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Abstract 
This paper presents a multi-objective modelling framework to define a short-term agricultural plan for biodiesel exploitation. The first part of the modelling framework consists in the analysis of local land and climate features in order to evaluate which energy crop can be successfully grown. This phase is performed at local scale using GIS data and software. The second part consists in the formulation of a multi-objective mathematical programming problem. Using the land to be cultivated in each parcel with each crop as decision variables, The objectives of the problem maximize threeare objectives: the maximization of the net energy produced, of the greenhouse gases avoided with respect to conventional fossil fuels and of the diversity of the energy crop mix. The last is quantitatively measures using a well-known biodiversity index, which allows to study the trade-off between a more varied crop mix and the other two objectives along the frontier of  Pareto efficient solutions. The solution of the problem provides the land to be cultivated in each parcel with each crop, the energy required at all stages, the associated greenhouse gases flows and an index of crop diversity. Results allow to define a set of Pareto efficient solutions. It is thus possible to study the trade-offs among the three objectives. The proposed methodology is applied to a region of Mato Grosso, Brazil, where biodiesel is produced from oleaginous crops. 




Introduction
There is much interest in the production of fuels for the transport sector from biomass resources. This is driven by the potential reduction of greenhouse gases (GHG) emissions with respect to traditional fossil fuels and thus by the contribution to global climate change mitigation (Chum et al., 2011). Biofuels may also decrease the dependency of fuel supply from oil producing countries. Moreover, social and environmental conditions could benefit from improved management of local resources. However, there are also several drawbacks that derive from the production of biofuels (Nature, 2011). First, GHG emission savings should be carefully estimated taking into account all issues which could significantly alter the overall balance, such as indirect land use change (Searchinger et al., 2009), conversion of forest or grassland to produce food crop–based biofuels (Fargione et al., 2008), co-products (Farrell et al., 2006) and indirect emissions from fertilizers (Crutzen et al., 2007). Second, land is a limited resource that provides many vital goods and services (e.g., Tilman et al., 2009). The food vs. energy competition for land could spark an increase in food prices. FAO has indeed expressed concerns about the negative effects on food availability and prices due to the expansion of biodiesel production (OECD/FAO, 2012). Furthermore, the extensive cultivation of energy crops to supply large quantity of feedstock to the biomass-to-energy industry could imply extensive monocultures, with consequences on biodiversity (Dale et al., 2010).
There are numerous studies that deal with the multifaceted nature of biomass-to-energy systems (see Scott et al., 2012 for a review). Harsono et al. (2012), for example, present a cradle-to-gate assessment of the energy balances and GHG emissions of Indonesian palm oil biodiesel production, including all stages of production and land use change. Estimation of the GHG mitigation potential of bioenergy crops requires the consideration of spatially varying information, such as the spatial component of C dynamics under planting of different bioenergy crops (Hillier et al., 2009). Several papers formulate and solve a mathematical problem to optimally plan the bioenergy use in a given area; this type of problem allows determining the optimal type, size and location of conversion plants, the supply area of the plants to give the maximum economic profitability (Čuček et al., 2010) or the maximum net energy (Fiorese et al., 2013). Land competition between bioenergy and traditional food crops can also be included (Andersen et al., 2012). Typically, these studies thus solve a long-term planning problem, (implicitly) assuming that the system to be optimized will remain as it is in the future; for example, assuming that the demand of biofuel is fixed to a given value (Leão et al., 2011). 
Multi-criteria analysis can be used to compare different alternatives. For example, Zhou et al. (2007) defined an aggregating function combining indicators on cost, global warming potential, net energy yield and the potential for non-renewable resource depletion. A similar approach has been proposed by Evans et al. (2010) to compare three technologies, while an evolutionary algorithm is used in Ayoub et al. (2009) to optimize energy efficiency, total cost, CO2 emissions, or to maximize employed labor hours. 
Finally, a more comprehensive formulation of the problem can be obtained with a multi-objective framework to simultaneously assess energy, economic, social and environmental impacts and their consequent trade-offs. In a recent survey on 128 papers dealing with energy and environment, Wang and Poh (2014) have categorized 22 as using a multi-objective approach. Only 6 of them, however, were dealing directly or indirectly with biomass exploitation. For example, Pérez-Fortes et al. (2012) formulate a three-objective (economy, environment, society) problem of bio-based electricity generation and describe the Pareto set of solutions, while Tan et al. (2009) used land use, water and carbon footprints as objectives.  While in most of these studies the impact on the environment is computed only in terms of GHG emissions, Zhang et al. (2010) have added erosion and N and P losses as environmental objectives of a crop allocation study in Michigan, USA. As suggested by Čuček et al. (2012), other indicators are needed in particular to evaluate the impacts of the bioenergy production chain on biodiversity. Stoms et al. (2012) proposed for instance an approach with a specific emphasis on wildlife aspects, but a quantitative objective to account for crop diversity is still a research theme. 
We propose in this paper to use a well-known ecological indicator to explicitly highlight the effects of biodiesel exploitation decisions on crop diversity. This allows to quantitatively evaluate the differences between a variety of energy crops, and the adoption of the single most productive crop, which would entail the diffusion of extensive monoculture, with all the well-known environmental consequences (e.g., Eggers et al., 2009). 
Following the approach delineated in the above literature, we thus formulate a multi-objective modelling framework of short-term agricultural plans for biodiesel exploitation at regional scale as a mathematical programming problem with three objectives to be maximized: the net energy produced, the GHG emissions avoided and the diversity of energy crops. The solution of such a problem defines all the alternatives in terms of the land to be cultivated each year with each crop in each parcel of the considered domain, the optimal allocation of the harvested crops to the biodiesel conversion plants, and the energy used in all the process stages under various assumptions about external conditions. The non-dominated alternatives constitute the Pareto boundary of the efficient plans, which is of valuable importance to support the decision making process. 
The problem as it is formulated should, in principle, be applied every year to decide what is called the “cropping plan” in agronomic terms (Dury et al., 2012), i.e., the optimal cultivation for the next year (or few years, in the case of perennial crops). Thus, it is inherently different from most of the main current scientific literature (Sharma et al., 2013), where the aim is the long-term optimization of an entire bioenergy supply chain (including the type and location of conversion plants) under the assumption of known demand of products and energy. A further difference is that we assume, as in Zhang et al. (2010), the possibility of substitution between different crops and thus no specific demand for each of them. It is in fact clear that one of the main aims of a biodiesel plan is the maximization of the production independently of the feedstock used and that, in general, biodiesel produced in any specific region enters a very large market where it mixes with that of many other areas and also with fossil diesel before reaching the distribution network, where the demand satisfaction finally becomes a constraint. 
The introduction of a quantitative way to measure crop diversity allows to trade-off this indicator with energy production thus providing a new way of evaluating the (marginal) environmental “cost” of energy, or, reversely, the energy “cost” of increasing biodiversity.  Though in fact crop diversity has been often quoted as a relevant decision criterion (see, for instance the expert survey by Buchholz et al., 2009, or the literature review by Lähtinen et al., 2014), attempts to confront its impact on bioenergy production are still missing.  
As a case study, we focus on a specific geographic area in Brazil and on biodiesel from oleaginous crops.  

