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Abstract

Although vegetable oils are apparently an advantageous alternative fuel for direct use in
traditional diesel engines with no modification necessary, in practice many problems are
regularly discussed in the literature including filter clogging, breakage of certain types of
injection pumps, and deposits of carbon on the cold parts of engines.
Several technological solutions have been proposed to overcome these problems but the
majority of papers discuss them individually and have not actually compared them in similar
conditions. The purpose of the present study was to use the same experimental device to
compare the three most widely recognised technological options for the use of Jatropha
curcas vegetable oil as a fuel in a direct injection diesel engine: preheating, blending with
diesel, and recirculating exhaust gases. Power output, specific consumption, thermal
efficiency and exhaust gas emissions were compared to those of diesel used as the reference.
The results obtained were similar for preheated and non-preheated Jatropha oil, but differed
from the results obtained with diesel. Similar combustion performance and similar emissions
were obtained with a blend of 20% Jatropha oil and diesel to those obtained with diesel alone.
Exhaust gas recirculation (EGR) with Jatropha oil could lead to fouling in the combustion
chamber. In contrast to widely accepted theory, this study also clearly demonstrates that the
viscosity of vegetable oil is not the main cause of poorer combustion quality and,
consequently, of deposits in the combustion chamber.
Keywords: Jatropha curcas, vegetable oil, biofuel, direct injection diesel engine

1. Introduction
Increasing consideration is being given to renewable energy to gain multiple co-benefits

including cost savings, access to modern energy systems, treatment of organic wastes,



Journal Pre-proof

improved human health, local employment opportunities, social cohesion of communities,
improved livelihoods, sustainable development, as well as reduced GHG emissions [1-4] .
The economies of most developing countries rely on agriculture whose development involves
mechanization. Upstream and downstream efforts towards mechanization of the agricultural
sector are making very little headway in developing countries today due to the high cost of
liquid fossil fuels[5,6], for engines. This is even more apparent in land-locked countries with
no liquid fossil fuel resources like Mali and Burkina Faso in West Africa. Petroleum products
are very expensive in the rural areas of both countries, where purchasing power is very low
[7]. On the other hand, such countries generally have a potential for the production of biofuel,
which, if successful, could substantially advance agricultural mechanization. One possible
solution for agricultural mechanization in such countries is the use of pure vegetable oil,
produced and consumed on the farm. This option would make it possible to produce the fuel
needed to develop, diversify and intensify agricultural preduction itself, with a very
worthwhile ratio: agriculture could produce five to ten times the amount of energy it
consumes [8].
Vegetable oils can be used in both indirect injection and direct injection diesel engines,
although the latter are less tolerant of vegetable oils [9-11]. Direct injection diesel engines are
mostly used for transport, the production of electricity, and for motive power because they are
more efficient than other engines [12]. This type of engine is found in isolated rural zones,
where fuel supplies are difficult.
While vegetable oils are an advantageous alternative for specific applications, including
agricultural mechanization or the production of electricity, their direct use in traditional diesel
engines without any modification, can lead to operating problems. Vegetable oils are 10 to 20
times more viscous than pure diesel, are less volatile, and their chemical nature differs from
that of diesel[5,9,13-15] .
The problems resulting from the use of vegetable oil are regularly described in the literature;
they include filter clogging, breakage of certain types of injection pumps, and deposits of
carbon on the cold parts of engines (the combustion chamber wall, cylinder head, injector
nozzles, etc.)[9,16]. Several technological solutions have been proposed for the use of pure
vegetable oil with no chemical modification such as transesterification or catalytic cracking of
the oil. However, the cause of the problems and the recommended solutions are still the
subject of debate. The most frequently proposed solutions are:

e preheating the vegetable oils to reduce their viscosity to the equivalent of diesel [16—

22];
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¢ blending vegetable oil and diesel oil in different proportions to reduce viscosity, but
also to benefit from what is assumed to be better combustion of the oil thanks to the
diesel [9,18-26];
e recirculating exhaust gas (EGR) in the engine to benefit from a supply of heat on
admission, which enhances ignition and combustion, and reduces NOy [22,27-31].
However, most publications have discussed such options without actually comparing them
[25,27,32-39]. Several studies have identified viscosity as the main cause of problems in the
use of HVP in diesel engines. The experimental conditions described in these studies are
different [18,20,42-45,23-25,33,36,39-41].
The purpose of these works was thus to use the same experimental device to compare the
three solutions proposed in the literature, and to test them under the same trial conditions to
assess how each solution could contribute, if at all, to the use of Jatropha oil as a diesel engine
fuel. We explain how the viscosity of vegetable oil actually affects engine performance, and
how exhaust gas recirculation affects the preparation of the air/fuel mix and the emission of
exhaust gases.
2. Materials and methods
The tests were carried out using pure Jatropha oil (PJO), the same oil was preheated to 100°C
(HJO), and some preheated blends of 20, 40, 50 and 75% Jatropha oil in diesel, called J20,
J40, J50 and J75, respectively. Engine fuel conversion efficiency and gas emissions were
recorded for each fuel then compared with reference tests using non-preheated Jatropha oil,
PJO, and pure diesel. The EGR work was carried out in the same way using PJO.
2.1 Engine test bench
The tests were carried out on an engine test bench mainly comprising a direct injection diesel
engine, an electric alternator providing a three-phase voltage of 400 V, and two VIKINS type
resistive load banks of 4 kW each to load the engines.
The engine was a LOMBARDINI 9LD561/2L, French-made, twin-cylinder, with natural
suction, air-cooled, running at a constant speed of 1,500 rpm. The technical characteristics of
the engine are listed in Table 1. Fuel was fed to the engine by a dual-fuel system (Fig. 1).
Dual-fuelling enables an engine to be fed with two fuels successively. An electrically
controlled valve, commonly called a “solenoid valve”, is used to switch between the two
tanks .
The combustion products were analysed with a TESTO type 350XL gas analyser. The
analyser probe was placed inside the silencer, at a distance of 5 cm from the cylinder outlet.
The gases measured by the analyser were carbon monoxide (CO), nitrogen oxides (NO and

3



Journal Pre-proof

NOy), unspent hydrocarbons (HC), dioxygen (O,) and sulphur dioxide (SO,). CO, emissions
were calculated based on the fuel characteristics and the residual oxygen measured in the
gases. The characteristics of the analyser are listed in Table 2.

