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Abstract 26 

Jatropha was identified as a potential feedstock to satisfy off-grid and on-grid energy solutions. However, the 27 

potential has been questioned due to agronomic frustrations, the lack of an organized value chain and heavy 28 

criticism on biofuels due to emissions triggered by land use change (LUC). To contribute to the realistic 29 

integration of Jatropha in rural development, this article proposes a modeling approach to probe the feasibility of 30 

Jatropha-based electrification in rural Africa and the layout of such a value chain.  31 

A multi-component modeling setup is presented, featuring a life cycle inventory, spatial modeling and the 32 

optimization model, OPTIMASS. In this modeling setup, OPTIMASS is parameterized with data regarding the 33 

global warming potential and the potential location of each operation in the value chain including cultivation 34 

sites and related LUC emissions. This enables OPTIMASS to spatially design the Jatropha-based on-grid and 35 

off-grid electrification value chain (i.e. cultivation, transport and storage, biofuel production and electricity 36 

generation) in Southern Mali with minimal GWP to reach 10% substitution of fossil fuels for Jatropha in 37 

electricity production for a current and two future electricity demand scenarios. 38 

Analysis of the optimization results demonstrates that emissions from transporting the oil are lower than LUC 39 

emissions per harvestable seed of other sites. Finally, it can be said that harnessing the entirety of the Jatropha 40 

value chain is crucial to make it GWP competitive relative to fossil fuels in which the location of plantations is 41 

crucial to attain low LUC-related emissions and viable yields.  42 

Keywords 43 

life cycle assessment, mixed integer linear programming, Jatropha, biofuels, Mali, sustainable development 44 
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1. Introduction 46 

Mali’s current low level of electrification and its population’s increasing demand for electricity has motivated 47 

efforts to diversify electrical energy sources and to decentralize electricity generation as mentioned by the 48 

national policy for the development of renewable energy [1]. This policy has set the goals for renewable energies 49 

to reach 10% of the energy mix by 2015 [1]. Furthermore, it aims at stimulating the development of the biofuel 50 

sector, particularly to boost local energy generation and to promote rural electrification.  51 

Jatropha was identified and encouraged as a potential feedstock to satisfy off-grid and on-grid energy solutions 52 

able to ensure energy self-sufficiency and provide additional revenues to small farmers [2-4]. This small tree 53 

yields seed, of which the oil can be extracted for direct use or conversion to biodiesel. Several studies indicate 54 

that Jatropha’s promise of being a sustainable fuel can be fulfilled in small scale systems meeting the energy 55 

needs of local communities in rural areas, rather than in massive production for large scale overseas consumption 56 

[5, 6]. Motivation has, however, dwindled due to widespread frustration among small and large Jatropha farmers, 57 

investors and targeted communities, who faced both agronomical challenges and the lack of a value chain 58 

befitting their needs downstream of cultivation [7-10]. 59 

In the midst of the boom and bust trajectory of Jatropha, biofuels became the target of heavy criticism due to 60 

estimates that greenhouse gas (GHG) emissions caused by converting land into bioenergy crops may surpass the 61 

benefit of replacing fossil fuels [11, 12]. The magnitude of emissions from direct land use change (LUC) 62 

depends on local site conditions, on the previous land use and on the fate of C stocks beyond the LUC event. For 63 

this reason, the choice of land onto which to implement bioenergy plantations becomes paramount to ensure that 64 

they meet their purported goal of mitigating climate change.  65 

At a strategic decision level, optimization of value chains can help to define the long-term geographical layout of 66 

biomass production and conversion plants, and to select the optimal technologies for biomass conversion to 67 

bioenergy complying with certain goals [13-15]. In order to optimize for minimal environmental impact, it is 68 

crucial to identify and quantify the impact at all stages in the chain, so that the optimization models are fully 69 

parameterized with environmental impact information for each operation. This is, however, often not the case, as 70 

most existing optimization models focus on individual parts of the value chain [16]. This can be solved by 71 

integrating life cycle thinking in optimization, whereby the value chain is seen as a system with its own life cycle 72 

inventory (LCI) and subject to a life cycle impact assessment (LCIA). Moreover, as value chains are often spread 73 

over a geographical extent, the integration of spatial analysis can support the definition of the optimization 74 

problem, the parameterization and visualization of value chain layouts. The combination of mathematical 75 

optimization models, LCIA and spatial analysis has been previously shown suitable to support strategic decision 76 

questions on bioenergy value chains [17-20]. 77 

This paper aims to present a methodology to combine life cycle assessment (LCA) metrics for climate change, 78 

the Global Warming Potential (GWP), with decision optimization. The decision environment is implemented in 79 

a multi-component modeling setup, featuring a life cycle inventory, spatial modeling and the mixed integer 80 

linear programming (MILP) model, OPTIMASS [21]. Secondly, this paper has the objective to apply this 81 

methodology to define the optimal spatial land allocation and to optimize the value chain setup in terms of 82 

lowest GWP for on-grid and off-grid electrification with Jatropha-based biofuels in Southern Mali considering 83 

the spatial configuration of the value chain (i.e. location and dimension of production, cultivation, processing 84 



