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I. Introduction


Less than ten years ago there was little to no interest in Jatropha: a wild green thorny shrub that farmers in India, Africa and Central America would often plant to fence in livestock like goats or make soap.  The status of jatropha, however, has since changed.  For years environmentalists, concerned with sustainability and climate change, have urged policy makers to invest in fuel sources other than oil.  With recent increased environmental awareness due to the mounting evidence that global warming is occurring, the public is beginning to push for renewable fuel sources.  In addition to this new environmental consciousness, oil prices have increased sharply in the past couple of years, reaching over $100 a barrel. Oil spikes coupled with dependence on countries in an increasingly unstable Middle East is prompting investors to search for lower-risk fuel sources.  America has put the majority of its investment into ethanol; however, other countries along with private investors are looking for biofuels other than ethanol, especially with rising food prices.  Given this perfect storm, of sorts, in which people are concerned about emissions and oil prices, yet are hesitant to switch to ethanol because of food prices and the costs of processing, investors are looking for a fuel source that is clean and does not trade off with crop lands.  A possible solution might be Jatropha.  In December of 2007, the Wall Street Journal ran a story highlighting an internal report at Goldman Sachs that cited Jatropha as one of the best candidates for future biodiesel production.  Speculation over the crop has ensued since then.  Numerous NGOs including the World Bank, the International Plant Genetic Research Institute, Austrian and German Technical Assistance Programs, the Rockefeller Foundation, Appropriate Technology International and Intermediate Technology Development Group are all pushing the plant (Openshaw, 2000). Yet despite this excitement over the potential of Jatropha, a host of uncertainties abound.   This uncertainty in large part may be due to inconsistent numbers in the scientific research on the subject, the lack of industrial-size production, and the failure to domesticate the plant to date.  Even within the academic community, the citations on the scale of Jatropha cultivation vary considerably; some papers published as recent as this year allege that large-scale production of the plant has already occurred whereas other studies from the same year state that industrial-size production has never been attempted.   These clear discrepancies obfuscate the already uncertain study of the plant. Jongschaap et al. (2007) conclude their recent discussion of Jatropha with a similar summation of the existing literature: 

Predictions of productivity, however, seem to ignore the results of plantations from the 1990s, most of which are abandoned now for reasons of lower productivity and/or higher labour costs than expected.  Hence, a major constraint for the extended use of J. curcas seems to be the lack of knowledge on its potential yield under sub-optimal and marginal conditions.  This makes it difficult to predict yields from future plantations under sub-optimal growth conditions, the conditions where J. curcas is especially supposed to prove its value.  Moreover, reliable predictions of the productivity are necessary to make reasonable decisions on investment…It has become clear that the positive claims on J. curcas are numerous, but that only few of them can be scientifically sustained.  The claims that have led to the popularity of the crop, are based on the incorrect combination of positive characteristics, which are not necessarily present in all J. curcas accessions, and have certainly not been proven beyond doubt in combination with its oil production. (Jongschaap et al., 2007: 4). 

To be fair, it was our initial intent in this research to advocate for substantial investment in Jatropha as a future biodiesel.  However, as we pursued such a research track, we found it near impossible to come across inconsistent data on the rate of growth for the plant, the mean oil production per plant, the cost connected to converting the seeds into biodiesel, the variation in growth depending on climate, and the environmental costs associated with substantial growth of the weed.  Existing research is not devoid of data, per se; a number of studies in India have produced estimations of the potential yield from the seeds of Jatropha. However, a good deal of these papers conclude with widely different estimates likely do to sample size and growth conditions.  Further, like two ships passing in the night, many of these studies do not account for previous results and just analyze the plant under new conditions.  This is not to say that the science is unreliable because it is shoddy research but that the science is reliable paper to paper because of the lack of cross-referencing and inter-citation. Thus, instead of presenting the case for investment in Jatropha, this paper strives to explore the uncertainties rather than quickly resolving them.  This paper would be best understood as a far more objective approach to Jatropha.  We do not seek to resolve all of the questions with Jatropha but rather highlight reasonable variations in expected plant growth, oil production, processing and efficiency.  It is our aim to stress the deviations within some existing studies in order to present benchmark numbers for what might be expected of Jatropha production, cultivation, and conversion to fuel.  In what follows we pursue a more balanced investigation in the potential biodiesel that is Jatropha.  In section two of this paper we introduce the plant Jatropha.  Understanding the biological characteristics of the plant, the climates in which it naturally grows, and the areas of the world in which it is cultivated is critical to navigating the various uncertainties associated with Jatropha that we devote the latter portion of the paper to.   Section III of this paper reviews the current scholarly work that has been done on the plant.  Not only should this section acclimate the reader to much of the current debate on the subject but also it will stress the contradictions and existing holes in the research. Section IV is devoted to some of the aforementioned biological and economic uncertainties attached to cultivating the plant.  We attempt an economic analysis of the growth, harvesting, production and refinement of Jatropha into biodiesel.  In Section V we explore the possible political and social costs associated with mass production.  With many biofuels, production is not just a question of economics but also the political circumstances within the country and the social costs of growing to people and the environment.  With varying uncertainties stated and a thorough cost benefit analysis, we turn in Section VI to a discussion on directions for future research and development. We conclude the paper by underscoring the uncertain nature of Jatropha and making some recommendation as to how best to pursue investment in the crop.  

II. Background on Jatropha
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Jatropha is actually a genus of nearly 175 species of shrubs, low-growing plants, and trees.  However, discussions of Jatropha as a biodiesel are actually talking about a particular species of the plant, Jatropha curcas, which is also called Barbados nut in Central America and has been known as Physic nut or Pourghere in parts of Africa and Asia.  Jatropha curcas is a perennial shrub that, on average, grows approximately three to five meters in height (see figure 1 - a). It has smooth grey bark (b).  The leaves are large and usually pale green (c) and the plant produces flowers (d and e).  Fruits (f and g) are produced in winter or throughout the year depending on temperature and soil moisture. The curcas fruit contains 37.5% shell and 62.5% seed (h) (Singh et al., 2007: 1). Seeds are said to resemble castor in seed shape and black in color. They are 42% husk and 58% kernel (Singh et al., 2007: 1).  Seeds are encased within green capsules in the plant’s fruit.  Seeds often become mature when the capsules change from green to yellow.  


Jatropha curcas can be grown from either seed or cutting.  For plants started as seed, germination is achieved within nine days and yielding begins between nine and twelve months. However, effective yields as approximated in numerous studies only can be obtained after about two years.  Generally, multiplication of the Jatropha plant occurs through cuttings rather than by seeds because such a process produces faster results.  Because Jatropha is a perennial, ploughing and planting are not needed regularly.  By many estimations, the shrub will live approximately forty to fifty years and will produce seeds three times per annum (Van Eijck and Romijn, 2008: 313).  

The plant is indigenous to parts of Central America, however it has spread to other tropical and subtropical regions in Africa and Asia (see Figure 2 for the regions in which Jatropha is cultivated).  Specifically, Jatropha is being grown in Benin, Brazil, China, Egypt, Ethiopia, Ghana, Guinea, India, Madagascar, Mali, Mexico, Mozambique, Namibia, Senegal, South Africa, Sudan, Tanzania, Uganda, Zambia and Zimbabwe (Henning, 1998).  
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As evident by the number of countries in which it is being cultivated, Jatropha curcas grows in a variety of climates and soils.  There are reports that the plant can be established in gravelly, sandy, degraded, or acidic soil (Jones and Miller, 1992; Openshaw, 2000).  However, such a contention lacks scientific consensus.  Some studies have highlighted the stunted growth of the plant in areas with heavy metal contamination (Kumar et al., 2008: 2082).  There is also some evidence that curcas has the possibility for reclaiming marginal soils by re-anchoring the soil with its substantial root system.  In theory, the plant’s deep roots would recycle nutrients, and reduce the possibility of erosion (Spaan et al., 2004).  Francis et al., (2003) have demonstrated that soil structure in India increased 18 months after Jatropha was planted.   Yet despite this evidence, Heller (1996) and Soares Severino et al. (2007) note that rooting patterns vary based on propagation method.  While plants originating from seeds improved soil quality (because they grew a thick primary tap root), plants propagated by cuttings never developed a primary root system and therefore had little effect on soil quality (and were less hardy in sandy areas). 
A unique facet of Jatropha curcas is its naturally high level of toxicity, which acts as a deterrent to pests.  This defense, though, should not be overstated; “The assumed tolerance of J. curcas to pests and diseases that have been reported are merely based on observations of singular and solitary trees, and do not apply in general to J. curcas grown in plantations.  The toxic characteristics of J. curcas, caused by constituents in leaves, stems, fruits and seeds may suppress damaging effects from some predators, but certainly not all.  In plantations, especially under humid conditions, serious problems have been reported with fungi, viruses and the attack of insects” (Jongschaap et al., 2007: 23).  Despite these reservations, Jatropha is comparatively hardier than other oil-producing crops.  In addition to the plant’s ability to grow in poor soil and deter pests, it also adapts well in vary rainfall conditions.  The plant is resistant to a high degree of aridity and also can survive with a large amount of rainfall; very little irrigation is necessary (Agarwal and Agarwal, 2007: 2315).  Jatropha is also highly adaptable which has led to its cultivation for a number of purposes throughout the world.  Yet uncertainties abound here as well; because the plant has not been domesticated (i.e. has wide genetic variation and has not been cultivated on a large scale), none of these studies assume the close planting of a number of the shrubs in a singular location like a plantation.  Some scholars speculate that clustering would reduce the plants adaptability to highly arid climates (Jongschaap et al., 2007: 7).  Additionally, a recent study of Jatropha growth in India reveals evidence of a correlation between plant growth and the amount of water the plant received (Wan et al., 2007). 