Materials and methods
The modelling framework that we propose is composed of the following five steps. The first three, that involve a substantial use of GIS, have been successfully adopted in previous studies in Southern (Fiorese and Guariso, 2010) as well as Northern European (Tenerelli and Carver, 2102) contexts.
1.	Crop selection: the climatic characteristics of the area are analyzed and compared with the phytology and climatic requirements of a set of potentially interesting oleaginous crops.
2.	Identification of the suitable area and crop adaptability: through GIS analysis, the area that satisfies the pedological and morphological requirements is identified. Maps of adaptability for each oleaginous crop are created, which quantify the degree of adaptability of the crop to the local characteristics of the territory.
3.	Identification of available area: not all the area suitable for agriculture, identified in step 2, is available for oleaginous crops. It can be reduced by environmental, social and political constraints; this results in an often significant reduction of complexity of the original problem as suggested in one of the approaches presented in Lam et al. (2011). Current land uses are therefore analyzed and assumptions are made with respect to the amount of land that can be converted to oleaginous crops. Once this step is accomplished, the area is divided into a number of cells (or parcels) that are small enough to be considered having the same soil and climate characteristics. This is an essential step to convert the continuous territorial representation offered by GIS analysis into a finite number of decision variables, namely what to cultivate in each parcel. Clearly, a finer subdivision allows a very detailed analysis, but on the other hand it may slow down the subsequent phase. As usual, a compromise between detail and speed must be found. When addressing long-term planning problems (see the literature quoted in the introduction), a similar analysis is performed also to identify potential locations for transformation plants. When dealing with annual agricultural planning, on the contrary, the plant location and capacity is fixed and the distances between them and each parcel are easily extracted using standard GIS tools. Given that feedstock has to be transported to the conversion plant, such distances enter in fact both in the energy and in the emission balances.
4. Definition of the study boundary and local peculiarities. The life cycle assessment approach requires that the boundaries of the problem are clearly identified. The farther they are set, the more complete the evaluation of energy and emission balance is. However, it must be stressed that, as a support to decision making, these studies are more aimed to the comparison of alternative plans than to a precise evaluation of all factors. Indeed, if we fix a relative large boundary for the study, we may hope that what has not been considered does not differ too much when varying the possible alternatives. On the other side, even when trying to accurately consider all factors influencing the energy or the emission balances, it is practically impossible to evaluate all the indirect effects that they may imply. Therefore, an accurate analysis of the local situation is essential. While in fact the approach to biodiesel development plans can be general, the optimal decisions may differ in each local situation. Peculiarities range from physical to economical to normative and social settings. For instance, the local merchantability of biodiesel by-products is a relevant factor. Whatever oleaginous crop is processed, a significant part of its biomass and energy remains in various forms after the refining process. The possibility of a local use of these by-products may significantly modify both the energy and the emission balances. Other relevant local factors are crop productivity, farming traditions, availability of resources in the local market, limits in the use of nitrogen fertilizers. 
5.	Optimal allocation of crops: a multi-objective problem is formulated and solved in order to assess the net energy produced, the GHG emissions avoided and the crop diversity. 
It is important to look at this approach in a correct perspective. The results obtained by any mathematical planning problem are just useful to highlight the most relevant trade-offs, the effect of some scenario variable, the plausible environmental consequences of the decisions being considered. In no way such results must be viewed as the actions to be straightforward adopted. The reason for this is simple: it is evident that real life is always in evolution. The introduction of new crops is an adaptive process: farmers learn progressively the most effective way to cultivate them and thus the productivity changes in time (Uggè et al., 2013). The local market may adapt more or less rapidly to the new products and by-products, but is also influenced by the fluctuations of the national and international markets. The change in crops modifies the carbon balance in the soil and the time to reach a new equilibrium with the new aboveground biomass may be of tens of years (see, for instance, Gelfand et al., 2011). The climatic conditions may differ substantially and for a prolonged period from the average conditions assumed in any planning study and finally such average conditions may never be replicated under future climate changes.
Mathematical formulation of the problem 
The three-objective mathematical programming problem can be formulated as follows. The decision variables zijsf are the fractions of biomass cultivated in cell i, with crop s and method f (for example, in the following case study we distinguish between industrial and family farming) and shipped to plant j for processing. As it is well-known, in long term planning problems, additional variables are needed to determine size (e.g., Andersen et al., 2012), location and technology of conversion plants (e.g., Frombo et al., 2009), which are on the contrary known values in yearly plans. 
In the scientific literature (e.g., Leão et al., 2011), the maximization of an economic objective is often assumed. In this analysis, we chose not to consider any economic variables because of the high variability of their trend, driven by several external factors which we cannot consider here, such as price and demand of different commodities, international trade and so on. For example, Figure 1 shows the evolution of the price index of cereals and of soybeans in Brazil. This index is calculated with respect to the 2004-2006 average prices of the two commodities and provides an indication of their rather large price variability. Additionally, an analysis of both Brazilian and international prices of the last ten years for various crop oils (see for instance, the publications of the Brazilian Ministry of Mines and Energy or of USDA) shows that the prices may considerably vary between different years with a standard deviation between 25 and 30% of the average values. In this paper, we thus consider the energy content of each crop which is indeed a proxy for its economic value, but is fixed and does not depend on the (often unpredictable) market fluctuations as prices would do. 
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Figure 1
 

