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evaluated the performance and emissions of a light-duty, 4-cylinder Euro Ill turbocharged common
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80, and 100 km/h under simulated cold temperatures of 10, 15, and 20°C in a controlled cold KEYWORDS
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chamber. The combustion of B10 and B20 in the diesel engine showed enhancements in power and Palm biodiesel
torque of 3.9% and 4.6%, respectively, compared to Euro 2M (B7) diesel. These improvements are Cold performance
likely the result of the synergistic effects of the enriched oxygen levels in biodiesel and the increased Fuel consumption
density of cold air, which enhance combustion efficiency. CO2 emissions decreased by 1.5%, 4.3%, Power

and 11.2% with the use of B10, B20, and B30 fuels, respectively. NOx emissions decreased as Torque

biodiesel content increased at 10 and 15°C; however, the emissions increased by 17.6% and 38.2% Exhaust emissions

for B20 and B30, respectively, in comparison to B10 at 20°C. B20 demonstrated good engine
performance and emissions at 15°C, with improvements of 1.3% in power and 3.7% in torque, which
compensated for a 3.2% increase in fuel consumption, and there were reductions of 8.9% in NOx
emissions and 0.9% in CO2 emissions compared to B7 diesel. Palm biodiesel blends ranging from
7 wt.% to 20 wt.% are capable of withstanding the moderate cold ambient temperatures of the
highlands without compromising engine operation.

1. INTRODUCTION

The widespread use of alternative renewable energy sources, such as biodiesel, has been prompted by concerns over
limited fossil fuel reserves and their contribution to climate change, which has consequently led to a growing research
interest in fuel compatibility for internal combustion (IC) engines over the past decade [1]. Biodiesel has been used either
as pure or diesel blends in commercial transportation that do not require major modifications to the engine [2, 3]. Biodiesel
can be derived from a diverse range of feedstocks, ranging from edible oils like rapeseed, and palm to non-edible oils
such as jatropha, and rubber seed, in addition to other sources (microalgae, used cooking oil, animal fats, etc.) [4]. In fact,
all forms of esterified vegetable oils are suitable for use as diesel substitutes. Nevertheless, palm oil and rapeseed oil are
considered the best options among vegetable oils for use as diesel fuels, additives, or diesel fuel extenders [5]. The
selection of crops used as biodiesel feedstock is influenced by climate and soil conditions, such as oil palm in Southeast
Asia (notably Malaysia and Indonesia), soybean in the United States, rapeseed and sunflower in Europe, and coconut in
the Philippines.

Among the world's vegetable oils, oil palm is recognized as the most efficient oil-producing crop, yielding the highest
oil output per unit of cultivated land (i.e., approximately 4-5 t ha™! yr!'), making palm oil the most preferred feedstock
for biodiesel production in terms of production cost and product reliability [3, 6]. Moreover, palm oil offers positive
carbon benefits as compared to other major biodiesel sources [7], rendering it the most viable and sustainable feedstock
for biodiesel production [8]. Practically, palm biodiesel emerges as a promising alternative to petroleum diesel for
common rail direct injection (CRDI) engines, with advantages such as improved stability and reduced exhaust emissions,
except for NOx, making it a viable and environmentally friendly option [9, 10]. Furthermore, palm biodiesel exhibits
better properties than biodiesel from other feedstock, especially in terms of cetane number and iodine value [8, 11].

Most countries that have implemented biodiesel programs have gradually increased their biodiesel blending ratio to
above 7% in the last decade [12]. Malaysia, being one of the major oil palm-producing countries, is moving ahead with
high biodiesel blends. B20, a blend consisting of 20% palm biodiesel and 80% diesel has currently been implemented in
phases beginning in January 2020 in selected regions. The B10/B20 program covers all areas in Malaysia, except Cameron
Highlands and Genting Highlands in Pahang and Kundasang in Sabah. The biodiesel content for the transportation sector
will further increase to 30% (B30) in the near future [13]. In the highlands, the temperature ranges from 11 to 13 °C, with
the lowest recorded at 10.9 °C in December 2007 [15]. These highlands have been exempted from using B10 and continue
to use B7 due to concerns regarding vehicle operability under low-temperature conditions, as highlighted by the original
equipment manufacturers [13]. Previous studies have reported some unfavorable findings associated with extreme
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cold/winter conditions using biodiesel from rapeseed, sunflower, soybean, etc. However, the operability of palm biodiesel
at low temperatures and its impacts under moderate cold ambient temperatures have yet to be investigated.