The exhaust gas temperature was measured using a type K NiCr-Ni thermocouple connected
to an ALMEMO type 2690-8 data logger.

2.2 Preheating of Jatropha/diesel blends

A heating magnetic stirrer was used to preheat the Jatropha curcas oil and the Jatropha diesel
blends to the chosen test temperatures. A thermocouple was used to regulate the temperature.
The test temperature was obtained with an error of +5°C. The engine feed circuit was heat-
insulated to prevent temperature variation.

To obtain equal viscosity values of 5.9 mm2/s limit at 37.8°C according to NF T60 100, the
J20, J40, J50 and J75 blends were preheated to respective temperatures of 50, 60, 70 and
100°C (Table 3).

2.3 Description of the exhaust gas recirculation (EGR) valve

To study the thermal impact of exhaust gas recirculation on exhaust gas emissions, we chose
hot EGR, i.e. after filtering, the exhaust gases were returned to the engine without cooling.
Figure 2 is a diagram of the EGR system. It was installed between the exhaust pipe and the
engine’s new air intake. The walls of the tube were 50 mm thick and the internal diameter of
the tube was 50 mm. The system was made from steel and could withstand high temperatures.
2.4 Characteristics of the fuels used

The characteristics of the fuels used are listed in tables 4 and 5. Viscosity was determined in
accordance with the NF EN 1SO 3104 standard, the low heating value (LHV) in accordance
with the ASTM D 240 standard and the density in accordance with the NF EN ISO 3675
standard.

2.5 Test procedure

Tests were carried out at different engine loads and the efficiency and gas emission tests were
carried out with the different fuels (pure diesel, pure Jatropha oil, diesel and Jatropha oil
blends). For each test, the engine was started with diesel and run at zero load for 15 minutes.
Two resistive load banks were used to load the engine up to a rated power of 6 kW at 1,500
rpm. That load rate was maintained for 5 minutes to stabilise the engine. This enabled the
engine combustion chamber to reach a temperature of 500°C, the optimum condition for
complete combustion of pure vegetable oils. The tests for the three options (preheating, blend

and EGR) were carried out at an average ambient temperature of 36°C and in four stages:
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i.  First, tests were carried out with diesel to generate reference data. For each engine
load ranging from 0% to 100% of rated power (with a step of 20), the exhaust gas
temperature, exhaust gas emission and fuel consumption were measured after running
at constant load for five minutes.

ii.  Second, the same test was run as in i. above, with pure Jatropha oil as fuel.

iii.  Third, the same test was run as in i. above with different concentrations (20%, 40%,
50% and 75%) of Jatropha oil blended with diesel as fuel.

Iv.  Fourth, the exhaust gas recirculation tests on the engine were carried out with a
manual valve fitted between the exhaust pipe and the fresh air intake. Once the EGR
system was installed on the engine, the tests were carried out as in i. above with pure

Jatropha oil and diesel as fuel.

3 Results and discussion

3.1 Viscosity of the fuels used

In order to compare the effect of the different types of fuel under the same conditions, all the
fuels had to have the same viscosity. Figure 3 presents the effect of temperature on the
viscosity of each of the fuels used. For PJO, by preheating, the viscosities fell significantly,
reaching values close to that fixed by standard NF T60 100 equivalent to ASTM D 97-93, at
temperatures approaching 100°C. Standard NF T60 100 gives a maximum kinematic viscosity

limit of 5.9 mm?/s at 37.8°C for the use of diesel in diesel engines.

3.2 Results and analysis of the Jatropha oil preheating tests

3.2.1 Comparison of the performance of the engine with Jatropha oil, preheated
Jatropha oil and diesel

Specific fuel consumption, thermal efficiency, and the engine exhaust temperature for

Jatropha oil (preheated or not) and diesel, depending on the increase in load rate, are shown in

Figures 4, 5 and 6.

The specific fuel consumption of the engine decreased with an increase in load with all the

fuels (Figure 4). It increased more than 11% on average with preheated Jatropha oil and 13%

with non-preheated Jatropha oil compared to that with pure diesel. This result tallies with the

results of earlier studies [22,44,46,47]. The difference in the low heating value (LHV)

between diesel and Jatropha oil may explain the extra consumption. Indeed, the LHV of diesel
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is 14% higher than that of Jatropha oil. To achieve the same power output from the engine, a
higher mass of Jatropha oil was injected. The specific consumption of non-preheated Jatropha
oil was, on average, 2% higher than that of preheated Jatropha oil. This difference is too small
to be able to enable any conclusions to be drawn. However, the high viscosity and density of
non-preheated Jatropha oil compared to preheated oil resulted in poorer oil atomization. It can
thus be imagined that some large droplets underwent poor combustion inside the chamber,
which may have led to greater consumption of non-preheated oil than of preheated oil.

The thermal efficiency of the engine increased with an increase in load, whatever the fuel
used (Figure 5). With low loads of up to 40%, the efficiency of diesel, preheated Jatropha oil
and non-preheated Jatropha oil was comparable. With engine load between 40% and 100%,
efficiency was better with the preheated Jatropha oil, followed by non-preheated Jatropha oil
and pure diesel. However, these differences were not significant and a tendency emerged for
Jatropha oil to be more efficient than diesel. This result differs from those obtained in studies
by other authors [47,48], in which the efficiency achieved with diesel was better than that of
Jatropha oil. However, it should be noted that the equipment and operating procedures in our
tests were not the same as those used by the other authors.