Energy objective
The first objective Je, which represents the maximization of the net energy output of the regional biodiesel network, can be written as follows:

	(1)
where the first term represents the energy output (at the conversion plants), the second is the energy spent to transport the feedstock to the plants and the last two are the energy employed for the cultivation and the conversion processes.
More precisely, 
Nc, Np, Ns and Nf  represent, respectively, the number of cells, plants, crops, and farming methods considered;
Af  is the land surface (ha) available in each cell for each farming method, that does not depend on the cell index i, when a regular grid is assumed;
E is the energy content of a unit mass of biodiesel (GJ/kg); 
ps is the crop productivity obtainable in the best soil conditions in terms of mass of seeds per unit area (kgseeds/ha);
sis represents the suitability of cell i for crop s: following the approach in Fischer et al. (2010), it may be assumed to vary between 1 (when the area has all the best characteristics needed for crop s) and 0.8 (when not all the best requirements are met). 
ws is the amount of biodiesel that can be extracted from a unit weight of seeds type s (kgdiesel/kgseeds). It takes into account both the oil content of the seeds and the efficiency of the extraction operations.
As to the second term,
etr is the energy necessary to transport a unit of biomass over a unit distance (GJ/(kg·km));
dij is a measure of the distance between cell i and plant j (km). 
Finally, the last term represents the energy costs of biodiesel production, they are composed by two parts, the first being the energy necessary for the cultivation itself, the second for the transformation of seeds into biodiesel, so:

is the energy of all agricultural operations to cultivate a unit area of crop s (GJ/ha), and

 is the energy needed to process a unit weight of seeds of crop s to extract biodiesel (GJ/kgseeds).

Crop diversity objective
The second objective Jd is the maximization of the oleaginous crops’ diversity in the suitable and available area. Clearly, the concept of biodiversity implies a richness of environmental components that cannot be simplified in the presence of few different crops. However, it is important to evaluate such an impact since the solution of the problem can be to cultivate, wherever possible, only the most energy efficient crop, i.e. develop only a single, large monoculture. On the contrary, looking at this objective, we can measure the trade-offs between net energy and crop diversity, which means we can estimate the reduction in energy production entailed by a richest diversity. To evaluate this objective, the well-known Simpson index (Simpson, 1949) may be used: 

							(2)

where is the proportion of area devoted to crop s, which obviously can be expressed in terms of the decision variables zijsf. Other formulations are however possible, such as the Shannon index, that uses the product of the crop proportion by its logarithm instead of the square.