The presence of saturated fatty acids in vegetable oils, particularly in palm oil, would result in poor cold flow
properties when used in cold climatic conditions [4, 14]. This can also compromise engine performance due to biodiesel
crystallization, which impedes fuel flow in cold weather. In general, both diesel and biodiesel fuels experience low-
temperature operability problems during cold weather, especially in winter, which are exacerbated by the use of biodiesel
[15]. Research has shown that fuel consumption increases as ambient temperature decreases from 26 to —20 °C for all
tested vehicles using diesel, attributable to increased frictional losses within the engine and longer warm-up periods in
cold ambient temperatures [16]. Biodiesel's low-temperature operability can be a limitation, potentially leading to the
obstruction of fuel filters and/or the disruption of injector function [17]. Palm oil, in particular, has suboptimal low-
temperature operability due to its higher proportion of saturated fatty acid composition compared to other biodiesel
feedstocks, which tend to form solid crystals or precipitates [18, 19]. Additionally, the high monoglyceride content in
biodiesel also contributes to the formation of precipitates or solidified materials that can obstruct the flow and operation
of fuel lines and filters, especially at cold temperatures [20 — 23]. Under certain conditions, palm biodiesel may even
precipitate during storage at colder room temperatures of 20-23 °C [24].

The main driver for using biodiesel is to mitigate greenhouse gas emissions. The substantial oxygen content in
biodiesel enhances the combustion efficiency of carbon compounds, resulting in decreased emissions of carbon monoxide
(CO), hydrocarbons (HC), and particulate matter (PM) [25, 26]. However, it has been reported that biodiesel contributes
to higher NOx emissions than fossil diesel, raising significant environmental concerns about its use in 1C engines [26,
27]. The quality of exhaust emissions deteriorates as ambient temperature decreases [16, 28]. Numerous previous studies
have examined the performance of petroleum diesel under simulated conditions of extreme cold temperatures. A study
on a Jaguar V6 3.0L CRDI diesel engine under idling conditions after a cold start found that NOx increased substantially
by up to 150% and 50% at —20 and —7 °C, respectively, compared to 20 °C. The peak HC emissions were approximately
15 times greater than those in normal ambient environments due to inefficient fuel-air mixing and incomplete fuel
combustion [28]. Another study examining 167 diesel vehicle test fleets found that HC and CO emissions were observed
1to 4 times and 1 to 3 times greater, respectively, at -20 °C compared to 20 °C.

Meanwhile, NOx emissions varied depending on the emission control technologies used, ranging from 0.75 to 1.11
times lower or greater at -20 °C compared to 20 °C. [16]. Additionally, unburned HC emissions at —7 °C were 2.5 higher
than the emissions at 20 °C using Worldwide harmonized Light-duty vehicles Test Cycles (WLTC) [29]. Testing at test
temperatures of 23, 14, and —5 °C using the New European Driving Cycle (NEDC) and WLTC revealed that NOx
emissions were 11 and 2.8 times higher at =5 and 14 °C than those observed at 23 °C, respectively, in the NEDC.
Similarly, in the WLTC, the NOx emissions of 5 and 14 °C increased by 7 and 2.5 times, respectively, compared to 23
°C [30]. At low temperatures, both standard diesel and B20 fuel blends exhibited substantial increases in HC and CO
emissions [31]. The findings of previous studies are summarized in Table 1. To the authors' knowledge, no prior research
has investigated the effects of palm biodiesel on exhaust emissions under moderate cold ambient temperatures.

Verification on the impact of palm biodiesel blends in IC engines at temperatures above 0 °C, particularly under
moderate cold ambient temperatures at highlands, is significant to fill in the gap of insufficient information with regard
to the effect of utilizing high biodiesel blends in petroleum diesel on engine operation. This study offers valuable insights
into the operational behavior of diesel engines under moderately cold environmental conditions in tropical highlands
using high palm biodiesel blends. The outcomes of this research could provide a useful reference for establishing the
acceptable limit of palm-based biodiesel blend fuels for use in the moderate cold temperatures prevalent in the Malaysian
highlands. Fuel performance in relation to engine power, torque, fuel consumption, and exhaust emissions of the diesel
engine at steady-state full load conditions was investigated using different palm biodiesel blends of B10, B20, and B30.
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Table 1. Impact of cold ambient temperature on exhaust emissions

Engine Specification

Input Parameter

Emission Parameter

CO2

CO

NOx

HC

Ref.