The engine exhaust gas temperature values (Figure 6) were lower with diesel with all the
engine loads. Nevertheless, the temperatures were comparable to those for the two Jatropha
oils, with slightly higher values for the non-preheated Jatropha oil between 40 and 100% of
maximum engine load. In the literature, the highest exhaust temperature was reported with
preheated Jatropha oil .. This can be explained by numerous larger droplets formed with

Jatropha oil compared to diesel, leading to more diffusive combustion [49].

3.2.2 Comparison of emissions of engine exhaust with Jatropha oil, preheated Jatropha
oil and diesel

Changes in carbon monoxide (CO) and nitrogen oxide (NOx) emissions as a function of the
engine load with Jatropha oil (preheated and non-preheated) and with diesel are presented in
Figures 7 and 8, respectively.

At an engine load of 0% to 50%, CO emissions were comparable for diesel fuel and HJO,
whereas PJO displayed a higher CO rate (Figure 7). Above a load of 50%, CO emissions with
Jatropha oils were higher than with diesel. This result tallies with those obtained in other
studies [47-53]. Another finding with our engine, was that, when the load was higher than
80%, the CO emission levels increased significantly with all the fuels (Figure 7). At a

constant rotational speed, load is directly proportional to the quantity of fuel injected into the

6



Journal Pre-proof

combustion chamber. In our engine, at more than 80% of the maximum injection rate, the
fuel: air ratio increased such that the lack of oxygen caused incomplete combustion (thermal
degradation) of the fuels and the rate at which hydrocarbon radicals was converted into CO
may have been greater than that of CO conversion into COx.

The fact that with the vegetable oils CO emissions were higher can be explained by the
formation of CO during combustion. CO forms as an intermediate stage in the fuel oxidation
process, leading to CO; as the end product. In our tests, the time available for the reactions to
take place was the same for all the tests (constant engine speed), but the larger size of the
Jatropha oil droplets (due to high viscosity and surface tension) led to slow evaporation and
poorer preparation of the air/fuel mixture compared to diesel fuel [25].

For an engine load of 0% to 80%, NOx emissions were comparable for diesel fuel and HJO,
as PJO presented a lower rate (figure 8). Preheating up to 100°C appeared to make Jatropha
oil behave in the same way as diesel fuel. At high engine loads, temperatures in the
combustion chamber were high with fuel-rich mixtures. The high temperature in the
combustion chamber increased the thermal formation of NO (Figure 8). At very high loads
(100%), the high richness led to a slight increase in NOx due to incomplete combustion.
Some zones of gas cooling in the combustion chamber appeared. These results clearly show
that the decisive factors in NOx formation are temperature and local fuel/air richness.
However, the higher NOx emissions with HJO than with diesel and PJO are more difficult to
explain, as there were no significant differences in exhaust temperature between HJO and
PJO. A similar result was also described by Chauhan, B.S., et al.[20,54] .

To conclude, the aim of these tests was to identify how the viscosities of preheated and non-
preheated Jatropha oil affect combustion. Our results show that HJO and diesel produced

similar CO and NOx emissions, except for load above 80% impacted by a high fuel:air ratio.
3.3 Results and analysis of the tests of the Jatropha oil/diesel blends

The results of engine efficiency and emissions when running on blends with different
proportions of Jatropha oil blended with the diesel, were analysed and compared with those

for diesel, PJO and HJO.

3.3.1 Comparison of engine performances with Jatropha oil, diesel and Jatropha oil/

diesel blends
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Figures 9 to 11 show specific fuel consumption, thermal efficiency and engine exhaust
temperatures depending on the engine load for PJO, HJO, the blends and diesel, respectively.
The specific fuel consumption curves all show the same trend, i.e. a decrease with an increase
of the load (Figure 9). Specific fuel consumption was lower with diesel and increased with an
increase in the proportion of Jatropha oil in the blends for all the engine loads. With 20%
Jatropha oil in blend J20, specific consumption was comparable to that of diesel. This result
tallies with the results of some earlier studies [35,47]. The increase in specific fuel
consumption resulted from the low LHV of the Jatropha oil and its blends with diesel.

Overall engine efficiency increased with the load for all the fuels (Figure 10). It was lowest
with pure diesel and increased with an increase in the proportion of Jatropha oil in the blend.
The highest efficiency was obtained with J75 followed by HJO. The efficiency with PJO was
comparable to that with J20 and J40.

The engine exhaust gas temperature curves for all the fuels used showed the same trends,
increasing in line with an increase in the load (Figure 11). The temperature was lowest with

J40 and J50. Other researchers have obtained the same results [47].

3.3.2 Comparison of engine exhaust emissions with Jatropha oil, diesel and Jatropha
oil/ diesel blends

Changes in carbon monoxide (CQ) and nitrogen oxide (NOx) emissions in the engine exhaust

gases with the different fuels as a function of the load are shown in Figures 12 and 13,

respectively.

CO emissions (Figure 12) were stable with all fuels and increased beyond a load of 80% of

Jatropha oil. These emissions were lowest with diesel. No relationship was found between the

increase in CO emissions increase and the proportion of Jatropha oil in the blends, for any

engine load. NOy emissions (Figure 13) were very similar with all the fuels, increasing in line

with an increase in the engine load. This result tallies with those in some other studies

[55,56]. However, it should be noted that blending reduces the viscosity of Jatropha oil to the

point at which it is comparable to diesel. However, during the combustion of these blends

problems in performance and gas emissions persist. Consequently, differences in combustion

emissions and performances can be attributed more to the intrinsic characteristics of the oil

than to its viscosity.