While there are a number of reasons Jatropha is grown, arguably the biggest one (and the focus of this paper) is as a potential biodiesel. Jatropha is attractive to investors in part because of the biological characteristics of the seed’s oil.  Because the oil has low acidity and good oxidation stability as compared to soybean oil, lower viscosity as compared to castor oil, less of a processing cost than corn ethanol, and better cold properties as compared to palm, it is potentially very valuable (Tapanes et al., 2008: 1).  Additionally, “the use of non-edible vegetable oils compared to edible oils is very significant because of the tremendous demand for edible oils as food and they are far too expensive to be used as fuel at present” (Pramanik, 2003: 240).  Despite the potential benefits to this oil over other biodiesels, the higher viscosity when compared to traditional diesel put Jatropha at a competitive disadvantage (Pramanik, 2003: 247).  

Seed yield is perhaps the greatest uncertainty when discussing the potential uses of Jatropha as a biofuel.  Studies have found yield variation based on growth conditions (Henning, 1998) and water availability (Wan et al., 2007).  Seed yield can even vary considerably within a single plantation because of genetic diversity due to the lack of domestication of the plant (Basha and Sujatha, 2007).   Processing of the seed into a biodiesel involves pressing the seed to expel the oil, leaving a seedcake.  Methods of extraction vary.  In many small-scale production centers (such as in Mali or Tanzania), oil is extracted using the manual ram-press and the electric screw-press (Van Eijck and Romijn, 2008: 313).  In recent studies, scientists in India have experimented with using enzyme and ultrasound extraction techniques in oil production (Shah et al., 2005).  The chemical extraction method uses solvent extraction with n-hexane.  Preliminary studies show that such an extraction method may produce higher yields (Forson et al., 2004; Shah et al., 2004; Tamalampudi et al., 2008).  

There are numerous additional uses for Jatropha products because producing biodiesel.  Some of these uses are age-old.  For instance, Jatropha was traditionally used as a hedging plant in parts of India to protect agriculture and livestock and it was used in some areas in Africa as a grave marker.  Jatropha has been used in oil lamps and cooking stoves for some time now.  Many of the byproducts of Jatropha can be used.  In addition to the seeds being used for the production of oil as a fuel source or for lighting and cooking, the seeds have also been used as insecticide.  Once deshelled, the glycerin within the almond of the seed can be used to make soap.  The pressed cakes that remain after oil has been extracted are often used as organic fertilizer because of their high concentration of nitrogen.  In addition, the Jatropha wood and the seed cakes both can be used as firewood or charcoal (Kumar et al., 2008).  Because of the toxicity of the plant, the oil extract could be used as a natural pesticide if cultivated correctly.  Jatropha has also been used for much time as a natural remedy and medicine, “Jatropha is a little known herbal drug of Unani medicines. It is a potential source of herbal drug in dental complaints. The milky sap of J. curcas is used in Mesoamerica for the treatment of different dermato-mucosal diseases” (Kaushik et al., 2007: 498).  Historically, the leaves of the plant have been used to make tea to treat malaria and the sap is often used by some cultures to stop bleeding.  In aggregate, there are numerous uses to the plant when considering it in holistic terms, making it an attractive candidate to many investors and farmers. 

III. The Existing Literature


As this paper has already mentioned, there are wide discrepancies in the existing literature on Jatropha and its potential uses as a biofuel.  Some of the earliest work was done by Banerji et al. (1985).  They investigated a variety of types of biodiesel and concludes Jatropha curcas was the best because of its easy conversion to oil and because it has a high oil content (48.5% according to their study).   Since this founding study, considerable work has been done yet many of the questions have become increasingly confused.  Augustus et al. (2002), Banerji et al. (1985), Francis et al. (2005), Forson et al. (2004), Jones and Miller (1992), Makkar et al. (1997), Martinez Herrera et al. (2006), Openshaw (2000), Pramanik (2003), Trabi (1998), and Vyas and Singh (2007) all note different oil yields and energy contents for Jatropha curcas.  Such inconsistencies are striking.  They are likely due to a collective number of variations from growing of the plant to production of the oil.  For instance, Eijck and Romijn (2008) note substantial variation in growth based on land conditions and Kaushik et al. (2007) identify a wide variation in seed size in a single plantation which will have a considerable impact on oil yield estimates.  The method by which oil is extracted from Jatropha curcas will also play a role in oil yields (Shah et al., 2005; Shah et al., 2004; Tamalampundi et al., 2008).  Profitability of investment in Jatropha may be contingent on the amount of the plant that is used and the means by which those parts are turned into fuel.  Singh et al. (2007) note the potential for utilizing the Jatropha shell and husk for generating thermal energy in order to maximize profit from a singular plant.  Vyas and Singh (2007) describe a system in which the husks could be gasified.  A final area of great uncertainty is the use of oil in compression ignition engines.  Pranmanik (2003) argues that because of the high viscosity of Jatropha oil, 100% Jatropha fuel would be nearly impossible without substantial modifications to compression ignition engines.  He contends that unless the blend is heated, at most only 30% could be Jatropha oil.  Agarwal and Agarwal (2007) note considerable cost to eliminating the wax from the oil and reducing its viscosity.  Forson et al. (2004), on the other hand, argue that “pure Jatropha, pure diesel and blends of Jatropha and diesel oil exhibit similar performance and broadly similar emission levels under comparable operating conditions.”  With these uncertainties in mind, the rest of the paper seeks to objectively navigate them.

Section IV: Economics of Jatropha curcas Production

The greatest uncertainty regarding Jatropha utilization originates from the lack of cooperation between economists and scientists.  In both fields, the concept of efficiency is critical; however, economic and scientific efficiency have divergent notions of what ought to be maximized.  The result is science striving for the highest yields without concern for costs and economics fallaciously assuming the cost functions without regard for the scientific facts.  The aim of the following section is to reconcile these two fields in hopes of deriving accurate cost functions.  We will first address the costs of seed production, then the process of oil extraction, and finally the conversion of the plant oil into biodiesel via transesterification.  