TD 313 diesel engine,
4-cylinder, & 4-stroke

2-L turbocharge, inline
4-cylinder, CRDI Euro
6 vehicle

4-cylinder, 1.6 L,
turbocharged HSDI

Jaguar V6 3.0 L CRDI
diesel engine

Dodge Colt, Volvo,
Plymouth Fury,
Oldsmobile Delta 88,
and VW rabbit

Fuel: Diesel and B20

Temperature: —10, 0, 25,
and 50 °C

Test condition: NEDC and
WLTC

Fuel: Diesel

Temperature: 23, 14, and
-5°C

Test condition: NEDC and
WLTC

Fuel: Diesel
Temperature: 20 and -7 °C

Test condition: Transient
state of WLTC driving
cycle

Fuel: Diesel

Temperature: 20, -7, and -
20 °C

Test condition: NEDC and
WLTC

Fuel: Diesel and gasoline

Temperature: 20 and -20 °C

Test condition: Urban
driving cycle

Increased at low ambient
temperature, CO2
emissions (g/km) in the
WLTC were less than
those in the NEDC

* Increased by 92.5% for
diesel fuel from 50 to
-10°C

 Increased at low ambient
temperature

« COat-7 °C was lower
than that at 20 °C

 Increased 1-3 times at
cold temperature

* NOXx at -5 and 14 °C were

11 and 2.8 times higher
compared to those at 23 °C
in the NEDC

NOXx at -5 and 14 °C were 7
and 2.5 times higher than
those at 23 °C in the WLTP

* NOx at =20 and —7 °C were

150% and 50% higher
compared to normal
conditions

Higher or lower about -0.75
to 1.11 times, depending on
emission control
technologies

Increased by 86.9% and
90.9% using diesel and
B20 from 50 to —10 °C

Increased at low ambient
temperature

HC at -7 °C was 2.5
greater than that at 20 °C

HC in cold ambient were
15 times greater
compared to normal
conditions

Increased 1-4 times at
cold temperature

[35]

[30]

[29]

[28]

[16]
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2. MATERIALS AND METHODS
2.1  Preparation of Test Fuels

Undistilled palm biodiesel with high monoglyceride content (>0.6 wt.%) was obtained from Bremfield Sdn. Bhd.,
while Euro 2M (B7) diesel containing 7 wt.% of palm biodiesel (standard fuel) was obtained from a Petron fuel station
located at Genting Highlands, Pahang. The base diesel and biodiesel used for this study were similar to those used in
previous investigations [32, 33]. Both palm biodiesel (B100) and standard diesel fuel meet the requirements of
MS2008:2014 and MS123-4:2020, respectively [34, 35]. The blends of 10%, 20%, and 30% biodiesel (B10, B20, and
B30) were prepared on a volumetric basis and stored in high-density polyethylene drums at room temperature. The
blended fuels were analyzed for their density, viscosity, cloud point (CP), cold filter plugging point (CFPP), and pour
point (PP) according to ASTM D4052, ASTM D445, ASTM D2500, EN 116, and ASTM D97, respectively.

2.2 Experimental Setup and Cold Performance Test Procedure

A Toyota Fortuner 2.5G (D) A/T Euro 111 turbocharged direct injection (DI) common rail diesel engine was utilized
to perform the test in a cold chamber equipped with a chassis dynamometer (Figure 1). The vehicle specifications are
provided in Table 2. The experimental configuration inside the cold chamber is depicted schematically in Figure 2. The
in-pipe differential fuel flow rate before and after the fuel filter was measured using a CONTOIL® DFM 8ECO flow
meter without interfering with the engine operation. A portable emission gas analyzer with a non-dispersive infrared
(NDIR) detector was employed to quantify the levels of HC, CO, CO,, O, and NO in the exhaust emission. The
specifications of the fuel flow meter and the gas analyzer are detailed in Table 3 and Table 4, respectively.

/

Figure 1. Cold chamber with the chassis dynamometer and ;[he vehicle used in the study
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Figure 2. Experimental setup for cold performance test (1: cold chamber, 2: data logger, 3: counter (tachometer),
4: OBDII data logger, 5: IR sensor (tachometer), 6: fuel flow meter, 7: emission gas analyzer, 8: laptop, 9: chassis
dynamometer, 10: wind simulator, and 11: control room)

journal.ump.edu.my/ijame 11896



Nursyairah et al. | International Journal of Automotive and Mechanical Engineering | Vol. 21, Issue 4 (2024)

Table 1. Vehicle specifications

Item Specification

Model Toyota Fortuner 2.5G (D) A/IT
Type of engine Common rail DI diesel engine
No. of cylinder Four in line

Power (max.) 110 kW @3,400 rpm

Torque (max.) 400 Nm @1,600 rpm

Table 2. Specification of fuel flow meter

Item Specification

Device DFM 8ECO

Nominal pressure 16

Nominal flow rate (L/h) 200

Min. flow rate (L/h) 10

Accuracy (%) 1

Repeatability (%) +/- 0.2

Flow sensor Double sensor with 0.01244 I/pulse, 7 Hz (max.), pulse

interval of 46 (min.), pulse width of 20 ms, 10 mA (max.)