3.4  Results and analysis of the exhaust gas recirculation tests

Based on the literature, EGR tests with diesel engine were carried out with exhaust gas

recirculation rates ranging from 10% to 30% [57,58]. Some preliminary engine efficiency and
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emission tests carried out with 10, 15, 20, 25 and 30% of exhaust gas recirculation established
the optimum EGR rate for the engine used at 20%. At this stage of the tests, recirculation was
conducted with that EGR value. The fuels used were PJO and diesel. It must be noted that the
air inlet configuration was modified, as shown in Figure 2, compared to the previous tests.
Therefore, differences in CO and NOX rates are reported for all fuels increasing CO by 40 %
and reducing NOx by 10% for diesel, and increasing CO by 100% and reducing NOx by 40%
in average for PJO.

3.4.1 Comparison of energy efficiency of the exhaust gas recirculation mode with
Jatropha oil and diesel
Figures 14 to 16 show respectively specific consumption, overall efficiency and engine
exhaust temperatures as a function of the load for PJO and diesel, with an EGR rate of 20%.
Specific fuel consumption decreased with an increase in the load, be it for diesel or PJO with
or without EGR (Figure 14). The specific consumption obtained with PJO with or without
EGR was higher than that obtained with pure diesel. Maintaining power was responsible for
this extra consumption [41,59]. We found that EGR did not significantly affect the specific
consumption of the two fuels.
Thermal engine efficiency increased with an increase in the engine load with all the fuels,
with or without EGR (Figure 15). Efficiency was higher with PJO with or without EGR.
The engine exhaust gas temperature increased with recirculation at all the engine loads
(Figure 16). PJO with EGR resulted in the highest temperatures followed by diesel without
EGR, then by PJO without EGR. This was partly due to recirculation, which increased the
average temperature of the gases in the chamber, and to the extra consumption of PJO. This
result tallies with the results obtained by Shehata [41]. In that study, the author showed how
increasing the exhaust temperature affected combustion, and revealed a substantial systematic
change in the heat release rate. The surface of the pre-mixture phase decreased in line with the
increase in recirculation. This phenomenon was also linked to the increase in the temperature
of the intake gas. In fact, the increase in temperature made it easier to achieve self-ignition
conditions for the fuel blend. This reduced the length of the pre-mixture combustion phase to

the benefit of the diffusion phase, with a slight reduction in the ignition lag.

3.4.2 Comparison of engine exhaust emissions of the exhaust gas recirculation mode

with Jatropha oil and diesel
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Figures 17 and 18 show respectively, CO emissions and NOx emissions as a function of the
load with PJO and diesel, with an EGR rate of 20%.
EGR greatly influenced CO emissions, with both diesel and PJO (Figure 17). The CO emitted
was low with diesel without EGR, and slightly below that with pure vegetable oil without
EGR. Emissions were substantial with diesel with EGR and even with for PJO with EGR. The
differences were greater between the EGR and non-EGR tests at high loads. This situation can
be explained by the richness of the fuel blend. Combustion in a diesel engine requires a fair
amount of excess air [60]. With EGR, as the load increases excess air decreases. The blend
then becomes fuel-rich and combustion quality begins to decline. The products of incomplete
combustion, such as carbon monoxide (CO), are then greater, which was the case with diesel
and PJO.
NOx emissions varied greatly depending on the exhaust gas recirculation conditions (Figure
18). A marked drop in such emissions was found with recirculation, be it with diesel or PJO.
The reduction was estimated to be:

e 25% on average with PJO at low loads and 66.5% at the maximum load,;

e 34.5% with diesel at low loads and 47.5% at the maximum load.
It turned out that the EGR system enabled a substantial reduction in nitrogen oxide emissions.
This phenomenon was mainly observed at high loads when the energy contribution of the fuel
was very low [41].
It is clear that EGR affects NO, formation mechanisms [41,57,58,61]. This could be
explained by the existence of low-reactive burned gases in the intake, which reduces the
instantaneous temperature of combustion, thereby Ilimiting the Zeldovich mechanism.
However, our analysis of the exhaust temperature showed that it increased with recirculation,
resulting in an increase in temperature in the combustion chamber. The reduction in NO may
have been due to the influence of recirculation on local fuel richness, which can be high in
some zones during combustion, thereby reducing NO formation by the “prompt NO”

mechanism.

3.4.3 Critical comparison of the three main solutions regularly proposed in the
literature for the sustainable use of vegetable oils as fuel in diesel engines

This work compared the three main solutions regularly proposed in the literature for efficient

and sustainable use of vegetable oils as fuel in diesel engines.

Table 6 shows the advantages and disadvantages of the three solutions for the use of

vegetable oils in diesel engines. It clearly shows that EGR is not an appropriate solution for

10
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the use of PJO in diesel engines. Indeed, the use of EGR in an engine depletes combustion
due to the admission of non-combustible gases into the engine (CO,, H,0, etc.). Hence the
reduction in the combustion temperature, which limits combustion reactions and clogs the
engine with unburned residues of vegetable oil.

Once preheated, the vegetable oil can be used directly in the engine, being more fluid, it is
more easily injected into the engine, but as discussed above, when the engine is running at
low load, this option does not solve the problems of poor performance and emissions of
pollutants in exhaust gases.

When the engine is subjected to high load variations or no vegetable oil is available to replace
the 100% diesel, mixtures of vegetable oil and diesel may be a good alternative. Indeed, PJO /
gas oil mixtures decrease the viscosity of vegetable oil while increasing its cetane number
[58], which improves fuel injection and combustion. However, although this solution does not
require modifications to the diesel engine, it requires the use of a mixer to ensure that the
mixture remains homogeneous while in use. The limit of using PJO/diesel blends remains the
homogeneity of the mixture and the low oil content in the mixture (30% PJO).

For the best use of 100% oil as engine fuel, bi-fueling is preferable [62]. The bi-fuel system
consists of starting and stopping the engine with diesel and using PJO only when the engine is
under load (i.e. with a hot combustion chamber). This way of using the PJO not only makes it
possible to ensure complete combustion of the oil, but also to clean the engine supply circuit

and to remove the deposits of unburried matter on the combustion components [62].

