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Abstract. Liquid biofuels for compression ignition engines are often based on vegetable oils. In order to be
used in compression ignition engine the vegetable oils have to be processed because of their high viscosity or
it is also possible to use vegetable oils in fuel blends. In order to decrease the viscosity of the fuel blends
containing crude vegetable oil the alcohol-based fuel admixtures can be used. The paper describes the effect
of rapeseed oil-diesel fuel-n-butanol blends on combustion characteristics and solid particles production of
turbocharged compression ignition engine. The 10% and 20% concentrations of n-butanol in the fuel blend were
measured and analysed. The engine Zetor 1204, located in tractor Zetor Forterra 8641 with the power of 60kW
and direct injection was used for the measurement. The engine was loaded through power take off shaft of the
tractor using mobile dynamometer MAHA ZW500. The measurement was carried out in stabilized conditions
at 20%, 60% and 100% engine load. The engine speed was kept at 1950 rpm. Tested fuel blends showed lower
production of solid particles than diesel fuel and lower peak cylinder pressure and with increasing concentration
of n-butanol in the fuel blend the ignition delay was prolonged and premixed phase of combustion was

increased.
Nomenclature Acronyms
o Significance level
dQ/do Heat release rate (J/ °CA) 5 ANOVA Analysis Of Variance
4 Inst.antaneous cylinder volume (m”) BSFC Brake Specific Fuel Consumption
p Cylinder pressure (Pa) BTDC Before Top Dead Center
0 Crankshaft angle (°CA) BTE Brake Thermal Efficiency
Y Ratio of specific heats at constant pressure CA Crankshaft Angle
and volume (according to [1] and [2] consid- D Combustion Duration
ered constant at 1.35) CI Confidence Interval
Qcur Cumulative Heat Release (J) D100 Diesel fuel
SOC Start Of Combustion (°CA) EEPS Engine Exhaust Particle Sizer
EOC End Of Combustion (°CA) EOC End Of Combustion
W, Indicated work (J cycle ') GHG GreenHouse Gases
T Temperature of charge in the cylinder (K) HRR Heat Release Rate
m Mass air flow per cycle (kg) HSD Honestly Significant Difference
R; Specific gas constant of air (J kg™!' K™') D Ignition Delay
IE Indicated Efficiency
* Corresponding author: pexa@tf.czu.cz m Mass air flow per cycle
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NOX Nitrogen OXides

D Cylinder pressure

PM Particulate Matter

PTO Power Take Off

Q Heat

Qcur Cumulative Heat Release

R20B10D70 20% rapeseed oil, 10% n-butanol, 70% diesel
fuel

R20B20D60 20% rapeseed oil, 20% n-butanol, 60% diesel
fuel

RCHR Relative Cumulative Heat Release

R, Specific gas constant of air

RSD Relative Standard Deviation

SOC Start Of Combustion

SOI Start Of Injection

T Temperature of charge in the cylinder

W, Indicated work

Y Ratio of specific heats at constant pressure
and volume

0 Crankshaft angle

1 Introduction

The emissions of GreenHouse Gases (GHG) and other
dangerous pollutants are increasing worldwide and agricul-
ture sector is no exception. The raising energy demands of
agriculture sector produce more pollutants and deepen the
dependence of most of Europe on imported crude oil prod-
ucts. The partial replacement of fossil diesel with renewable
biofuel could decrease the emissions of GHG and depen-
dency on imported fossil fuel products. In an effort to fulfil
the targets, established by European Union [3], such as 40%
reduction of GHG emissions by 2030 in comparison with
1990, the first generation biofuels will still be an important
tool for GHG reduction [4].

First generation biofuels for compression ignition
engines are commonly based on a variety of vegetable oils.
For utilization in compression ignition engine it is possible
to perform chemical modification of the vegetable oil, such
as transesterification [5-9] or hydrogenation [10] in order to
decrease the viscosity of the vegetable oil. Alternatively, in
order to avoid the energy demanding chemical modification
of the fuel it is possible to blend the vegetable oil with diesel
fuel or/and alcohol biofuels [11-15].

As the alcohol fuels for diesel engine the ethanol or
methanol were tested [16, 17], however, the fuel properties
of butanol are closer to the diesel fuel [18-20]. Main advan-
tages of butanol over ethanol and methanol are lower
aggression to rubber sealing elements, lower affinity to
water, higher cetane number (methanol cetane number = 5
[21], ethanol cetane number = 8 [16], butanol cetane num-
ber = 17-25 [1, 22, 23]), better lubricity and higher calorific
value [24-27]. Also, the miscibility of vegetable oil in diesel
fuel is improved by butanol addition [28]. Butanol can be
produced by fermentation process from various sources,
including edible and non-edible biomass, such as sugars or

lignocellulosic materials [29, 30]. Also, the butanol can be
produced by catalytic conversion of ethanol [31].

In comparison with diesel fuel the ternary fuel blends
of butanol, diesel fuel and vegetable oil increase the intensity
of premixed phase of the combustion, prolong the ignition
delay due to lower cetane number and decrease the combus-
tion duration [13, 20, 32]. Sharon et al. [25] found the
increased intensity of premixed combustion with increasing
proportion of butanol in diesel fuel-used palm oil blend
using atmospheric stationary direct injection engine.
Cylinder peak pressure was found to be lower when using
vegetable oil-butanol-diesel fuel blends fuel [13, 25, 32] or
other fuel blends containing butanol [1, 14, 27, 33, 34] in
comparison with diesel fuel. However, Sharon et al. [25]
reached slightly higher peak cylinder pressure at low engine
load using used palm oil-butanol—diesel fuel blends.

Exhaust gas temperature was found lower with rapeseed
oil-butanol-diesel fuel compared with diesel fuel [35], simi-
lar results were also reached with fuel blend with cotton oil
[12, 19, 22, 36]. However, at low engine load the increase of
exhaust gas temperature was found with diesel fuel-used
palm oil-butanol blends in comparison with diesel fuel [25].

In blend with diesel fuel the butanol also increases the
intensity of premixed combustion phase and burning
velocity, prolongs ignition delay and decreases the temper-
atures of exhaust gas [23, 34, 37, 3§].