Table 4. Specification of gas analyzer

Item Specification
Device Autocheck automotive emission analyzer
Method
HC, CO, and CO, NDIR measurement
O and NOx Electro-chemical cell
Range HC n-hexane (0~30,000 ppm), HC (0~60,000 ppm), CO (0~10%),
CO; (0~20%), O, (0~25%), NOx (0~5,000 ppm)
Resolution HC and NOx (1 ppm), CO (0.001 vol. %), CO, and O (0.01 vol. %),

RPM (10 RPM), oil temp. (1 °C)
Repeatability
HC, CO,and CO, 2% rel
02 and NOx 3% rel

The overall uncertainty associated with the results of this study was calculated using the instrument accuracy
percentages provided in Table 5, according to Eq. 1. The uncertainties associated with the various parameters measured
in the study were calculated following Eqg. (2). The uncertainty quantified for the study is less than +5%, aligning with
the values documented in prior relevant research [32, 36].

Uy _ Zn (1 6y>2 (1)
y i=1 \y 0xi

where y represents a specific factor dependent on the parameter xi, and U, denotes the corresponding level of uncertainty
associated with y.

Overall uncertainty = /(1)2 + (1)2 + (2)2 + (2)2 + (3)2 + (2)? = +4.79 (2

The vehicle cold testing procedure comprised four key steps: preconditioning/presoaking, soaking, cold startability
test, and performance test, as illustrated in Figure 3. The test vehicle underwent a preconditioning procedure, which
consisted of changing the fuel filter, oil filter, and engine oil; flushing the fuel line using standard fuel B7; refueling of
new fuel and pre-driving prior to entering the cold chamber; presoaking for 1.5 h at 5 °C below the target ambient
temperature; and 6 h soaking at the target temperature. The cold performance test was performed after the cold startability
test, where the vehicle underwent a 5-minute ramping period at each of the specified speeds (60, 80, and 100 km/h) under
full load conditions. This allowed for the assessment of variations in power, torque, fuel consumption, and exhaust
emissions, including CO, CO,, Oy, NOx, and HC. Out of 16 test conditions tested for cold start performance in the
previous study, only nine test conditions were fit for the cold engine performance test, as summarized in Table 6. This
was because of the vehicle's failure to start at certain test temperatures and biodiesel blending ratios, as reported in a
previous study [32].
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[ Preconditioning ]

9
[ Soaking J

Cold startability test
CEC (Co-ordinating European Council) M-11-T-91

@

[ Performance test J

(steady state)

Figure 1. Cold test procedure

Table 5. Accuracy of the measurements

Parameter Accuracy
Temperature +1.0°C
Fuel flow +1.0L/h
Co2 +2.0%
Co +2.0%

NOXx +3.0 ppm

HC 2.0 ppm

Table 6. Test matrix for engine cold performance

Test Test Fuel  Test Fuel Test Fuel  Test Fuel
Temperature B7 B7 B7 B7
20 °C Ve v v v
15°C v v Ve X
10°C v e X X
5°C X X X X

Note: ‘X means failed to start and did not proceed with the cold
engine performance test