4 Conclusion

The purpose of this study was to investigate and compare the adaptations most frequently
mentioned in the scientific literature (preheater, oil/diesel blends, exhaust gas recirculation) to
enable vegetable oils used as fuel to behave similarly to diesel in a direct injection diesel
engine. The tests were carried out with pure Jatropha oil (PJO), pure Jatropha oil preheated to
100°C (HJO), and some preheated blends of 20, 40, 50 and 75% Jatropha oil in diesel. Engine
fuel conversion efficiency and gas emissions were recorded using each type of fuel and
compared with reference tests using non-preheated Jatropha oil, PJO, and pure diesel. The
EGR work was carried out in the same way using PJO.

Based on the analysis of the results of these tests, using an EGR system to re-inject hot gases
into the combustion chamber for fuelling with pure vegetable oils did not appear to be
worthwhile. The recommendation is therefore to inject vegetable oils directly into the engine,

11
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or to blend them with diesel oil or PJO (depending on the available quantities of vegetable
oil), while ensuring that combustion conditions are optimum in the combustion chamber (high
engine load). Under these conditions, the low viscosity of vegetable oils does not affect the
quality of their combustion in the diesel engine. However, the high viscosity of certain
vegetable oils may be problematic for their flow and for their injection into the engine, and
preheating may be required to make them more fluid.

We can thus conclude this work as follows: whatever the solution (preheating, mixing, EGR)

of the oil, bi-fuel guarantees the durability of the engine.

References

[1] R.Sims, A. Flammini, M. Puri, S. Bracco, Opportunities for Agri-Food Chains to
become Energy-Smart, (2015) 212.

[2] B. Abdullah, S.A.F. ad Syed Muhammad, Z. Shokravi, S. Ismail, K.A. Kassim, A.N.
Mahmood, M.M.A. Aziz, Fourth generation biofuel: A review on risks and mitigation
strategies, Renew. Sustain. Energy Rev. (2019) 37-50. do0i:10.1016/j.rser.2019.02.018.

[3] D.F. Correa, H.L. Beyer, J.E. Fargione, J.D. Hill, H.P. Possingham, S.R. Thomas-Hall,
P.M. Schenk, Towards the implementation of sustainable biofuel production systems,
Renew. Sustain. Energy Rev. (2019) 250-263. d0i:10.1016/j.rser.2019.03.005.

[4] 1.K. Maji, C. Sulaiman, Renewable energy consumption and economic growth nexus:
A fresh evidence from West Africa, Energy Reports. (2019).
doi:10.1016/j.egyr.2019.03.005.

[5] Y. Jiotode, A.K. Agarwal, In-cylinder combustion visualization of Jatropha straight
vegetable oil and mineral diesel using high temperature industrial endoscopy for spatial
temperature and soot distribution, Fuel Process. Technol. 153 (2016) 9-18.
doi:http://dx.doi.org/10.1016/j.fuproc.2016.07.027.

[6] A. Gasparatos, G.P. von Maltitz, F.X. Johnson, L. Lee, M. Mathai, J.A. Puppim de
Oliveira, K.J. Willis, Biofuels in sub-Sahara Africa: Drivers, impacts and priority
policy areas, Renew. Sustain. Energy Rev. 45 (2015) 879-901.
doi:http://dx.doi.org/10.1016/j.rser.2015.02.006.

[7]1 L.D.F. Bambara, M. Sawadogo, D. Roy, J. Blin, D. Anciaux, S.K. Ouiminga, Wild and
cultivated biomass supply chain for biofuel production. A comparative study in West
Africa, Energy Sustain. Dev. (2019). doi:10.1016/J.ESD.2019.08.004.

[8] G. Vaitilingom, Huiles végétales - Biocombustible diesel. Influence de la nature des
huiles et en particulier de leur composition en acide gras sur la qualité carburant.,
Universite d’Orléans, 1992.

[9] S.S. Sidibé, J. Blin, G. Vaitilingom, Y. Azoumah, Use of crude filtered vegetable oil as
a fuel in diesel engines state of the art: Literature review, Renew. Sustain. Energy Rev.
14 (2010) 2748-2759.

[10] G. Vaitilingom, Utilisations énergétiques de I’huile de coton, 15 (2006).

[11] G. Vaitilingom, Extraction, conditionnement et utilisation des Huiles VVégétales Pures
Carburant, Conf. Int. Biocarburants Ouagadougou. (2007) 52.

[12] J.B. Heywood, Internal Combustion engine fundamentals, New York, 1988.

[13] J. Blin, C. Brunschwig, A. Chapuis, O. Changotade, S.S. Sidibe, E.S. Noumi, P.
Girard, Characteristics of vegetable oils for use as fuel in stationary diesel engines—
Towards specifications for a standard in West Africa, Renew. Sustain. Energy Rev. 22
(2012) 580-597. doi:http://dx.doi.org/10.1016/j.rser.2013.02.018.

12



Journal Pre-proof

[14] A. Atmanli, E. lleri, B. Yuksel, N. Yilmaz, Extensive analyses of diesela€*vegetable
oila€“n-butanol ternary blends in a diesel engine, Appl. Energy. 145 (2015) 155-162.
doi:http://dx.doi.org/10.1016/j.apenergy.2015.01.071.

[15] B. D’Alessandro, G. Bidini, M. Zampilli, P. Laranci, P. Bartocci, F. Fantozzi, Straight
and waste vegetable oil in engines: Review and experimental measurement of
emissions, fuel consumption and injector fouling on a turbocharged commercial
engine, Fuel. 182 (2016) 198-209. doi:http://dx.doi.org/10.1016/j.fuel.2016.05.075.

[16] P.R. Shah, A. Ganesh, A novel strategy of periodic dosing of soy-lecithin as additive
during long term test of diesel engine fueled with straight vegetable oil, Fuel. 228
(2018) 405-417. d0i:10.1016/j.fuel.2018.04.121.