4 
 

and use sites). For this purpose, all relevant inputs and emissions of the Jatropha-to-electricity value chain must 85 

be defined, including LUC emissions. To our knowledge, LCA and optimization have already been combined to 86 

create spatially optimized supply chains in the sense of identifying locations for conversion plants, transport 87 

routes, etc. [22-25], but not to identify the land where it would be possible or the best to cultivate the crop. So, it 88 

can be stated that this spatial explicit optimization method, including the spatial allocation of land, for improving 89 

energy security in developing countries is novel. In addition, the incorporation of a dedicated LUC emissions 90 

assessment makes it one of the most complete GWP parameterizations of a bioenergy value chain optimization 91 

model so far. Based on these results, this paper aims to generalize key findings in relation to the implementation 92 

of Jatropha as a potential feedstock to satisfy off-grid and on-grid energy solutions. 93 

2. Methods 94 

2.1. Study area 95 

The study area is the south of Mali, comprising the provinces of Kayes, Koulikoro, Sikasso, Ségou and Mopti, 96 

and the Bamako capital district (total extent 427266.7 km
2
). Mali is a landlocked country in west Africa, with 97 

nearly 16 million inhabitants, the majority of which live in this Southern region (figure 1) [26].  98 

 99 

 100 

Figure 1 – Location of the study area, Malian infrastructure of relevance to this study (roads, thermal power 101 

plants and electricity transmission network) and location of water bodies and nature reserves. 102 

 103 
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According to the latest statistics, only 27.1% of the country’s population has access to electricity (14% in rural 104 

areas), and the annual pro capita electricity consumption is 108.5 kWh, one of the lowest in the world [1, 26, 105 

27]. Mali’s electricity mix is partially dependent on imports, with 40% coming from fossil fuels and the 106 

remaining 60% from national hydropower [28]. The low electrification rate, particularly in rural areas, and the 107 

dependence of external fuels has motivated a national energy policy targeting a further penetration of 10% 108 

renewable sources in the country’s fossil energy based electricity production. Renewables, more particularly 109 

Jatropha-based biofuels, are also seen as one of the solutions for off-grid electricity generation in rural areas, 110 

meant to increase the rural electrification rate to 55% by 2015 [1].  111 

Predicted Jatropha plantation yields in the study area can range from a few kilogram dry seed per hectare in the 112 

North to nearly 3 t ha
-1

 in the southernmost tip of the study area [29]. This massive yield range is mainly related 113 

to climatic conditions since the northern part of the study area borders the dry and less productive Sahara region. 114 

Indeed, suitable zones reflecting high yields of Jatropha are characterized as tropical and hot temperate areas 115 

with sufficient precipitation and absence of frost [29]. Also, soil and topographic conditions can interfere [29, 116 

30]. 117 

2.2. Optimization procedure 118 

The mixed integer linear programming (MILP) model, OPTIMASS, is designed to support strategic and tactical 119 

decisions in all types of biomass-based value chains aiming at maximal net energy output, maximal revenue or 120 

minimal global warming potential [21]. So, OPTIMASS is able to define the optimal location, technology and 121 

capacity of operations and operation facilities simultaneously with the optimal allocation of biomass(-based) 122 

materials from the biomass production site to operation facilities and between operation facilities [21]. To enable 123 

its application to all types of biomass-based value chains, OPTIMASS is based on a generic cradle-to-gate 124 

analysis of the biomass value chain which supports the representation of all types of biomass-based value chains 125 

in a similar manner (figure 2) [21]. The MILP model incorporates constraints to regulate the sequence of 126 

operations (figure 2), to ensure the mass balance in the flow of products through operations, between operations 127 

and between locations and to guarantee the meeting of a pre-defined energy and/or by-product demand [21]. 128 

Different from existing optimization models is that OPTIMASS considers changes in biomass characteristics due 129 

to handling operations and includes the re-injection of by-products from the conversion process in the value 130 

chain supporting a more realistic approach of the value chain [21]. A detailed description of the MILP model is 131 

given in [21]. 132 

 133 

Figure 2 – High level process model of the biomass-based value chain. The boxes represent the 6 key operation 134 

types distinguished in the generic cradle-to-gate analysis while the arrows indicate the possible material flows 135 

between the key operation types. 136 
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In this paper, OPTIMASS has been used to minimize the GWP of the Jatropha based value chain in the south of 137 

Mali (Section 2.1), considering the scenarios as described in section 2.5. This implies that OPTIMASS 138 

determines the optimal sites for Jatropha cultivation and the optimal location, technology and capacity of 139 

operation and conversion facilities within the study area to result in the Jatropha based value chain with the 140 

minimal GWP. Consideration of the spatial differences in yield and land use change emissions allows for 141 

OPTIMASS to select the cultivation areas with the best emission-yield combinations in relation with the 142 

location, type and capacity of all other operations required in the value chain. 143 

OPTIMASS has been developed with low input high diversity biomass systems in mind. Therefore, no "cost" 144 

has been included in the objective function related to the cultivation or production of biomass. In this paper, the 145 

objective function, included in OPTIMASS, has been extended to include emissions from the preparation of the 146 

field, irrigation, fertilization and application of pesticides related to the cultivation of Jatropha at the optimal 147 

cultivation areas. Also, an equation has been added to the objective function to determine the emissions caused 148 

by converting land into Jatropha plantations (LUC) at those sites. Additionally, this paper contributes to the 149 