Costs and Yield of Seed Production

We examine the costs of seed production on both normal and marginal lands over a six year period.  After six years, the costs and yields will stabilize and remain constant.  There are many inputs required for planting and maintaining a Jatropha crop.  These include plowing, digging the pits, applying fertilizer, seeding, filling the pit, and weeding.  Likewise, there are also many inputs required for harvesting and preparing the seeds.  These include collecting, removing the coat, and shelling.  The total costs of seed production on normal and marginal lands per hectare are summarized in the following figures:

Figure 3: Total Costs of Seed Production

	
	Normal Land
	
	Marginal Land
	

	Year
	Cost

	Present Value

	Cost

	Present Value

	1
	91.60
	91.60
	805.71
	805.71

	2
	26.62
	24.20
	201.43
	183.12

	3
	42.03
	34.74
	201.43
	166.47

	4
	84.36
	63.38
	201.43
	151.33

	5
	168.43
	115.04
	201.43
	137.58

	6
	282.34
	175.31
	230.98
	143.42

	Total
	695.39
	504.28
	1842.39
	1587.62


The dry seed yield of Jatropha planted on normal land after 6 years is estimated to be on average 3.45 tonnes per hectare.  On marginal land, this value drops to 1.8 tonnes per hectare.  The following table summarizes dry seed yields for normal and waste lands over the six year period:

Figure 4: Jatropha Dry Seed Yields

	
	Normal Land
	Marginal Land

	Year
	Seed Yield

	Cost / tonne
	Present value
	Seed Yield

	Cost / tonne
	Present value

	1
	0.30
	302.75
	302.75
	0.44
	1814.66
	1814.66

	2
	0.76
	35.17
	31.97
	1.11
	181.30
	164.82

	3
	0.91
	46.27
	38.24
	1.33
	151.11
	124.88

	4
	1.06
	79.56
	59.78
	1.56
	129.45
	97.26

	5
	1.23
	137.31
	93.79
	1.80
	111.90
	76.43

	6
	3.45

	81.84
	50.82
	1.80
	128.32
	79.68

	Total / Average
	7.71
	113.82
	96.22
	8.04
	419.46
	392.95



There are also numerous non-fuel uses for Jatropha.  The wood from the plant can be used as a fuel or for making poles.  Unfortunately, the twigs are difficult to dry out, and the poles tend to sprout.  (Openshaw, 2000)  Nevertheless, the live pole is used in some countries to support vines such as the vanillin plant.  (Openshaw, 2000)  There are also uses for the seed coat and shell.  Openshaw estimates a selling price of $16 and $25 per tonne for the coat and shell, respectively.  Additional income can also be obtained from intercropping with vegetables.  The yields per hectare for wood, coat, and shell are summarized in the following table:

Figure 5: Coat, Shell, and Wood Yields (tonnes)

	
	Normal
	
	
	Waste
	
	

	Year
	Coat
	Shell
	Wood
	Coat
	Shell
	Wood

	1
	0.20
	0.16
	0.35
	0.29
	0.23
	0.51

	2
	0.49
	0.40
	0.88
	0.72
	0.58
	1.29

	3
	0.59
	0.47
	1.05
	0.87
	0.70
	1.55

	4
	0.69
	0.55
	1.23
	1.01
	0.81
	1.80

	5
	0.80
	0.64
	1.42
	1.17
	0.94
	2.09

	6
	2.25
	1.80
	4.00
	1.17
	0.94
	2.09

	Total
	5.03
	4.02
	8.93
	5.25
	4.20
	9.33



The additional income from coat, shell, wood and intercropping is summarized in the following table:

Figure 6: Additional Income from Coat, Shell, Wood and Intercropping (in US$)

	Normal Land
	
	
	
	
	
	

	Year
	Coat
	Shell
	Wood
	Intercropping

	Total
	Present Value

	Price ($/tonne)
	16.00
	25.00
	25.00
	
	
	

	1
	3.16
	3.95
	8.77
	0.00
	15.87
	15.87

	2
	7.90
	9.88
	21.94
	0.00
	39.72
	36.11

	3
	9.48
	11.85
	26.33
	43.00
	90.66
	74.92

	4
	11.06
	13.83
	30.73
	65.00
	120.63
	90.63

	5
	12.80
	16.00
	35.55
	109.00
	173.35
	118.40

	6
	36.00
	45.00
	100.00
	109.00
	290.00
	180.07

	Total
	80.40
	100.50
	223.33
	326.00
	730.23
	516.01


Figure 7: Additional Income from Coat, Shell, Wood and Intercropping (in US$)
	Marginal Land
	
	
	
	
	
	

	Year
	Coat
	Shell
	Wood
	Intercropping

	Total
	Present Value

	Price ($/tonne)
	16.00
	25.00
	25.00
	 
	 
	 

	1
	4.63
	5.79
	12.87
	 
	23.29
	23.29

	2
	11.59
	14.49
	32.20
	 
	58.29
	52.99

	3
	13.91
	17.39
	38.64
	43.00
	112.93
	93.33

	4
	16.24
	20.30
	45.10
	65.00
	146.63
	110.17

	5
	18.78
	23.48
	52.17
	109.00
	203.43
	138.95

	6
	18.78
	23.48
	52.17
	109.00
	203.43
	126.32

	Total
	83.94
	104.92
	233.16
	326.00
	748.02
	545.05


The following table summarizes the costs, yields, and additional income for Jatropha cultivation after year 6 when these values stabilize and remain constant.

Figure 8: Summary after Year 6

	 
	Total Cost Seed Production
	Dry Seed Yield
	Cost / Tonne of Seed
	Total Cost (Including Wood Prep)
	Cost / Tonne of Seed
	Additional Income

	Normal Land
	252.79
	3.45
	73.27
	282.34
	81.84
	290.00

	Waste Land
	201.43
	1.80
	111.90
	230.98
	128.32
	203.43


Oil Extraction

Once the seeds are harvested, the oil must be extracted in order to be processed and refined.  The theoretical maximum amount of oil in a Jatropha seed is 44% (44g oil per 100g Jatropha seed kernels) (Shah et al, 2005).  This was determined by soxhlet extraction with a hexane solvent (Shah et al, 2004).  There are several processes for oil extraction ranging greatly in both cost and efficiency.  The oil extraction methods can be divided into three primary categories: crushing the seeds with a press, aqueous enzymatic oil extraction, and three phase partitioning.  Examine Table 9 to compare their relative efficiencies of extraction.  

Figure 9: Oil Extraction Efficiency
	Method
	Oil Yield

	 
	Theoretical Maximum
	44.00%

	Presses
	Hand Press
	22.55%

	
	Motor Press
	22.98%

	
	Industrial Press
	27.00%

	Aqueous Oil Extraction
	Basic AOE
	16.72%

	
	AOE with sonication
	29.48%

	
	Aqueous Enzymatic Oil Extraction (AEOE)
	28.16%

	
	AEOE with sonication
	32.56%

	Three Phase Partitioning
	Basic TPP
	36.08%

	
	Enzyme Assisted Three Phase Partitioning (EATPP)
	40.48%

	
	EATPP with sonication
	42.68%


We shall examine each method in turn.  Each begins with the purchase of Jatropha seeds.  We will use the cost per ton of seeds cultivated on wasteland as determined above ($128.32 per ton).  Wasteland is preferred since we do not want to compete with food production on normal land.  For the seed prices, Openshaw includes a markup from the farm to the warehouse and from the market to the factory without explanation.
  It is reasonable to assume there will be transaction costs; thus, we will add $10 delivery charge per ton.  Additionally, the seeds must be cracked, have their coats removed, and be de-shelled.  This amounts to a further $9 per ton (Openshaw).  Thus, the input price per ton at the factory is $147.32.  Let us first examine oil extraction by presses.

The simplest process for oil extraction is to use a hand press.  The hand press is capable of processing 13.75 tons of seed per year (Openshaw).  By grinding and crushing the seeds manually, the press retrieves 22.54g oil per 100g of seed kernels (half of the theoretical maximum oil – 44%).  Jatropha has a density of .92g/ml at 15 degrees Celsius; thus, the hand press produces 245 liters of Jatropha oil per ton of seeds.  Examine table 10 for the cost figures and the total present discounted value over 10 years.

Figure 10: Manual Press

	Year
	Hand Press
	oil filters
	Labour

	Seeds

	Total Cost
	USD per Liter Oil
	Present
 Value
	Present Value of Liter Oil

	1
	$676
	$15
	$172
	$2,026
	$2,888
	$0.856
	$2,888
	$0.856

	2
	$64
	$15
	$172
	$2,026
	$2,276
	$0.674
	$2,069
	$0.613

	3
	$64
	$15
	$172
	$2,026
	$2,276
	$0.674
	$1,881
	$0.557

	4
	$64
	$15
	$172
	$2,026
	$2,276
	$0.674
	$1,710
	$0.507

	5
	$64
	$15
	$172
	$2,026
	$2,276
	$0.674
	$1,555
	$0.461

	6
	$64
	$15
	$172
	$2,026
	$2,276
	$0.674
	$1,413
	$0.419

	7
	$64
	$15
	$172
	$2,026
	$2,276
	$0.674
	$1,285
	$0.381

	8
	$64
	$15
	$172
	$2,026
	$2,276
	$0.674
	$1,168
	$0.346

	9
	$64
	$15
	$172
	$2,026
	$2,276
	$0.674
	$1,062
	$0.315

	10
	$64
	$15
	$172
	$2,026
	$2,276
	$0.674
	$965
	$0.286

	
	
	
	
	
	Total:
	 
	$15,996
	$0.474


Since the manual press produces 3,375 liters of oil per year, the total cost above equates to 47.39 cents per liter of Jatropha oil in present discounted value over 10 years.
  The next method used to extract seed oil is a motorized press.  It is capable of processing 184.2 tons of seeds per year, and it extracts 22.98g oil for every 100g of seed kernels (Openshaw).  That is only slightly better than the manual press.  It produces 249.73 liters of oil per ton of seeds.  Examine table 11 for the cost figures and the total present discounted value over 10 years.

