 kg
DCB-eq. t�1 biodiesel. In any event, for a given LUC scenario,
increasing the RED's sustainability requirement brings further
environmental benefits in terms of both eutrophication and FAE,
with reductions varying between 44.6% and 92.6% relative to sce-
nario 1.

When analyzing acidification results (Fig. 4d), a reduction be-
tween 60.4% and 67.7% is obtained, compared with scenario 1. This
is mainly caused by the introduction of UCO in the oil mix. The
agricultural stage is again the most influential, due to emissions
such as ammonia; the export sub-stage also makes a notable
contribution when imported feedstocks are considered. The worst
performance is that of the soybean pathway based on Argentinian
soybeans (22.3 kg SO2-eq. t�1 biodiesel), while the domestic
rapeseed pathway leads to the second highest emissions (19.6 kg
SO2-eq. t�1 biodiesel).

3.3. Land use shifts in the Spanish agriculture

Under the model assumptions, increasing the share of domestic
feedstock in the Spanish biodiesel consumption mix requires a
significant expansion of the agricultural land diverted to oilseeds in
major producing regions, which entails intensification and changes
in cropping plans across the different provinces. The greatest
changes are observed in scenario 4.1, shown in Fig. 5.

Bioenergy crops are relocated inside those provinces which
exhibit high yields, and the same happens with the rest of the crops
in order tomaintain a constant supply of agricultural products. This
allows for the surplus of the agricultural sector as a whole to be
estimated for the policy scenarios defined. After the optimization,
the sector runs more efficiently although profits depend on the
GHG constraints. The total agricultural surplus is 7.23 billion EUR in
scenario 4.1, while it was very negative (�142,160.5 billion EUR) in
the baseline situation. It is well known though that farmers' de-
cisions are driven by multiple factors besides profit maximization,
such as risk aversion [78]. The greatest changes affect rainfed
agriculture; sunflower and rapeseed mainly expand at the expense
of cereals (especially barley), food sunflower, chickpeas, vetch, al-
falfa and fodder vetch, as well as fallow to a large extent. On the
contrary, irrigated sunflower only expands in the province of Sev-
illa, at the cost of potato, cereals, food sunflower, or even corn.
Similarly, the area diverted to rapeseed under irrigation only in-
creases in Toledo at the expense of fallow and crops such as alfalfa,
potato, peas, or corn. Since irrigated crops have very high margins,
in 2009, they were already produced in those regions offering the
highest returns. At regional level, sunflower for biodiesel mainly
expands in Andalucía and Castilla y Le�on (0.81 Mha), while rape-
seed production for biodiesel increases in all the regions except
Extremadura and Andalucía (0.37 Mha).

4. Discussion

LUC implications, also in terms of GHG emissions, are further
discussed in this section.

4.1. LUC impacts from domestic oilseeds

The relocation of food and feed crops as a consequence of the
expansion of demand for oilseeds under agricultural land



Fig. 5. Absolute changes in cropland extension (thousand hectares) in the Spanish provinces considered, as a consequence of the increased demand for biodiesel by 2020 in
combination with the 60% GHG saving requirement (scenario 4.1). B: for bioenergy uses; F: for food uses; Andal: Andalucía; Cast_leon: Castilla y Le�on; Cast_mancha: Castilla-La
Mancha; Cat: Catalunya; Extr: Extremadura; Na: Navarra; Arag: Arag�on.
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constraints triggers indirect effects [79]. Increased feedstock
quantities can be obtained bymeans of: a) biomass use substitution
(i.e. switching from food to energy uses), b) crop area expansion,
and c) intensification. Our model only captures the third mecha-
nism: biomass production expands into those provinces where
yields are higher, at the expense of larger fertilizer application rates.
As [29] point out, in practice, this LUC should be considered the
result of changes in crop rotations rather than direct substitutions.
In the model, crop relocation is subject to agricultural constraints,
which try to represent observed rotation practices but reduce the
model flexibility. In addition, since the demand for all crops
eexcept bioenergy onese remains constant at national level, bio-
fuel expansion does not occur at the expense of food consumption,
in tune with [80].

The calculation of emissions from the entire arable sector before
and after the experiment can be considered as a proxy for indirect
emissions from oilseed expansion in Spain in the period
2009e2020, due to the renewable energy consumption target. The
underlying assumption is that ILUC will only occur within the
Spanish borders, which constitutes a simplification since it is by
definition a global effect. However, this approach can contribute to
the understanding of the mechanisms of ILUC and the associated
uncertainty, while allowing for regionalized ILUC emissions factors
to be estimated. This represents one step further relative to [81],
who assumed that domestic sunflower and rapeseed could expand
into fallow and idle land in Spainwith no further ILUC implications.
According to [69], ILUC emissions (GHGILUC) arise from eq. (1):

GHGILUC ¼ DSOC þ DN2O þ DCH4 þ DFM (1)

Where DSOC is the change in SOC due to crop displacement,
DN2O is the change in N2O emissions from soil arising from addi-
tional N fertilizer application, DCH4 is the change in soil methane
emissions from fertilizer use, and DFM is the change in GHG
emissions due to the manufacture of the inputs. In our model, only
fertilizers are considered in eq. (1), since they depend on the yields,
while pesticide application rates hardly vary in Ref. [37]; electricity
production for irrigation and fuel for agricultural machinery were
not considered either. Furthermore, some LCA studies on biofuels
have found that the pesticide contribution to the overall GW impact
is minor [17,82]. Despite the fact that SOC sequestration is highly
likely to influence ILUC emissions, CO2-eq. emissions from SOC
changes have been neglected, since only conversion from cropland
to cropland occurs [23,83]. As in Ref. [84], it can be assumed that
the long term GHG emissions are zero because Spanish soils are
balanced, no longer sequestering additional carbon.