OPTIMASS model by developing a parameterization specific for Jatropha, which also means we extended the 150 

scope to the land use effect on biomass and soil carbon. 151 

2.3. Parameters required in OPTIMASS 152 

2.3.1. Potential Jatropha-based value chains 153 

The definition of potential value chains for Jatropha-based electricity generation is based on field information 154 

collected from Jatropha projects in Mali, as well as literature [31-33]. The studied value chain(s) can be divided 155 

in three main phases: i.e. cultivation, biofuel production and electricity generation (figure 2).  156 

The operations included in cultivation (figure 3 (a)) are the preparation of the field, irrigation, fertilization and 157 

application of pesticides. Periodical weeding and harvesting also occur, but no related emissions are included as 158 

they are done manually. The fruits are then processed by electrical dehulling and the seed is dehusked with an 159 

electrical dehusker and air dried (figure 3 (b)). Mechanical presses extract 16 g of oil per 100 g of seeds [31]. 160 

Biodiesel is not produced because it has the same energy yield and tailpipe emissions than oil [34], not 161 

compensating for the added environmental burden of transesterification [33]. So, both vapor turbine connected to 162 

the grid as well as a stationary diesel engine are assumed to run on untreated plant oil (figure 3 (c)). It was 163 

considered that with 1 kg of oil large power plants generate 4.5 kWh electricity, while smaller, less-efficient 164 

stand-alone generators (off-grid) generate 3.5 kWh [31,33]. Modifications to the thermal power plants so as to 165 

accommodate biofuels and distribution losses are excluded from this analysis, as it is assumed that all existing 166 

thermal power plants in Mali are able to use liquid biofuels to a maximum blend of 10%. Storage tanks for oil 167 

are also foreseen. 168 

Parameters independent of spatial data are those intrinsic to the inputs and operations of the value chain that do 169 

not change as a function of their location. They are sequence of operations and their inter-relations (figure 3) and 170 

the efficiencies of oil extraction and electricity generation. Emission factors of producing a given unit of system 171 

inputs, such as the GHG emissions of producing 1 kg of fertilizers and pesticides or one unit of stationary 172 

equipment and of transporting 1 t of oil for 1 km, also fit in this category: although input amounts ultimately 173 
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depend on spatial parameters, these emission factors do not. The foreground data on system layout and 174 

quantification of the value chain of Jatropha-based electricity generation are specific for Malian practice, based 175 

on field information collected from Jatropha projects in Mali, as well as literature [31-33]. The input 176 

quantification to all operations is given in the Supplementary Material. 177 

 178 

Figure 3 – Schematic value chain of off-grid and on-grid Jatropha-based electricity production, corresponding to 179 

the system boundaries of the LCIA. The grey zones define the three main operations: (a) – Cultivation, (b) – 180 

Biofuel production, (c) – Electricity generation. The boxes indicate the operation processes in the value chain. 181 

The remaining elements are the inputs to the value chain whose emissions of provision and use are included in 182 

the LCIA. The arrows represent fluxes of materials and energy connecting the inputs with the operation 183 

processes and between operation processes. 184 

2.3.2. Location-dependent parameters 185 

The location-dependent inputs (operation sites and transport links – figure 4) are calculated in a pre-processing 186 

stage using ArcGIS® software (ESRI, USA), where the intervening processes and their parameters are geo-187 

referenced. These parameters are all possible operation sites and transportation distances, seed yield and land use 188 

change emissions. All potential operation locations and the necessary geodatasets to estimate spatial-dependent 189 

parameters are given in the Supplementary Material.  190 
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 191 

Figure 4 – Potential operation sites. 192 

 193 

It was assumed that potential sites of biofuel production plants and seed and biofuel storage facilities are located 194 

in the vicinity of main towns or main road nodes to ensure easy access and delivery of the inputs to these 195 

facilities as well as to connect the final product to the market. The potential sites to implement stand-alone 196 

generators are the cercles that are not located in the vicinity (more than 10 km distance) of the transmission 197 

network. OPTIMASS determines if dehusking and dehulling occurs at the cultivation site, the biofuel production 198 

site, the storage site or the electricity generation site, and assumes that oil is produced in independent biofuel 199 

production sites or at the electricity generation site.  200 

The transportation distances of all possible paths between two potential operation sites are determined on a layer 201 

of the existing Malian road network and stored in the database. Three possible transportation modes are 202 

considered: lorry, motorcycle and tractor.  203 

Background data on the production and use of the materials and fuels used by the value chain (fertilizers, 204 

pesticides, diesel, electricity, transport, machinery and stationary equipment) are extracted from the ecoinvent
®
 205 

v3 database (Centre for Life Cycle Inventories, Switzerland). The emissions caused by these background 206 

processes were estimated with ReCiPe’s GWP midpoint hierarchical [35] in SimaPro
®
 (PRé, the Netherlands); 207 

which is in practice the IPCC 2007 100 yr GWP. Direct N2O emissions to air from fertilizer application [36] 208 

were also included. Tailpipe emissions are assumed to be the same in generators and thermoelectric turbines and 209 

were extracted from the GREET 2013 model [37]. These emissions exclude biogenic carbon-based GHGs.  210 