From the viewpoint of fuel consumption the vegetable
oil-butanol-diesel fuel blends cause the higher BSFC
(Brake Specific Fuel Consumption), mainly due to its
lower calorific value [12, 19, 22, 28, 39, 40|. From the
viewpoint of efficiency of the engine, the Brake Thermal
Efficiency (BTE) was found lower for vegetable oil-
butanol-diesel fuel blends in comparison with diesel fuel
[12, 22, 25, 40]. The lower BTE is explained by lower
calorific value and cetane number of n-butanol in the blend.
However, the higher concentrations of vegetable oil in the
blend tends to increase BTE because of its higher calorific
value and cetane number [22].

The solid particles, produced by combustion engines,
are one of the most discussed harmful emission component
in the present time [41]. The solid particles are composed
mainly of carbon (about 50%), however, the other harmful
substances can be absorbed on their surface, such as
polycyclic aromatic hydrocarbons, aldehydes and other
hydrocarbons [42]. Also the size of the particles is a very
important factor concerning the effect on human health,
because the very small particles can even enter the blood
stream through the alveoli of the lungs [42—44]. The highest
deposition efficiency in the alveoli of the lungs was reported
for particles in the size of 20 nm [45].

From the viewpoint of vegetable oil-butanol-diesel
fuel blends the lower smoke level was found, especially
with increasing proportion of butanol in the fuel blend
[25, 28, 32]. On the other hand, Lujaji et al. [32] reached
increased smoke density with increasing proportion of
vegetable oil in the blend. Lower smoke was also reported
for other fuel blends containing butanol [1, 27, 33, 46, 47].

The purpose of the paper was to experimentally deter-
mine the influence of rapeseed oil-n-butanol-diesel fuel
blends with different concentrations of n-butanol in the fuel
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blend on combustion characteristics, engine efficiency and
solid particle emissions of supercharged compression
ignition engine. Rapeseed oil was chosen since it is one of
the most cultivated energy crop in Europe [4, 48] and there-
fore it has potential to reduce the transport costs and
shorten the supply chain.

2 Materials and methods

Methodology and the structure of the study are inspired by
previous studies of the authors, dealing with combustion
characteristics of compression ignition engine fuelled with
sunflower oil-n-butanol-diesel fuel blends [49] and with
rapeseed oil-diesel fuel blends [50], another study is focused
on production of solid particles by compression ignition
engine, fuelled with sunflower oil-diesel fuel and rapeseed
oil-diesel fuel blends [51].

2.1 Tested fuels

For the measurement the mixtures of rapeseed oil, n-buta-
nol and diesel fuel were used as a test fuels. Diesel fuel with
no bio-components was used as a reference. The diesel fuel
meets the standard EN 590. The following fuel blends were
selected for the measurement (the concentrations are per
volume):

e 100% diesel fuel (D100).

e 20% rapeseed oil, 10% n-butanol, 70% diesel fuel
(R20B10D70).
e 20% rapeseed oil, 20% n-butanol, 60% diesel fuel
(R20B20D60).

The rapeseed oil-n-butanol-diesel fuel blends were
chosen in order to test the fuel blend with high bio-content
and without requirement for the energy demanding chemi-
cal modification of the vegetable oil. Rapeseed oil was
used since it is one of the most cultivated energy crop in
Europe [4, 48]. The purpose of n-butanol in the blend is
mainly to decrease the viscosity of the blend and increase
its bio-content. N-butanol was chosen because of its chemical
properties which are closer to the diesel fuel than in the case of
lower alcohols, as described in the introduction chapter.

The basic fuel properties of tested fuel blends are listed
in Table 1. The Stabinger Viscometer SVM 3000 made by
Anton Paar GmbH (measuring accuracy < 1%, repeatabil-
ity = 0.1%) was used for measurement of viscosity and
density. The calorific values of the fuels were measured
using the isoperibol calorimeter LECO AC600 (measuring
range — 23.1-57.5 MJ kg~ for a 0.35 g sample, accuracy
0.1% RSD) according to [52] and [53].

2.2 Equipment used

For the measurement the tractor engine Zetor 1204,
mounted in the tractor Zetor Forterra 8641, was used.
The main specification of the engine can be found in
Table 2. The engine is turbocharged, unmodified and its
operating time reached approx. 160 operating hours.

The injection pressure is given by the manufacturer (Zetor)
and before measurement the manual testing device was
used for injection pressure check. The start of the injection
is kept constant at 12° BTDC (before top dead center). The
engine is not equipped with a deposit particle filter and
meets the regulations according to Tier II as can be seen
in Table 3.

The tractor PTO (Power Take Off) shaft was used to
load the engine. For that purpose a mobile dynamometer
Maha ZW 500 was connected to the tractor PTO. The basic
parameters of the dynamometer are listed in Table 4.
Transmission losses have no effect on comparative measure-
ment and therefore they are not taken into account. Data
from the dynamometer were recorded wvia its own data
acquisition unit with the frequency of 10 Hz.

During the measurement the cylinder pressure, crank-
shaft position, fuel consumption, solid particles produc-
tion, amount of intake air, exhaust gas temperature and
ambient conditions (atmospheric pressure, temperature
and humidity) were monitored.

The cylinder pressure was measured by means of the
piezoelectric pressure sensor Optrand C322-GPA (range =
0-20.7 MPa, accuracy = 1%). The pressure sensor was
mounted instead of the glow plug. Incremental sensor
Sick DKS with 360 pulses per revolution was used for crank-
shaft position monitoring. Each pulse of the incremental
sensor triggers the cylinder pressure record. Therefore, the
frequency of cylinder pressure measurement depends on
actual engine speed and the resolution of cylinder pressure
values is 1° CA (Crankshaft Angle).

Laboratory scale Vibra AJ 6200 (range = 0-6200 g,
accuracy = 0.1 g, readability = 0.01 g) was used for fuel
consumption measurement. The laboratory scale was
placed under an external fuel tank. Data from the labora-
tory scale were recorded using RS232 interface with the
frequency of 1 Hz.