Similarly, the model allows for indirect emissions to be calcu-
lated for the rest of impact categories. Fig. 6 shows all the emission
factors for both rapeseed and sunflower biodiesel pathways in
scenario 4.1, with and without considering ILUC. Since it is not
possible to trace where the indirect effects associated with each
feedstock occur, overall emissions are allocated to each biodiesel
pathway based on the corresponding share in the consumption
mix.

The sunflower pathway performs better than the rapeseed one
in almost all the analyzed impact categories due to lower fertil-
ization needs in terms of N, P, K. The only exception is FAE, inwhich
sunflower performsworse since this crop requires pesticides. As for
GW, indirect emissions represent around 26% and 18% of total GHG
emissions per MJ of sunflower and rapeseed biodiesel, respectively;
32% and 21% in the case of acidification. On the contrary, the
contribution of indirect emissions to eutrophication and FAE is



Fig. 6. Emission factors for those biodiesel pathways based on domestic oilseeds in scenario 4.1, as direct and ILUC emissions. Emission factors are of the same order of magnitude in
all the scenario formulations that cause the largest indirect effects in Spain (2.1, 3.1, 3.2, 4.1 and 4.2). Sunfo.sp: sunflower-based biodiesel; rapo.sp: rapeseed-based biodiesel; ref.
fuel: reference fossil fuel.
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negligible. This is because ILUC emissions causing FAE depend only
on the differences in fertilizer production, and not in fertilizer
application as happens with acidification, eutrophication and GW.
However, indirect eutrophication impacts from fertilizer applica-
tion are only estimated in terms of nitrate leaching, with a minor
incidence compared with other compounds (e.g. ammonia, phos-
phoric acid). It must be noted that, if the constraint to ensure a
constant food supply was relaxed, larger crop displacements would
be expected, with larger indirect emissions.

Only GW results can be discussed based on EU biofuel Di-
rectives. When ILUC emissions are not included in the life cycle, the
rapeseed-based pathway delivers a 42% saving, while the
sunflower-based pathway generates 52% fewer GHG emissions
than the reference fossil fuel. These GHG emission factors are
consistent with the RED default values and with those from
Ref. [85]. When including ILUC emissions, the GHG saving coeffi-
cient is reduced to 29% and 36% for rapeseed and sunflower path-
ways, respectively, so that domestic feedstocks would not comply
with the forthcoming sustainability criteria, unless they are mixed
with more “sustainable oils”. The figures obtained (11.7 and 15.0 g
CO2 MJ�1, respectively) are, however, much lower than those
included in the original ILUC proposal [86], which assigned a factor
of 55 g CO2/MJ to 1G biodiesel manufactured from oil crops. It must
be noted that these reference values were determined by Ref. [75]
by using a CGE model. The author points out that the assumptions
underlying the model calculations may result in an overestimation
of the overall LUC effects of biofuels. In view of the uncertainty
associated to ILUC factors, they have been left aside in Directive
(EU) 2015/1513, although introducing adjusted estimates into the
appropriate sustainability criteria remains pending.
4.2. Sustainability criteria implications

Results can be used to discern whether the GHG saving
thresholds are sufficient in themselves to prevent the conversion of
carbon-rich ecosystems. According to this, the highest threshold
would not prevent the imports of feedstocks that do not generate
substantial GHG savings (e.g. Cerrado soybeans), although it may be
effective at preventing the destruction of large forested areas (e.g.
Yungas and tropical forest) and peatlands. When applied to each
biodiesel pathway individually, the highest thresholds could not be
fulfilled by biodiesel based on domestic feedstock, despite the fact
that, in Spain, there is little margin for deforestation. Spanish
rapeseed biodiesel will not fulfill the 50% threshold if only emis-
sions from direct LUC are considered; neither will Spanish sun-
flower biodiesel when indirect GHG emissions are included, even if
ILUC is limited to the Spanish borders andmostly affects fallow land
and crop rotations. This may serve to stimulate the debate about
the adequacy of the GHG emissions reduction targets. In principle, a
biofuel should be promoted if it causes a reduction in impacts
relative to those produced by fossil fuels, however small it may be.
Our recommendation would be to relax the GHG emissions
reduction targets in order to protect current investments; domestic
oilseeds are still necessary in the EU biodiesel sector to enhance a
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well-integrated supply chain. However, this should go hand in hand
with yield increases and technological development in order to
reduce production costs and improve margins for biodiesel pro-
ducers, without the need for tax exemptions. Note that sunflower
biodiesel generates relatively lower emissions (except in terms of
DCB-eq.) but it is not economically competitive. Maintaining cate-
gories of “ineligible land” would still be recommended as a means
of preventing deforestation so as to supply feedstock for the MSs.
Defining emissions factors for other impact categories, such as
eutrophication, may work against imports of soybean oil, since
soybean farming requires high fertilization doses as compared with
other oilseeds; this would, in general, be advisable in the future to
promote a sustainable agriculture in the EU.

A double-counting scheme would indeed be very helpful to
ensure the fulfillment of the sustainability criteria in Spain, while
making the plants with 2G technology work at full capacity. In
addition, the RED/FQD states that “sustainability criteria will be
effective only if they lead to changes in the behavior of market
actors. Those changes will occur only if biofuels and bioliquids
meeting those criteria command a price premium compared to
those that do not”. Such a measure would definitely improve the
economic performance of the sector, in view of the great losses
incurred by biodiesel plants. This also highlights the need for the
development of technologies allowing the use of lower value
feedstocks in the industry, in order to make advanced biofuels
commercially available in large quantities, as Directive (EU) 2015/
1513 reaffirms. The adequacy of a subsidy on advanced biofuels in
terms of welfare and environmental effects should be further
addressed under a PE approach.
4.3. Model limitations and recommendations

The model presented shows limitations that pinpoint future
research paths. Since crop prices are not endogenous, it does not
simulate market dynamics and it is not able to deliver subsequent
configurations of the supply chain; a PE model would be necessary
for this purpose. This would imply calibrating supply and demand
in both the agricultural and the industrial sectors to accommodate
real data. Similarly, biodiesel exports could be included, increasing
the sector's capacity use rate, although differences in prices be-
tween biodiesel for the domestic and the export market should be
captured as well. In this way, more robust results would be ob-
tained, for the purposes of assisting in policy analyses of the multi-
chain system of the biodiesel industry. It would equally help to
determine optimal configurations of the entire supply chain, given
the policy context and agronomic environment, besides the op-
portunity costs of biofuels depending on the crop supply.