Greenhouse gas emissions objective
The third objective Jg  assumed for the problem is the maximization of the climate change mitigation potential. GHG emissions that could be saved with biodiesel can be estimated considering the amount of GHG that would have been emitted when producing the same amount of energy from fossil diesel. On the other hand, the production of biodiesel causes the emission into the atmosphere of a certain amount of GHG. In this objective, emissions caused by the cultivation, the transformation and the transportation of oleaginous crops to the biodiesel production plants are considered. We are thus including indirect emissions, as suggested, for example, in Čuček et al. (2012). However, with a slight difference from the above paper or others, where the carbon footprint is minimized (e.g. Perry et al., 2008), we maximize the difference between fossil fuel emissions and emissions from the considered biodiesel network. This is coherent with the main policy objectives (e.g. the emission reductions required by international agreements) and allows an immediate interpretation of the results since all the objectives must be maximized.
Specifically, the third objective is formulated as follows: 

	(3)
where the first term represents the amount of GHG emitted by the same amount of energy produced via fossil diesel, with an emission factor fd and the other terms represent the amount of GHG emitted during the cultivation, processing and transport of the oleaginous crops. More precisely, in eq. (3): 

 represents the GHG emission of all agricultural operations to cultivate a unit area of crop s (which includes the effects of several gases weighted by the respective climate change potential, particularly of N2O releases due to chemical fertilization) (kgCO2eq/ha); 
emtr is the GHG emission that results from transporting a unit of biomass over a unit of distance (kgCO2eq/(kg·km));

is the emission of the biodiesel production activity for a unit feedstock of type s (kgCO2eq/kg).
Assuming the described formulation of the problem, particularly for equation (1) and (3), means setting the system boundary at the output of the transformation plants, without taking into account for instance the transportation of biodiesel to the distribution network, as well as other possible energy/emission factors such as those related to the plant construction.

Problem constraints
The problem is subject to the following set of constraints. 
The use of land in each cell cannot exceed its availability:

					                     (4)
The biomass shipped to each plant cannot exceed the plant capacity Cj:

							(5)

Finally, all the  decision variables must be non-negative.

The study area
The above modelling framework has been applied to an area that occupies a small portion of southeastern Mato Grosso (part of Midwest Brazil) and that is included within a region with very specific climatic and ecological characteristics, called Cerrado. The study area (Figure 2) includes the municipalities of Rondonopolis (3,566 km2), Pedra Preta (3,590 km2), Alto Garças (3,134 km2) and Alto Araguaia (4,741 km2) (IBGE, 2009), with a total population of about 237,000 (IBGE, 2012). The data used in the study are mostly official figures derived from Brazilian online information systems, where a rich and detailed archive of data is maintained according to law 12527 (November 18, 2011) to allow “greater popular participation and social control of government acts as well as an improvement in public management”.
In 2011 the cultivation of soybean was predominant, exceeding 60% of the cultivated area (IBGE, 2014). Other common crops were cotton (18% of the surface), corn (13%) and sorghum (3%). The tropical savannah of the Cerrado is rich in plant and animal biodiversity and is currently threatened by the progressive expansion of these extensive soybean plantations. Further growth of the agricultural areas should thus be avoided (Janssen and Rutz, 2011), also for its negative impacts on soil carbon budget (Lapola et al., 2010).
There are two relatively large biodiesel production plants, one in Rondonopolis with capacity of 245.5 thousand m3 per year and the other in neighboring state of Goias, close to the border and only a bit smaller (ANP, 2011). Other small plants around Rondonopolis add some 13 thousand m3 to the production capacity of the area.
The Brazilian Government is fostering the development of biodiesel through a specific National Program for Production and Use of Biodiesel (PNPB), approved in 2005, that called for a mandatory 2% biodiesel in the car fuel mix (the so-called B2) from 2008. Then, starting January 2010, the required biodiesel fraction increased up to 5%. The PNPB also aimed at decreasing GHG emissions, at promoting the use of renewable sources of energies and at fostering social development. Specifically, regional development and employment were promoted through a tax reduction and priority in selling for plants that produce biodiesel from seeds obtained from “family” agriculture, i.e. that carried on by family members on relatively small lots (up to 90 ha in Mato Grosso), mostly with reduced mechanization (see Ministry of Agriculture, Livestock and Food Supply, 2006). To enjoy the governmental facilitations, Mato Grosso biodiesel producers must purchase at least 15% of raw materials from family farmers and assist them in the selection of the most suitable oil crops for their land (Official Gazette, July 19, 2009).
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Implementation of the modelling framework
Crop selection
The first step of the procedure is the selection of oleaginous crops that can be cultivated to supply feedstock for biodiesel production in the area. Preceding studies (Emerging Markets, 2012) have identified the most suitable crops for Mato Grosso: soybeans and cotton (which in fact are already cultivated), castor, peanuts, sunflower, palm and jatropha. All the selected crops have a cycle of few months, with the exception of palm tree and of jatropha, which are perennials with a life cycle of several years. Each of these crops has specific needs in terms of temperature and precipitation patterns, which are summarized in Table 1.
The average temperature in the studied region is 25°C, with a maximum of 40°C in the summer. The coldest months are June and July, with temperatures ranges from 10 and 20°C. The dry season spans from April to September, while the rainiest period is from November to January, with 400-640 mm falling on average in the three months (Bergmann et al., 2013). Palm trees were thus excluded from this study because all the considered territory has an insufficient rainfall supply. 