Engine Exhaust Particle Sizer (EEPS) 3090 made by
TSI, Inc. was used for monitoring of the production of solid
particles and their distribution. Basic specifications of
EEPS are listed in Table 5. The exhaust gas is diluted with
air and cooled down to approx. 20-30 °C before entering
EEPS (dilution factor = 99.2667, dilution ratio = 0.01007).
The dilution machine and hoses were heated on 150 °C.
The pressure of the measured exhaust gas was kept between
80 and 90 kPa. Data from EEPS were recorded with the
frequency of 1 Hz.

Mass air flow sensor Sierra FastFlo 620S (accuracy =
+1% of full scale, repeatability = +0.2% of full scale) was
used for measurement of the amount of intake air. Data
from the mass air flow sensor were recorded with a
frequency of 10 Hz using analogue-to-digital converter
LabJack U6.

Exhaust gas temperature was measured at the muffler,
where the samples for EEPS were taken. Thermocouple
type K, connected to Maha data acquisition unit, was used
for exhaust gas temperature measurement with the
frequency of 10 Hz. Data acquisition unit from Maha is also
equipped with sensors for ambient conditions measurement
(atmospheric pressure, temperature and humidity).
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Table 1. Basic fuel properties of tested fuel blends and its components.

Fuel Kinematic Density Calorific Cetane Latent Carbon Hydrogen Oxygen
viscosity at 15 °C value number heat of content content content
at 40 °C (kg m™?) (MJ kg ™) evaporation (%owt) (%owt) (%owt)

(mm? s 1) (kJ kg™!)

D100 1.801 819.13 43.151 50" 250" 87 13 0

R20B10D70 2.878 836.73 40.743 - - 82.91 12.82 4.27

R20B20D60 2.860 836.53 39.817 - - 80.74 12.88 6.38

Rapeseed oil 35.697 905.33 37.102 41.64 - 78.1°¢ 11.9¢ 10°¢

n-butanol 2.266 815.27 33.101 17— 585" 64.8 13.6 21.6

25"

* Data obtained from [54].

" Data obtained from [1] and [23].

¢ Data obtained from [22].

4 Data obtained from [11].

¢ Data obtained from [55].

Table 2. Engine specification (PTO — Power Take Off).

Parameter Specification

Manufacturer and type Zetor, 1204

Cylinders 4, in-line

Air fill Turbocharged

Rated power

Maximum torque
Engine displacement volume
Cylinder bore X stroke
Compression ratio

Fuel supply

Injection type

Start Of Injection (SOI)
Injection pressure
Valve mechanism
Valves per cylinder

60 kW at 2200 min~' (53.4 kW on PTO)?*
351 Nm at 1500 min~' (312 Nm on PTO)*
4.156 L
105 x 120 mm
17
Mechanical in-line injection pump
Direct injection
12° BTDC
22 MPa
OHV
2

® According to Deutsche Landwirtschafts-Gesellschaft.

2.3 Measurement methodology

The schematics of the measurement setup is shown in
Figure 1. The measurement was performed in stabilized
conditions at a constant rotation speed. The rotation speed
of the engine was selected at 1950 min~'. At engine rotation
speed 1950 min~' the PTO shaft reaches the speed of
1000 min~!, which is demanded for proper function of
agricultural machines and other equipment, connected to
the tractor. Therefore, in normal conditions, the engine
spends most of its working time at the rotation speed of
1950 min ™",

The load of the engine was selected at 20%, 60%, and
100%. Engine load was calculated from maximum torque
at respective rotation speed for each fuel. Table 6 shows
the actual reached values of torque and power on PTO

Table 3. Emission regulations Tier II for non-road
engines (results of standardized non-road steady cycle
according to ISO 8178-4 — type C1).

Emission component Limit value (g kWh™')

Carbon monoxide 5
Hydrocarbons 1.3
Nitrogen oxides 7

Particulate matter 0.4

shaft for each measurement point for all of the tested fuels.
In each engine load the monitored parameters were stabi-
lized. After stabilization the monitored parameters were
recorded with respective frequency for approx. 80 s.
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Table 4. Dynamometer specification.

Parameter Specification
Manufacturer and type Maha ZW 500
Max. power 500 kW
Max. torque 6600 Nm
Max. speed 2500 min "

Torque inaccuracy <1% over the full speed range

Table 5. EEPS 3090 specification.

Parameter Specification
Particle size range 5.6-560 nm
Particle size resolution 16 channels per decade
(32 total)
Electrometer channels 22

Charger mode of operation
Inlet cyclone 50% cutpoint
Time resolution

Unipolar diffusion charger
1 pm

10 size distributions s~*

2.4 Combustion analysis

For the analysis of combustion process the Heat Release
Rate (HRR) was calculated. The calculation (1) is based
on the first law of thermodynamics and does not take into
account the energy losses during the process. However,
according to Ozsezen et al. [56, 57|, “the temperature
gradients, pressure waves, non-equilibrium conditions, fuel
vaporization, and mixing can be ignored”. The Savitzky-
Golay smoothing filter was used on data set for HRR
calculation in order to smoothen the data and reduce the
noise effects,
d@ 7y 4V 1 dp

&Y _ L v 1
0 y—1Pa0 -1 ae (1)

where: d@/d0 — heat release rate (J/°CA); V — instanta-
neous cylinder volume (m®); p — cylinder pressure (Pa);
6 — crankshaft angle (°CA); y — ratio of specific heats at
constant pressure and volume (according to [1] and [2]
considered constant at 1.35).

From HRR profile, the Relative Cumulative Heat
Release (RCHR) was calculated. The heat, released during
the combustion was calculated as an integral from HRR,
according to equation (2). The RCHR is the ratio between
actual cumulative heat release and cumulative heat,
released during the whole combustion process and it is
expressed in percentage,

SOC dQ
- £ 40, 2
Qo= [ G 2

where: Qcgr — Cumulative Heat Release (J); SOC —
Start Of Combustion (°CA); EOC — End Of Combustion
(°CA).