As for LUC calculations, most of the oilseed expansion takes
place at the expense of fallow landeas in Ref. [37]e, whichmay not
be feasible for agronomic reasons, and would probably imply lower
yields. However, these are not endogenous and the model does not
capture the environmental and economic effects of technological
development. Changes in SOC have been neglected too, despite the
fact that changes of the carbon in soil and other pools are site-
specific and heavily dependent on previous and current agro-
nomic practices, climate, and soil characteristics [87]. The influence
of these issues in the GHG balance should be tackled by either
incorporating biophysical relationships into the model or including
additional rotations in the variable set. Finally, building the agri-
cultural module on actual farm data can give further information on
the effect of agricultural practices and new CAP policy instruments
(i.e. Single Payment Scheme and cross-compliance measures) on
the GHG balance of biofuels, as well as on farmers' income.
5. Conclusions

This study develops a multi-chain optimization model, based on
mathematical programming, in order to evaluate environmental
impacts from the enforcement of several EU biofuel policy sce-
narios in Spain. LUC is also captured, since this phenomenon is
deemed to greatly influence the oil mix for biodiesel production in
the years to come, according to recent EU Directives. A compre-
hensive method is required, due to the alternative biodiesel path-
ways interdependency. The model is designed to assess the
environmental performance of the 2020 target demand for bio-
diesel if it was entirely met with domestic production from both
domestic and imported oil, either crude or residual. This can help to
identify sustainable ways in which to stimulate the activity of the
Spanish biodiesel sector, given the excess of capacity and current
legal framework, which already enhanced the domestic industry in
2015. The model includes a detailed representation of the agricul-
tural sector, capturing how intensification may challenge sustain-
able production. The underlying assumptions and agricultural
constraints can be relaxed for further experiments.

According to model outcomes, the optimal oil mix for the sector
is heavily dependent on direct LUC estimates for crude vegetable oil
frommajor exporting countries. Increasing GHG savings thresholds
reduces the use of oils coming from carbon-rich ecosystems, with
the exception of the Cerrado savanna, which could still provide 7.3%
of the oil needed under the 60% reduction requirement, even
though it is a highly biodiverse land. In spite of this, GHG savings
thresholds may enhance the presence of domestic feedstock in the
mix, limited by the availability of UCO in Spain. If imported crude
vegetable oils are produced on land that was previously diverted to
agriculture and livestock activities, their use in the Spanish bio-
diesel sector can potentially increase. Nevertheless, as [88] point
out, if the allocation of land is carried out by farmers and com-
panies, it seems unlikely that they will choose degraded and lower-
quality land if it is not the most profitable land type. Only policy
measures, such as implementing national certification schemes to
sell on the EU market, could influence the farmers' decision in this
regard.

The model responds to the EC requirements for a proper
implementation of the current biofuel directive, which sets out the
obligation for economic operators to report life cycle GHGs asso-
ciated with biofuel production. Additionally, Directive (EU) 2015/
1513 encourages researchers to provide further information on
ILUC emission factors. One of the strengths of this model is that it
allows direct and indirect emissions to be estimated separately,
which can help decision-makers in the implementation of a certi-
fication scheme. Since the accuracy of predictions is vital for the
correct impact assessment of such policy changes, a sensitivity
analysis of critical parameters (e.g. prices) could improve the
robustness of the results. Finally, the model has the potential to
serve as an aid for biofuel suppliers in the search for optimal con-
figurations under different policy scenarios (e.g. the extension of
the quota system) at the sector level, although technical models at
the plant level could provide more detailed insights.
Acknowledgements

Authors would like to acknowledge all the farmers, agricultural
cooperatives and biodiesel companies that provided economic data
to build the model, as well as Generalitat Valenciana for Neus
Escobar's research contract (ACIF/2010/200). The research has
partially been financed by the Ministerio de Ciencia y Tecnología of
Spain and FEDER (Grant ECO2014-59067-P) and by Generalitat
Valenciana (project PrometeoII/2014/005).



N. Escobar et al. / Energy 120 (2017) 619e631630
Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.energy.2016.11.111.

References

[1] OECD-FAO. Organization for economic Co-operation and development-food
and agriculture organization of the United Nations. Agricultural outlook
2014-2023. Biofuels 2014. Accessed at, https://stats.oecd.org/Index.aspx?
DataSetCode¼HIGH_AGLINK_2014 (22 June 2016).

[2] Charles C, Gerasimchuk I, Bridle R, Moerenhout T, Asmelash E, Laan T. Biofuels
at what cost? A review of costs and benefits of EU biofuel policies. Geneva
(Switzerland): The International Institute for Sustainable Development (IISD);
2013.

[3] EIA. Energy Information Administration. Spot prices for crude oil and petro-
leum products. Europe Brent Spot Price FOB; 2016. Accessed at, https://www.
eia.gov/ (22 June 2016).

[4] Flach B, Bendz K, Krautgartner R, Lieberz S. EU-27 biofuels annual report. US
department of agriculture-foreign agricultural service. The Hague
(Netherlands): Global Agricultural Information Network (GAIN); 2013.

[5] Gerasimchuk I. Biofuel policies and feedstock in the EU. London (United
Kingdom): Global Subsidies Initiative of the International Institute for Sus-
tainable Development. Chatam House; 2013. accessed at, http://www.
chathamhouse.org (23 June 2016).

