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Assessment of the techno-economic viability of B10 synthesis
from second-generation biodiesel feedstocks in Uganda
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Department of Mechanical Engineering, College of Engineering Design, Art and Technology, Makerere University,
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ABSTRACT
This paper assessed the technical and economic viability of biodiesel
production from Second-generation feedstocks native to East Africa,
which included Castor, Croton, and Jatropha. Their oils were converted
to biodiesel by transesterification and characterizations of B100 and B10
done following ASTM D6751. ASPEN Plus V11 was used in process
simulation and profitability analysis. Oil yields obtained ranged from
29.5% to 35.6%. B100 and B10 properties conformed to ASTM D6751.
The negative Net Present Values obtained render B100 and B10
production uneconomical unless incentivized. Sensitivity analyses
showed that NPV varied with feedstock cost and biodiesel selling prices.
This assessment established that though a B10 policy based on second-
generation feedstocks is technically viable, interventions are needed to
make it profitable in Uganda.
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1. Introduction

The Global demand for petroleum, a finite and nonrenewable energy resource, stands at about 100
million barrels per day, with over 90% used for transportation (IEA 2021). Transport emissions
account for 23% of global energy-related greenhouse gas emissions (IPCC 2018). This is a matter
of great concern as the world grapples with the escalating negative impacts of climate change.
Additionally, most developing nations’ purchase and importation of petroleum products substan-
tially impact their foreign exchange earnings (Tibesigwa, Olupot, and Kirabira 2021). The adoption
of renewable energy sources, including biofuels, has been widely considered a measure for reversing
these damaging impacts (UNEP 2012). These sustainable transport fuels are expected to enable
countries to achieve their net-zero carbon emission targets, in line with the Paris Agreement on
climate change. Relevant legal and policy frameworks aimed at decarbonising transport sectors
through blending biofuels with fossil fuels have been put in place by different countries (Chrysa
2020). In 2018, a biofuels law that advocates for the mandatory blending of fossil fuels (diesel or
petrol) with up to 10% of biofuels (biodiesel or bioethanol) was enacted by Uganda (MEMD 2018a).

Biodiesel as a potential substitute for petroleum diesel in different regions has gained significance
owing to its environmental benefits and renewability. Biodiesel developments are mainly agricultu-
rally oriented, with the propensity to spur job creation. Biodiesel is a liquid biofuel made up of long-
chain monoalkylic esters of fatty acids. It can be used in diesel engines alone or blended with diesel
oil, provided the requirements of ASTM D 6751 and EN 14214 are met (Silitonga et al. 2013). The
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features of the various individual fatty esters that comprise biodiesel determine the overall proper-
ties of the biodiesel fuel (Atabani and César 2014). The physicochemical properties of a fatty ester
molecule are influenced by the following structural features: chain length, degree of unsaturation,
and branching of the chain. These, in turn, influence the fuel properties of biodiesel, namely, cetane
rating, exhaust emissions, the heat of combustion, cold flow, oxidative stability, viscosity, and lubri-
city (Borhanipour et al. 2014). Blends with diesel fuel are indicated as ‘Bx,’ where ‘x’ is the percen-
tage of biodiesel in the blend. For instance, ‘B5’ indicates a blend with 5% biodiesel and 95% diesel
fuel. Consequently, B100 indicates pure biodiesel, which is treated as a blendstock (Romano and
Sorichetti 2011). However, biodiesel blends are more economically feasible alternatives to promote
on the fuel market than pure biodiesel (Wakil et al. 2015).

Biodiesel can be produced from both edible and inedible feedstocks classified as follows: (i) First-
generation feedstocks from edible oil seeds, food crops, and animals fats; (ii) Second generation
feedstocks from non-edible oilseeds, waste cooking oil, lignocellulosic feedstock materials; and
(iii) Third and fourth Generation feedstocks from algae and other microbes (Vignesh et al.
2021). Interest in second-generation biodiesel feedstocks is attributed to their potential to reverse
sustainability concerns associated with first-generation biodiesel derived from edible oils (Bhuiya
et al. 2014). Castor, Croton, and Jatropha were recommended as potential feedstocks for biodiesel
production in Uganda due to factors that included the local familiarity with the crop, land-use
efficiency, and estimated production variable costs (MEMD & NOVI Energy 2011). These
second-generation feedstocks belong to the Euphorbiaceae family, are drought-tolerant, and do
not compete with the food chain (Pandey et al. 2012). Oil is obtained from these seeds through
mechanical, chemical, or solvent, enzymatic, supercritical fluid, and microwave-assisted extraction
techniques. Mechanical pressing and solvent extraction are more popular due to the relatively lower
investment cost and high oil yields, respectively (Bhuiya et al. 2016). Biodiesel conversion methods
include dilution, micro-emulsion, thermal cracking, and transesterification (Yang et al. 2014). Sev-
eral studies show that transesterification is the most common and widely accepted technology of
biodiesel production and is presently one of the most attractive techniques (Tibesigwa, Olupot,
and Kirabira 2021). Transesterification (alcoholysis) is a chemical reaction that involves the reac-
tion of triglycerides and alcohol in the presence of a catalyst to form esters and glycerol (Salaheldeen
et al. 2021). This process involves three consecutive reversible reactions; the conversion of triglycer-
ides to diglycerides, followed by the conversion of diglycerides to monoglycerides. Glycerides are
converted into glycerol, giving one ester in each step (Chyuan et al. 2019). Depending on the
FFA content of the feedstock, biodiesel production is done either through a single step (alkali cat-
alysis) or a two-step reaction, in which esterification precedes transesterification (Fattah et al. 2020).
The critical factors in the biodiesel production process are the availability of the raw materials, the
type and concentration of the catalyst, the mole ratio of oil to alcohol, the reaction temperature, the
reaction time, the mixing intensity, the water content, and the stirring speed. An increase in temp-
erature strongly affects the transesterification reaction resulting in higher reaction rates and product
yields (Ahmed Elgharbawy et al. 2021). For Jatropha oil, the highest conversion was reported at 55°
C for lipase catalyst and 50°C for cottonseed oil (Neupane 2022). The viscosity of biodiesel increases
when the reaction temperature drops below 50 ◦C (Sabapathy et al. 2021).