Potential cultivation sites were parameterized with an average yield [29] (figure A1) and an average LUC 211 

emission (figure 5). The study area is divided in a grid of 45×45 km (2025 km²) cells, the spatial resolution being 212 

limited by computational power. The average yield and average LUC emission are attributed to the centre of the 213 

cell for the purpose of calculating transport distances. The total LUC emission of a cell (LUC Ej) is the CO2 214 

released upon the disturbance caused by removing part of its land cover to establish Jatropha, and is calculated as 215 

the sum of the biomass carbon loss and the soil carbon loss amortized for a rotation period of 20 years. The 216 

estimation of land use change emissions is described in detail in the supplementary material. 217 
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The lowest possible LUC emission resulting from Jatropha establishment in a potential cultivation area is 0.7 t 218 

ha
-1

 yr
-1

 of CO2, while it can reach up to 19.1 t ha
-1

 yr
-1

 of CO2 in less favorable parts of the country (figure 5 - a). 219 

On average, cells have a LUC emission of 3.7 (±2.9) t ha
-1

 yr
-1 

of CO2. The CO2 intensity per seed yield ranges 220 

from 0.7 to 96.2 t t
-1

 seed yr
-1 

(figure 5 - b). This range is mainly due to the very variable Jatropha yield and the 221 

very variable carbon debt. A combination of a low LUC emission and high yield would keep the CO2 intensity 222 

low while the combination of a high LUC emission and a low yield would increase the CO2 intensity. Given the 223 

range in the LUC emissions, and the range of yields, the range of carbon intensities will be boosted. The fraction 224 

of SOC lost after one rotation of Jatropha ranges from 6 to 37%, resulting in an emission of 0.2 to 3.1 t ha
-1

 yr
-1 225 

of CO2. The loss of SOC under Jatropha is for the whole Southern Mali on average 24.5 (±10.8) t ha
-1

of CO2 (1.2 226 

(±0.5) t ha
-1

 yr
-1 

of CO2). Emitted CO2 upon biomass clearing can range from 0.1 to 5.1 t ha
-1

 yr
-1

.  227 

 228 

 229 

Figure 5 – Emissions from land use change amortized over a period of 20 years in function of area (a) and of the 230 

yields of Jatropha (b) in each potential cultivation area in Southern Mali. The diameter of the rings represents the 231 

relative amount of LUC induced CO2 emitted per hectare (a) or tonne of seed harvestable in each cell (b). 232 

 233 
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Land has been a central topic in the discussion on Jatropha’s sustainability (e.g. preferential occupation of 234 

degraded lands to limit LUC emissions and avoid conflicts with food production) [38, 39]. OPTIMASS does not 235 

determine where Jatropha cultivation occurs within the cell. This implies that any land cover within a cell can 236 

potentially be replaced with Jatropha plantations, with the exception of urban areas, water bodies and protected 237 

areas (such as natural parks and nature reserves). By considering any land cover as replaceable, OPTIMASS can 238 

freely deliberate on the LUC emissions and allocate cultivation to the lowest possible emission regardless of the 239 

land cover replaced. This allows OPTIMASS to select the cultivation areas with the best emission-yield 240 

combinations in relation with the location, type and capacity of all other operations required in the value chain. 241 

In order to verify which land covers are displaced by Jatropha plantations, the selected cultivation cells in the 242 

optimal value chains were combined with a land cover map [40].  243 

2.4. Electricity demand scenarios 244 

OPTIMASS can be used as a pull model, which means that the optimization is triggered by a pre-set energy 245 

demand, rather than by the biomass value. As such, this exercise tests three electricity demand scenarios that 246 

satisfy goals set by Malian bioenergy policy [1]. In each scenario, the demand corresponds to an annual amount 247 

of electrical energy to be satisfied by Jatropha-based biofuels, calculated according to equation 1. 248 

                                                                              (eq. 1) 249 

The three scenarios differ in the size of the population to be served, the value setting (on-grid versus rural off-250 

grid) and per user demand to be served by Jatropha-based electrification (table 1). All three scenarios correspond 251 

to 10% of the fossil-based electricity consumed by a certain population group to be supplied by Jatropha biofuels 252 

(i.e. 10% in eq. 1), while it is assumed that hydroelectric stations remain the source of 60% of generated 253 

electricity (i.e. 40% in eq. 1). 254 

In the reference scenario (Scenario 1), the population already connected to the electrification grid is served. In 255 

this scenario the current demand was defined according to the most recent national statistics of 2012 [26]. For 256 

the two subsequent demand levels, we project onto the year 2020, taking into account an increase in the rural 257 

electrification rate to 55% [1]. The second scenario satisfies 10% substitution of fossil-based electricity required 258 

by rural off-grid population in 2020, while the third scenario satisfies on-grid and rural off-grid population in 259 

2020 (table 1). The projected population increase [41] and the expected fast annual electricity demand rise of 260 

10% are foreseen in scenarios 2 and 3 [1] (table 1).  261 

The value setting (on-grid versus rural off-grid) implies different configurations for the final stage of the value 262 

chain. While in Scenario 1 all biofuel is fired in existing thermal power plants, in Scenario 2 it is used in diesel 263 

engines to be installed in areas not connected to the electricity distribution network, and in Scenario 3 it can be 264 

used in existing thermal power plants and additional off-grid generators. How much energy is generated in each 265 

location and with what technology in function of data such as population size, transportation distances, proximity 266 

to electricity network and capacity of the thermal power plants?  267 

 268 

 269 
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Table 1 – Description of the three electrification scenarios and their electricity demand fed into OPTIMASS in 270 

which the projection onto 2020 is based on the data available in [1,41]. 271 

 