[6] H�elaine S, M’barek R, Gay H. Impacts of the EU biofuel policy on agricultural
markets and land use. Modelling assessment with AGLINK-COSIMO. Sevilla
(Spain): Joint Research Centre. Institute for Prospective Technological Studies
of the European Commission; 2013.

[7] Eurobserver. Biofuels barometer. L'observatoire des Energies Renouvelables.
2013. Accessed at, http://www.eurobserv-er.org/downloads.asp (18
November 2014).

[8] Flach B, Bendz K, Lieberz S. EU-27 biofuels annual report. US department of
agriculture-foreign agricultural service. The Hague (Netherlands): Global
Agricultural Information Network (GAIN); 2014.

[9] Guerrero M. Spain biodiesel standing report. Madrid (Spain): US Department
of Agriculture-Foreign Agricultural Service. Global Agricultural Information
Network (GAIN); 2013.

[10] APPA. Asociaci�on de Productores de Energías Renovables. Personal commu-
nication. 2014 (24 October 2014).

[11] CNMC. Comisi�on Nacional de los Mercados y la Competencia. Estadística de
Biocarburantes. 2013. Accessed at, http://www.cnmc.es (24 October 2014).

[12] APPA. Asociaci�on de Productores de Energías Renovables. Personal commu-
nication. 2016 (14 June 2016).

[13] MAGRAMA. Ministerio de Agricultura, Alimentaci�on y Medio Ambiente.
Anuario de estadística agraria. 2015. Madrid (Spain). Accessed at, http://www.
magrama.gob.es/es/estadistica/temas/publicaciones (26 June 2016).

[14] Pelkmans L, Sheng Goh S, Junginger M, Parhar R, Bianco E, Pellini A, et al.
Impact of promotion mechanisms for advanced and low-iLUC biofuels on
biomass markets: used cooking oil and animal fats for biodiesel (case study).
Paris (France): IEA Bioenergy Task 40; 2014.

[15] Ecofys, Fraunhofer, BBH, Energy Economics Group, Winrock Int. Renewable
energy progress and biofuels sustainability. London (United Kingdom): Report
for the European Commission; 2013. Accessed at, http://ec.europa.eu/energy/
renewables/reports/doc/2013_renewable_energy_progress.pdf (1 July 2014).

[16] CNMC. Comisi�on Nacional de los Mercados y la Competencia. Estadística de
Biocarburantes. 2015. Accessed at, http://www.cnmc.es (29 June 2016).

[17] Panichelli L, Dauriat A, Gnansounou E. Life cycle assessment of soybean-based
biodiesel in Argentina for export. Int J Life Cycle Assess 2009;14(2):144e59.

[18] Reijnders L, Huijbregts MAJ. Biogenic greenhouse gas emissions linked to the
life cycles of biodiesel derived from European rapeseed and Brazilian soy-
beans. J Clean Prod 2008;16(18):1943e8.

[19] Al-Riffai P, Dimaranan B, Laborde D. Global trade and environmental impact
study of the EU biofuels mandate, vol. 125. Washington, DC (USA): Interna-
tional Food Policy Research Institute (IFPRI); 2010.

[20] Banse M, Van Meijl H, Tabeau A, Woltjer G. Will EU biofuel policies affect
global agricultural markets? Eur Rev Agric Econ 2008;35(2):117e41.

[21] Hertel TW, Golub AA, Jones AD, O'Hare M, Plevin RJ, Kammen DM. Effects of
US maize ethanol on global land use and greenhouse gas emissions: esti-
mating market-mediated responses. Bioscience 2010;60:223e31.

[22] Searchinger T, Heimlich R, Houghton RA, Dong F, Elobeid A, Fabiosa J, et al. Use
of US croplands for biofuels increases greenhouse gases through emissions
from land-use change. Science 2008;319(5867):1238e40.

[23] IPCC. Intergovernmental Panel on Climate Change. Guidelines for national
greenhouse gas inventories. Agriculture, forestry and other land use, vol. 4;
2006. Geneva (Switzerland). accessed at, http://www.ipcc-nggip.iges.or.jp/
public/2006gl/vol4.html (28 November 2014).

[24] Wicke B, Dornburg V, Junginger M, Faaij A. Different palm oil production
systems for energy purposes and their greenhouse gas implications. Biomass
Bioenerg 2008;32(12):1322e37.

[25] V�azquez-Rowe I, Rege S, Marvuglia A, Th�enie J, Haurie A, Benetto E. Appli-
cation of three independent consequential LCA approaches to the agricultural
sector in Luxembourg. Int J Life Cycle Assess 2013;18(8):1593e604.
[26] Blanco-Fonseca M, Burrell A, Gay SH, Henseler M, Kavallari A, P�erez
Domínguez I, et al. Impacts of the EU biofuel target on agricultural markets
and land use. A comparative modelling assessment. Sevilla (Spain): Joint
Research Centre. Institute for Prospective Technological Studies of the Euro-
pean Commission; 2010.

[27] H�elaine S, M’barek R, Gay H. Impacts of the EU biofuel policy on agricultural
markets and land use. Modelling assessment with AGLINK-COSIMO. Sevilla
(Spain): Joint Research Centre. Institute for Prospective Technological Studies
of the European Commission; 2013.

[28] Iliopoulos C, Rozakis S. Environmental cost-effectiveness of bio diesel pro-
duction in Greece: current policies and alternative scenarios. Energy Policy
2010;38(2):1067e78.

[29] Rozakis S, Haque MI, Natsis A, Borzecka-Walker M, Mizak K. Cost-effective-
ness of bioethanol policies to reduce carbon dioxide emissions in Greece. Int J
Life Cycle Assess 2013;18(2):306e18.

[30] Sourie JC, Rozakis S. Bio-fuel production system in France: an economic
analysis. Biomass Bioenerg 2001;20(6):483e9.

[31] Dal-Mas M, Giarola S, Zamboni A, Bezzo F. Strategic design and investment
capacity planning of the ethanol supply chain under price uncertainty.
Biomass Bioenerg 2011;35(5):2059e71.