[17] Y. Nadir, M. Byron, Effects of preheating vegetable oils on performance and emission
characteristics of two diesel engines, Biomass Bioenerg. 35 (2001) 2028-2033.

[18] S.-Y. No, Application of straight vegetable oil from triglyceride based biomass to IC
engines — A review, Renew. Sustain. Energy Rev. 69 (2017) 80-97.
doi:http://dx.doi.org/10.1016/j.rser.2016.11.007.

[19] A.K.Hossain, P.A. Davies, Plant oils as fuels for compression ignition engines: A
technical review and life-cycle analysis, Renew. Energy. 35 (2010) 1-13.

[20] B.S. Chauhan, N. Kumar, Y. Du Jun, K.B. Lee, Performance and emission study of
preheated Jatropha oil on medium capacity diesel engine, Energy. 35 (2010) 2484—
2492.

[21] S.N. Mohamed Soid, M.A. Subri, M.I. Ariffen, I.S. Abd. Razak, Performance
Characteristics of Palm Oil Diesel Blends in a Diesel Engine, in: 2019: pp. 17-29.
doi:10.1007/978-3-030-28505-0_2.

[22] S.-Y. No, Inedible vegetable oils and their derivatives for alternative diesel fuels in CI
engines: A review, Renew. Sustain. Energy Rev. 15 (2011) 131-149.

[23] P.K. Devan, N. V Mahalakshmi, Performance, emission and combustion characteristics
of poon oil and its diesel blends in a DI diesel engine, Fuel. 88 (2009) 861-867.

[24] A.S. Huzayyin, A.H. Bawady, M.A. Rady, A. Dawood, Experimental evaluation of
Diesel engine performance and emission using blends of jojoba oil and Diesel fuel,
Energy Convers. Manag. 45 (2004) 2093-2112.
doi:http://dx.doi.org/10.1016/j.enconman.2003.10.017.

[25] O.M.l. Nwafor, G. Rice, Performance of rapeseed oil blends in a diesel engine, Appl.
Energy. 54 (1996) 345-354. doi:http://dx.doi.org/10.1016/0306-2619(96)00004-9.

[26] H. Aydin, Combined effects of thermal barrier coating and blending with diesel fuel on
usability of vegetable oils in diesel engines, Appl. Therm. Eng. 51 (2013) 623-629.
doi:http://dx.doi.org/10.1016/j.applthermaleng.2012.10.030.

[27] N.R. Banapurmath, P.G. Tewari, V.S. Yaliwal, S. Kambalimath, Y.H. Basavarajappa,
Combustion characteristics of a 4-stroke CI engine operated on Honge oil, Neem and
Rice Bran oils when directly injected and dual fuelled with producer gas induction,
Renew. Energy. (2009). doi:10.1016/j.renene.2008.12.031.

[28] N.J. Fox, G.W. Stachowiak, Vegetable oil-based lubricants-A review of oxidation,
Tribol. Int. (2007). doi:10.1016/j.triboint.2006.10.001.

[29] D.T.Hountalas, G.C. Mavropoulos, K.B. Binder, Effect of egr temperature for various
egr rates on heavy duty DI diesel engine performance and emissions, in: ECOS 2006 -
Proc. 19th Int. Conf. Effic. Cost, Optim. Simul. Environ. Impact Energy Syst., 2006.
doi:10.1016/j.energy.2007.07.002.

[30] H.Peng, Y. Cui, L. Shi, K. Deng, Effects of exhaust gas recirculation (EGR) on
combustion and emissions during cold start of direct injection (DI) diesel engine,
Energy. (2008). doi:10.1016/j.energy.2007.10.014.

[31] G.H. Abd-Alla, Using exhaust gas recirculation in internal combustion engines: A

13



Journal Pre-proof

review, Energy Convers. Manag. (2002). doi:10.1016/S0196-8904(01)00091-7.

[32] R.D. Misra, M.S. Murthy, Jatropa—The future fuel of India, Renew. Sustain. Energy
Rev. 15 (2011) 1350-1359.

[33] R. Suresh, B. Durga Prasad, S. Muthu Raman, T. Nibin, Emission control for a glow
plug direct injection CI engine using preheated coconut oil blended diesel, J. Eng.
Appl. Sci. (2009).

[34] P. Emberger, D. Hebecker, P. Pickel, E. Remmele, K. Thuneke, Ignition and
combustion behaviour of vegetable oils after injection in a constant volume combustion
chamber, Biomass and Bioenergy. 78 (2015) 48-61.
doi:http://dx.doi.org/10.1016/j.biombioe.2015.04.009.

[35] T. Daho, G. Vaitilingom, S.K. Ouiminga, B. Piriou, A.S. Zongo, S. Ouoba, J.
Koulidiati, Influence of engine load and fuel droplet size on performance of a ClI
engine fueled with cottonseed oil and its blends with diesel fuel, Appl. Energy. 111
(2013) 1046-1053. doi:http://dx.doi.org/10.1016/j.apenergy.2013.05.059.

[36] D.H.Qi, C.F. Lee, C.C. Jia, P.P. Wang, S.T. Wu, Experimental investigations of
combustion and emission characteristics of rapeseed oil diesel blends in a two cylinder
agricultural diesel engine, Energy Convers. Manag. 77 (2014) 227-232.
doi:http://dx.doi.org/10.1016/j.enconman.2013.09.023.

[37] E.P. Wagner, P.D. Lambert, T.M. Moyle, M.A. Koehle, Diesel vehicle performance on
unaltered waste soybean oil blended with petroleum fuels, Fuel. 107 (2013) 757—765.
doi:http://dx.doi.org/10.1016/j.fuel.2013.01.052.

[38] P.R.Wander, C.R. Altafini, A.L. Moresco, A.L. Colombo, D. Lusa, Performance
analysis of a mono-cylinder diesel engine using soy straight vegetable oil as fuel with
varying temperature and injection angle, Biomass and Bioenergy. 35 (2011) 3995
4000. doi:https://doi.org/10.1016/j.biombioe.2011.06.024.