The indicated efficiency, Brake Thermal Efficiency
(BTE) and Brake Specific Fuel Consumption (BSFC) were

rpm
M (Nm)
P (kw)

13

(b)

Fig. 1. (a) Measurement scheme, (b) detailed schematics of
engine: 1 — sensor of pressure and temperature of intake air,
2 — mass air flow sensor, 3 — exhaust gas temperature sensor,
4 — turbocharger, 5 — incremental sensor of crankshaft position
and rotation speed, 6 — cylinder pressure sensor, 7 — injection
pump, 8 — data acquisition unit for cylinder pressure sensor and
crankshaft position speed sensor, 9 — A /D converter LabJack U6,
10 - EEPS, 11 — PC for control and data record, 12 — Laboratory
scale with external fuel tank, 13 — dynamometer, 14 — fuel pump.

Table 6. Values of torque and power for all tested fuels at
all tested loads.

Engine D100 R20B10D70 R20B20D60

load Nm kW Nm kW Nm kW
20% 204 1174 19713 11.34  198.36  11.41
60% 558.95 3217  537.97 3096 557.69  32.09
100% 900.62 51.84 883.88 50.86 875.96  50.41

also calculated from the measured and calculated data.
The indicated efficiency is a ratio between indicated work
and energy, given in the fuel. Indicated work was calculated
as the area inside the p—V diagram according to equation
(3). According to [58] only compression and expansion
strokes were taken into account for indicated work calcula-
tion in order to exclude gas exchange from the result,

—180
W, = pdV. (3)

180
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SOC was determined from the HRR profile. From the HRR
the SOC can be determined in two ways. According to [2] or
[59] the SOC can be defined by a change in slope of HRR
curve. However, due to the relatively low resolution of
1° CA it would be difficult to establish the change in slope
with the sufficient accuracy. Another author [1] state, that
SOC occurs once the HRR curve becomes positive. This
moment was considered as the SOC, EOC was defined by
the moment when HRR curve becomes negative.

Temperature of charge in the cylinder also provides
important information about the combustion process
and conditions before SOC. The temperature in the
cylinder was calculated according to the ideal gas law and
equation (4). The calculation does not take into account
heat losses during the process,

pV
T =
mRi’

(4)

where: T — temperature of charge in the cylinder (K); m —
mass air flow per cycle (kg); R; — specific gas constant of
air (J kg ' K1).

3 Results and discussion
3.1 Combustion characteristics

In Figure 2 the cylinder pressure in dependence on crank-
shaft position at 20% engine load for all tested fuels is shown.
It is evident that SOC appears after the top dead center at
low engine load. Course of the cylinder pressure before SOC
is affected by fuel evaporation and energy losses during
compression, so that maximum compression pressure
appeared approx. 2-3° BTDC. The n-butanol in the fuel
blends also caused higher decrease of cylinder pressure
during Ignition Delay (ID) by its higher heat of evaporation
and higher volatility in comparison with D100. A similar
result, concerning increased cooling effect of n-butanol evap-
oration was also reached in other studies with turbocharged
[1] and atmospheric engine [60].

It can be seen that the fuel blends, containing n-butanol,
reached significantly lower cylinder pressure during
compression and expansion strokes in comparison with
D100. Cylinder peak pressure was lower using fuel blend
B20B10D70 by approx. 12.5% and R20B20D60 by 8.4%
compared with D100. This is connected with lower mass
air flow through the engine and lower calorific value of
the blended fuels. Also it may be noted that fuel blends with
a higher proportion of bio-components (R20B20D60)
reached higher peak cylinder pressure than R20B10D70.

In Figure 3 the HRR and RCHR in dependence on
crankshaft position for all measured fuels at 20% engine
load is shown, the detailed curves of HRR, during premixed
combustion phase can be seen in Figure 4. It can be seen
that the combustion duration was shorter for fuel blends
in comparison with D100 by approx. 14%. Also, heat
released during combustion process was lower for
R20B10D70 and R20B20D60 fuel blends than for D100.
In particular, combustion of R20B10D70 released by
28.41% lower heat and R20B20D60 by 25.79%. Ignition

— D100
—— R20B10D70
61 R20B20D60

Cylinder pressure (MPa)

-80 -60 -40 -20 0 20 40 60 80
Crankshaft angle (°CA)

Fig. 2. Cylinder pressure for all tested fuels at 20% engine load.

80 - 100
|
70 “ - 90
60 80
50 70
< 40 L 60 —
o )
> 30 50 g
% S
x 20 4 40 &
10 - 30
01 L 20
0 10
'20 T T T T O

-0 0 10 20 30 40 50 60
Crankshaft angle (°CA)

D100_HRR
R20B20D60_HRR
--------- R20B10D70_RCHR

R20B10D70_HRR
--------- D100_RCHR
R20B20D60_RCHR

Fig. 3. HRR and RCHR for all tested fuels at 20% engine load.

delay was prolonged for R20B10D70 by 0.72% and by
3.37% for R20B20D60.

The heat, released during premixed combustion phase
(first peak on HRR curve after SOC), was in absolute
values higher for D100 (by 27.71% in comparison with
R20B10D70 and by 6.76% in comparison with
R20B20D60), however, RCHR at the end of premixed
combustion was higher for the fuel blends compared
with D100 (D100 - 31.12%, R20B10D70 - 34.04%,
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80

70 A

60 1

50 -

30 A1

20 A1

HRR (J °CA")

-10 1

-20

o 1 2 3 4 5 6 7 8 9 10
Crankshaft angle (°CA)

—D100_HRR — R20B10D70_HRR
R20B20D60_HRR

Fig. 4. Detailed HRR during premixed combustion phase for all
tested fuels at 20% engine load.

R20B20D60 — 38.76%). Diffusion and late combustion
phases were shorter for both of the blended fuels compared
with D100. Also, lower amount of heat was released during
diffusion and late combustion phases (by 31.44% for
R20B10D70 and by 33.14% for R20B20D60) in comparison
with D100. Less intensive diffusion and late combustion
phases may be caused by the combination of lower calorific
value of the blended fuels (injected mass and energy content
of the fuels can be seen in Tab. 9) and relatively more fuel
burned in the premixed phase of combustion.