[32] Kim J, Realff MJ, Lee JH. Optimal design and global sensitivity analysis of
biomass supply chain networks for biofuels under uncertainty. Comput Chem
Eng 2011;35(9):1738e51.

[33] �Cu�cek L, Varbanov PS, Kleme�s JJ, Kravanja Z. Total footprints-based multi-
criteria optimisation of regional biomass energy supply chains. Energy
2012;44(1):135e45.

[34] Mele FD, Kostin AM, Guill�en-Gos�albez G, Jim�enez L. Multiobjective model for
more sustainable fuel supply chains. A case study of the sugar cane industry in
Argentina. Ind Eng Chem Res 2011;50(9):4939e58.

[35] Zamboni A, Bezzo F, Shah N. Spatially explicit static model for the strategic
design of future bioethanol production systems. 2. Multi-objective environ-
mental optimization. Energy Fuels 2009;23(10):5134e43.

[36] Zamboni A, Murphy RJ, Woods J, Bezzo F, Shah N. Biofuels carbon footprints:
whole-systems optimisation for GHG emissions reduction. Bioresour Technol
2011;102(16):7457e65.

[37] IDAE. Instituto para la Diversificaci�on y el Ahorro de Energía. Plan de Energías
Renovables de Espa~na 2011-2020 para El Consejo de Ministros. Madrid
(Spain): Ministerio de Industria, Energía y Turismo; 2011a. accessed at, http://
www.idae.es (12 January 2015).

[38] Brooke A, Kendrick D, Meeraus A, Raman R. General algebraic modeling sys-
tem. A user's guide. Washington, DC (United States): GAMS Development
Corporation; 1998.

[39] IDAE. Instituto para la Diversificaci�on y el Ahorro de Energía. Evaluaci�on del
balance de gases de efecto invernadero en la producci�on de biocarburantes.
Estudio T�ecnico 2011-2020. Madrid (Spain): Ministerio de Industria, Energía y
Turismo; 2011b. accessed at, http://www.idae.es (23 September 2014).

[40] MAGRAMA. Ministerio de Medio Ambiente y Medio Rural y Marino. Anuario
de estadística 2010. 2010. Madrid (Spain). accessed at, http://www.magrama.
gob.es (23 COctober 2014).

[41] Mekonnen MM, Hoekstra AY. Main report. Research Report Series No. 47. The
green, blue and grey water footprint of crops and derived crop products, vol.
1. Delft (The Netherlands): UNESCO-IHE Institute for Water Education; 2010.

[42] RECAN. Red Contable Agraria Nacional. Accessed at, http://www.magrama.
gob.es/es/estadistica/temas/estadisticas-agrarias/economia/red-contable-
recan/2009.aspx; Resultados 2009 (17 February 2015).

[43] Generalitat de Catalunya. Departament d'Agricultura, Ramaderia, Pesca i
Alimentaci�o. Accessed at: http://agricultura.gencat.cat/ca/departament/dar_
estadistiques_observatoris/dar_observatori_agroalimentari_preus/dar_preus/
dar_preus_en_origen/dar_preus_percebuts_pages/(10 July 2014).

[44] Generalitat Valenciana. Conselleria de Agricultura, Medio Ambiente, Cambio
Clim�atico y Desarrollo Rural. Publicaciones y estadísticas. Accessed at: http://
www.agroambient.gva.es/precios-agrarios (10 July 2014).

[45] Gobierno de Castilla la Mancha. Consejería de Agricultura, Medio Ambiente y
Desarrollo Rural. Precios Agrarios. Accessed at: http://www.castillalamancha.
es/gobierno/agrimedambydesrur/actuaciones/precios-agrarios (15 July 2014).

[46] Gobierno de Navarra. Observatorio agrario. Temas econ�omicos. Accessed at:
http://www.navarra.es/home_es/Temas/Ambitoþrural/Vidaþrural/
Observatorioþagrario/Agricola/Informacionþestadistica/Temasþeconomicos.
htm (13 July 2014).

[47] Junta de Andalucía. Consejería de Agricultura, Pesca y Desarrollo Rural. Pre-
cios semanales agrícolas. Accessed at: http://www.juntadeandalucia.es/
organismos/agriculturapescaydesarrollorural/consejeria/sobre-consejeria/
estadisticas/paginas/precios-semanales-agricolas.html (13 July 2014).

[48] Junta de Castilla y Le�on. Agricultura y Ganadería. Estadísticas econ�omicas.
Accessed at: http://www.agriculturaganaderia.jcyl.es/web/jcyl/
AgriculturaGanaderia/es/Plantilla66y33/1284184507806/_/_/_ (15 July 2014).

[49] Urbano P, Moro R. Sistemas agrícolas con rotaciones y alternativas de cultivos.
first ed. Madrid (Spain): Mundi-prensa; 1992, ISBN 978-84-71-14376-1.

[50] ISO. International Organization for Standardization. 14040 international
standard in environmental management. Life cycle assessment: principles and
framework. 2006. Geneva (Switzerland).

[51] ISO. International Organization for Standardization. 14044 international
standard in environmental management. Life cycle assessment: requirements
and guidelines. 2006. Geneva (Switzerland).