Table 1
Area suitable for cultivation 
The second step consists in identifying the area that is suitable for the cultivation of the selected oleaginous crops. Soil type, slope and altitude were the parameters analyzed to determine the suitability. Latosols and Podzols, which are prevalent in the area (EMBRAPA 1981), are both appropriate for the cultivation of the selected crops. Furthermore, we excluded areas that are above 750 m a.s.l. or that have slopes greater than 20°, the latter exclusion is meant to facilitate the use of agricultural machinery. Results are presented in Figure 3.
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The optimal growing conditions are realized where all the crop requirements (temperature, precipitation and soil characteristics) are contemporarily met. These can be determined with an intersection operation of the thematic maps representing separately each condition. Clearly, also areas which do not have all the best features can be cultivated, possibly with a reduced yield and/or a larger use of fertilizers (i.e. energy). Determining how the productivity of a certain crop changes in each possible condition would require extensive real data to develop a suitable productivity index (as, for instance, in Yang et al., 2003). Since such data are not available for the area and the crops under consideration, we have adopted the simplified method suggested in Fischer et al. (2010) where the optimal productivity is decreased by 20% in all the areas where at least one environmental condition is not optimal (even if still acceptable for the crop).  
Area availability 
Not all the suitable area is available for cultivation. For example, protected areas, such as natural parks, have been excluded. Additionally, we have assumed that only land currently planted with soybeans and cotton (262,500 ha in 2011) can be exploited for oleaginous crops. 
Our assumption limits the possible competition for land with food agriculture and does not modify other current land uses such as pasture or forest. This may contribute to the acceptability of the suggested plans since they will represent only a moderate variation with respect to present land uses.
The suitable and available area was divided into discrete units that can be considered as homogeneous under all aspects. The region of Cerrado is large and with little variations, which indicates that relative large cells can be assumed. In particular, square cells with size equal to 2,500 ha each have been adopted and resulted in a total of 105 cells available for the allocation of the crops (see the case of sunflower in Figure 4). This is indeed a rather coarse definition; however, it is sufficient for the purpose of this paper.
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Other assumptions and parameters of the model 
Several other assumptions have been made in order to take into account all those factors that best describe the local conditions within which planning decisions will be taken. In particular, special consideration has been given to family farming. First, we assumed that at least 15% (the proportion imposed by the National Biofuel Plan) of the raw material must be produced by family farming. 
Second, family farming is supposed to be evenly distributed on the territory. Indeed, recent studies, such as da Silva Cesar and Batalha (2010), report that this dispersion is one of the main difficulties for effectively involving family farmers into development plans. Third, castor and the intercropping of castor and peanut are the sole crops that were assumed to be suitable for family farming, since they do not require a heavy agricultural mechanization. Castor in particular has been indicated by the PNPB as the most advisable choice due to its adaptability to various climatic and soil conditions. It is also the crop with the minimum environmental impact under several viewpoints, according to Padula et al. (2012). The intercropping of castor with peanuts, on the other side, exploits the nitrogen stored by the latter to avoid almost completely the use of chemical fertilizers (De Albuquerque et al., 2008). 
This translates into the additional constraint that family production (farming method f=2) exceeds 15% of the raw material, i.e.