Second-generation biodiesel and its blends, produced in different regions globally, have been
found to conform to ASTM D6751 and EN 14214 standards (Sims et al. 2010). The production
and use of biodiesel from locally available second-generation feedstocks can contribute to reduced
transport-related emissions in Uganda. However, inadequate reliable information on their suit-
ability is a significant impediment that needs to be remedied. It is crucial to carry out physicochem-
ical characterisations of the Fatty Acid Methyl Esters derived from Ugandan Castor, croton, and
Jatropha oils, to assess their suitability for use as a blendstock for B10. The economic competitive-
ness of biodiesel is affected by the relatively high feedstock cost, which accounts for over 70% of the
overall cost of biodiesel production (Maheshwari et al. 2022). This cost can be offset by proper util-
isation of byproducts, proper selection of feedstock, and provision of a favourable policy regime.
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The Net-Present-Value of biodiesel production can be improved with the integrated co-production
of solketal and glycerol carbonate, higher value-added products from glycerol (Al-Saadi, Eze, and
Harvey 2022). For Uganda’s proposed biodiesel industry, a specific analysis needs to be carried out
to ascertain its economic viability. Total capital cost, total production cost, profitability, and sensi-
tivity assessments are among the criteria that have been used in assessing the economic viability of
biodiesel (Tibesigwa, Olupot, and Kirabira 2021). This paper analyzes the technical and economic
viability of a B10 strategy for Uganda based on Castor, Croton, and Jatropha. Physicochemical
characterisation of Biodiesel B100, and B10 derived from these second-generation feedstocks,
was done according to ASTM D6751 standards. Also, chemical process simulation and evaluation
of process economics for biodiesel production from the three feedstocks were done in this Techno-
economic Assessment.

2. Materials and methods

2.1. Sourcing of oilseeds and reagents

Castor (Ricinus communis), Croton megalocarpus, and Jatropha curcas seeds used for this study
were collected from Hoima (1° 25′ 0′′ N, 31° 5′ 0′′ E), Masaka (0° 22′ 0′′ S, 31° 42′ 0′′ E), and
Lira (2° 20′ 0′′ N, 33° 6′ 0′′ E), respectively. These areas have tropical climatic characteristics
(Mubiru et al. 2018). The fruits were harvested manually, sundried, transported in muslin bags,
and stored at temperatures between 20–28°C at 75–80% relative humidity before laboratory analy-
sis. n-hexane, methanol, H2SO4, and KOH of analytical grade used for oil extraction and biodiesel
conversion, were sourced from chemical laboratory stores in Kampala City, Uganda. The biodiesel
production was conducted on a laboratory scale in a batch-wise process.

2.2. Determination of the moisture content of the seeds

About 10 g of a clean sample was weighed and then dried in the oven at 80°C for 7 h, and the weight
was recorded after every 2 h. The same procedure was repeated until a constant weight was
obtained. After 2 h, the sample was removed from the oven and placed in the desiccator for
30 min to cool, then removed and re-weighed. The percentage moisture content in the seeds was
calculated according to equation 1.

%Moisture Content = W1 −W2

W1
× 100 (1)

Where, W1 is the original weight of the sample before drying and W2 is the weight of the sample
after drying.

2.3. Preparation of samples and extraction of oil

Dried jatropha fruits were dehulled and split open to remove the seeds, followed by deshelling of the
seeds to get the kernels. For the dried castor beans, the endocarp was removed. The kernels from
jatropha seeds were dried to a moisture content of 4%. The shells and husks of the seeds were
cracked and carefully removed to get the inner kernels. The kernels were ground using a mortar
grinder mill model 911MPEMG100 and sieved using 0.5 mm sieve plates. Fifty grams of the
meal was extracted with 350 mL of n-hexane. Oil was extracted by gently heating the mixture (sol-
vent-to-solid ratio by weight 6:1) to a temperature of 68 °C for seven hours without interruption.
Extraction time was from 7 h in a soxhlet apparatus. All chemicals used were of analytical grade
(Ntalikwa 2021). Soxhlet apparatus was used to extract the oil from croton and castor seed.
A ground sample of each was placed in a thimble and loaded into the Soxhlet extraction unit. A
solid-to-solvent ratio of 0.01–0.1 g/ml, extraction time of 5 h, a temperature of 70°C, a solute-to-
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solvent ratio of 0.06 g/ml, and a particle size of 0.5 mm was employed. Finally, the solvent and oil
were separated using a rotary evaporator, and the solvent was recovered using a condenser (Bayisa
and Bullo 2021). The oils were further evaporated in an oven at 105 oC to eliminate residual solvent
and moisture content. The solvent extraction method, using n-hexane as the solvent, was employed
in extracting the oil from the ground seed meal. The choice of n-hexane as the extraction solvent is
due to its non-poisonous nature, high volatility, high affinity for oil, and ease of recoverability.

2.4. Determination of the oil yield

The percentage of oil extracted was determined by measuring 10 g of the seed powder and then
placed in a thimble for each of the three feedstocks separately and extracted using 60 ml n-hexane
as solvent. The solvent was removed using a rotary evaporator. The oil extracted was determined as
a percentage weight of the dry kernel powder using the expression in equation 2.

%Oil yield = Y1 − Y2

Y1
× 100 (2)

Y1 and Y2 are the seed weights before and after extraction, respectively.

2.5. Physical and chemical properties of the oil

The physicochemical parameters of the extracted Castor, Croton, and Jatropha oils that were deter-
mined included: fatty acid composition, free fatty acid (FFA) composition, acid value, iodine value,
saponification value, refractive index, and flashpoint. Standard American Society of Testing
Methods (ASTM) and procedures or equivalent testing methods were used to determine these
properties, as shown in Table 1.

2.6. Preparation of the biodiesel from oil

Transesterification was the process used for converting oils to biodiesel. Biodiesel conversion from
Castor and Croton oils was done using single-step alkali-catalyzed transesterification reactions, as
shown in Figure 1.

Jatropha biodiesel was produced through a two-step reaction in which esterification preceded
transesterification, as illustrated in the schematic drawing in Figure 2.

2.6.1. Laboratory preparation of biodiesel from Castor and Croton oil
Castor and Croton oils were converted to biodiesel in a one-step base-catalyzed transesterification
process (Figure 1) since their free fatty acids (FFA) compositions were found to be 0.45% and

Table 1. Determination of the physical and chemical properties of the raw oil.