[52] Guin�ee J, Gorr�ee M, Heijungs R, Huppes G, Kleijn R, De Koning A, et al. Life

http://dx.doi.org/10.1016/j.energy.2016.11.111
http://dx.doi.org/10.1016/j.energy.2016.11.111
https://stats.oecd.org/Index.aspx?DataSetCode=HIGH_AGLINK_2014
https://stats.oecd.org/Index.aspx?DataSetCode=HIGH_AGLINK_2014
https://stats.oecd.org/Index.aspx?DataSetCode=HIGH_AGLINK_2014
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref2
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref2
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref2
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref2
https://www.eia.gov/
https://www.eia.gov/
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref4
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref4
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref4
http://www.chathamhouse.org
http://www.chathamhouse.org
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref6
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref6
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref6
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref6
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref6
http://www.eurobserv-er.org/downloads.asp
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref8
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref8
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref8
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref9
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref9
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref9
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref10
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref10
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref10
http://www.cnmc.es
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref12
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref12
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref12
http://www.magrama.gob.es/es/estadistica/temas/publicaciones
http://www.magrama.gob.es/es/estadistica/temas/publicaciones
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref14
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref14
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref14
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref14
http://ec.europa.eu/energy/renewables/reports/doc/2013_renewable_energy_progress.pdf
http://ec.europa.eu/energy/renewables/reports/doc/2013_renewable_energy_progress.pdf
http://www.cnmc.es
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref17
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref17
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref17
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref18
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref18
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref18
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref18
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref19
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref19
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref19
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref20
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref20
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref20
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref21
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref21
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref21
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref21
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref22
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref22
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref22
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref22
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref24
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref24
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref24
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref24
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref25
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref25
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref25
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref25
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref25
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref25
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref26
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref26
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref26
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref26
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref26
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref26
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref27
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref27
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref27
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref27
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref27
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref28
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref28
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref28
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref28
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref29
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref29
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref29
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref29
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref30
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref30
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref30
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref31
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref31
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref31
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref31
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref32
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref32
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref32
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref32
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref33
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref33
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref33
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref33
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref33
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref33
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref34
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref34
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref34
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref34
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref34
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref34
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref34
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref35
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref35
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref35
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref35
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref36
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref36
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref36
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref36
http://www.idae.es
http://www.idae.es
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref38
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref38
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref38
http://www.idae.es
http://www.magrama.gob.es
http://www.magrama.gob.es
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref41
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref41
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref41
http://www.magrama.gob.es/es/estadistica/temas/estadisticas-agrarias/economia/red-contable-recan/2009.aspx
http://www.magrama.gob.es/es/estadistica/temas/estadisticas-agrarias/economia/red-contable-recan/2009.aspx
http://www.magrama.gob.es/es/estadistica/temas/estadisticas-agrarias/economia/red-contable-recan/2009.aspx
http://agricultura.gencat.cat/ca/departament/dar_estadistiques_observatoris/dar_observatori_agroalimentari_preus/dar_preus/dar_preus_en_origen/dar_preus_percebuts_pages/
http://agricultura.gencat.cat/ca/departament/dar_estadistiques_observatoris/dar_observatori_agroalimentari_preus/dar_preus/dar_preus_en_origen/dar_preus_percebuts_pages/
http://agricultura.gencat.cat/ca/departament/dar_estadistiques_observatoris/dar_observatori_agroalimentari_preus/dar_preus/dar_preus_en_origen/dar_preus_percebuts_pages/
http://www.agroambient.gva.es/precios-agrarios
http://www.agroambient.gva.es/precios-agrarios
http://www.castillalamancha.es/gobierno/agrimedambydesrur/actuaciones/precios-agrarios
http://www.castillalamancha.es/gobierno/agrimedambydesrur/actuaciones/precios-agrarios
http://www.navarra.es/home_es/Temas/Ambito+rural/Vida+rural/Observatorio+agrario/Agricola/Informacion+estadistica/Temas+economicos.htm
http://www.navarra.es/home_es/Temas/Ambito+rural/Vida+rural/Observatorio+agrario/Agricola/Informacion+estadistica/Temas+economicos.htm
http://www.navarra.es/home_es/Temas/Ambito+rural/Vida+rural/Observatorio+agrario/Agricola/Informacion+estadistica/Temas+economicos.htm
http://www.navarra.es/home_es/Temas/Ambito+rural/Vida+rural/Observatorio+agrario/Agricola/Informacion+estadistica/Temas+economicos.htm
http://www.navarra.es/home_es/Temas/Ambito+rural/Vida+rural/Observatorio+agrario/Agricola/Informacion+estadistica/Temas+economicos.htm
http://www.navarra.es/home_es/Temas/Ambito+rural/Vida+rural/Observatorio+agrario/Agricola/Informacion+estadistica/Temas+economicos.htm
http://www.navarra.es/home_es/Temas/Ambito+rural/Vida+rural/Observatorio+agrario/Agricola/Informacion+estadistica/Temas+economicos.htm
http://www.navarra.es/home_es/Temas/Ambito+rural/Vida+rural/Observatorio+agrario/Agricola/Informacion+estadistica/Temas+economicos.htm
http://www.juntadeandalucia.es/organismos/agriculturapescaydesarrollorural/consejeria/sobre-consejeria/estadisticas/paginas/precios-semanales-agricolas.html
http://www.juntadeandalucia.es/organismos/agriculturapescaydesarrollorural/consejeria/sobre-consejeria/estadisticas/paginas/precios-semanales-agricolas.html
http://www.juntadeandalucia.es/organismos/agriculturapescaydesarrollorural/consejeria/sobre-consejeria/estadisticas/paginas/precios-semanales-agricolas.html
http://www.agriculturaganaderia.jcyl.es/web/jcyl/AgriculturaGanaderia/es/Plantilla66y33/1284184507806/_/_/_
http://www.agriculturaganaderia.jcyl.es/web/jcyl/AgriculturaGanaderia/es/Plantilla66y33/1284184507806/_/_/_
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref49
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref49
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref50
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref50
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref50
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref51
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref51
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref51
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref52
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref52
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref52


N. Escobar et al. / Energy 120 (2017) 619e631 631
cycle assessment: an operational guide to ISO standards. I: LCA in perspective.
IIa: guide. IIb: operational annex. III: scientific background. Dordrecht (The
Netherlands): Kluwer Academic Publishers; 2002.