Scenario 1 

(current) 

Scenario 2 

(future off-grid) 

Scenario 3 

(future off- and on-grid) 

Year 2012 2020 2020 

Substitution of fossil energy based 

electricity 
10% 10% 10% 

Rural electrification 14.21% 55% 55% 

Served population (Million) 4.3 6.8 10.2 

Target population (supply) setting On-grid Rural off-grid On-grid and rural off-grid 

Annual demand per user (kWh) 108.52  232.63  232.63  

Total annual demand (GWh) 18.6
 
 63.1

 
 95.3  

 272 

2.5. Sensitivity analysis 273 

The sensitivity of the GWP and the geographical layout of the optimal value chain to LUC emissions and to land 274 

availability are tested. For this purpose, OPTIMASS is run with two extra setups: (i) with a limit of 5000 ha to be 275 

occupied in each selected cultivation area; and (ii) without taking into account LUC emissions. In these 276 

simulations, the remaining parameters remained the same. 277 

3. Results  278 

3.1. Global warming potential 279 

The total GWP of the value chain predictably increases with larger demands, thus being lowest in Scenario 1 280 

(22.7 Gg of CO2 eq) and highest in Scenario 3 (138
 
Gg of CO2 eq). When evaluated in function of generated 281 

electricity, Scenario 2 (rural electrification) has the highest GWP impact: 1.56 kg kWh
-1 

of CO2 eq, while 282 

scenario 1 is the most efficient: 1.22 kg kWh
-1

 of CO2 eq (figure 6). 283 

In all scenarios, the largest sources of GHG emissions are LUC (78%) and cultivation (19%) (figure 6). 284 

Operations downstream from cultivation are only responsible for 3% of emissions. This includes transport, 285 

emissions from energy use for dehusking, dehulling and oil extraction, the production and use of generators (in 286 

scenarios 2 and 3) and tailpipe emissions from electricity production.  287 

 288 

3.2. Optimal value chain  289 

The same cultivation cell and storage site, located in the province of Sikasso, has been selected by OPTIMASS 290 

as optimal for all scenarios (figure 7 - left column, table 2). The dry seed yield in this cell is 1.48 t ha
-1

, which is 291 

above the median of the Jatropha yield range in all cells (0.031 to 2.500 t ha
-1

). Given the productivity within this 292 

particular cell, this requires the occupation of 174, 757 and 1067 km² with Jatropha plantations in the respective 293 

scenarios. This corresponds to 9 and 53% of the total cell area. The CO2 emission from LUC in this area is 20.3 t 294 

ha
-1

 or 0.7 t t
-1

 seed yr
-1

. The lost CO2 due to the removed biomass is 0.7 t ha
-1 

yr
-1

 and 6% of the initial SOC 295 

content is released, which amounts to 0.3 t ha
-1

 yr
-1 

of CO2.  296 

 297 
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 298 

Figure 6 – Contribution of the stages in the value chain to the GWP efficiency of each scenario. The stacked 299 

bars represent broad value chain stages. 300 

Table 2 – Summary of the characteristics of the selected cultivation cell within the Jatropha based value chains 301 

optimized according to the 3 scenarios. 302 

 Scenario 1 

(current) 

Scenario 2 

(future off-grid) 

Scenario 3 

(future off- and on-grid) 

Total annual demand (GWh) 18.6 63.1 95.3 

Yield (t ha
-1

) 1.48 1.48 1.48 

CO2 emission from LUC (t ha
-1

) 20.3 20.3 20.3 

CO2 emission from LUC (t t
-1

 seed yr
-1

) 0.7 0.7 0.7 

Amount of dry seed needed (kt) 26 112 158 

Required area for Jatropha (km²) 174 757 1067 

The fruit is dehulled and the seed is dehusked on site and transported to the transformation site, where the seed 303 

dries and the oil is extracted. In the baseline and rural electrification scenarios (1 and 2, respectively) the GWP 304 

of transport is minimized by producing electricity primarily in the vicinity of storage. In Scenario 1, Jatropha oil 305 

is used in the four power plants closer to the cultivation site, coinciding with the power plants with higher 306 

capacity (figure 7, left column - a). In Scenario 2, the nearest off-grid cercle has generators installed (figure 7, 307 

left column - b), with a respective capacity of 63 GWh yr
-1

. The electricity demand in Scenario 3 requires more 308 

electricity generation sites: 16 in total (figure 7, left column - c). In this scenario, thermal power plants outside 309 

the study area also receive Jatropha oil, and in addition, the same cercle as in Scenario 2 is electrified. It can be 310 

observed that the higher the demand, the farther the oil travels due to the limitations in the capacity of the 311 

thermal power plants. The fact that Jatropha is not necessarily cultivated near the use points indicates that the 312 

emissions from transporting the oil are lower than the LUC emissions per harvestable seed of other sites. 313 
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 314 

Figure 7 – Spatial layout of the optimal Jatropha-based electricity value chains for three different scenarios (a) 315 

current scenario; (b) future scenario with off-grid contribution; and c) future scenario with on-grid contribution). 316 