Figure 11: Motor Press

	Year
	Hand Press
	oil filters
	Labour

	Seeds
	Diesel (50L per day)

	Total Cost
	USD per Liter Oil
	Present Value
	Present Value of Liter Oil

	1
	$7,993
	$201
	$344
	$27,136
	$12,831
	$48,505
	$1.054
	$48,505
	1.054456516

	2
	$799
	$201
	$344
	$27,136
	$12,831
	$41,311
	$0.898
	$37,556
	0.816428244

	3
	$799
	$201
	$344
	$27,136
	$12,831
	$41,311
	$0.898
	$34,142
	0.742207495

	4
	$799
	$201
	$344
	$27,136
	$12,831
	$41,311
	$0.898
	$31,038
	0.674734086

	5
	$799
	$201
	$344
	$27,136
	$12,831
	$41,311
	$0.898
	$28,216
	0.613394624

	6
	$799
	$201
	$344
	$27,136
	$12,831
	$41,311
	$0.898
	$25,651
	0.557631476

	7
	$799
	$201
	$344
	$27,136
	$12,831
	$41,311
	$0.898
	$23,319
	0.506937706

	8
	$799
	$201
	$344
	$27,136
	$12,831
	$41,311
	$0.898
	$21,199
	0.46085246

	9
	$799
	$201
	$344
	$27,136
	$12,831
	$41,311
	$0.898
	$19,272
	0.418956782

	10
	$799
	$201
	$344
	$27,136
	$12,831
	$41,311
	$0.898
	$17,520
	0.380869801

	
	
	
	
	
	
	Total:
	 
	$286,418
	0.622646919


Since the motor press produces 46,000 liters of oil per year, the total cost above equates to 62.23 cents per liter of Jatropha oil in present values.
  This is a large increase compared to Openshaw’s estimate in 2000 mainly due to the increase in diesel fuel costs.  This motor press could also run off Jatropha biodiesel and potentially decrease its operating costs.  The next method utilized to extract seed oil is industrial scale production as examined by a 50 year old factory in India.  The factory processes 1000 tons of seeds each year, and it extracts 27g of oil per 100g of seed kernel (27%) (Openshaw).  Thus, it produces 293.5 liters of oil per ton of seeds.  Examine table 12 for the cost figures and the total present discounted value over 10 years.

Figure 12: Industrial Production

	Year
	Energy
	oil filters
	Labour
	Seeds
	Replacement Parts
	Total Cost
	USD per Liter Oil
	Present Value
	Present Value of Liter Oil

	1
	$6,895
	$1,300
	$5,000
	$147,320
	$5,171
	$165,686
	$0.565
	$165,686
	$0.565

	2
	$6,895
	$1,300
	$5,000
	$147,320
	$5,171
	$165,686
	$0.565
	$150,624
	$0.513

	3
	$6,895
	$1,300
	$5,000
	$147,320
	$5,171
	$165,686
	$0.565
	$136,931
	$0.467

	4
	$6,895
	$1,300
	$5,000
	$147,320
	$5,171
	$165,686
	$0.565
	$124,483
	$0.424

	5
	$6,895
	$1,300
	$5,000
	$147,320
	$5,171
	$165,686
	$0.565
	$113,166
	$0.386

	6
	$6,895
	$1,300
	$5,000
	$147,320
	$5,171
	$165,686
	$0.565
	$102,878
	$0.351

	7
	$6,895
	$1,300
	$5,000
	$147,320
	$5,171
	$165,686
	$0.565
	$93,526
	$0.319

	8
	$6,895
	$1,300
	$5,000
	$147,320
	$5,171
	$165,686
	$0.565
	$85,023
	$0.290

	9
	$6,895
	$1,300
	$5,000
	$147,320
	$5,171
	$165,686
	$0.565
	$77,294
	$0.263

	10
	$6,895
	$1,300
	$5,000
	$147,320
	$5,171
	$165,686
	$0.565
	$70,267
	$0.239

	
	
	
	
	
	
	Total:
	 
	$1,119,878
	$0.382


Since the factory produces 293,000 liters of oil per year, the total cost above equates to 38.16 cents per liter of Jatropha oil in present values.
  The next category of oil extraction is aqueous oil extraction.  Shah explains the process on a laboratory scale:
Jatropha seeds were cracked, the shells carefully removed and the kernels thus obtained were used for oil extraction.  The suspension was prepared with powdered (obtained by using a homogenizer) Jatropha seed kernels (5 g) in 30 ml distilled water.  The suspension was then incubated at desired temperature with constant shaking at 100 rpm for specified time period (Aqueous oil extraction, AOE).  The upper oil phase was collected after centrifugation at 10,000 xg for 20 min and weighed.  Enzyme assisted aqueous oil extraction was performed similar to AOE (taken as control) except that the different enzyme preparations were added after the pH of the suspension was adjusted…Aqueous enzymatic oil extraction (AEOE) has emerged as a promising technique for extraction of oil from plant materials (Rosenthal et al., 2001; Sharma et al., 2002).  Its main advantages are that it is environment friendly and does not produce volatile organic compounds as atmospheric pollutants (Rosenthal et al., 1996).  One disadvantage associated with AEOE is the long process time which are necessary for enzymes to liberate oil bodies.  Another factor (sometime neglected) is the use of enzymes which are not commercially available. (S Shah et al. 2005)

In order to scale this to an industrial level some critical assumptions have to be made. Industrial scale machinery needs to replace laboratory equipment and industrial grade enzymes will be used in the place of laboratory enzymes.  The result ought to be a decrease in efficiency; however, it will be accompanied by a decrease in price.  Additionally, we may experience increasing returns to scale (or at least economies of scale) such that there are some efficiency gains.  Since it is impossible for us to predict to what extent there will be losses or gains, we will assume constant returns to scale.  The laboratory centrifuge is replaced with Decanter Noxon HSAPSS (YOM 1994).  That unit currently costs $40,600, consumes 30 kW per hour, and has a maximum capacity of 8,000 L/hour (and 800 kg/hour).
  The laboratory ultrasonic flow cell is replaced with 4 Hielscher UIP1000 - Industrial Ultrasonic Processor.  Each unit currently costs $15,950, consumes 1 kW per hour, and has a maximum capacity of 1200 L/hour.
  The 800 kg/hour limitation of the centrifuge is the constraining factor, and that equates to 1600 tons of Jatropha seeds per year when operating for 8 hours per day, 250 days per year.  Aqueous Oil Extraction with sonication yields 29.48g oil per 100g seed kernels (Shah et al. 2005).  Thus it produces 320.43 liters of seed oil per ton of seeds.  Examine table 13 for the cost figures and the total present discounted value over 10 years.