Property Units Test Method Instrument used Model number

Fatty Acid composition %w/w Gas chromatography Varian GC-FID CLARUS 480 GC
Free Fatty Acid (FFA)
composition

% of oleic
acid

Gas chromatography GC-MS CLARUS 480 GC

Acid value mg KOH/g
of oil

AOCS official method Da
14–48

Pipettes, volumetric flasks

Iodine Value gI2 / g of oil Aocs official method tg 1–
64

Pipettes, volumetric flasks

Saponification Value mg KOH/g
of oil

AOCS Official Method Cd
3–25

Reflux condenser and
conical flask

Refractive Index ISO 6320:2000 Abbe’s Refractometer Abbe’s Refractometer
940487

Flashpoint OC ASTM D93 Persky martens closed cup FP-261 MRC
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0.14%, respectively. Castor oil was transesterified at 35°C with methanol using a 6:1 molar ratio of
methanol to oil, sodium hydroxide catalyst (1% wt of oil), and residence time of 60 min. On the
other hand, croton oil was transesterified at 50°C with methanol using a 6:1 molar ratio of methanol
to oil, Potassium hydroxide catalyst (1% wt of oil), agitation speed of 500 rpm, and residence time of
60 min. Biodiesel was then formed with glycerin as a byproduct. The biodiesel was then separated
from glycerin using a separating funnel and, repeatedly washed with warm water, dried until crys-
tals were clear. The biodiesel was then dried to the maximum amount of allowable water content of
0.050% vol, as specified in ASTM D6751.

2.6.2. Laboratory preparation of biodiesel from jatropha oil
Jatropha oil was converted to biodiesel in a two-step process (Figure 2) since its FFA composition
was found to be 7.95%. The first step was acid-catalyzed esterification, in which free fatty acids in
the Jatropha oil were converted to methyl esters. This was followed by base-catalyzed transesterifi-
cation using NaOH as the catalyst. The experimental set-up consisted of 100 ml of oil taken in a
three-necked 500 ml round-bottomed flask equipped with a reflux condenser to minimise alcohol

Figure 1. Biodiesel Production from croton and castor oil (one-step process).

Figure 2. Biodiesel Production from Jatropha oil (two-step process).

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 355



loss. The flask was placed on an electric heater with a temperature controller and magnetic stirrer.
Sulfuric acid was mixed as a catalyst with methanol’s required amount and transferred into the reac-
tion medium. The reaction continued until the FFA of oil reduced to below 1%.

The reaction contents were then cooled to room temperature. The reaction product was
washed with hot water until clear water flowed. The organic phase was collected and dried
under a vacuum at 100°C for 30 min. The dried sample (50 ml) was put into a three-necked
500 ml. round-bottomed flask equipped with a reflux condenser for base-catalyzed transesterifi-
cation (second step). Sodium hydroxide pellets were mixed with methanol. The molar ratio of
methanol to oil was taken in excess at varying amounts for the total conversion of triglycerides
to biodiesel. The flask was placed on an electric heater at a temperature of 60°C and a magnetic
stirrer of speed 350 rpm for 60 min.

After completing the process, the mixture was allowed to settle for 8 h and then poured into a
separatory funnel to draw off the bottom layer of glycerin, extra methanol, catalyst, and other
byproducts. The pH of the biodiesel layer was measured, and appropriate amounts of phosphoric
acid were added to the biodiesel layer to neutralise the catalyst residue. The upper layer of methyl
ester or biodiesel was washed several times with warm water to remove methanol, residual catalyst,
and soaps until clear crystals were formed. During the washing process, gentle agitation was
required to avoid the emulsion. After separating the layer for 30 min, the wash water layer was
drained off from the bottom of the separating funnel. The biodiesel layer was filtered to remove
impurities, and then the biodiesel was heated up to 100°C for 150 min to remove any remaining
water. The biodiesel was tightly sealed and stored at −2°C, awaiting analysis.

2.6.3. Optimisation of jatropha biodiesel production process
a) Determination of Methanol: FFA ratio, residence time, acid concentration, and temperature
for jatropha oil esterification (first step)

The acid value was determined as per the ISO 660:2009(en), following the washing of the sample
with distilled water to remove any residue catalyst. The esterification catalyst used was sulphuric
acid at concentrations of 3 and 7 wt% relative to the total acidity, with oleic acid as the free fatty
acid. Free fatty acids were esterified with anhydrous methanol, using a methanol/oleic mole ratio
of 10:1–80:1 for both acid concentrations. The influence of temperature on the esterification rate
was studied at a fixed methanol/oleic ratio of 60:1, the two catalyst concentrations, and tempera-
tures of 40, 45, 50, 55, and 60°C.

b) Determination of optimal conditions for jatropha oil transesterification (second step)
Keeping catalyst concentration (1 wt%) and temperature (60°C) constant, the transesterifica-

tion reaction was performed under varying methanol: oil ratios of 1:1 - 8:1 for 60 mins, and
corresponding percent conversions to biodiesel were determined. The transesterification reac-
tion was performed under various ratios of methanol: oil (1:1–10:1) at a constant temperature
of 60 oC and 1 wt% NaOH concentration. Keeping all reaction conditions constant and chan-
ging only temperature, the effect of temperature was studied at temperatures of 40,45,50,55,60,
and 65 oC.

2.7. Preparation of B10 biodiesel blend

The Castor, Croton, and jatropha biodiesel blends (B10) were produced by heating 90cm3 of pet-
rodiesel in a 250cm3 beaker at 50°C on a hotplate magnetic stirrer agitating at 600 rpm. Then 10 cm3

of biodiesel was also added and allowed under the same conditions for 20 min.

2.8. Physicochemical properties of the biodiesel B100 and B10 blend

The physical and chemical properties of the produced biodiesel B100 and B10 blends, which are
listed in Table 2, were determined following ASTM D6751.
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2.9. Statistical analysis

The tests were done in triplicates, and the mean was reported. Descriptive statistics during data
analysis were done on Graph pad prism version 9.2.0 software. Results with a P-value < 0.05
were taken as significant.

2.10. Process simulation and optimisation of biodiesel from jatropha oil

The alkali-catalyzed transesterification process for castor and croton biodiesel production and the
two-step process for converting Jatropha oil to biodiesel were simulated by ASPEN Plus V11.
Because of the presence of polar compounds in the process, non-random two liquid (NRTL) was
the thermodynamic model selected for this simulation. Process descriptions for Biodiesel Conver-
sion from Castor and Croton Oils using alkali-transesterification are summarised in Appendix A
and the Process Flow Diagram in Appendix B. Similarly, those for the two-step conversion process
for Jatropha oil to biodiesel are shown in Appendices C andD, respectively. Assumptions made for
the simulation are listed in Appendix E.