The left column contains the results of the base case while the centre and right columns show the results of the 317 

sensitivity analysis to a cap of 5000 ha of Jatropha plantations in each selected cultivation area and the exclusion 318 

of LUC emissions from the model parameters. Selected cultivation sites are marked with a star, storage sites with 319 

a circle, and the placement of generators with a light pentagon. The thermal power plants fed by the value chain 320 

are indicated with dark pentagons of different sizes proportional to the power plant’s capacity. Transport links 321 

between sites are represented by grey lines. 322 

3.3. Sensitivity analysis 323 

With a 5000 ha limit on the plantation size in each selected cultivation area, the complexity of the value chain 324 

increases, with more cultivation sites being selected: 3, 18 and 22 sites in scenarios 1, 2 and 3, respectively 325 

(figure 7, central column). In relation to the base case, the total area required by plantations decreases in 326 

Scenario 1 to 138 km² and increases in scenarios 2 and 3 to 801 and 1092 km². Because there are more 327 

cultivation areas, the number of cercles receiving generators also increases to 5 in Scenario 2 and to 4 in 328 

Scenario 3. With the constraint on the plantation area the GWP efficiency worsens by 12%, 60% and 84% 329 

scenarios 1, 2 and 3 respectively, underlined by LUC emissions rising 19-105% (table 3).  330 
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In case LUC emissions are excluded, the total GWP of the optimal value chain decreases 86% (table 2). These 331 

percentages are slightly higher than the contribution of LUC emissions to the GWP because the geographical 332 

layout of the value chain in this sensitivity analysis is readjusted (figure 7, right column), slightly lowering 333 

transportation emissions. In all scenarios there are two selected cultivation areas, storage sites and electrified 334 

cercles, where rural electrification is foreseen (Scenarios 2 and 3). These remain in the far south of the study 335 

area. The yield is higher than in the baseline scenarios (above 2 t ha
-1

). The required land area ranges from 103 336 

km² to 648 km², which is 2-16% of the area of the selected cells. 337 

Table 3 – Absolute GWP of the value chain (Gg y
-1

 of CO2 eq) if there is a limit of 5000 ha of Jatropha 338 

plantations per cultivation and if LUC emissions are excluded. 339 

 

Scenario 1 

(current) 

Scenario 2 

(future off-grid) 

Scenario 3 

(future off-grid and on-grid) 

5000 ha limit 25.4 157 255 

Exclusion of LUC emissions 3.23 13.6 19.5 

 340 

3.4. Replaced land cover types 341 

Figure 8 shows the combination of the selected cultivation areas with the land cover classification of the area. 342 

Cropland is the predominant land cover in the areas selected in the base case as in the sensitivity analysis cases. 343 

The lowest overlap with cropland occurs when a 5000 ha extension limit is considered (82-84% overlap) and the 344 

highest is in the base case (94%) overlap. 345 

4. Discussion 346 

4.1. The optimal value chains 347 

The optimal set-ups (figure 7) and the GWP efficiency (table 3) both suggest that using Jatropha oil for rural 348 

electrification is less advantageous in terms of GWP than replacing fossil fuels with Jatropha oil in large thermal 349 

power plants. However, this result must be seen in the light that the efficiency of on-grid electrification does not 350 

consider distribution losses and any necessary technological adaptations to Jatropha oil use. If data were 351 

available, these factors could be included and might sway the GWP efficiency towards rural electrification. 352 

However, thorough sensitivity analyses are required to define the likely level and direction of impact on the 353 

optimal value chain set-up and the GWP efficiency. 354 

The GWP of the optimal value chains is in line with a Jatropha LCA performed in Mali: 1.73 kg kWh
-1

 of CO2 355 

eq upon the conversion of cropland and 5.14 kg kWh
-1

 of CO2 eq of fallow, with 58-86% of emissions 356 

originating from LUC [42]. These discrepancies can be due to the fact that the aforementioned LCAs gauged the 357 

GWP of sub-optimal production systems in terms of cultivation management, harvest success and downstream 358 

efficiency, which are commonplace in Jatropha bioenergy projects [10, 33]. In contrast, a value chain laid out 359 

and dimensioned using OPTIMASS inherently results in the lowest possible GWP and the best GWP-to-yield 360 

relation taking into account the user-defined constraints and definitions. This emphasizes the idea that there is 361 

room for improvement of existing Jatropha initiatives on what concerns their mitigation potential and this can be 362 

explored by the approach of combining spatially explicit value chain optimization and LCA data. The ex-ante 363 

modeling can dimension and locate the technologies required to achieve a certain objective, whilst showing 364 

promise of better land allocation for energy crop cultivation. Improving the reliability of the selection of 365 
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cultivation sites can also be foreseen by running OPTIMASS with a more comprehensive set of parameters and 366 

objective functions that optimize for socio-economic and other environmental issues. Still, additional risks to 367 

productivity inherent to investments in Jatropha remain valid, as will be discussed in this text later on. 368 

 369 

Figure 8 – Land cover types found in the selected cells for Jatropha cultivation in the base case (thin line, top 370 

map), without LUC emissions (thick line, top map) and with a 5000 ha limit (bottom map). 371 