In Figure 5 the temperature of charge in the cylinder in
dependence on crankshaft position at 20% engine load can
be seen. It is evident that with blended fuels, the signifi-
cantly higher temperature was reached during combustion.
The peak temperature of charge in the cylinder was higher
by 7.64% when using R20B10D70 and by 9.94% when using
R20B20D60. Rakopoulos et al. [34] found slightly lower
cylinder temperature with n-butanol-diesel fuel blends in
comparison with diesel fuel, the same author in another
study [33] found increased cylinder temperature during
combustion after adding n-butanol into cottonseed oil and
its biodiesel. Chen et al. [38] found higher mean gas temper-
ature using 30% butanol-diesel fuel blend. From the calcu-
lation according to equation (4) the lower mass of charge is
the main cause of the increased temperature of charge in
the cylinder as the cylinder pressure was lower than in
the case of D100. Lower mass of charge in the cylinder has
lower heat capacity and reaches higher temperature during
combustion of the fuel. Also, the evaporation of the fuel
blends after injection during ID (approx. —12° to 4° CA)
caused higher decrease of cylinder temperature before
SOC than in the case of D100. This can be attributed to
relatively high heat of evaporation of n-butanol in the fuel

1400

1200 +

g 1000 -
g
2
S 800 A
8
£
2
= 600 -
[
°
£
=
O 400 A
200 + — D100
— R20B10D70
R20B20D60
0 T

-20 -10 0 10 20 30 40 50 60 70 80 90
Crankshaft position (°CA)

Fig. 5. Temperature of charge in the cylinder for all tested fuels
at 20% engine load.

blends and its higher volatility in comparison with D100.
Moreover, it may be noted that higher temperature of
charge was observed at SOI when using the blended fuels
in comparison with D100.

In Figure 6 the cylinder pressure in dependence on
crankshaft position at 60% engine load for all tested fuels
is shown. Similarly to 20% engine load, lower cylinder
pressure was reached using both of the fuel blends during
both compression and expansion strokes. The peak cylinder
pressure was lower by 11.56% using R20B10D70 and by
7.87% using R20B20D60 fuel blend. As in the case of 20%
engine load this decrease of cylinder pressure can be
explained by lower air flow through the engine and lower
calorific value of the blended fuels. Cylinder pressure
decrease during ID, caused by evaporation of the fuel was
not as significant as at 20% engine load since ID was shorter
at 60% engine load.

HRR and RCHR for all tested fuels at 60% engine
load can be seen in Figure 7, the detailed curves of HRR
during premixed combustion phase are shown in Figure 8.
Combustion of both of the blended fuels released lower
amount of heat in comparison with D100. For R20B10D70
the decrease was approx. 18.91% and for R20B20D60
approx. 16.72%. Also, from the figure it is evident that com-
bustion duration was shorter when using both of the blended
fuels (by 12.2% when using R20B10D70 and by 11.29%
when using R20B20D60). ID was shortened at this engine
load by approx. 0.52% when using R20B10D70 and by
0.17% when using R20B20D60 fuel blend.

Premixed combustion phase was longer by 1° CA for
R20B10D70 and R20B20D60 in comparison with D100.
During longer premixed combustion phase, higher amount
of heat was released when combusting both of the blended
fuels (by 27.3% for R20B10D60 and by 45.9% for
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Fig. 7. HRR and RCHR for all tested fuels at 60% engine load.

R20B20D60 in comparison with D100). Moreover, the high-
est peak HRR during premixed combustion phase can be
seen for R20B20D60. RCHR at the end of the premixed
combustion was also higher for both of the blended fuels
(D100 — 11.96%, R20B10D70 — 18.78%, R20B20D60 —
20.96%). This may be explained by the amount of n-buta-
nol, its volatility and high oxygen content. Similar results
concerning the increased intensity of premixed combustion
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70 = 100 phase were reached by other authors with vegetable oil-

butanol-diesel fuel blends in comparison with diesel fuel
[25, 32, 38|, while with the increasing proportion of the
butanol the effect was more significant. According to [25,
38] this can be explained by higher ID, caused by lower
cetane number of butanol and its higher oxygen content.

Similarly to 20% engine load the diffusion and late com-
bustion phases are shorter and less intensive using both of
the blended fuels in comparison with D100 and for both
of the blended fuels it was nearly identical. The heat,
released during diffusion and late combustion phases was
lower by 25.2% when using R20B10D70 and by 25.23%
when using R20B20D60 fuel blend compared with D100.

In Figure 9 the temperature of charge in the cylinder in
dependence on crankshaft position at 60% engine load can
be seen. During the combustion the blended fuels reached
higher temperature of charge in comparison with D100
(R20B10D70 by 12.49% and R20B20D60 by 15%). Simi-
larly to 20% engine load, the higher temperature of charge
for blended fuels can be explained mainly by lower mass air
flow and higher oxygen content of the blended fuels.

In Figure 10 the cylinder pressure in dependence on
crankshaft position at full engine load for all tested fuels
is shown. It is evident that the cylinder pressure curves
for both of blended fuels are nearly identical. The peak
cylinder pressure was lower for R20B10D70 by 8.1% and
by 7.67% for R20B20D60. The lower cylinder pressure of
the blended fuels can be explained by lower mass air flow
and thus lower mass of charge in the cylinder and lower
calorific value of blended fuel compared with D100.

In Figure 11 HRR and RCHR in dependence on crank-
shaft position for all tested fuels at full engine load can be
seen, the detailed curves of HRR during premixed combus-
tion phase are shown in Figure 12. In comparison with
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D100 the combustion duration was shorter by 10.16% when
using fuel blend R20B10D70 and by 10.45% when using fuel
blend R20B20D60. Heat, released during the combustion
process was lower by 17.88% in the case of R20B10D70
and by 16.89% in the case of R20B20D60 in comparison
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Fig. 11. HRR and RCHR for all tested fuels at 100% engine
load.
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Fig. 12. Detailed HRR during premixed combustion phase for
all tested fuels at 100% engine load.

with D100. When using R20B10D70 fuel blend ID was
shortened by approx. 2.66%, on the contrary, when using
R20B20D60 fuel blend ID was prolonged by approx.
2.39% in comparison with D100. ID was affected by cetane
number of the fuels and temperature of charge in the
cylinder at SOL
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Similarly to 60% engine load, the higher intensity of pre-
mixed combustion phase can be seen when using both of the
blended fuels (by 17.2% for R20B10D70 and by 12.21% for
R20B20D60 compared with D100). RCHR at the end of
premixed combustion phase was 4.49% for D100, 6.41%
for R20B10D70 and 6.06% for R20B20D60. Also, highest
peak of HRR can be seen during premixed combustion
phase when using R20B20D60. Lower intensity of premixed
combustion phase for R20B20D60 in comparison with
R20B10D70 was caused by longer ID of R20B20D60 fuel
blend, caused by low cetane number of the n-butanol, con-
tained in the blend. Therefore, the duration of premixed
combustion phase was shorter for R20B20D60. Diffusion
and late combustion phases were less intensive for both of
blended fuels in comparison with D100. The heat, released
during diffusion and late combustion phases was lower by
19.5% when using R20B10D70 and by 18.25% when using
R20B20D60. Lower heat, released during diffusion and late
combustion phases may be caused calorific value of the
blended fuels in comparison with D100.