Figure 13: Aqueous Oil Extraction with Sonication
	Year
	Centrifuge
	4 x Ultrasonic Flow Cell Set
	Energy
	Labour
	Seeds
	Total Cost
	USD per Liter Oil
	Present Value
	Present Value of Liter Oil

	1
	40600
	63800
	$10,000
	$6,000
	$235,712
	$356,112
	$0.695
	$356,112
	$0.695

	2
	1000
	2000
	$10,000
	$6,000
	$235,712
	$254,712
	$0.497
	$231,556
	$0.452

	3
	1000
	2000
	$10,000
	$6,000
	$235,712
	$254,712
	$0.497
	$210,506
	$0.411

	4
	1000
	2000
	$10,000
	$6,000
	$235,712
	$254,712
	$0.497
	$191,369
	$0.373

	5
	1000
	2000
	$10,000
	$6,000
	$235,712
	$254,712
	$0.497
	$173,972
	$0.339

	6
	1000
	2000
	$10,000
	$6,000
	$235,712
	$254,712
	$0.497
	$158,156
	$0.308

	7
	1000
	2000
	$10,000
	$6,000
	$235,712
	$254,712
	$0.497
	$143,778
	$0.280

	8
	1000
	2000
	$10,000
	$6,000
	$235,712
	$254,712
	$0.497
	$130,708
	$0.255

	9
	1000
	2000
	$10,000
	$6,000
	$235,712
	$254,712
	$0.497
	$118,825
	$0.232

	10
	1000
	2000
	$10,000
	$6,000
	$235,712
	$254,712
	$0.497
	$108,023
	$0.211

	
	
	
	
	
	
	Total:
	 
	$1,823,004
	$0.356


Since the factory produces 512,695 liters of oil per year, the total cost above equates to 35.6 cents per liter of Jatropha oil in present values (51.7 cents in nominal prices).  The next type of aqueous oil extraction utilizes enzymes to accelerate the process.  Shah et al. tested three enzymes and a blend and determined only one effectively increased the yield enough to be utilized: Protizyme™.  We were unable to find out the price of Protizyme™ either on a laboratory scale or industrial scale; therefore, we are using the average price of an industrial enzyme: $15.564 per kg.
  Since the ratio is 250 mg Protizyme™ to 5 g Jatropha seeds, we require 80 tons of Protizyme™ each year which equals $1,245,120.  Aqueous Enzymatic Oil Extraction with sonication yields 32.56g oil per 100g seed kernels (Shah et al. 2005).  Thus it produces 353.91 liters of seed oil per ton of seeds.  Examine figure 14 for the cost figures and the total present discounted value over 10 years.

Figure 14: Aqueous Enzymatic Oil Extraction with Sonication
	Year
	Centrifuge
	4 x Ultrasonic Flow Cell Set
	Protizyme (80 tons)
	Energy
	Labour
	Seeds
	Total Cost
	USD per Liter Oil
	Present Value
	Present Value of Liter Oil

	1
	$40,600
	$63,800
	$1,245,120
	$10,000
	$6,000
	$235,712
	$1,601,232
	$2.828
	$1,601,232
	$2.828

	2
	$1,000
	$2,000
	$1,245,120
	$10,000
	$6,000
	$235,712
	$1,499,832
	$2.649
	$1,363,484
	$2.408

	3
	$1,000
	$2,000
	$1,245,120
	$10,000
	$6,000
	$235,712
	$1,499,832
	$2.649
	$1,239,531
	$2.189

	4
	$1,000
	$2,000
	$1,245,120
	$10,000
	$6,000
	$235,712
	$1,499,832
	$2.649
	$1,126,846
	$1.990

	5
	$1,000
	$2,000
	$1,245,120
	$10,000
	$6,000
	$235,712
	$1,499,832
	$2.649
	$1,024,405
	$1.809

	6
	$1,000
	$2,000
	$1,245,120
	$10,000
	$6,000
	$235,712
	$1,499,832
	$2.649
	$931,278
	$1.645

	7
	$1,000
	$2,000
	$1,245,120
	$10,000
	$6,000
	$235,712
	$1,499,832
	$2.649
	$846,616
	$1.495

	8
	$1,000
	$2,000
	$1,245,120
	$10,000
	$6,000
	$235,712
	$1,499,832
	$2.649
	$769,651
	$1.359

	9
	$1,000
	$2,000
	$1,245,120
	$10,000
	$6,000
	$235,712
	$1,499,832
	$2.649
	$699,683
	$1.236

	10
	$1,000
	$2,000
	$1,245,120
	$10,000
	$6,000
	$235,712
	$1,499,832
	$2.649
	$636,075
	$1.123

	
	
	
	
	
	
	
	Total:
	 
	$10,238,800
	$1.808


The addition of the enzyme significantly increases the price five-fold.  Since the factory produces 566,261 liters of oil per year, the total cost above equates to 180.8 cents per liter of Jatropha oil in present values (266.7 cents in nominal prices).  However, the enzyme can be reused up to five times.  In order to factor this in, we divided the cost of the Protizyme™ by 5.  The results are as follows:

Figure 15: Aqueous Enzymatic Oil Extraction with Sonication and Biocatalyst Reused 5 Times 

	Year
	Centrifuge
	4 x Ultrasonic Flow Cell Set
	Protizyme (80 tons)
	Energy
	Labour
	Seeds
	Total Cost
	USD per Liter Oil
	Present Value
	Present Value of Liter Oil

	1
	$40,600
	$63,800
	$249,024
	$10,000
	$6,000
	$235,712
	$605,136
	$1.069
	$605,136
	$1.069

	2
	$1,000
	$2,000
	$249,024
	$10,000
	$6,000
	$235,712
	$503,736
	$0.890
	$457,942
	$0.809

	3
	$1,000
	$2,000
	$249,024
	$10,000
	$6,000
	$235,712
	$503,736
	$0.890
	$416,311
	$0.735

	4
	$1,000
	$2,000
	$249,024
	$10,000
	$6,000
	$235,712
	$503,736
	$0.890
	$378,464
	$0.668

	5
	$1,000
	$2,000
	$249,024
	$10,000
	$6,000
	$235,712
	$503,736
	$0.890
	$344,058
	$0.608

	6
	$1,000
	$2,000
	$249,024
	$10,000
	$6,000
	$235,712
	$503,736
	$0.890
	$312,780
	$0.552

	7
	$1,000
	$2,000
	$249,024
	$10,000
	$6,000
	$235,712
	$503,736
	$0.890
	$284,346
	$0.502

	8
	$1,000
	$2,000
	$249,024
	$10,000
	$6,000
	$235,712
	$503,736
	$0.890
	$258,496
	$0.456

	9
	$1,000
	$2,000
	$249,024
	$10,000
	$6,000
	$235,712
	$503,736
	$0.890
	$234,997
	$0.415

	10
	$1,000
	$2,000
	$249,024
	$10,000
	$6,000
	$235,712
	$503,736
	$0.890
	$213,633
	$0.377

	
	
	
	
	
	
	
	Total:
	 
	$3,506,164
	$0.619


 The final category of oil extraction methods is three phase portioning.  Shah explains the process on a laboratory scale:
In this approach, called three phase partitioning (TPP), appropriate amounts of ammonium sulphate and t-butanol were added to an aqueous suspension of soybean meal. This led to the formation of three distinct phases: upper organic phase, lower aqueous phase and interfacial precipitate (consisting mostly of proteins). The oil was found in the organic solvent phase and could be recovered by evaporating the t-butanol. TPP is simple to carry out, has short processing time (about 1 h), and is easy to scale up… Jatropha seeds were cracked, the shells carefully removed and the kernels thus obtained were used for slurry preparation. The slurry was prepared by grinding Jatropha seed kernels (5 g/30 ml) in distilled water. The pH of the slurry was adjusted to the desired value with 0.1N NaOH or 0.1N HCl. The appropriate amount of ammonium sulphate was added and vortexed gently, followed by addition of appropriate amount of t-butanol. The slurry was then incubated at 25 ◦C for 1 h for the three phase formation. The three phases were then separated by centrifugation at 2000×g for 10 min. The upper organic layer was collected and evaporated on rotary evaporator (under reduced pressure at 50 ◦C, for 5 min) to obtain oil. (Shah et al. 2004)

Through experimentation, Shah et al. found that the optimal amount of Ammonium Sulphate was 30% w/v (weight of Ammonium Sulphate/volume of water and dissolved seeds).  The optimal ratio of slurry to t-butanol was 1:1.  Basic three phase partitioning yields 36.08g oil per 100g seed kernels (Shah et al. 2004).  Thus, it produces 392.17 liters of seed oil per ton of seeds.  The ratio of t-butanol to the slurry being 1:1 results in 7,496 tons of t-butanol being required to extract oil from 1600 tons of Jatropha seeds.  Such a volume of t-butanol is worth over $11 million dollars!
 Thus, it is not feasible on an industrial scale.  Examine figure 16 for the cost figures and the total present discounted value over 10 years. 