 372 

Globally, the GWP of electricity generation from fossil fuel (0.27 kg kWh
-1

 of CO2 eq [37]) is 4.5-6 times less 373 

than the GWP efficiency of the optimal Jatropha value chains. If the substitution of fertilizers with Jatropha by-374 

products is taken into account, then the GWP optimal value chains is 60-66% lower than if the same amount of 375 

energy was provided by fossil fuels. Hence, harnessing the entirety of the Jatropha value chain is crucial do 376 

make it GWP competitive relative to fossil fuels. 377 



16 
 

4.2. Limitations of inventory 378 

The production of bioenergy carriers based on Jatropha cropping is not present in mainstream LCA databases 379 

such as ecoinvent® (Swiss Centre for Life Cycle Inventories, Switzerland) and ELCD (JRC, Italy). Hence, 380 

processes leading to Jatropha-based bioenergy must be modeled from cradle to gate. It is possible, however, to 381 

use unit processes present in ecoinvent® as inputs to the system, being chemical products or transport. In this 382 

paper, the LCI was consistently done in this manner. Foreground data on system layout and quantification was 383 

site-specific, while background data on intervening unit processes was mostly retrieved from ecoinvent® (and 384 

tabled values in GREET 2013 and IPCC reports for direct emission factors). 385 

Despite its increasing coverage of country-specific processes, ecoinvent® still does not cover many regions of 386 

the world such as most of Africa and South America. For this reason, the practitioner is opting out of a more 387 

specific geographical coverage. While this may not be important for products that are imported to the country at 388 

hand, it can be so for other inputs such as electricity and transport. 389 

When building the LCI and selecting emission factors of Jatropha-based bioenergy production in Mali, we were 390 

mindful of these limitations and sought to include local data when possible. However, products such as 391 

chemicals (e.g. fertilizers and transesterification), machinery and fossil fuels were retrieved from ecoinvent®. 392 

When available, global averaged data sets were selected for processes and emission factors so as to distance the 393 

LCI from European conditions, predominant in ecoinvent®. Direct emission factors were, however, generalized 394 

from sources that are not specific for West African conditions. An uncertainty analysis (such as Monte Carlo) 395 

could be performed to estimate the uncertainty related to the use of non-local data for the background processes. 396 

However, the processes whose emissions were estimated from ecoinvent were expected to have a small 397 

contribution to the overall emissions of the functional unit and the inputs to the supply chain in question are 398 

unlikely to be produced in Mali, but rather being imported. As these background processes are likely to be linked 399 

to processes not occurring in Mali in reality, an uncertainty analysis would typically yield little signal. 400 

Furthermore, a Monte Carlo uncertainty analysis would use the distribution data available for the European or 401 

Global average background data as available in EcoInvent, and would therefore not assess the uncertainty related 402 

to specific differences with Mali. 403 

4.3. Land use change emissions 404 

Since direct LUC has been indicated as a crucial factor in the GHG emission profile of biofuels [43], this 405 

optimization exercise aimed at allocating land for cultivation, so as to minimize CO2 emissions from land 406 

clearing and soil disturbance. The method, described in this paper, to estimate spatially allocated LUC emissions 407 

can in fact be implemented to any other optimization model capable of spatial analysis. Alternatively, it can be 408 

used as a standalone input for GWP quantification methods, such as Annual Based Carbon (ABC) accounting 409 

[44] or LCA.  410 

Given that OPTIMASS seeks the best compromise between yield and GHG emissions to select the cultivation 411 

areas (figure 8) in order to design a value chain with the lowest possible GWP, the impact of LUC in the GWP 412 

can differ in non-optimal value chains with non-optimal LUCE/yield ratios. When seen from the perspective of 413 

yield, rather in function of area, zones with lower yields – corresponding to drier parts of the country – are less 414 

desirable even in terms of CO2 emissions. Wetter and more productive areas can present a lower emission/yield 415 
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ratio, in contrast with the idea that converting non-marginal land to Jatropha has severe consequences to its 416 

biofuels’ GWP (figure 8). Still, aside from protected areas, the value of previous land use is not considered in 417 

this study, and in some areas lower GWP may be a trade-off with other ecosystem services and with increased 418 

land pressure (figure 8). 419 

The estimation of the biomass carbon content (t ha
-1

) was calculated from the available Global Biomass Carbon 420 

Map [45] (resolution: 1km x 1km) and averaged to the grid of 45×45 km, being the spatial resolution defined by 421 

the computational power (Supplementary material). Also, the calculation of the SOC stocks is quite heavily 422 

reliant on assumptions and extrapolations (Supplementary material). As such, rather than a rigorous reference for 423 

the carbon balance of Jatropha plantations, the maps in figure 8 provide a screening of the predictable impact on 424 

soil and biomass carbon stocks if Jatropha-projects are implemented. This suggests preferential areas but ought 425 

to be validated with field measurements and assessments prior to the selection of particular sites to define land 426 

quality, climate, topography, social context, access to transport, neighboring land use, etc. Based on these 427 

insights, the conflict with other valuable ecosystem services can also be avoided. 428 