The temperature of charge in the cylinder in dependence
on crankshaft position at full engine load is shown in
Figure 13. It can be seen, that during combustion both of
the fuel blends reached significantly higher temperature of
charge in the cylinder compared with D100 (R20B10D70
by 15.14% and R20B20D60 by 13.87%), similarly to 20%
and 60% engine load. The temperature decrease before
SOC during ID was not as significant as at in the case of
20% and 60% engine load since ID was shorter and SOC
appeared before top dead center.

In Figure 14 ID and combustion duration are shown.
The shorter combustion duration of both of the blended
fuels can be explained by stronger premixed combustion

18

17
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Fig. 14. Ignition delay and combustion duration for all tested
fuels at all measured loads (CD — Combustion Duration) (error
bars represent 95% CI).

phase, during which higher proportion of fuel was burned
when using blended fuels, since RCHR reached higher
values at the end of the premixed combustion phase in
comparison with D100. Also, higher oxygen content and
relatively simple molecule of n-butanol contributes to faster
oxidization.

Shorter ID, reached with R20B10D70 fuel blend,
particularly at 60% and 100% engine load may be caused
by higher temperature of charge in the cylinder at SOI,
which causes earlier ignition of the fuel. Also, rapeseed oil,
contained in the fuel blends may contributed to shorter
ID by its physical and chemical properties, since vegetable
oils were found to decrease ID in blends with diesel fuel
[25, 50, 61, 62]. Lujaji et al. [32] found shorter ignition
delay with blend of 80% diesel fuel, 15% croton oil and
5% n-butanol at low engine load in comparison with diesel
fuel.

In the case of R20B20D60 fuel blend the ID was
prolonged at 20% and 100% engine load. The prolonged
ID was caused by low cetane number of the fuel blend as
a result of 20% proportion of n-butanol. Increased 1D
was also observed by other authors when using vegetable
oil-butanol-diesel fuel blends, especially with increasing
proportion of butanol [25, 32]. Similar results were reached
also with other fuel blends containing butanol [1, 33, 34, 38].
The authors also explain the increased ID and later SOC by
lower cetane number of butanol.

In Figures 2, 6 and 10 the lower cylinder pressure
during compression and expansion strokes for both of
blended fuels can be seen at all tested engine loads. The
lower cylinder pressure was caused by lower mass air flow
through the engine, as can be seen in Figure 15 and Table 7.
The lower mass air flow may be a result of lower speed of
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Table 7. Mass air flow for all tested fuels at all measured
loads.

Engine load D100 R20B10D70 R20B20D60
(%) (kg h™") (kg h™") (kg h™")
20 344.29 265.77 270.06
60 405.07 303.87 309.65
100 470.18 366.98 364.73

turbocharger. Speed of turbocharger depends on kinetic
energy of exhaust gas. Lower kinetic energy of gas may be
connected earlier EOC, reached with both blended fuels
at all tested engine loads in comparison with D100.
Temperature of exhaust gas for all tested fuels at all
measured engine loads is shown in Figure 15. It can be seen
that temperature of exhaust gas was higher for both of
tested fuel blends in comparison with D100. Statistically
significant difference in exhaust gas temperature was found
between all tested fuels at all measured loads. ANOVA for
exhaust gas temperature at 100% engine load, comple-
mented with Tukey HSD post-hoc test is shown in Table 8.
Higher temperature of exhaust gas, reached with the fuel
blends, is connected with temperature of charge in the
cylinder reached during combustion, which was higher for
the blended fuels. Also, it can be seen, that the differences
in exhaust gas temperature are decreasing with increasing
engine load. In general, most of other authors found lower
exhaust gas temperature after butanol addition into diesel
fuel, vegetable oil, biodiesel or their blends [12, 13, 19, 23,
36, 63, 64], which was by most of authors explained by
higher volatility and heat of evaporation of butanol in the

fuel blend. However, Sharon et al. [25] observed higher
exhaust gas temperature with used palm oil-n-butanol-
diesel fuel blend at 0% engine load in comparison with diesel
fuel using atmospheric diesel engine.

The exhaust gas with higher temperature heats the
turbocharger to a higher temperature in comparison with
D100. The turbocharger with a higher temperature causes
more intensive heat transfer between exhaust gas and
intake air. Moreover, decreased air flow also contributes
to higher temperature of charge in the cylinder and affects
ID. As a result, lower amount of air with a higher temper-
ature was delivered into the cylinder.

From Figures 3, 7, and 11 it is evident that combustion
of the both of tested fuel blends released significantly lower
amount of heat in comparison with D100. However, lower
mass of charge in the cylinder, caused by lower speed of
turbocharger, takes less energy during the compression
stroke. As a result, when using the fuel blends the indicated
work, shown in Figure 16, reached comparable values with
D100. The highest difference was reached with fuel blend
R20B20D60 at 20% engine load (approx. 10%). At 60%
and 100% engine loads the difference of indicated work
between fuel blends and D100 was under 4%.

3.2 Engine efficiency

In Figure 16 the indicated efficiency of the engine, reached
with all tested fuels at all measured engine loads, can be
seen. It is evident that R20B10D70 reached at all measured
loads highest indicated efficiency, especially at 60% and
100% engine loads.