						(6)
where  is an additional decision variable representing the ratio of family farm surface in each cell.
We assumed that the cultivation of cotton in the current area provides oil seeds as “free” by-product of the textile sector, while its expansion above this limit would mean attributing to oil production all the energy of cotton cultivation, thus making its energy balance heavily negative.
As for oil extraction and the conversion into biodiesel, we assumed that the process is similar for all the considered oilseeds. The biodiesel production process is based on transesterification, a reaction that produces a byproduct that can also be commercialized (Rathmann et al., 2012). The large majority (82%) of Brazilian plants use methanol for such a process. Energy and emission values were taken, where possible, from Brazilian studies (e.g. for sunflower and soybean, from Gazzoni et al., 2005) or from other available studies, since some of the selected oleaginous crops are not currently grown in Mato Grosso, nor even in Brazil.
A 2% oil loss during the extraction process was assumed and we disregarded the potential energy production from soybean meal, castor cake and other by-products, though, according to some authors (see, for instance, Nogueira, 2011) they may constitute a portion of the energy balance as important as biodiesel itself.
Existing plants in the area presently produce also edible oil. Clearly, a full biodiesel production would disrupt the local food market and thus we have assumed to dedicate to biodiesel production only half of the plant capacities, leaving the remnant available for food production. This is also consistent with the figures in Padula et al. (2012), which report an idle capacity of Brazilian biodiesel plants close to 60%, and with the official statistics of the ANP (Brazilian National Agency for Oil, Gas, and Biofuels). 
As to the distance of such plants from the crop fields (each cell), it cannot be computed from the road network since there is basically only one main road crossing the region, practically linking the plant at the western border with that on the eastern side. The distances have thus been computed using again GIS tools in the following way: first, the geometric distance from the cell center to the existing roads has been computed, and, second, the distance along the route of the road had been added. Energy and emission factors to account for feedstock transportation have been taken again from a Brazilian study by Bovolenta (2007).
The numerical values used in this study are summarized in Table 2. These values confirm that the energy needed to grow cotton is much higher than other crops and it exceeds by large the energy output of oil from cottonseeds (Chechetto et al., 2010). However, if cotton is cultivated for the textile industry, then cottonseeds can be considered a by-product with zero energy for cultivation and the overall balance of biodiesel production from cottonseeds returns a positive value. 
GHG emissions, also reported in Table 2, were estimated for cultivation, thus including fertilizers, chemicals and diesel usage for farming operations. The amount of fertilizers, chemicals and diesel considered are consistent with the estimated energy input, since the same sources were consulted. The emission factors for fertilizers (nitrogen, phosphorus, potash and lime), chemicals (herbicide and insecticide) and diesel are from Nogueira (2011), while that of lime is derived from the Australian FEAT database (FEAT, 2012) adding some value taken from Brazilian studies (de Souza et al., 2010). The release of nitrous oxide from nitrogen fertilization has been added taking into account the high global warming potential (almost 300 times that of CO2) of this gas. Considering once more the specific situation of the area, a cultivation based on a very limited amount of fertilizers has been assumed, wherever possible. Finally, the emission factor of fossil diesel has been derived from the BIOGRACE database (2012). 
The calculation of the Simpson index has been made separately for each municipality and then aggregated with a sum weighted by the relative surface, in order to avoid that an extended monoculture in one municipality could show a good performance, provided the crops differ in the different municipalities. 
Table 2

A complete validation of the above model was not possible since the specific location of the cultivated areas is not known. The surface covered in 2011 by soybean and cotton in each municipality was entered in the model and, as a proxy for the validation, the actual biodiesel production of the considered plants was compared with that computed by the model. When assuming an average productivity for soybean and cotton, such a difference is less than 1%. 