2.11. Assessment of process economics

The criteria used to determine the economic viability of biodiesel production included the total
capital investment, the total operating cost estimation, and profitability analysis. The total capital
investment was divided into fixed and working capital costs. Some of the parameters used for econ-
omic analysis, including the plant capacity, plant lifetime, and production rate of biodiesel from
different oils, are listed in Table 3. Plant capacity for biodiesel production was calculated based
on Uganda’s biofuels blending mandate (MEMD 2018b), which will require all imported petroleum
products to be blended with 10% biofuels (MEMD 2016). The plant capacity was therefore esti-
mated to be about 10% of total Ugandan diesel imports per year, which are 1.03 billion litres
(MEMD 2022). This translates to an annual requirement of 100 million litres of biodiesel for blend-
ing with petroleum diesel used in this analysis. Projected flow rates for jatropha, croton, and Castor
oil were calculated in the ASPEN simulation using optimal parameters (methanol to oil ratio, temp-
erature, residence time) obtained from experimental production of biodiesel from jatropha, croton,
and Castor oil. A plant lifetime of 20 years, a cost price per litre of US$3 for each oil, and a biodiesel
selling price of US$ 1.5 per litre were assumed. These prices compare with the prevailing average
prices of refined oil and diesel in Uganda.

Table 2. Determination of the fuel properties of the biodiesel B100.

Property Units Test Method Instruments used Model

Kinematic viscosity at 400C mm2/s ASTM D445 Ostwald’s viscometer Ostwald’s viscometer Bs/U
Calorific value MJ/kg ASTM D240 Bomb calorimeter Bomb calorimeter C200
Flashpoint oC ASTM D93 Persky martens closed cup FP-261 MRC
Specific gravity kg/m3 ASTM D1298 Density metre Excellent D4 Mettler Toledo

Table 3. Parameter values used in the analysis.

Parameter Value

Plant capacity 100 ML/y
Jatropha oil feed rate 12,199 kg/h
Castor oil feed rate 12,640 kg/h
Croton oil feed rate 12,195 kg/h
Plant lifetime 20 y
Annual plant operation 8160 h/y
Income tax (Uganda) 30%
Nominal interest rate 10%
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Fixed capital costs included the costs of equipment, installation, piping, instrumentation, elec-
trical, building, utilities, storage, site development, ancillary buildings, design, contractor’s fee,
and contingencies. Table 4 contains estimations for equipment considered for biodiesel production
from the three feedstocks. The Total Capital Investment comprising fixed and working capital costs
are summarised in Table 5.

The total operating cost estimation involved the cost needed to run the project. These consisted
of variable costs, fixed costs, and general expenses. Variable costs included costs of raw materials
and utilities. Fixed costs included the cost of maintenance, operating labour, supervision, plant
overheads, capital charges, Insurance rates, taxes, and Royalties. Computations of operating costs
for jatropha, croton, and castor oil are included in Table 6.

The Aspen Process Economics Analyser was used for equipment sizing and cost estimation prior
to profitability analysis/computation of the net present value (NPV). Appendix G is the economic
model applied in the calculation of NPV. Sensitivity analysis was conducted for biodiesel pro-
duction processes to investigate the effects on profitability resulting from changes in the cost of
feedstocks and the selling price of biodiesel.

3. Results and discussion

3.1. Moisture and oil content of the seeds

The moisture contents obtained for the Castor, Croton, and jatropha seed samples were 4%, 3%,
and 10%, respectively. Similar moisture contents obtained in previous studies included 4.15%
(Mohammed, Danjuma Muhammed, and Gutti 2017), and 9.1% (Moulana, Supardan, and Aina

Table 4. Estimation of equipment costs.

Name Code
Unit

Price ($)
Qty-Croton
& Castor

Qty-
Jatropha

Cost- Croton &
Castor ($)

Cost-
Jatropha ($)

Esterification reactor RCT1 207,700 1 2 207,700 415,400
Neutralisation reactor NEUTR 30,900 1 1 30,900 30,900
Methanol recovery tower, FAME
Column, Glycerol column

MEOHCOL,
GLYCRCOL,
ESTRCOL,
WASHCOL

6,012 5 6 30,060 36,072

Pumps (Alcohol, catalyst,
feedstock, distillation bottom,
methanol recovery)

PUMP1, PUMP2
PUMP3

368,087 5 10 1,840,435 3,680,870

Storage tanks TANKS 422,400 5 5 2,112,000 2,112,000
Leaf filters FILTER 228,200 1 1 228,200 228,200
Heaters HX1, HX2, HX3 900 3 4 2,700 3,600
Mixers (methanol recovery,
alcohol/catalyst, recycled
methanol)

MIX1, MIX2, MIX3 301,100 3 6 903,300 1,806,600

Total equipment cost- Production of croton & castor oil ($)
Total equipment cost- Production of jatropha oil ($)

5,355,295
8,313,642

Table 5. Estimation of Total Capital Investment

Item Cost- Croton & Castor ($) Cost- Jatropha ($)

Total Purchased cost of equipment (PCE) 5,355,295 8,313, 642
Physical plant cost (PPC) = 3.4*PCE 18,208,003 28,266,383
Auxiliary plant cost (APC) = 0.45*PPC 8,193,601 12,719,872
Fixed capital investment (FCI) = PPC + APC 26,401,604 40,986,255
Working capital investment (WCI) = 0.25*FCI 6,600,401 10,246,564
Total capital investment = FCI + WCI 33,002,005 51,232,819
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2013), for Castor and Jatropha, respectively. However, differences in the moisture contents in the
same seed types may occur due to the differences in humidity, soil fertility, and geographical con-
ditions. Very high moisture content may also be due to the poor storage and handling facilities. If
kept dry and stored at optimum conditions, seeds with moisture contents of 6–10% can have shelf
lives of up to 12 months without loss of oil content (Gonfa et al., 2019 ). The moisture content is a
determinant of the quantity, physical properties, and shelf life of the extracted oil(Garnayak et al.
2008). The oil yields obtained were 29.5%. 36% and 35.6%, and were in the same range as those for
previous studies for Castor (Isah 2006), Croton (Kafuku and Mbarawa 2010), and jatropha (Ong
et al. 2011), respectively.