[39] H. Li, P. Biller, S.A. Hadavi, G.E. Andrews, G. Przybyla, A. Lea-Langton, Assessing
combustion and emission performance of direct use of SVO in a diesel engine by
oxygen enrichment of intake air method, Biomass and Bioenergy. 51 (2013) 43-52.
doi:http://dx.doi.org/10.1016/j.biombioe.2012.12.039.

[40] P.A. Giuliano Albo, S. Lago, H. Wolf, R. Pagel, N. Glen, M. Clerck, P. Ballereau,
Density, viscosity and specific heat capacity of diesel blends with rapeseed and
soybean oil methyl ester, Biomass and Bioenergy. 96 (2017) 87-95.
doi:https://doi.org/10.1016/j.biombioe.2016.11.009.

[41] M.S. Shehata, S.M.A. Razek, Experimental investigation of diesel engine performance
and emission characteristics using jojoba/diesel blend and sunflower oil, Fuel. 90
(2011) 886-897. doi:http://dx.doi.org/10.1016/j.fuel.2010.09.011.

[42] R.D. Misra, M.S. Murthy, Blending of additives with biodiesels to improve the cold
flow properties, combustion and emission performance in a compression ignition
engine—A review, Renew. Sustain. Energy Rev. 15 (2011) 2413-2422.

[43] M.N. Nabi, M.S. Akhter, M.A. Rahman, Waste Transformer Qil as an Alternative Fuel
for Diesel Engine, Procedia Eng. 56 (2013) 401-406.
doi:http://dx.doi.org/10.1016/j.proeng.2013.03.139.

[44] H. Hazar, H. Sevinc, S. Sap, Performance and emission properties of preheated and
blended fennel vegetable oil in a coated diesel engine, Fuel. (2019).
d0i:10.1016/j.fuel.2019.115677.

[45] R. Vallinayagam, S. Vedharaj, W.M. Yang, P.S. Lee, K.J.E. Chua, S.K. Chou,
Combustion performance and emission characteristics study of pine oil in a diesel
engine, Energy. 57 (2013) 344-351.
doi:http://dx.doi.org/10.1016/j.energy.2013.05.061.

[46] S. Paul, B. Sarkar, P.K. Bose, Eclectic decision for the selection of tree borne oil

14



Journal Pre-proof

(TBO) as alternative fuel for internal combustion engine, Renew. Sustain. Energy Rev.
48 (2015) 256-263. doi:http://dx.doi.org/10.1016/j.rser.2015.03.060.

[47] D. Agarwal, A.K. Agarwal, Performance and emissions characteristics of Jatropha oil
(preheated and blends) in a direct injection compression ignition engine, Appl. Therm.
Eng. (2007). doi:10.1016/j.applthermaleng.2007.01.009.

[48] K. Pramanik, Properties and use of jatropha curcas oil and diesel fuel blends in
compression ignition engine, Renew. Energy. (2003). doi:10.1016/S0960-
1481(02)00027-7.

[49] T. Daho, G. Vaitilingom, S.K. Ouiminga, B. Piriou, A.S. Zongo, S. Ouoba, J.
Koulidiati, Influence of engine load and fuel droplet size on performance of a Cl
engine fueled with cottonseed oil and its blends with diesel fuel, Appl. Energy. (2013).
doi:10.1016/j.apenergy.2013.05.059.

[50] D.C. Rakopoulos, Combustion and emissions of cottonseed oil and its bio-diesel in
blends with either n-butanol or diethyl ether in HSDI diesel engine, Fuel. (2013).
doi:10.1016/j.fuel.2012.08.023.

[51] Y.D.Wang, T. Al-Shemmeri, P. Eames, J. McMullan, N. Hewitt, Y. Huang, S.
Rezvani, An experimental investigation of the performance and gaseous exhaust
emissions of a diesel engine using blends of a vegetable oil, Appl. Therm. Eng. (2006).
doi:10.1016/j.applthermaleng.2005.11.013.

[52] N.Yilmaz, B. Morton, Effects of preheating vegetable oils on performance and
emission characteristics of two diesel engines, Biomass and Bioenergy. (2011).
doi:10.1016/j.biombioe.2011.01.052.

[53] A.K. Agarwal, K. Rajamanoharan, Experimental investigations of performance and
emissions of Karanja oil and its blends in a single cylinder agricultural, Appl. Energy.
86 (2009) 106-112.

[54] S. Che Mat, M.Y. Idroas, M.F. Hamid, Z.A. Zainal, Performance and emissions of
straight vegetable oils and its blends as a fuel in diesel engine: A review, Renew.
Sustain. Energy Rev. (2018). doi:10.1016/j.rser.2017.09.080.

[55] P.K. Chaurasiya, S.K. Singh, R. Dwivedi, R. V. Choudri, Combustion and emission
characteristics of diesel fuel blended with raw jatropha, soybean and waste cooking
oils, Heliyon. (2019). doi:10.1016/j.heliyon.2019.e01564.

[56] Y. Azoumah, J. Blin, T. Daho, Exergy efficiency applied for the performance
optimization of a direct injection compression ignition (CI) engine using, Renew.
Energy. 34 (2009) 1494-1500.

[57] M.V.De Poures, A.P. Sathiyagnanam, D. Rana, B. Rajesh Kumar, S. Saravanan, 1-
Hexanol as a sustainable biofuel in DI diesel engines and its effect on combustion and
emissions under the influence of injection timing and exhaust gas recirculation (EGR),
Appl. Therm. Eng. 113 (2017) 1505-1513.
doi:http://dx.doi.org/10.1016/j.applthermaleng.2016.11.164.

[58] L. Labecki, L.C. Ganippa, Effects of injection parameters and EGR on combustion and
emission characteristics of rapeseed oil and its blends in diesel engines, Fuel. 98 (2012)
15-28. doi:http://dx.doi.org/10.1016/j.fuel.2012.03.029.