Table 16: Basic Three Phase Partitioning

	Year
	Centrifuge
	t-butanol
	Ammonium Sulphate

	Energy
	Labour
	Seeds
	Total Cost
	USD per Liter Oil
	Present Value
	Present Value of Liter Oil

	1
	$40,600
	$11,994,010
	$260
	$10,000
	$6,000
	$235,712
	$12,286,582
	$19.581
	$12,286,582
	$19.581

	2
	$1,000
	$11,994,010
	$260
	$10,000
	$6,000
	$235,712
	$12,246,982
	$19.518
	$11,133,620
	$17.743

	3
	$1,000
	$11,994,010
	$260
	$10,000
	$6,000
	$235,712
	$12,246,982
	$19.518
	$10,121,472
	$16.130

	4
	$1,000
	$11,994,010
	$260
	$10,000
	$6,000
	$235,712
	$12,246,982
	$19.518
	$9,201,339
	$14.664

	5
	$1,000
	$11,994,010
	$260
	$10,000
	$6,000
	$235,712
	$12,246,982
	$19.518
	$8,364,853
	$13.331

	6
	$1,000
	$11,994,010
	$260
	$10,000
	$6,000
	$235,712
	$12,246,982
	$19.518
	$7,604,412
	$12.119

	7
	$1,000
	$11,994,010
	$260
	$10,000
	$6,000
	$235,712
	$12,246,982
	$19.518
	$6,913,102
	$11.017

	8
	$1,000
	$11,994,010
	$260
	$10,000
	$6,000
	$235,712
	$12,246,982
	$19.518
	$6,284,638
	$10.016

	9
	$1,000
	$11,994,010
	$260
	$10,000
	$6,000
	$235,712
	$12,246,982
	$19.518
	$5,713,307
	$9.105

	10
	$1,000
	$11,994,010
	$260
	$10,000
	$6,000
	$235,712
	$12,246,982
	$19.518
	$5,193,916
	$8.277

	
	
	
	
	
	
	
	Total:
	 
	$82,817,241
	$13.198


Therefore, the most cost effective oil extraction process is aqueous oil extraction with sonification.  It results in 35.6 cents per liter of Jatropha oil in present discounted values over 10 years and 51.7 cents in average nominal prices per liter each year.  

Biodiesel production: 
Once the oil has been extracted, it can be converted into biodiesel through transesterification.  Transesterification is the process by which the triglycerides are broken such that the fatty acid chains are separated and replaced by alcohol (-OH) to form a glycerol. As explained by S. Shah, S Sharma, and M Gupta:

Two approaches for transesterification of vegetable oils for production of biodiesel are suggested.  The first is a chemical one in which alcoholysis of oil by methyl or ethyl alcohol in the presence of a strong acid or base produces biodiesel and glycerol.  The base-catalyzed transesterification is much faster and less corrosive than the acid-catalyzed reaction.  Thus alkali hydroxides are the most commonly used catalysts.  However, if the feedstock has a high free fatty acid (FFA) content (as is common with rendered fats and spent restaurant oils), excess of alkali causes loss of the free fatty acids as their insoluble soaps.  This decreases the final yield of ester and consumes alkali.  As an alternative, in these cases, one can conduct an acid-catalyzed reaction that requires higher reaction temperatures (100 °C) and longer reaction times than alkali-catalyzed transesterification.   The second approach is the enzymatic one, in which lipase-catalyzed transesterification is carried out in nonaqueous environments. Chemical transesterification is efficient in terms of reaction time; however, the chemical approach to synthesize biodiesel from triglyceride has drawbacks, such as difficulty in the recovery of glycerol and the energy-intensive nature of the process. In contrast, biocatalysts allow synthesis of specific alkyl esters, easy recovery of glycerol, and transesterification of glycerides with high free fatty acid content.  Much work has been done on the lipasecatalyzed transesterification of triglyceride.
(Shah et al., Energy & Fuels, 2004)
We shall only examine acid-catalyzed transesterification since the enzymes are too expensive for large scale production and accurate pricing is not available.  A. Kumar Tiwari et al. conducted a series of experiments to optimize such a reaction.  After 34 trials, statistical analysis, and regressions, they concluded that the optimal reaction should occur as follows: 

The high FFA (14%) level of crude jatropha oil could be reduced to less than 1% by its pretreatment with methanol (0.28 v/v) using H2SO4 as catalyst (1.43% v/v) in 88-min reaction time at 60 degrees C temperature.  After pretreatment, the product was used for the final alkali-catalyzed (3.5+acid value, w/v KOH) transesterification reaction with methanol (0.16 v/v) to produce biodiesel in 24 min of reaction time.  Quadratic polynomial models were obtained to predict acid value and % conversion.  This process gave a yield of jatropha biodiesel above 99% having properties satisfying the standards for biodiesel

Using the same setup of ultrasonification and centrifuge, we can convert 3,456 liters of  Jatropha oil into biodiesel every two hours (limited by the reaction time stated above – 112 minutes total).  That is 3,456,000 liters per year.  It requires 1,344,000 liters of methanol and 49,420 liters of sulfuric acid.  Thus, examine Figure 17 for the cost figures and the total present discounted value over 10 years.
Figure 17: Acid-Catalyzed Transesterification of Jatropha Oil

	Year
	Centrifuge
	4 x Ultrasonic Flow Cell Set
	Sulfuric Acid
	Methanol
	Energy
	Labour
	Jatropha Oil
	Total Cost
	USD per Liter Oil
	Present Value
	Present Value of Liter Oil

	1
	$40,600
	$63,800
	$6,365
	$313,933
	$10,000
	$10,000
	$1,786,752
	$2,231,450
	$0.690
	$2,231,450
	$0.690

	2
	$1,000
	$2,000
	$6,365
	$313,933
	$10,000
	$10,000
	$1,786,752
	$2,130,050
	$0.658
	$1,936,409
	$0.599

	3
	$1,000
	$2,000
	$6,365
	$313,933
	$10,000
	$10,000
	$1,786,752
	$2,130,050
	$0.658
	$1,760,372
	$0.544

	4
	$1,000
	$2,000
	$6,365
	$313,933
	$10,000
	$10,000
	$1,786,752
	$2,130,050
	$0.658
	$1,600,338
	$0.495

	5
	$1,000
	$2,000
	$6,365
	$313,933
	$10,000
	$10,000
	$1,786,752
	$2,130,050
	$0.658
	$1,454,853
	$0.450

	6
	$1,000
	$2,000
	$6,365
	$313,933
	$10,000
	$10,000
	$1,786,752
	$2,130,050
	$0.658
	$1,322,594
	$0.409

	7
	$1,000
	$2,000
	$6,365
	$313,933
	$10,000
	$10,000
	$1,786,752
	$2,130,050
	$0.658
	$1,202,358
	$0.372

	8
	$1,000
	$2,000
	$6,365
	$313,933
	$10,000
	$10,000
	$1,786,752
	$2,130,050
	$0.658
	$1,093,053
	$0.338

	9
	$1,000
	$2,000
	$6,365
	$313,933
	$10,000
	$10,000
	$1,786,752
	$2,130,050
	$0.658
	$993,684
	$0.307

	10
	$1,000
	$2,000
	$6,365
	$313,933
	$10,000
	$10,000
	$1,786,752
	$2,130,050
	$0.658
	$903,349
	$0.279

	
	
	
	
	
	
	
	
	Total:
	 
	$14,498,460
	$0.448


As examined in the table above, the price per liter of biodiesel from Jatropha is $0.658 in nominal terms.  This is significantly below the current price per liter of diesel on the New York Mercantile Exchange.  

Figure 18: Predicted Diesel Prices

	Contract
	Settlement Price (dollars per gallon)
	Dollars per Liter

	Jul-08
	3.8293
	1.011597

	Dec-08
	3.8163
	1.008163

	Jul-09
	3.7993
	1.003672

	Dec-09
	3.8018
	1.004332

	Jul-10
	3.7913
	1.001559

	Dec-10
	3.8338
	1.012786


Source: Nymex Gulf Coast Diesel Futures

V. Political and Social costs to Jatropha Cultivation


As with biological and economic cost-benefit analysis, policymakers are often put in the unfortunate position of navigating competing social and political concerns when making development decisions.  These choices are often further complicated by uncertainties caused by imperfect information; for instance, does a particular policy alleviate or exacerbate poverty?  Perhaps even worse for policymakers, there are a myriad of unanticipated costs to policies that can potentially emerge during and after implementation.  In the context of Jatropha there are certainly a number of political and social questions such as whether the market or government should sponsor the plants growth, whether local or national government should push such an initiative, whether the plant might tradeoff with other crops, or whether the initiative is intrinsically popular within a particular state.  However, in order to limit this discussion to manageable questions of political and social costs, we will only look at three facets of Jatropha cultivation: land use requirements, gender issues and the impact on poverty.  