3.2. Assessment of the physical and chemical properties of the oil

3.2.1. Fatty acid compositions
Table 7 contains the obtained fatty acid compositions of castor oil, croton, and jatropha. The fatty
acid profiles are consistent with findings from previous studies for castor oil (Aldo Okullo, Ogwok,
and Ntalikwa 2017) and croton megalocarpus oil (Kafuku and Mbarawa 2010), and jatropha oil
(Ong et al. 2013). Ricinoleic acid, the abundant fatty acid in castor oil, accounts for its high viscosity
and miscibility in all proportions, with short-chain alcohols, including methanol, for the transester-
ification process for biodiesel conversion (Owolabi, Usman, and Onoh 2017).

3.3.3. Physical and chemical properties of the oils
Results obtained for acid value (AV), saponification value (SV), refractive index (RI), and flash
point (FP) from the analysis of the castor, croton, and jatropha oil samples, are summarised in
Table 8. The acid value shows the amounts of fatty acids present in the oil. Fats and oils contain
both saturated fatty acids and unsaturated fatty acids. The higher the number of fatty acids, the

Table 6. Estimation of Total Operating Costs.

Item Unit cost ($) Qty Total cost ($)

Direct operating costs (DOC)
(a) Raw materials
Jatropha oil 3/L 99,541,489 L 298,624,468
Croton oil 3/L 94,743,109 L 292,299,834
Castor oil 3/L 97,433,278 L 284,229,327
Methanol 0.37/kg 11,110,726 kg 4,110,969
Phosphoric acid 1.00/kg 4,740,071 kg 4,740,071
Sulphuric acid 0.20/kg 4,740,071 kg 948,014
Sodium hydroxide 0.56/kg 4,740,071 kg 2,654,440
(b) Utilities
Electricity 0.15/kWh 1,525,920 kW 228,888
Water 1.0635/m3 58,752 m3 62,483
(c) Other OpEx
Labour 3.087/person 25,189.92 629,748
Supervision (0.2*labour) 125,949.5
Maintenance (0.075*FCI) 1,980,120.3
A: Total Operating Cost for Jatropha Biodiesel production
Subtotal (DOC) 314,105,151
Indirect operating costs (IOC) = 0.25*DOC 78,526,288
Total operating costs (TOC) = IOC + DOC (Jatropha) 392,631,438
B: Total Operating Cost for Castor Biodiesel production
Subtotal (DOC) 307,780,517 307,780,517 307,780,517
Indirect operating costs (IOC) = 0.25*DOC
Total operating costs (TOC) = IOC + DOC (Castor)

76,945,129
384,725,646

C: Total Operating Cost for croton Biodiesel production
Subtotal (DOC) 299,710,010
Indirect operating costs (IOC) = 0.25*DOC
Total operating costs (TOC) = IOC + DOC (croton)

74,927,502
374,637,512
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higher the acid value of the oil. Only croton oil had an acid value complying with the maximum AV
of 0.5 mg KOH/g that ASTM D6751 stipulates. Therefore, these oils need to be processed further to
biodiesel before use in ICEs to avoid corrosion and engine deposits, particularly in the fuel injectors,
associated with high fuel acidity.

Castor and Jatropha oils had Iodine values (IV) within the ASTM D 6751 limit of 120 g I2/100 g.
However, croton oil’s IV was higher than the limit. The iodine value determines the level of oils’
unsaturation and the number of double bonds (Moser 2009). The iodine value is related to oxidative
stability and reflects an oil or fat’s propensity to oxidise, polymerise, and form engine deposits(Bart,
Palmeri, and Cavallaro 2010). The saponification values of all the oils were all within the ASTM
maximum limit of 370 mgKOH/g of oil. High saponification values show a higher propensity for
soap formation and affect the yield of biodiesel produced (Ibeto, Ofoefule, and Ezewgue 2011).

The refractive index indicates the level of unsaturation of the fatty acid. It affects the engine per-
formance by directly affecting the calorific value and the viscosity. All the oils had a refractive index

Table 7. Fatty acid profile for castor, croton, and jatropha oil.

Name Carbon Chain Percentage Quantity (%)

Fatty acid profile for Castor (Ricinus communis) oil
Ricinoleic acid C18:1-OH 83.59
Palmitic acid C16:0 4.46
Stearic C18:0 4.4
Oleic acid C18:1 0.96
Linoleic acid C18:2 4.49
Linolenic acid C18:3 2.1
Total saturated 8.95
Total unsaturated 91.05
Fatty acid profile for Croton megalocarpus oil
Myristric acid C14:0 0.03
Palmitic acid C16:0 3.49
Stearic acid C18:0 4.34
Oleic acid C18:1 9.11
Linoleic acid C18:2 76.57
Linolenic acid C18:3 5.74
Arachidic acid C20:0 0.17
Eicosenoic acid C20:1 0.48
Eicosadienoic acid C20:2 0.07
Total saturated 8.03
Total Unsaturated 91.97
Fatty acid profile for Jatropha curcas oil
Myristic acid C14:0 0.12
Palmitic acid C16:0 15.87
Palmitoleic acid C16:1 0.74
Stearic acid C18:0 6.80
Oleic acid C18.1 40.46
Linoleic acid C18:2 33.84
Arachidic acid C20:0 0.35
heneicosanoic C21:0 0.20
heptadecanoic C17:0 0.14
Total saturated 22.78
Total Unsaturated 77.22

Table 8. Characteristics of the oil.

Property Jatropha Oil Castor Oil Croton Oil

Acid Value (mg KOH/g) 15.79 0.9 0.28
Iodine Value (mg/g) 105.20 84 140.6
Saponification Value (mg KOH/g oil) 192.85 170 222.5
Refractive Index at 25oC 1.468 1.478 1.474
Flashpoint (oC) 235 140 163
Viscosity at 40°C (mm/s2) 4.4 4.7 2.46
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within the ASTM limits. The flashpoint is the temperature at which the substance burns when
exposed to heat. The flashpoint helps to monitor the safety and safe storage of the oil. As shown
in Table 8, all the oils had a flashpoint of more than 130°C. The ASTM D6751 recommended
limit for oils is above 130°C. The higher the flashpoint, the safer the oil and easier to transport
(Lu et al. 2009a).