[53] B€orjesson P, Tufvesson LM. Agricultural crop-based biofuelseresource effi-
ciency and environmental performance including direct land use changes.
J Clean Prod 2011;19(2):108e20.

[54] Brentrup F, Küsters J, Kuhlmann H, Lammel J. Environmental impact assess-
ment of agricultural production systems using the life cycle assessment
methodology: I. Theoretical concept of a LCA method tailored to crop pro-
duction. Eur J Agron 2004;20(3):247e64.

[55] Hischier R, Weidema BP, Althaus HJ, Bauer C, Doka G, Dones R, et al. Imple-
mentation of life cycle impact assessment methods. Data v2.2. Ecoinvent
report No 3. Zurich/Laussane (Switzerland): Swiss Centre for Life Cycle In-
ventories; 2010.

[56] MAGRAMA. Ministerio de Medio Ambiente y Medio Rural y Marino. Guía
pr�actica de la fertilizaci�on racional de los cultivos en Espa~na. Parte II. Madrid
(Spain): Abonado de los principales cultivos en Espa~na; 2010d. accessed at,
http://www.magrama.gob.es (30 October 2014).

[57] Carreres Ortells R. Utilizaci�on del 15N en el estudio de la fertilizaci�on del
arrozal. Moncada (Valencia, Spain): Dpto. Arroz, Instituto Valenciano de
Investigaciones Agrarias (IVIA); 2006.

[58] Rodríguez JJ, Romero JM, Aicua F. Guía del cultivo del esp�arrago blanco en
aspersion. Villava (Navarra, Spain): Instituto Navarro de Tecnologías e
Infraestructuras Agroalimentarias (INTIA); 2009.

[59] Nielsen PH, Nielsen AM, Weidema BP, Dalgaard R, Halberg N. LCA food data
base. Aarhus (Denmark): 2.-0 LCA Consultants and Faculty of Agricultural
Sciences; 2003. accessed at, www.lcafood.dk (30 October 2014).

[60] EMEP/EEA. European Environment Agency. Air pollutant emission inventory
guidebook. Technical report No 12/2013. Luxembourg: Luxembourg; 2013,
ISBN 978-92-9213-403-7. http://dx.doi.org/10.2800/92722. ISSN: 1725e2237.

[61] MAGRAMA. Ministerio de Medio Ambiente y Medio Rural y Marino. Balance
de Nitr�ogeno en la agricultura espa~nola. A~no 2009. Madrid (Spain): Resumen
de resultados a nivel auton�omico y regional; 2011. accessed at, http://www.
ruena.csic.es/balances.html (4 November 2014).

[62] Berthoud A, Maupu P, Huet C, Poupart A. Assessing freshwater ecotoxicity of
agricultural products in life cycle assessment (LCA): a case study of wheat
using French agricultural practices databases and USEtox model. Int J Life
Cycle Assess 2011;16(8):841e7.

[63] Nemecek T, Heil A, Huguenin O, Meier S, Erzinger S, Blaser S, et al. Life cycle
inventories of agricultural production systems. Ecoinvent report No 15a.
Zurich/Laussane (Switzerland): Swiss Centre for Life Cycle Inventories; 2007.

[64] Lech�on Y, Cabal H, De la Rúa C, Lago C, Izquierdo L, S�aez RM, et al. An�alisis de
Ciclo de Vida de combustibles alternativos para el transporte. Fase II. An�alisis
de Ciclo de Vida Comparativo de Biodiesel y Diesel. Madrid (Spain): Centro de
investigaciones energ�eticas, medioambientales y tecnol�ogicas (CIEMAT).
Ministerio de Medio Ambiente. CIEMAT/ASE/05eE0221/2; 2006, ISBN 84-
8320-376-6.

[65] Gasparri NI, Grau HR, Manghi E. Carbon pools and emissions from defores-
tation in extra-tropical forests of northern Argentina between 1900 and 2005.
Ecosyst 2008;11(8):1247e61.

[66] Germer J, Sauerborn J. Estimation of the impact of oil palm plantation
establishment on greenhouse gas balance. Environ Dev Sustain 2008;10(6):
697e716.

[67] Carter C, Finley W, Fry J, Jackson D, Willis L. Palm oil markets and future
supply. Eur J Lipid Sci Technol 2007;109(4):307e14.

[68] Escobar N, Ribal J, Clemente G, Sanju�an N. Consequential LCA of two alter-
native systems for biodiesel consumption in Spain, considering uncertainty.
J Clean Prod 2014;79:61e73.

[69] Esteban B, Baquero G, Puig R, Riba JR, Rius A. Is it environmentally
advantageous to use vegetable oil directly as biofuel instead of converting it to
biodiesel? Biomass Bioenerg 2011;35(3):1317e28.

[70] Balmer RT, editor. Modern engineering thermodynamics. Oxford (UK):
Elsevier; 2011, ISBN 978-0-12-374996-3.

[71] GREET. The greenhouse gases, regulated emissions, and energy use in trans-
portation model v1.8d.1. Illinois (US): Argonne National LabCoratory; 2010.
accessed at, http://greet.es.anl.gov/ (24 December 2013).

[72] Albarelli JQ, Santos DT, Holanda MR. Energetic and economic evaluation of
waste glycerol cogeneration in Brazil. Braz J Chem Eng 2011;28(4):691e8.

[73] Mehta PS, Anand K. Estimation of a lower heating value of vegetable oil and
biodiesel fuel. Energy Fuels 2009;23(8):3893e8.

[74] Reinhard J, Zah R. Consequential life cycle assessment of the environmental
impacts of an increased rapemethylester (RME) production in Switzerland.
Biomass Bioenerg 2011;35:2361e73.

[75] Laborde D. Assessing the land use change consequences of European biofuel
policies. Washington, DC (US): International Food Policy Research Institute
(IFPRI); 2011.