Land Use


One of the initial appeals of Jatropha is that it can be planted in areas that generally no planting could occur.  However, while these areas may not be suited for cultivation of traditional crops, it would be a mistake to think of them as empty.  Unfortunately, some governments in their eager attempts to mass produce Jatropha are overlooking traditional uses for land where Jatropha would be grown.  India is a perfect case study for such events.  Beginning in 2003, India outlined a national plan for cultivation of Jatropha as the nation’s leading biodiesel source.  The National Biodiesel Mission was planned to be implemented in two stages.  First, a demonstration project would be carried out between 2003 and 2007, aimed at cultivating 400,000 hectares of Jatropha.  Second, this crop would be commercialized between 2007 and 2012 by continuing to cultivate the crop and by installing transesterification plants.   As a result, the central government of India financed both the seizure of land and the planning of Jatropha.  This has spelled disaster for some locals.  Shiva and Sankar (2007) take note of the systemic cultural disadvantages to Jatropha cultivation.  In Chhattisgarh land was seized by the federal government to plant Jatropha, resulting in conflict over land rights and reduced area for livestock herding.  In Vidarbha and Maharashta corporations have offered to waive existing debt farmers own from failed cotton crops in exchange for long-term Jatropha cultivation contracts.  Local farmers are offered subsidies as part of the deal until Jatropha gets off the ground, however, the government has failed to follow through with subsidies.  As a result, farmers are left with a crop for which there is no production process.  They are contractually imprisoned into poverty, causing at least one former to commit suicide and many others to sell their homes.  In Rajasthan, new laws were passed to easy the transfer of the local economy over to corporations, eroding the rural livelihoods and increasing social tensions. In short, while Jatropha may be able to grow nearly anywhere, it still will require a great deal of land which may come at the cost of traditionally local practices.  This particular case in India demonstrates a possible problem with large-scale production of Jatropha across the globe.  

Gender Issues


One traditionally ignored lens of analysis when estimating costs and benefits to developmental initiatives are gender issues.  Cuomo (1996) argues that policymakers often ignore the subtle effects of laws that lead to subjugation of women.  In the context of farming, the important questions to ask are: who does the work, who gets the money, and what effects do changes in the work have on social status?  An excellent frame for answering these questions is the emerging promotion of the use of Jatropha in Mali.  Since 1997, corporations have been contracting with local farmers in Mali to growth Jatropha and harvest the plant’s seeds.  Most of the oil from such processes are turned over to corporations, however, local villages have been using some of the residual byproducts to make soap (which they sell).  While this arrangement seems fairly straightforward, it is complicated immensely by some pre-existing gender issues within the country.  In Mali, the Jatropha hedges and the land they grow on belong to men.  The women can work the land and collect the seeds but men consistently take large portions of profit since they are the land-holders.  Because women are not allowed to own land, it creates a system in which women are forced to work and yet never can achieve economic independence.  While the Jatropha industry is not directly responsible for this societal subjugation, the emerging biodiesel market functionally subsidies the gender divisions.  These circumstances, however, are not universal across Africa.  In both Zambia and Tanzania women can purchase land and cultivate their own Jatropha crops.  In such a context, Jatropha is actually an emerging source for financial independence for women (Henning, 1998: 16). 
Poverty


While there are clearly real social concerns to consider when advocating for the cultivation of jatropha, there is also considerable evidence that jatropha could help to alleviate poverty.  What distinguishes the plant is its ability to grow in arid climates without significant use of pesticides.  The hardy nature of the plant will allow poor farmers in developing countries all over the world to grow it in areas where farming was traditionally impossible. According to a recent report by the United Nations, poverty impacts families and local farms in three ways: first, families find it hard to break the poverty cycle because a high proportion of household income goes to paying for power rather than health or education.  Second, rural development is stunted by high energy costs, making it difficult to add new industries and run machinery to maintain old ones.  Third, rural communities are fully exposed to the fluctuating availability and price of diesel fuel (You, 2006).  By shifting to biodiesel cultivation, farmers would have a consistent fuel source that they could both use and sell to make a living. Two examples bare out this argument.  In both Cambodia and rural China, farmers are investing in jatropha as a new fuel source and cash crop.  Further, researchers at the Eindhoven University of Technology have been exploring the use of Jatropha in Tanzania as a possible biofuel that could be cultivated on a micro-level as a source of income for rural farmers.  Jatropha is an attractive candidate for rural farmers in developing countries not only because it grows well in harsh climates but also because there are many uses for it.  For instance, the plant can double as living fences for livestock farmers and can serve as a biological pesticide when grown near other plants.  Rural farmers for many years have also made profits off the plant by using the glycerin in it to make soap (Wiesenhütter, 2003). In short, Jatropha potentially could be a good crop for rural farmers suffering from poverty because its adaptability and diversity of uses.  However, there are a few issues that potentially undermine Jatropha’s ability to be a quick fix for rural poverty.  First and foremost, much of the international speculation on Jatropha does not assume production on a small rural scale but rather on large industrialized plantations.  So while farmers might be able to produce the crop, they will not necessarily be able to link into the global market that would maximize the profitability of the biodiesel.  In addition, previously projects were attempted in Cape Verde and Mali but were ultimately discontinued because they proved to be unprofitable.  All of this, of course, also assumes a sufficient level of technical input, initial investment, and knowledge of processing, planting and harvest, which might be unreasonable assumptions (Wiesenhütter, 2003). In sum, even if Jatropha ends up being an attractive option for investment because it proves to be profitable, there are real questions as to whether it will alleviate poverty. 

VI. Research and Development


Clearly, the research and development priorities for J. curcas are numerous.  To begin, it is important to note that agricultural science is not a precise science.  The domestication of plants, as we have seen, is not just a scientific problem but also a problem of many time and place sensitive factors that are incredibly difficult to integrate.  Much of the research on the cultivation of J. curcas is on a case by case, area by area, and farmer by farmer basis.  Thus, the dramatic variance in the data produced is understandable since there is dramatic variance in the agricultural research and development itself.   That being said, the next stage of R&D in the agronomic practices of J. curcas should focus on ways in which production of the plant can become generally more reliable.


As already made clear, there is great uncertainty in the yield of J. curcas.  The amounts of seedlings planted per hectacre, how close they are planted, how often and how many trees are pruned, how many fruitings occur per season, how many seeds are produced per plant, and so forth varies. There are a many studies that are clear in their specifications in terms of planting volumes, layout, and care (Augustus, 2002: 162; Openshaw 2000: 5; Prueksakorn, 2008: 3388; Fairless, 2007: 652).  We see in each study, though, that decisions on crop density are not made based upon standards from comparative studies; rather, it is clear that many inferences and site-specific knowledge is used to determine the set-up of these plantations.  In this way, further R&D can continue farm by farm, and yield standardization will take a few years as the plants bed down (Fairless, 2007: 654).  


Unfortunately, crop density is not the only area of J. curcas plantation that needs to be made more reliable.  Thus, continuing R&D based upon trial and error working plantations will include not only struggles to find optimal planting strategies but also struggles to find optimal levels of watering, pruning, intercropping, fertilizing, weeding, fruting numbers, and so on.  While much of the current literature gives information on all of these factors, no two are consistent or explicit.  Standardizing an optimal yield on J. curcas for any one plot of land will take a few years, and will take filtering through the literature to match the specifics of the land (such as rainfall, soil type, seasonal variations, etc.) to the agricultural inputs needed to optimize growth. 


Such ambiguity in farming practices leaves a great need for further R&D to increase awareness of the specific biological characteristics of J. curcas individuals so that the trial and error process of plantations can be as efficient as possible.  It would be very helpful, for instance, if the seedlings and cuttings planted were as genetically uniform as possible, that is to say, if J. curcas was domesticated.  If it was certain that the plants in the fields were all genetically uniform, then it would assure that the conditions which optimize the growth of one plant will optimize the growth of many hectares of that same plant. 