The facts that the SOC under Jatropha is empirically modeled and that the modeling is based on data 429 

extrapolations from other sites and plantations of several ages is due to limited data availability. This problem of 430 

lack of chronosequences of SOC under Jatropha plantations, which prompted the use of a soil carbon dynamics 431 

model to predict the evolution of SOC throughout time, has been reported before [46, 47]. Most plantations are 432 

relatively young and, when measured, SOC shows little or no correlation with tree age. Baumert (2014) [46] 433 

suggests that there is accumulation of carbon in hedges and young plantations, but her long-term estimations 434 

point towards carbon losses, as we also conclude in this study. In an attempt to fill this knowledge gap with a 435 

comprehensive empirical model, RothC was chosen due to its relatively limited data requirements, to match low 436 

data availability, and because it has been shown to accurately predict SOC dynamics in the Sahel [48, 49]. 437 

However, the model shows serious limitations like ignoring mechanical soil disturbance, which emphasizes the 438 

need for field validation of the LUC emissions. 439 

Further uncertainty arises from the fact that Jatropha is still a semi-domesticated crop from the agronomical 440 

point of view, with much work still ongoing in terms of selecting plant varieties and fine-tuning cultivation 441 

practices. Termites, pests and the unstable climate of the Sahelian region are also threats to attaining the yields 442 

purported by the productivity map [29]. This does not necessarily mean that lower yields should be expected 443 

[50], but it serves to remind that the choice of a low LUCE/yield location is not the sole factor playing in the 444 

GWP of Jatropha cultivation. 445 

Although an indirect LUC (iLUC) emission modeling was not in the scope of this study, we acknowledge that it 446 

is another aspect of land occupation that ought to be evaluated. Achten and Verchot (2011) [51] report on the 447 

probable magnitude of iLUC impact from Jatropha plantations in Ghana, but only in the case that agricultural 448 

crops are displaced, which would be the case for the optimal value chain. If we assume similar conditions 449 

between the two countries, we could expect an additional emission of 11 t ha
-1

 of CO2 upon the establishment of 450 

Jatropha in cropland [51]. The conflict with food production can be foreseen in the optimization procedure by 451 

adding a constraint in OPTIMASS denying the occupation of cropland. 452 

Since our approach is forced to simplifications due to lack of both computing power as of reliable data for the 453 

study region, it has ample room for improvement. The conflict with computing power comes from the trait 454 
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inherent to integer programming: the size of the model and the time that it takes to solve the problem is 455 

exponential to its number of decision variables [52]. A first step is to increase hardware capacity so as to match 456 

the requirements of OPTIMASS when dealing with more potential cultivation sites and, therefore, decrease the 457 

size of land units from 45×45 km, gaining precision in the location of cultivation areas. Secondly, because the 458 

independent modeling of SOC is very time consuming, it is unpractical to use the current approach to other crops 459 

or countries or in a multi-crop and multi-product optimization as OPTIMASS has previously performed [17]. 460 

This can be solved by integrating RothC, or another existing SOC model, into the GIS module in order to 461 

automatize the SOC modeling per area. The protocol described in the Supplementary Material is enabled for this 462 

possibility since all allocation steps are related to readily available variables, such as climate and soil properties. 463 

4.4. By-product handling 464 

In a standard LCA-based GWP calculation, the impact allotted to by-products must be handled either through 465 

allocation or system boundary expansion/substitution. Besides oil, the value chain of Jatropha generates organic 466 

residues (seed cake, discarded fruit parts and oil sediment) with functional and economical value. Including them 467 

in the GWP calculations would either dislocate a share of the impact onto them or created a credit to the system 468 

by the avoided production of their functional equivalents. Avoided production of fertilizers by the substitution 469 

with seed cake and fruit parts (according to the mass ratios and nutrient contents reported in [53]) would result in 470 

a decrease of 93% in the GWP of the baseline optimal value chain.  471 

5. Conclusions 472 

The combination of optimization modeling with LCIA and LUC metrics is here demonstrated to be suitable to 473 

plan bioenergy endeavors (Objective 1). Being adaptable to multiple crops, final products, potential sites and 474 

operations and optimization objectives (whether or not combined), OPTIMASS can be used to screen the 475 

national and regional potential to implement bioenergy policies or to plan for specific goals. In general, the 476 

presented methodology shifts the focus from assessing the consequences and potentials of the projected use of a 477 

resource to a definition on if and how the resource can be used for optimal effect and meeting an anticipated 478 

potential (Objective 3). 479 

This study also shows that in a country with very low electricity consumption rates and low electrification rates, 480 

soundly planned bioenergy value chains can make a difference in reducing the dependence from fossil fuels and 481 

electrifying off-grid, rural households (Objective 2). Even in the face of one of the fastest growing electricity 482 

demand rates in the world, our results suggest that a Jatropha approach could realize those goals in a more 483 

sustainable manner compared to fossil fuels. However, harnessing the entirety of the Jatropha value chain is 484 

crucial to make it GWP competitive relative to these fossil fuels (Objective 3).  485 

Finally, the results demonstrate that the location of plantations is crucial to attain low LUC-related emissions and 486 

viable yields (Objective 3). This clarification is made possible by expressing the impact of LUC in function of 487 

yield rather than land area. Simultaneously, OPTIMASS gauges the required equipment and its capacity and 488 

logistic requirements for the value chain to work. This valuable information covers aspects which have been seen 489 

to compromise projects for Jatropha-based electrification in Mali, such as the lack of infrastructure. 490 

 491 

  492 
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