3.4. Physical and chemical properties of the biodiesel B100

Results obtained for the physical and chemical properties of the biodiesel B100 are summarised in
Table 9 and compared with the limits specified in ASTM D6751 for biodiesel and petroleum
diesel. Castor, croton, and jatropha biodiesel B100 all conformed to the ASTMD6751 limits. Castor
biodiesel had the highest viscosity, and croton had the lowest viscosity. A high viscosity interferes
with the fuel injection process (Canakci and Sanli 2008). Kinematic viscosity is an important fuel
property that shows the resistance of the flow of the liquid (Ong et al. 2011). Viscosity increases
with the increase in chain length and decreases with an increase in double bonds (Canakci and
Sanli 2008).

The calorific values of Castor, Croton, and jatropha biodiesel B100 were all lower than the lower
limit of ASTM D6751 for petrodiesel. Jatropha biodiesel B100 had a higher calorific value than cas-
tor and croton biodiesel B100. Therefore, Jatropha B100 has better combustion properties. This
finding is consistent with other studies, and the relatively lower calorific value of biodiesel B100
is attributed to its higher oxygen content (Teixeira da Silva de La Salles et al. 2010). However,
(Canakci and Sanli 2008) reported a higher calorific value of biodiesel compared to conventional
diesel.

The ASTM D6751 limits for the flashpoint for biodiesel are between 100oC-170°C. However,
those for conventional diesel are between 60oC-80°C. The higher flashpoint for biodiesel implies
that it is safer/easier to handle and has fewer volatile impurities (Williams et al. 2011). Flashpoints
for Castor and Croton B100 were within the ASTM D6751 limits for biodiesel. However, jatropha
had a slightly higher flashpoint, similar to the findings by (Ong et al. 2011). The specific gravities of
biodiesel B100 from Croton and Jatropha were lower than the lower ASTM D6751 limit for biodie-
sel. However, that for Castor B100 was within range. The specific gravity of biodiesel affects the
combustion properties of the fuel.

3.5. Physical and chemical properties of B10 blend

Results obtained for the physical and chemical properties of the B10 are summarised in Table 10
and compared with the limits specified in ASTM D6751 for biodiesel and petroleum diesel.
Kinematic viscosities for the Castor, Croton, and Jatropha B10 blends all conform to the
ASTM D6751 standard limits for petroleum diesel and with the ASTM D7476 standard for B6 to
B20. Croton B10 had the lowest viscosity and therefore has better fuel injection properties (Ali
et al. 2015). The calorific values for Castor, Croton, and Jatropha B10 were higher than the 35
MJ/Kg stipulated in the EN 14214 standard for biodiesel. However, they were slightly lower than
ASTM petro-diesel.

Table 9. Physical and Chemical characteristics of the Biodiesel B100.

Property Jatropha B100 Castor B100 Croton B100 ASTM Biodiesel ASTM Petrodiesel

Kinematic viscosity at 40°C 4.8 4.9 5 1.9–6.0 1.3–4.1
Calorific Value MJ/kg 39.5 37.2 36.6 N/A 42.80–45.36
Flash Point 172 162 100 100 - 170 60 - 80
Specific Gravity 0.83 0.86 0.79 0.86–0.90 0.82–0.86
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Flashpoints of the biodiesel B10 blends were lower than the standard ASTM D6751 limits for
B100 but within the ASTM than for petro-diesel. Hence Castor, Croton, and Jatropha B10
would be safer to transport and store than conventional diesel (Lu et al. 2009) (Williams et al.
2011). The Castor, Croton, and jatropha B10 biodiesel all had specific gravities that conformed
to ASTM D6751 for B100 and ASTM D7467 for B6 to B20.

3.6. Optimal conditions for the jatropha biodiesel production process

3.6.1. Jatropha oil esterification
(i) Methanol: FFA ratio, residence time, and acid concentration

Figure 3 shows the variation of the acid value with the methanol: FFA mole ratio at sulphuric
acid concentrations of 3 and 7 wt%. In both cases, the reaction rate increased with the increasing
mole ratio. Above 70:1, however, the increase was negligible, so this ratio was adopted as the exper-
imental limit in order to avoid unnecessarily increasing operational costs and the reactor size. On
the other hand, an increased catalyst concentration increased the esterification rate. Thus, at a
methanol: FFA mole ratio of 50:1, a catalyst concentration of 3% provided an acid value of 3.85
mg KOH/g oil within 120 min, whereas one of 7 wt% gave 2 mg KOH/g oil at the same time. A
methanol: FFA mole ratio of 70:1 and 3 wt% was adopted as optimal, and the influence of temp-
erature studied was examined.

(ii) Temperature
As illustrated in Figure 4, raising the temperature increased the esterification rate. The highest

rate was obtained at 60°C, which is close to the boiling point of methanol at atmospheric pressure. A
methanol: FFAmole ratio of 70:1, a sulphuric concentration of 3%, residence time of 120 min, and a
temperature of 60 °C provided an acid value below 0.5 mg KOH/g oil, which is the ASTM D 6751
and EN 14214 maximum recommended level for ensuring a good yield of FAME while facilitating
their separation from glycerin in the transesterification reaction. Higher acid values result in sapo-
nification by reaction with the catalyst, decreasing surface tension and facilitating emulsification.

Table 10. Physical and chemical characteristics of the B10 blend.

Property Jatropha B10 Castor B10 CrotonB10 ASTM Biodiesel ASTM Petrodiesel

Kinematic viscosity at 40oc(mm/s2) 3.7 3.5 2.8000 1.9–6.0 1.3–4.1
HHV (MJ/Kg) 42.00 41.069 40.000 42.80–45.36
Flash Point (oC) 73.00 69.00 76.00 100–170 60–80
Specific Gravity 0.8439 0.8523 0.8682 0.86–0.90 0.82–0.86

Figure 3. Variation of acid value with Methanol: FFA mole ratio at sulphuric acid concentration of 3 wt% and 7%.
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3.6.2. Transesterification process for biodiesel production
(i) Effect of Methanol: Oil ratio on conversion

Figure 5 shows that increasing the methanol: oil mole ratio increases the reaction rate. It is also
noteworthy that any ratio greater than 7.5: 1 has a small effect on the conversion percentage. This is
because increasing the ratio would increase the amount of methanol, and it would be difficult to

Figure 4. Variation of acid value with the temperature at sulphuric acid concentration of 3 wt% Methanol: FFA mole ratio of 70:1.