Figure 17 shows BSFC and BTE, reached with all
tested fuels in all measured engine loads. It is evident that
BSFC was higher for both of the blended fuels at all
measured engine loads in comparison with D100. Highest
increase of BSFC was reached using R20B20D60 at 60%
(6.57%) and 100% (7.23%) engine load. At 20% engine
load the difference between R20B10D70 and R20B20D60
is on the border of measurement accuracy of the used
equipment. Increase of BSFC is given by the lower calorific
values of the fuel blends in comparison with D100. In other
studies the increased BSFC in comparison with diesel fuel
was observed when using n-butanol-vegetable oil-diesel
fuel blends [12, 19, 22], vegetable oil-diesel fuel blends [61]
and n-butanol-diesel fuel blends [23]. The actual values of
injected fuel mass and its energy content for all measured
loads can be seen in Table 9. The slight differences are given
by different calorific values and densities of the measured
fuels since the fuels are injected on the volumetric basis.
Also, the measured point setting accuracy affects the
amount of injected fuel. At 100% engine load the difference
in the amount of the injected fuels is given only by the fuel
density as the volumetric amount is the same.

At 20% engine load BTE reached values of approx. 15%
(D100 — 15.06%, R20B10D70 - 15.46%, R2B20D60 —
15.51%), at 60% load the engine reached BTE approx.
26% (D100 — 26.41%, R20B10D70 — 26.55%, R2B20D60 —
26.26%) and at full engine load BTE reached approx. 30%
(D100 - 29.7%, R20B10D70 — 29.72%, R20B20D60 —
29.36%). It is evident, that the differences of BTE, reached
by blended fuels in comparison with D100 were under 0.5%.
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Table 8. ANOVA with Tukey HSD post-hoc test for exhaust gas temperature at 100% engine load.

o =0.05 Sum of squares Degrees of freedom Variance F-value
Between groups 9892.6728 2 4946.3364 266.9985
Within groups 48 759.6652 2632 18.5257 -
Total 58 652.3379 2634 - -
Tukey HSD post-hoc test.
D100 vs. R20B10D70: Diff = 4.6906, 95% CI = 4.2145 to 5.1668, p = 0.0000.
D100 vs. R20B20D60: Diff = 2.0543, 95% CI = 1.5757 to 2.5328, p = 0.0000.
R20B10D70 vs. R20B20D60: Diff = —2.6364, 95% CI = —3.1284 to —2.1443, p = 0.0000.
0.41 1000 0.35
0.4
900
0.39 1 0.3
"; 0.38 - 800
- z
g 0377 700 & s F0.25
= G x o
o 0.36 % 2 o =
° T ) o0
600 — o
§ 0.35 1 = § L 0.2
T 034 500
0.33 4 7 £ 015
’ 400
0.32
0.31 + T T T + 300 t T T T + 0.1
20 40 60 80 100 20 40 60 80 100

Engine load (%)

—e— D100 IE
o R20B10D70_IE
----a--- R20B10D70_Wi o

—a— R20B10D70_IE
---0---- D100_Wi
R20B20D60_Wi

Fig. 16. Indicated efficiency and indicated work for all tested
fuels at all measured loads (error bars represent 95% CI).

However the higher amount of n-butanol in the fuel blend
R20B20D60 tends to slightly decrease BTE at 100% engine
loads, caused by longer ID. On the contrary, at 20% engine
load both of the blended fuels slightly increased BTE. Most
of the authors found decreased engine BTE when using
vegetable oil-butanol-diesel fuel blends [12, 22, 25, 32, 36,
40]. Atmanli et al. [12] explain this phenomenon by lower
calorific value and cetane number and higher viscosity of
the vegetable oil-butanol—diesel fuel blends which provides
lower heat release and thus less useful work and lower
BTE. However, other fuel blends containing butanol were
found to increase BTE [17, 33, 65].

3.3 Solid particles production

In Figure 18 the result of particle analysis for all tested
fuels at 20% engine load is shown. It is evident that both
of the blended fuels reached lower amount of produced solid
particles in comparison with D100. Maximum concentra-
tion of solid particles in the exhaust gas decreased by
19.83% in the case of R20B10D70 and by 20.95% in the case

Engine load (%)
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----@---- D100_BTE
R20B20D60_BTE

—e— D100_BSFC
©o— R20B20D60_BSFC
----a---- R20B10D70_BTE ©

Fig. 17. BSFC and BTE for all tested fuels at all measured
loads (error bars represent 95% CI).

of R20B20D60 in comparison with D100. The decrease of
solid particles concentration was caused by relativelly high
oxygen content in the fuel blends in comparison with D100.
The mean size of particles with highest concentration also
decreased from 60.4 nm reached with D100 to 52.3 nm
reached with both of the fuel blends. Moreover, higher
concentration of n-butanol in fuel blend R20B20D70 caused
increase of solid particles production with the mean sizes
19.1-39.2 nm in comparison with R20B10D70. On the
contrary, R20B10D70 reached higher concentrations of
solid particles in the mean size range 93.1-294.3 nm in
comparison with R20B20D60 fuel blend. Similar results
were reached by Geng et al. [66] when using waste cook-
ing oil biodiesel-n-butanol blends, particularly smaller
mean diameter of particles and lower concentration in
comparison with diesel fuel with increasing proportion of
the n-butanol using turbocharged diesel engine equipped
with common rail.

Figure 19 shows the result of particle analysis for all
measured fuels at 60% engine load. Similarly to 20%
engine load, the maximum concentrations, reached using
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Table 9. The injected fuel mass and energy for all tested fuels in all measured loads.