[59] D.C. Rakopoulos, Combustion and emissions of cottonseed oil and its bio-diesel in
blends with either n-butanol or diethyl ether in HSDI diesel engine, Fuel. 105 (2013)
603-613. doi:http://dx.doi.org/10.1016/j.fuel.2012.08.023.

[60] J.B. Heywood, Combustion in Compression Ignition Engines, in: Intern. Combust.
Engine Fundam., 1988.

[61] B. Rajesh Kumar, S. Saravanan, R. Niranjan Kumar, B. Nishanth, D. Rana, A.
Nagendran, Effect of lignin-derived cyclohexanol on combustion, performance and
emissions of a direct-injection agricultural diesel engine under naturally aspirated and

15



Journal Pre-proof

exhaust gas recirculation (EGR) modes, Fuel. 181 (2016) 630-642.
doi:http://dx.doi.org/10.1016/j.fuel.2016.05.052.

[62] A. Corsini, A. Marchegiani, F. Rispoli, F. Sciulli, P. Venturini, Vegetable oils as fuels
in Diesel engine. Engine performance and emissions, in: Energy Procedia, 2015.
doi:10.1016/j.egypro.2015.12.151.

Table 1. Technical characteristics of the diesel engine.

Characteristics Specification
Engine Type Lombardini 9LD 561-2/L, four strokes, air cooled, direct injection,
two cylinders, compression ignition engine, constant speed
Stroke/Bore 90mm/88mm
Displacement volume 1120 cm?
Rated power 12 kW at 2200 rpm
Compression ratio 1751
Generator Type Genelec
Power 8 kVA
Cos ¢ 0.8
RPM 1500

Table 2. Technical characteristics of the Testo 350 XL combustion gas analyser.

Gas Detector Resolution Scale Accuracy
CO, Evaluated from O, 0.01% 0 to CO, max -
CO  Electrochimical cell 1 ppm CO (0 to +10000 ppm CO) 0... +10000 ppm CO 5% of mv (+100 to +2000 ppm
CO)
+10% of mv (+2001 to +10000 ppm
CO)
+10 ppm CO (0 to +99 ppm CO)
0, Electrochimical cell 0.1% 0to 25% + 8%
NO  Electrochimical cell 1 ppm NO 0 to +3000 ppm NO  +5% of mv (+100 to +1999.9 ppm
(0 to +3000 ppm NO) NO)
+10% of mv (+2000 to +3000 ppm
NO)
+5 ppm NO (0 to +99 ppm NO)
NO, Electrochimical cell 0.1 ppm NO, (0 to +500 ppm NO,) 0 to 500 ppm NO, +5% of mv (+100 to +500
0.1 ppm NO, (0... +500 ppm NO,) ppm NO,)

+5 ppm NO2 (0 to +99.9 ppm NO,)

Table 3: Kinematic viscosity trend depending on the temperature

Fuel Viscosity (mm?/s)

Temperature (°C) 378 50 60 70 80 100
Diesel fuel 344 267 222 - - -
J20 6.37 473 426 3.07 281 245
J40 848 6.8 59 49 378 283
J50 121 8.67 6.77 557 458 333
J75 217 151 1141 927 74 541
PJO 36.8 255 184 1436 1144 7.1
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Table 4: Fuel physical characteristics

Fuel Density at 15°C Viscosity at 37,8°C PCI (kJ/kg)
(kg/dm?®) (mm?/s)
Diesel fuel 0.855 3.44 45749
J20 0.869 6.37 43580
J40 0.882 8.48 42934
J50 0.888 12.12 42250
J75 0.904 21.74 39200
PJO 0.919 36.79 39104

Table 5: Physico-chemical characteristics of the fuels

Fuel Diesel fuel  Jatropha oil
Masse volumique & 15°C (kg/dm?®) 0,855 0,919
Viscosity at 37.8°C (mm?/s) 3.37 36.8
Low Heating value (kJ/kg) 44 868 39 104
Cetane number (%) 49.1 45
Pour point (°C) <5 -3
Cloud point (°C) -3
Flash point (°C) 64 ,2
Acidity (mg KOH /g) - 0.66

Table 6: advantages and disadvantages of the three solutions for using vegetable oils in the diesel engine

Advantages Disadvantages

HJO * The viscosity of HVP decreases thus less | ¢ Adaptation of the components of
mechanical fatigue of the power supply the supply circuit to oil preheated to
components of the engine. 100°C
« Engine performance comparable to that * The problem of depositing in the
of diesel combustion chamber remains

» The difference in engine emissions is
more due to the characteristics of HVP and

diesel and also to the combustion process.

Blend PJO/fuel * The viscosity of PVO thus decreases the | ¢ Phase separation problem in the
mechanical tired of the motor feeding tank
members. « Installation of a mixer device

 Engine performance comparable to that
of diesel

« The difference in engine emissions is
more due to the characteristics of HVP and
diesel and also to the combustion process.

* Less fouling in the combustion chamber.
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EGR * Reduction of NOx emissions from the * Increase in engine consumption
engine * Decreased thermal efficiency
engine

* Increased CO emissions

* Incomplete combustion of fuel or
deposition of unburned in the
combustion chamber.
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Fig. 1: Schematic diagram of the experimental setup
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23



Journal Pre-proof

2600 ——
—m— Diesel fuel
— —— = Diesel fuel at 20% EGR
2100 — — @ PJO %
= + = PJO at 20% EGR -
_ T - _ - {E " - /,if
T M s — e —m . — . .- Il P
Bs00 + ¥ - I~
= -
S -
2 __--F
£ ——
100 T
S I F
— -~ -
—’_— +-
=7 --
600 @ — _ __ _ - -~
T e - - _ _ ___.___._.——.‘
- - - -
100 t ! - |
0% 20% 40% 60% 80% 100%
Load (256)
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