Results
All the non-dominated solutions of the problem defined above, i.e. those in which the improvement of one objective implies a worsening of the others, define the so-call Pareto frontier, which is a three-dimensional surface (Romero and Rehman, 2003). Such a surface can for instance be obtained by the well-known ε-constraint method, which requires the net energy and the avoided emissions to be constrained to a minimum value. The third objective, that is the Simpson index, is then maximized. By solving the resulting single-objective non-linear program (the Simpson index is a non-linear function of the decision variables) many times, for different values of the constraints on the energy and avoided emissions, one obtains the complete Pareto frontier. Each point of such a surface corresponds to a certain area to be cultivated with each crop, a certain amount of raw material transported and processed in each plant, a certain production of biodiesel, and an amount of energy and emission in each phase of the supply chain. We will analyze here only few of these variables. The problem has been solved using What’s Best software (LINDO Systems). Overall, the problem has slightly more the 2100 decision variables and 400 constraints; the solution time is definitely negligible, which allowed to solve the several hundred instances of such problem necessary to determine the Pareto-optimal set.
Figure 5 represents the intersection of the 3D Pareto frontier with the plane defined by two objectives at a time. These sections are interesting to define the trade-offs between two of the objectives, while the third is disregarded, as well as to show what are the extreme values that each objective can attain. For instance, Figure 5a shows that, under the set of assumptions defined above, the net energy produced by the entire system is positive and may vary between a maximum of about 1850 TJ/year, when energy production is considered as the only objective, and a minimum of about 1500 TJ/year when, on the contrary, we maximize the crop diversity. Correspondingly, when maximizing the Simpson index, we can obtain a value of 0.85 (note that the absolute theoretical maximum is 0.86 which is the value reached when the land is perfectly split among the different crops) and a minimum of 0.7 reached when we maximize energy. Indeed, when the net energy is maximized, the solution of the problem allocates as much land as allowed by the constraints to the most productive crop/s (given that the production also depends on local soil characteristics, it may happen that different crops are the most efficient in different areas). This of course comes at the expenses of crop diversity. Such a value corresponds in fact to a wide cultivation of sunflower (about half of the available surface). A portion of the remaining land is always devoted to cotton (when considered as a by-product of the textile industry cotton seeds are obviously the most convenient feedstock) and another portion to family crops. The satisfaction of the constraint of the National Biodiesel Program, eq. (6) in the problem formulation, requires about 18% of the surface to be dedicated to family farming. This percentage is obviously higher that the 15% required by law, since the productivity of family farming is lower (castor and peanuts are less efficient than other crops).
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The curve in Figure 5b shows the trade-off between the Simpson index and the avoided GHG emissions. It is possible to observe that the maximum that we can avoid in terms of GHG is around 125 kt of CO2eq per year. Even when maximizing crop diversity, some 60 kt CO2eq per year can still be saved.
Finally, the third section in Figure 5c shows that the relation between the saved emissions and net energy is practically linear. This is explained by the fact that, with the only exception of the emissions due to the application of fertilizers, emissions are calculated by emission factors times the specific source of energy (e.g., diesel, electricity …). Similar results are presented in Čuček et al. (2012), where the relation between economic profits, and the carbon footprint is shown to be linear.
A criterion often applied to select a particularly interesting solution among the Pareto optimal ones is the so-called Utopia minimum distance. This calls for the choice of the Pareto solution “closest” to the Utopia point, i.e. that corresponding to the independent optima of the three objectives: a situation, as the name suggests, that cannot be achieved in practice. Assuming that the three objectives have the same importance, the “closest” may be translated as the point of the frontier having the minimum geometric distance between the solution and the Utopia point coordinates (see the example in Figure 6). However, before performing such a calculation, it is essential to standardize the objective values in order to make the distances comparable. If not, differences in energy production (a number of the order of thousands) would appear much more significant than differences in the Simpson index (a number smaller than one). So all the values of the objectives have been mapped to the interval 0_1 and finally the minimum distance from Utopia point has been computed. According to this criterion, interesting solutions are those having a net energy production around 1840 TJ/year, saved emissions of about 105 ktCO2eq and a Simpson index of 0.77. This corresponds to 46% of land cultivated with sunflower, 19% with cotton, around 14% for jatropha and castor. Despite it is outside the purpose of this paper to analyse such a solution from the economic viewpoint, one can compare it with the situation in 2011, in terms of income for the agricultural sector. Using the average prices of crops in Mato Grosso for the last ten years, the solution presented above would imply a decrease of the total income of about 12%. Such a difference may go down to 25% when the minimum crop prices of the period are considered or become positive and equal to 6% when maximum prices are assumed. From these estimates, the value of cotton seeds has been always excluded, since its surface does not vary in the efficient plan examined, and its price, as already mentioned, depends much more on the textile industry than on biodiesel transformation. For jatropha (or piñao manso, as it is called in Brazil) international prices have been assumed since a specific market in Brazil has not been established yet. This reinforce the necessity of a more accurate economic assessment in the future.
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Looking at the three curves in Figure 5, the most interesting relation is certainly the one between the net energy produced and the crop diversity index. It provides a quantitative evaluation of the “cost” of increased crop diversity in terms of reduced energy production. Its rather sharp curvature means that, if one disregards the emission saved, a relatively small decrease in energy production allows a relevant increase in crop diversity. For instance, sacrificing less than 2% of the energy production, one may obtain a 16% improvement in crop diversity, and, even deciding to obtain the maximum Simpson index, the loss of energy is 18%. 
Table 3 provides the values of the objectives and of the volume of biodiesel produced for few selected points. The four maps in Figure 7 illustrate the extreme solutions in terms of cultivated areas; for example, the map in Figure 7a shows the situation where the net energy is maximized. Additionally, Table 4 compares the surface area for each crop in the case when avoided emissions are maximized (Simpson index equal to 0.59), when energy is maximized (Simpson index equal 0.7) and when crop diversity is maximized (Simpson index equal to 0.85). It appears as the first two solutions are largely coincident and their only difference is the shift of a portion of sunflower area to jatropha.

Table 3
Table 4
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Another interesting consideration that emerges from the solution of the problem is the very low impact of transport (between 1 and 6% of the net energy production) in contrast to the relevant energy costs of the production phase (they may reach 82% of the gross energy output). Additionally, the shifting towards jatropha implies a larger production of fuel  and thus a saturation of the allowed capacity of the conversion plants, which may become the active constraint.
Sensitivity analysis
The most interesting parameter variation to analyse is by far the crop productivity. Assuming a fixed value for it is in fact a strong simplification since it certainly varies in time and space. Figure 8 for instance shows the variation of soybean productivity in Mato Grosso and Brazil in the period 1990-2011.
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An extensive sensitivity analysis of the model results has thus been performed by varying the productivity of each crop in each parcel with a uniform distribution within historical values. The results are represented by the dashed lines in Figure 5a, which represent the Pareto front plus and minus a standard deviation of the energy production. As it can be seen, a variation of the crop productivity determines a deviation of about 3% when optimizing the energy alone, and this increases to 3.5% when the objective is the maximization of the crop diversity, since the requirement of equal crop surfaces reduces the space of available choices, making the results more sensitive to productivity changes. The sensitivity of the other objective (GHG reduction) is quite similar, but less interesting since it is almost linearly related to the net energy production, as already noted. 
To deepen this analysis, one can assume that the productivity of jatropha increases up to 3600 kgoilseeds/ha, as it happens 3-5 years after planting (Wang et al., 2011). The situation substantially changes. A new Pareto frontier can be computed that shifts toward higher net energy values. Figure 9 shows the section of such a new frontier with the plane net energy-crop diversity, which must be compared with the one in Figure 5a (dashed in Figure 9). 
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It clearly appears that the energy production is much higher (the absolute maximum goes from 1850 to more than 2400 TJ/year) and this corresponds to a complete substitution of sunflower with jatropha (54% of the cultivated land). But it is also interesting to note that, in this solution, only about 73% of the available land is exploited, since the available capacity of the conversion plants limits further development. On the other side, when maximizing the crop diversity, the land allocation remains the same as before with a full exploitation of that available. With an increased net energy production the land devoted to family farming (which supposedly continues the cultivation of castor and peanuts with the same productivity as in the previous case) must also increase to satisfy the constraint of the National Plan.