[76] OECD. Organization for economic Co-operation and development. Paris
(France): Maritime Transport Costs; 2015. accessed at, http://stats.oecd.org
(26 January 2015).

[77] CNE. Comisi�on Nacional de Energía. Informe anual sobre el uso de bio-
carburantes en Espa~na en. 2011. 2013. Madrid (Spain). accessed at, http://
www.cne.es (24 October 2014).

[78] Arriaza M, G�omez-Lim�on JA. Comparative performance of selected mathe-
matical programming models. Agric Syst 2003;77(2):155e71.

[79] Cherubini F. GHG balances of bioenergy systemseOverview of key steps in the
production chain and methodological concerns. Renew Energy 2010;35(7):
1565e73.

[80] Padella M, Edwards R, Mulligan D, Marelli L, Tyner WE. Indirect land use
change emissions from biofuels: quantifying the benefit agro-economic
models derive from reduced food consumption. In the 12th european en-
ergy conference. International association for energy economics. Ca' Foscari
University of Venice (Italy), 9e12th September 2012.

[81] Lech�on Y, Cabal H, S�aez R. Life cycle greenhouse gas emissions impacts of the
adoption of the EU Directive on biofuels in Spain. Effect of the import of raw
materials and land use changes. Biomass Bioenergy 2011;35(6):2374e84.

[82] Zah R, Faist M, Reinhard J, Birchmeier D. Standardized and simplified life-cycle
assessment (LCA) as a driver for more sustainable biofuels. J Clean Prod
2009;17:S102e5.

[83] BSI. British Standards Institution. PAS 2050:2011 Specification for the
assessment of the life cycle greenhouse gas emissions of goods and services.
2011. London (United Kingdom). accessed at, http://shop.bsigroup.com/en/
Browse-By-Subject/Environmental-Management-and-Sustainability/PAS-
2050/ (26 August 2015).

[84] Adler PR, Grosso SJD, Parton WJ. Life-cycle assessment of net greenhouse-gas
flux for bioenergy cropping systems. Ecol Appl 2007;17(3):675e91.

[85] Lech�on Y, Cabal H, De la Rúa C, Cald�es N, Santamaría M, S�aez R. Energy and
greenhouse gas emission saving of biofuels in Spain's transport fuel. The
adoption of the EU policy on biofuels. Biomass Bioenerg 2009;33(6(7)):
920e32. http://dx.doi.org/10.1016/j.biombioe.2009.02.001.

[86] European Commission. Proposal for a Directive of the European Parliament
and of the Council, amending Directive 98/70/EC relating to the quality of
petrol and diesel fuels and amending Directive 2009/28/EC on the promotion
of the use of energy from renewable sources. Brussels (Belgium). 2012.
accessed at, http://ec.europa.eu/clima/policies/transport/fuel/ (30 June 2016).

[87] Cherubini F, Strømman AH. Life cycle assessment of bioenergy systems: state
of the art and future challenges. Bioresour Technol 2011;102(2):437e51.

[88] Johansson DJ, Azar C. A scenario based analysis of land competition between
food and bioenergy production in the US. Clim Chang 2007;82(3e4):267e91.

http://refhub.elsevier.com/S0360-5442(16)31766-2/sref52
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref52
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref52
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref53
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref53
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref53
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref53
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref53
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref53
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref54
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref54
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref54
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref54
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref54
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref55
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref55
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref55
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref55
http://www.magrama.gob.es
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref57
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref57
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref57
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref57
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref57
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref58
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref58
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref58
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref58
http://www.lcafood.dk
http://dx.doi.org/10.2800/92722
http://www.ruena.csic.es/balances.html
http://www.ruena.csic.es/balances.html
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref62
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref62
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref62
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref62
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref62
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref63
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref63
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref63
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref64
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref65
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref65
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref65
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref65
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref66
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref66
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref66
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref66
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref67
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref67
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref67
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref68
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref68
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref68
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref68
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref68
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref69
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref69
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref69
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref69
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref70
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref70
http://greet.es.anl.gov/
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref72
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref72
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref72
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref73
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref73
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref73
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref74
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref74
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref74
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref74
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref75
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref75
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref75
http://stats.oecd.org
http://www.cne.es
http://www.cne.es
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref78
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref78
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref78
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref78
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref78
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref79
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref79
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref79
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref79
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref79
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref81
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref81
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref81
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref81
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref81
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref81
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref82
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref82
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref82
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref82
http://shop.bsigroup.com/en/Browse-By-Subject/Environmental-Management-and-Sustainability/PAS-2050/
http://shop.bsigroup.com/en/Browse-By-Subject/Environmental-Management-and-Sustainability/PAS-2050/
http://shop.bsigroup.com/en/Browse-By-Subject/Environmental-Management-and-Sustainability/PAS-2050/
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref84
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref84
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref84
http://dx.doi.org/10.1016/j.biombioe.2009.02.001
http://ec.europa.eu/clima/policies/transport/fuel/
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref87
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref87
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref87
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref87
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref88
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref88
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref88
http://refhub.elsevier.com/S0360-5442(16)31766-2/sref88

	An agro-industrial model for the optimization of biodiesel production in Spain to meet the European GHG reduction targets
	1. Introduction
	2. Materials and methods
	2.1. Industrial module
	2.2. Agricultural module
	2.3. Life cycle assessment module
	2.4. Policy and land use scenarios

	3. Results
	3.1. Optimal mix, emission factors and GHG savings
	3.2. Life cycle assessment results
	3.3. Land use shifts in the Spanish agriculture

	4. Discussion
	4.1. LUC impacts from domestic oilseeds
	4.2. Sustainability criteria implications
	4.3. Model limitations and recommendations

	5. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