Figure 5. Effect of Methanol: Oil ratio.
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recover all the methanol that has not been treated, and more energy will be used. Also, some metha-
nol can be lost through evaporation.

(ii) Effect of NaOH (alkali catalyst) concentration on transesterification
As illustrated in Figure 6, increasing the catalyst concentration increases the reaction conversion

until it reaches constant conversion at 0.95 wt.%. of NaOH. Therefore, increasing the concentration
above 0.95 wt% would be unnecessary, especially at high temperatures, since there is very little
change in conversion.

(iii) Effect of reaction temperature on percent conversion
With all reaction conditions kept constant, as shown in the simulation results in Figure 7,

increasing reaction temperature increased reaction conversion at the same reaction time. It was
also noted that with higher residence time, the effect of increasing temperature above 60°C on con-
version is negligible and would be energy wasting.

3.7. Economic analysis

Based on the computed costs, including total capital investment and operating costs that were
applied to the model in Appendix G, the Net Present Values were determined. Profitability analysis
for biodiesel production processes from each of the three feedstocks gave negative NPVs, as illus-
trated in Figure 8. Therefore, based on these results, the production of the blendstocks for the pro-
duction of B10 from any of the three feedstocks (Castor, croton, or Jatropha) is not economically
viable. This is mainly due to the high costs of biodiesel feedstocks. To attract investment in biodiesel
production, it may be crucial for Government to put in place a subsidy and tax incentive scheme.

Sensitivity analysis results in Figure 9 shows that an increase in feedstock cost resulted in
reduced NPV and increased NPV for decreasing feedstock costs. As shown in Figure 10, a reverse
trend was observed for increasing and reducing biodiesel selling prices. These biodiesel projects can
only break-even at feedstock costs lower than $1/kg or with over 1.7 times increase in biodiesel sell-
ing price. However, high selling prices can inhibit biodiesel use. Therefore, competitive feedstock
costs and product selling prices are crucial factors for the success of a B10 biodiesel project.

Figure 6. Effect of NaOH (alkali catalyst) concentration on percent conversion.
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Figure 7. Effect of reaction temperature on percent conversion.

Figure 8. Net Present Value (NPV) of Biodiesel production from the different feedstocks.

Figure 9. Effect of feedstock cost on NPV for the different feedstocks.
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4. Conclusions

This paper assessed the techno-economic viability of biodiesel production in Uganda using second-
generation feedstocks, including castor, croton, and jatropha. Physicochemical characterisation of
the oils, B100 (blendstocks), and B10 blends confirmed their compliance with ASTM D6751 quality
standards. Castor and croton biodiesel were synthesised using alkali catalyzed transesterification
process. A two-step process, starting with esterification and followed by alkali-transesterification,
was applied for jatropha biodiesel conversion due to the high % FFA found in the jatropha oil.
Negative Net Present Values were obtained from the profitability analysis for producing B100
blendstocks from the three feedstocks used in B10 blending. Therefore, based on these results,
the production of the biodiesel blendstocks for the production of B10 from any of the three feed-
stocks (castor, croton, or jatropha) is not economically viable. Sensitivity analyses showed that an
increase in feedstock cost resulted in reduced NPV and vice versa for reduced feedstock costs or
higher biodiesel selling prices. The study established that it is technically viable to produce biodiesel
blendstocks for B10 from castor, croton, and jatropha. The findings of this techno-economic assess-
ment contributed to closing the knowledge gap on the viability of a B10 mandate based on East
African second-generation feedstocks. It revealed that for a B10 policy based on these locally avail-
able second-generation biodiesel feedstocks to be viable, interventions would be needed to lower
feedstock costs and guarantee competitive biodiesel selling prices. Future studies should explore
the effects of revenue from biodiesel byproducts on the profitability of B10. Also, the impact of gov-
ernment subsidies and tax incentives on the economic viability of a B10 policy can be assessed.
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Appendices

Appendix A. Process description for biodiesel conversion from castor and croton oils
using alkali –transesterification

Stage
No Description of process for each stage

Unit/Stream (as denoted in the
Process Flow Diagram)

1. Methanol (MEOH) and NaOH catalyst (catalyst) were mixed together in a
continuous stirred mixing tank.

MIX02.

2. The mixture of methanol and catalyst was then pressurised to 58 psia and
combined with a recycle stream of methanol (MEOHREC), which was fed into
the transesterification reactor (REACTOR).

PUMP02, MIX03, REACTOR.

3. Croton or castor oil (CAS-CRO) was fed to this reactor after the oil was
pressurised and heated to 58psia and 35°C or 50°C (Castor or croton,
respectively). Transesterification of the Castor or Croton with methanol under
NaOH or KOH catalyst proceeded in the reactor.

PUMP01, HX01, REACTOR.

4. The products of this reaction were Fatty Acid, Methyl Esters (Biodiesel), and
Glycerol. The products in Stream REACOUT were then fed to a simple
distillation column (COL-01), where the unreacted methanol was separated
from the product stream and recycled back into the feed stream through
Stream MEOHREC.

Stream REACOUT, COL-01, Stream
MEOHREC.

5. These products in Stream, PDT-01, were then cooled in a heat exchanger to 60°C
for the water washing decantation stage (WASHCOL). The water-washing
process used water to collect the glycerol into solution, thus aiding in
separating biodiesel from the water-glycerol mixture.

PDT-01, WASHCOL.

6. The remaining unreacted oil (OILREC), methanol-water (MEOHWAT), and
biodiesel (FAME) were separated to purity in another distillation column, COL-
02. The final biodiesel product was purified to 99.8% purity in the COL-02
distillation column. The byproduct glycerol in Stream WSHOUT leaving the
WASHCOL unit was sent to a neutralisation tank NEUT to neutralise the alkali
catalyst (NaOH) using phosphoric acid.

OILREC, MEOHWAT, COL-02,
WSHOUT, NEUT.

Appendix B. Process flow diagram for biodiesel conversion from castor and croton oils
using alkali –transesterification
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Appendix C. Process description for biodiesel conversion from jatropha oil using a two-
step process

Step One: – Esterification

Stage No Description of process for each stage Unit (as denoted in the Process Flow Diagram)
1. The first step was pretreatment, where the Jatropha oil

feed was esterified with methanol in the presence of
an acid catalyst (H2SO4). The Jatropha oil was heated
to 60°C in the heat exchanger (HX-01) before entering
the esterification reactor.