 As of yet, J. curcas has not been domesticated (Fairless, 2007, 653).  It was only very recently that a method for producing transgenic J. curcas plants was published by researchers in China (Meiru 2007: 173).   Furthermore, R&D into J. curcas genetics could modify the plant to yield optimal seed volumes and thus oil content.  Moreover, more genetic breeding research can be done to exploit the drought tolerance of the plant, the toxicity levels of the plant, and the nutrient demands of the plant in order to develop strains that are particular to various land conditions.  Research in any one of these areas would lead to dramatic decreases in the uncertainties of fruiting yields in these plants. 


Moving past the agriculture necessary to produce the raw materials, there is already vast R&D focusing on the properties and potentials of the raw materials from mature J. curcas trees.  The properties of the crude oil, methods for oil extraction and methods for the transesterification of the oil to biodiesel have been published and compared in many studies over the past twenty years.   Oil extraction practices are well documented and researched for many varieties of seeds but there is also significant literature already specific to J. curcas.  Extraction is the process of removing the fatty acids in the seeds, which comprise the crude oil, from the solid, protein-rich matter of the seed.  Many of these studies already compare differences in oil yield from the seeds and show that much R&D is already being funded to make the extraction practice as efficient as possible.  The aforementioned studies investigate differences in extracting with water versus hexanes, differences in presses (Openshaw, 2000: 8; Foidl, 1996: 78; Gübitz, 1999: 77; Sharma, 2001: 1625; Augustus, 2002: 162). Other research has investigated the use of enzymes (Winkler, 1997: 449) as well as sonication (Sharma, 2003) to increase the oil yield.  Similarly, R&D into the transesterification process for J. curcas crude oil abounds.  Transesterification is the chemical process involving the reaction of the triglycerides of the crude oil with alcohol to produce long ester chains with glycerol as a byproduct.  Early studies outlined the specifics of the acid and based catalyzed reactions and compare yield differences depending on the alcohol used--ethanol or methanol (Foidl, 1996: 78).  Most recently, even research using computational chemistry has been done comparing the theoretical versus experimental mechanism and kinetics of this reaction (Tapanes, 2007: 2286).


Performance aspects of J. curcas oil and biodiesel already receive a high volume of R&D.  As reported, DaimlerChrysler announced and ran a 6,000 km road test throughout April and May of 2007 without any significant engine modifications (Fairless, 2007: 655).  There are also many reports on laboratory tests of the performance of J. curcas oil, biodiesel and blends in various engines (Gübitz, 1999: 79; Foidl, 1996: 77; Openshaw, 2000: 9).  Often, many of these reports differ significantly in their findings and thus more objective R&D is needed for this aspect of J. curcas development since this is notably the production of a fuel alternative is the most appealing aspect of investing in and investigating this plant.


Finally, before mass cultivation of J. curcas is underway, it is vital that significant R&D is performed in terms of the sustainability and environmental impact of J. curcas as a major agricultural product.  First, since a major selling point of this plant is that it is not edible, real research needs to be done to study J. curcas agronomy under conditions of poor soils and climate versus good soil and conditions to really see the potential for competition with food production.  Second, it is clear that little to no R&D on the emissions of fuel production has been done for this plant.  Very recently, a study done by Prueksakorn and Gheewala came out for the full chain energy analysis of biodiesel from J. curcas (Prueksakorn, 2008: 3388) but even this study uses many estimates of emissions at various points in the production process rather than measured data.  For instance, this study notes that in general biodiesel fuel increases NOX emissions by about 11%, significantly decreases particulate matter emissions 68%, and assumes that all CO2 emissions are totally recycled by consumption by the growing J. curcas plants.  


This study points to one final and very promising area of R&D for the J. curcas: byproducts after oil extraction.  Prueksakorn and Gheewala calculate that the three largest uses of energy in the production of biodiesel from J. curcas are methanol production, fertilizer production, and the irrigation process.  Further, they note, as do many others, there is great potential in the solid, protein rich seed cake that is left over after extraction.


The energy gain from the use of the seed cake as fuel is about three times that of its fertilizer.  However, this cannot be justification for the use of the seed cake as fuel because the air emissions from burning of the seed cake as well as environmental benefits of chemical fertilizer substitution should also be considered in addition to energy output (Prueksakorn, 2008: 3391).
There is potential for the seed cake to be used as an alternative to chemical fertilizers for not only J. curcas but many other agricultural products as well.  It is widely reported that one ton of the seed cake is noted to be equivalent in effectiveness to 0.15 t of standard Nitrogen:Phosphate:Potassium (40:20:10) chemical fertilizer (Openshaw, 2000: 6).  Howsoever, the trail of the R&D actually done to produce these figures quickly runs cold and significant studies can be done to increase the specifics of utilizing this by-product as fertilizer.  It the seed cake is a viable fertilizer, it would not only be useful as a general reduction in the world's demand for chemical fertilizer but it would put J. curcas in a place to be one of the least energy demanding sources of fuel in terms of energy input after the first initial years of production.
VII. Conclusion


Jatropha may be the solution for a number of Earth’s problems ranging from oil prices to global warming to poverty to starvation.  Or, it may just be a bust.  To date, Jatropha production has not reached a scale where these questions can be easily answered.  However, this paper has attempted to navigate the various uncertainties.  Through an exploration of the biological characteristics of the possible fuel source, the economics of its production, and its social and political costs, we make reasoned arguments as to the directions in which research and development should go in the future.  For scientists and investors, this report should serve as a useful compass for future energy decisions on J. curcas. 
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� Openshaw, 2000 (adjusted for inflation to 2008 values using Annual Indian Inflation Rate from the CIA World Factbook)


� All present value calculations are made using a 10% interest rate.


� Francis, 2005 (adjusted for inflation to 2008)


� We only had data on the aggregate yield for the first five years.  In order to make these calculations, we assumed similar percent changes in yield for normal lands as marginal lands.


� Francis, 2005


� Openshaw, 2000


� Here we assume that the ratio of coat, shell, and wood yield to dry seed yield is the same for each year.  We also assume that this ratio is the same for normal and marginal lands.  Data for normal land yield during year six and years one through five on aggregate are taken from Openshaw, 2000.


� We assume that the additional income from intercropping is the same for normal lands and marginal lands.


� Francis, 2005


� In 2000 nominal prices, Openshaw states, “The price per tonne of seed is: at the farm $117, at the godown [warehouse] $141, at the market place $187, and delivered to the factory $197.”  This is a 68% markup that is unexplained.  Although transaction costs will certainly be a factor, the factory will certainly have economies of scale to compensate.  


� Openshaw provides the cost of replacement parts and oil filters for such a press, and we adjusted the number for inflation to 2008.


� A 2007 report by the National Commission for Enterprises in the Unorganised Sector (NCEUS) found that 800 million Indians live off fewer than 20 rupees per day which equates to $172 per year. http://nceus.gov.in/Condition_of_workers_sep_2007.pdf


� $147.32 X 13.75 tons


� Discount rate of 10%


� The nominal price will be 69.25 cents per liter each year.


� Openshaw provides prices for a motor press, replacement parts, and oil filters in 2000 dollars.  We converted them to 2008 dollars.


� Increased to 2 laborers


� Determined using Nymex Futures Data


� The nominal price is 91.37 cents per liter of seed oil each year.


� Openshaw provides numbers for energy consumption, oil filters, and replacement parts in 2000 dollars.  These were updated to 2008.  He did not have any cost figures for the initial machinery costs since the factory is so old.  


� The nominal price is 56.45 cents per liter of oil each year.


� � HYPERLINK "http://www.carda-engineering.de/gebrauchtmaschinen_en.php?id=361&kid=10" �http://www.carda-engineering.de/gebrauchtmaschinen_en.php?id=361&kid=10�


http://www.noxon.se/NOXON%20-%20decanter_centrifuge_dc20.htm


� http://www.hielscher.com/ultrasonics/i1000_set.htm


� Gordon Graff, “Biofuels, pharma markets spur increased enzyme demand” 3/1/07, � HYPERLINK "http://www.purchasing.com/article/CA6419082.html" �http://www.purchasing.com/article/CA6419082.html�


Adjusted for inflation from 2005 to present and converted into kg.


� http://www.icispricing.com/il_shared/Samples/SubPage153.asp


� http://www.indian-chemicals.com
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