Concluding remarks
The modelling framework proposed in this paper allows describing the multifaceted nature of short-term biodiesel production plans thanks to a mathematical formulation of its most significant objectives. Additionally, the main environmental and social consequences of such plans may be analytically evaluated, from the GHG emissions of the various phases of the production chain to the land to be devoted to family farming. As a decision support tool, it must be interpreted as a method of reasoning in a systematic way over the problem and a means for understanding the consequences of given assumptions. Therefore, despite its limitations, it may well serve as a basis for further studies and for more informed decisions. The results of the case study highlight the importance of defining a quantitative measure of crop diversity to allow the comparison of this ecological objective with other industrial and environmental ones. The proposed solution, for instance, would almost double the net energy production with respect to 2011, with a correspondent crop diversity index that constitutes an almost 50% improvement over the average Cerrado crop diversity, as recently measured by satellite imagery (Arvor et al., 2012). At the same time, the reduced CHG emission would constitute about 6% of those foreseen by the  Low Carbon Agriculture (ABC) Plan, created in 2010 by the Brazilian government, that entails a number of massive interventions in other areas such as  restoration of degraded pasturelands or promotion of nitrogen fixating techniques. 
show for instance the possibility of favoring a more diverse crop mix without significantly compromising the biodiesel production.
What clearly appears from the application of the suggested framework is that, despite the procedure is very general, it must be tailored to the specific situation: results strongly depend on the local conditions and can hardly be extended to other cases. This notwithstanding, studies like that presented in this paper may help clarifying some basic questions, detect the role of each variable, analyze the consequence of different hypotheses. This means they may really constitute a useful support to decision makers.
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[bookmark: _Ref348611222]Table 1: Optimal temperature and precipitation ranges and cycle lengths for selected oleaginous crops.

	Crop
	Temperature range 
(°C)
	Precipitation range
(mm/cycle)
	Cycle length
(month)

	Castora
	20-35
	600-700
	5

	Cottona
	18-30
	700-1300
	5

	Jatrophab
	20-45
	250-3000
	Perennial

	Palm tree a
	25-27
	1800-2000
	Perennial

	Peanutsa
	25-35
	450-700
	4

	Soybeana
	20-30
	450-800
	6

	Sunflowera
	8-34
	500-700
	4

	a Embrapa, 2010; b Lapola et al., 2009. 








[bookmark: _Ref348611073]Table 2: Productivity, oil content and energy requirements for the cultivation of selected oil crops.
	Oil crop
	Yielda
(kgoilseeds/ha)
	Share of oil in seedsa
(%)
	Energy for cultivation
(GJ/ha)
	GHG emissions from cultivation 
(kg CO2eq/ha) 
	GHG emissions from processing 
(kg CO2eq/ha)

	Castor
	1,080
	45
	11b
	827
	450

	Cotton
	1,800
	26
	0
(56c)
	0
(4057)
	437

	Jatrophad
	3,000
	34
	9
	1465
	1610

	Peanut and castor
	1,140
	49
	7e
	770
	516

	Soybean
	2,985
	19
	11f
	958
	560

	Sunflower
	1,580
	40
	12f
	866
	590

	a Embrapa, 2010; b Chechetto et al., 2010; c De Albuquerque et al., 2007; d Wang et al., 2011; e De Albuquerque et al., 2008; f Gazzoni et al., 2005.






[bookmark: _Ref348535326]Table 3: Values of the energy, GHG emissions and crop diversity objectives for selected points of the Pareto frontier.

	
	Je
[TJ/yr]
	Jd 
[-]
	JG
[k tCO2eq/yr]
	Biodiesel production
[103m3/yr]

	Max energy 
	1853
	0.70
	108
	187.9

	Max avoided emissions
	1721
	0.59
	126
	165.5

	Max crop diversity
	1510
	0.85
	57
	187.9

	Min distance
	1840
	0.77
	105
	187.9

	Utopia
	1853
	0.85
	126
	-





[bookmark: _Ref349561709]Table 4: Land allocation (103ha) of the different oleaginous crops when maximizing separately the objectives 
	Oil Crop
	Max avoided emissions
(Simpson = 0.59)
	Max net energy
(Simpson=0.7)
	Max Simpson
(Simpson = 0.85)

	Castor
	37.2
	37.2
	43.1

	Cotton
	49.7
	49.7
	45.1

	Jatropha
	0
	33.9
	42.6

	Peanut + castor
	12.4
	12.4
	43.9

	Soybean
	0
	0
	43.7

	Sunflower
	163.2
	129.2
	43.9
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