Load D100 R20B10D70 R20B20D60
mg cycle kJ cycle mg cycle kJ cycle ™ mg cycle kJ cycle ™
20% 27.83 1.20 27.74 1.13 27.85 1.11
60% 43.5 1.88 44.11 1.8 46.25 1.84
100% 62.3 2.69 64.72 2.64 64.98 2.59
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Fig. 18. Result of particle analysis for all tested fuels at 20%
engine load (error bars represent the value of standard
deviation).

the blended fuels were lower in comparison with D100
(by 26.61% with R20B10D70 and by 28.59% with
R20B20D60) as can be seen in Figures 19 and 20, where
detailed results of particle analysis for all tested fuels at
60% engine load in the size of 30-80 nm are shown. The
mean size of the particle with the highest concentration
was lower using R20B10D70 in comparison with D100
(D100 — 60.4 nm, R20B10D70 — 52.3 nm, R20B20D60 —
60.4 nm). Also, the peak of concentration of very small
particles (approx. 10 nm) can be seen for R20B20D60.
Similar phenomenon was observed in one of previous study
of the authors [51] with vegetable oil-diesel fuel blend. The
phenomenon was explained by the worse evaporation
ability of vegetable oil during ID and it was connected with
premixed combustion. Increased intensity of premixed
combustion by 45% for R20B20D60 fuel at this engine load
contributed to very small particles production.

In Figure 21 the result of particle analysis for all tested
fuels at 100% engine load is shown. The decrease of maxi-
mum solid particles concentration when using blended fuels
was lower at full engine load compared with 20% and 60%

Mean particle size (nm)

Fig. 19. Result of particle analysis for all tested fuels at 60%
engine load (error bars represent the value of standard
deviation).

engine loads (by 14.34% for R20B10D70 and by 11.49%
R20B20D60). It is evident, that engine under full load
produces bigger particles than in previous cases (20% and
60% engine load). According to [66] this is caused by higher
combustion temperature and higher air-fuel equivalence
ratios. Also, similarly to R20B20D60 at 60% engine load,
at this engine load the both of blended fuels tends to create
higher count of particles at mean size approx. 10 nm. This
can be explained by higher intensity of premixed combus-
tion, which was highest for R20B10D70 at this engine load,
and lower volatility of rapeseed oil in the blend.

Figure 22 shows the total concentration of particles for
all measured fuels. The noticeable decrease of total count of
particles in 1 cm® between both blended fuels and D100 in
all measured cases can be seen. At 20% engine load the
decrease was 23.2% for R20B10D70 and 25.22 for
R20B20D60, at 60% engine load it was 27.02% for
R20B10D70 and 24.75% for R20B20D60 and at full engine
load it was 16.42% for R20B10D70 and 16.96 for
R20B20D60. It should be taken into account that the total
count of the particles is evaluated regardless to the size of
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Fig. 21. Result of particle analysis for all tested fuels at 100%

engine load (error bars represent the value of standard
deviation).

particles which makes the differences between individual
blended fuels less significant. However, using ANalysis Of
VAriance (ANOVA), the statistically significant differences
were found between all tested fuels at all loads except the
difference between R20B10D70 and R20B20D60 at 100%
engine load, where the difference was not significant.
ANOVA, complemented with Tukey HSD post-hoc test
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Fig. 22. Total count of particles of all sizes for all tested fuels at
all measured loads (error bars represent the value of standard
deviation).

Table 10. ANOVA with Tukey HSD post-hoc test for
total count of particles at 100% engine load.

o = 0.05 Sum of Degrees Variance F-value
Squares of freedom

Between groups 32.3468 x 10" 2 1.6173 x 10" 600.796

Within groups  5.5993 x 10'° 208 2.692 x 10°

Total 37.9461 x 10" 210 - -

Tukey HSD post-hoc test.

D100 vs. R20B10D70: Diff = —78 037.7452, 95% CI = —85 111.5904
to —70 963.9000, p = 0.0000.

D100 vs. R20B20D60: Diff = —80 599.9411, 95% CI = —86 634.9224
to —74 564.9598, p = 0.0000.

R20B10D70 ws. R20B20D60: Diff =
CI = —9744.4253 to 4620.0335, p = 0.6774.

—2562.1959,  95%

for total count of particles at full engine load can be seen
in Table 10.

Concerning total particles count, the reached results are
with good agreement with findings of other authors, who
found decreased smoke when using vegetable oil-butanol-
diesel fuel blends [25, 28, 32|, especially with increasing
butanol proportion in the fuel blend. Similar trend of
smoke was also found for other fuel blends containing
butanol [1, 27, 33, 46, 47].

4 Conclusion

The article is focused on combustion characteristics, engine
efficiency and solid particle production by the turbocharged
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compression ignition engine running on vegetable oil-n-
butanol-diesel fuel blends and 100% diesel fuel. From the
reached results the following conclusions were made.

e Lower cylinder pressure was reached during compres-
sion and expansion strokes using the blended fuels in
comparison with D100 in all cases.

Combustion temperature was significantly higher in

the case of both of blended fuels in comparison with

D100.

Lower peak cylinder pressure and higher cylinder

temperature were probably caused by lower mass air

flow, mainly affected by the speed of turbocharger
and its temperature.

e CD was shorter for both of blended fuels in compar-
ison with D100, while intensity of premixed combus-
tion was increased with increasing proportion of
n-butanol in the fuel (by up to 45%).

e ID reached using R20B10D70 was shorter in compar-

ison with D100, on the contrary R20B20D60 reached

longer ID compared with D100. Shorter ID was caused
by higher temperature of charge in the cylinder during

ID. Longer ID was caused by low cetane number of

the n-butanol and its higher concentration in

R20B20D60 fuel blend.

Both of the blended fuels were found to statistically

significantly decrease the production of solid particles

in comparison with D100. The decrease for both
blended fuels was between 27% and 16% compared
with D100.

With increasing proportion of n-butanol, the engine

tends to create smaller and thus more dangerous

particles.

With increasing pressure on the reduction of GHG and
other harmful emissions, such as NOx or PM, the research
in the field of biofuels is very important in the present time.
The production of individual components of harmful emis-
sions is always a trade-off different factors, which may be
contradictory. Further experiments will be prepared in
order to obtain wider field of view on production harmful
emissions when using biofuels and different ambient condi-
tions, e.g. air humidity [67].

From the viewpoint of alternative energy sources for
propulsion of vehicles, the electricity is probably going to
play the main role. However, in some applications (e.g.
propulsion of agriculture machines in the field conditions)
it is still very difficult to store sufficient amount of energy
at least for one shift. Also, the effectivity of electric drive
depends on how the electric energy was produced. Until
these issues are resolved the utilization of biofuels seems
to be an appropriate alternative for the bridging period.
In particular, biofuels that can be used in an unmodified
engine have a high potential.
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