HX-01.

2. The fresh methanol stream (MEOH) was combined with
the H2SO4 Stream and mixed then with the recycled
methanol stream (MEOH1REC).

MIX-02

3. The resulting mixture from MIX-02 was pumped into the
reactor RCT-01. In RCT-01, the reaction was carried out
at 60°C, 4 bar, a 80:1 molar ratio of methanol to FFA,
and 3% sulfuric acid (based on oil). All the free fatty
acids in the reactor were converted to methyl esters in
112 min.

RCT-01

4. The resulting water and acid catalyst (H2SO4) from RCT-
01 were removed before proceeding to the alkali-
catalyzed transesterification using glycerin as a liquid
entraining agent. Recycled pure glycerin (99.9%) from
glycerin purification column C-04 at 45°C and 4 bar
was used in washing the reactor effluent (RCT01OUT)
in the WASH-01 column. The resulting washed stream
OIL2 consisted only of refined oil and the resulting
methyl esters. This Stream was sent to the
downstream transesterification unit.

WASH-01, Stream OIL2

5. The bottom Stream from WASH-01 comprised
unreacted methanol, glycerol, sulfuric acid, water, and
traces of esters. The methanol in this Stream was
recovered in COL-01. Recovered methanol stream
MEOH1REC was obtained from the top of COL-01 at
28°C and 0.2 bar, with 99% recovery of the total
methanol fed to the column and purity > 99% of
methanol. Vacuum distillation was used to keep the
temperature under 150°C as FAME and glycerol are
susceptible to thermal decomposition above 250°C
and 150°C, respectively. The bottom Stream of C-02
(WASTE) is composed of glycerol, methanol, sulfuric
acid, and water, but due to the presence of sulfuric
acid, this Stream was not reused and is treated as
waste.

COL-01, C-02, stream
MEOH1REC.

(A. A. Newman, L. V. Cocks,
1968), (J. Goodrum, 2002, vol

2).

Step Two: – Alkali-Transesterification

Stage No Description of process for each stage Unit (as denoted in the
Process Flow Diagram)

References

1. The OIL2 Stream from the pretreatment step
(esterification) was mixed with the recycled oil stream
(OILREC), which was heated in the heater HX-03. The
outlet stream from MIX03 was pumped into the
reactor RCT-02.

Stream OIL2, OILREC, HX-
03, MIX03, RCT-02.

2. The fresh methanol stream (METHANOL) was combined
with the recycled methanol stream (MEOH2REC) and
the anhydrous sodium hydroxide (NAOH) in the mixer
MIX04.

METHANOL, MEOH2REC,
MIX04.

3. The resulted Stream from MIX04OUT was pumped into
RCT-02. The reaction was carried out at a 7.5:1 molar
ratio of methanol to oil, 1% sodium hydroxide (based
on oil), 60°C, and 4 bar. Anhydrous NaOH was used as
recommended for commercially viable alkali-
catalyzed systems. In RCT-02, all reactions were
performed according to the kinetics of the reactions

MIX04OUT, RCT-02. (B. Freedman, E. Pryde,
T. Mounts, 1984). [6a]

(Continued )
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Continued.

Step One: – Esterification

Stage No Description of process for each stage Unit (as denoted in the Process Flow Diagram)
given in [6a]. The reactions convert 99% of the oil to
fatty acid methyl esters (Biodiesel).

4. The methanol in stream RCT02OUT emerged from RCT-
02 and was recovered in COL-02 tower. The top
Stream of COL-02 with a purity of >99.9% of methanol
was mixed with fresh methanol to RCT-02. Vacuum
distillation was used to keep the temperature under
150°C as FAME and glycerol are susceptible to thermal
decomposition above 250°C and 150°C, respectively.

RCT02OUT, RCT-02, COL-02 (A. A. Newman, L. V. Cocks,
1968), (J. Goodrum, 2002, vol 2)

5. The bottom Stream of COL-02 containing all the FAME
from the reactor was pumped by PUMP06, heated by
HX-02 then washed in the water washing column
WASH-02 where FAME was completely separated
from the glycerol.

COL-02, PUMP06, HX-02,
WASH-02

6. The content of other compounds, such as jatropha oil,
methanol, and water in the FAME were all less than
1%. The top product stream (PDT02) from (WASH-02)
composed of FAME, water, and methanol was
forwarded to COL-03 to purify the FAME product
where water and methanol were removed. A FAME
product with 99.56% purity was obtained as a final
biodiesel product.

PDT02, WASH-02, COL-03

7. The bottom Stream from WASH-02 (WSH2OUT) is
proceeded to neutralisation reactor NEUTR to remove
sodium hydroxide by adding pure phosphoric acid
(H3PO4) with 100% purity. It is assumed that the
conversion in NEUTR is 100%. The resulting Na3PO4
was removed in gravity separator (filter) DECANTER.
The remaining Stream, composed mainly of glycerin
with little water, methanol, and traces of oil, was
entered into a distillation column COL-04 for glycerin
purification, where pure glycerin obtained from the
bottom (GLYCEROL) was pumped and recycled back
to the washing tower (WASH-01) after it has been
heated by HX-04. The remaining water, methanol, and
other traces are obtained from the top of the column.

WASH-02, NEUTR,
DECANTER, COL-04,
WASH-01, HX-04

Appendix D. Process flow diagram for biodiesel conversion from jatropha oil using a two-
step process
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Appendix E. Simulation assumptions

Some assumptions considered in this work are outlined below:
1) Laboratory-scale optimised reaction conditions of castor and croton were assumed to be appropriate for large-

scale production and set as the reactor(s) operating conditions in Aspen Plus software.
2) The transesterification reactor is a perfectly mixed flow (continuous stirred tank reactor).
3) Anhydrous alcohol and anhydrous catalyst were used.
4) Oil feed is 100% solid particle-free.
5) Multi-stage distillation was used to recover the excess methanol, as well as in the final purification of biodiesel

and glycerine products since the large difference in the boiling points of the components facilitated distillation
(Zhang et al. 2003)

Appendix F. Chemicals manufacturers

Chemicals Manufacturer
NaOH Griffchem fine chemicals
KOH Griffchem fine chemicals
n-hexane Macron fine chemicals
Methanol Macron fine chemicals
H2SO4 Macron fine chemicals

Appendix G. Model applied in the calculation of NPV
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