2.3 Soaking Analysis and Cold Test Parameters
2.3.1 Soaking analysis

The vehicle was preconditioned in the cold chamber for 7.5 h prior to testing to guarantee the fuel temperature in the
fuel tank reached the target temperature of the study. Figure 2 shows the temperature soaking profile of standard diesel
B7 at 10 °C. The temperature in the vehicle was determined by monitoring engine fluids' temperatures, such as the fuel
in the fuel tank and fuel line, the engine coolant in the radiator, as well as the engine lubricant in the oil sump. The
surrounding temperature was influenced by both the ambient temperature and the temperature in the engine room. The
temperature of the ambient, engine room and coolant in the radiator showed a drastic decline at an early stage of
presoaking when the cold chamber was set at 5 °C below the targeted ambient temperature. After 30 min, these three
temperatures stabilized to the targeted ambient temperature. This was because the thermocouples installed to monitor
ambient and engine room temperature were directly exposed to the surroundings, while the coolant in the radiator
responded immediately to changes in the environment. Other engine fluids' temperatures in the vehicles showed a slow
decline, in which 5-6 h was required to approach the target temperature. This was influenced by the high heat capacity
of the engine oil and fuel, resulting in long periods of cooling. In addition, the large amount of fuel in the fuel tank also
slowed the cooling time. For the purpose of the test, the fuel temperature in the fuel tank was used as a reference for the
target ambient temperature for all tests. During vehicle start-up, the intake manifold temperature and pressure were within
+3 °C and £0.01 bar, respectively, of the target conditions.
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Figure 2. Temperature profile for soaking of B7 at 10 °C

2.3.2 Cold test parameters

The engine's performance was evaluated at moderate cold ambient temperature by means of four parameters: power,
torque, fuel consumption, and exhaust emissions. The total power output of the vehicle at constant speed was measured
by subtracting the power produced during the deceleration phase (power negative) from the engine power generated
during the acceleration phase (power positive), as depicted in Figure 3. A constant power value was used to determine
the power at a specific engine speed. For instance, the total power output at 100 km/h was calculated by deducting the
constant value of power negative (B) from the constant value of power positive (A). The vehicle's torque was calculated

based on Eq. 4 derived from Eqg. 3, which involves engine power and engine speed measured by the IR sensor (tachometer)
collected from the data logger.

Torque (N - m) x Speed (RPM)
9.5488

Power (kW) = 3)

T - m) = Power (kW) x 9.5488 4
orque Ut M) = g eed (RPM)

1201 Acceleration phase Deceleration phase 120
100 A oo/ - 100
80 - - 80
60 - - 60
E =
E) 40 - F 40 )
3 20 - L 20 2
o &
0 — T T T T T O
25 50 75 100 125 150(~--175 200 225 250
220 4 Power negatjve (B) @ 100 km/h - -20
-40 1 F-40
-60 - Time (s) - -60
Speed Front ——Power

Figure 3. Example of engine power measurement under steady-state full load condition at cold ambient temperature
The fuel consumption was calculated by measuring the differential volume of the fuel entering the fuel flow meter
placed before the fuel filter (fuel supply) and the returned fuel to the fuel filter (fuel return) according to Eq. 5.
Fuel consumption (mL/s) = Fuel supply (mL/s) — Fuel return (mL/s) (5)

The instantaneous exhaust emissions were determined by identifying the constant value of exhaust emissions at a certain
engine speed. All data presented in the graphs were obtained by averaging the measurements recorded over a 5-minute
ramping period at each of the specified speeds.
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3. RESULTS AND DISCUSSION

The selection of test fuels, namely B7, B10, B20, and B30, was based on Malaysia's current biodiesel implementation
program. B10 and B20 blends are currently being used in the lowlands, while B7 is used in the highlands. The National
Agricommaodity Policy 2021-2030, published by the Ministry of Plantation and Commaodities, aims to implement the B30
biodiesel blend by the year 2030 as part of the nation's initiative to increase the use of renewable fuels [37]. The properties
of standard diesel B7, B10, B20, and B30 are summarized in Table 3. The palm biodiesel blends utilized in this study
have density and kinematic viscosity values that fall within the limits of 0.820-0.876 g/cm® and 1.5-5.8 mm?/s,
respectively, as stipulated in MS123-4:2020 [34]. With an increase in biodiesel concentration in the fuel, the density and
kinematic viscosity of the blended fuel increase proportionally, following the same patterns reported in previous studies.
[38, 39]. The cold engine performance tests were conducted at 60, 80, and 100 km/h at temperatures of 10, 15, and 20 °C,
respectively. The test speeds were set based on the WLTC, with each sub-part having a different maximum speed. During
the test, four parameters were monitored and measured: power, torque, fuel consumption, and exhaust emissions.

Table 3. The properties of palm biodiesel blends for the cold performance test

. Test Fuel
Parameter Method Unit
B7 B10 B20 B30
Density at 15 °C ASTM D4052  g/cm?® 0.8376 0.8386 0.8430 0.8467
Kinematic Viscosity at 40 °C ~ ASTM D445 mm?/s 3.0860 3.1179 3.2570 3.3803
Cloud Point ASTM D2500 °C 7 8 10 10
Cold Filter Plugging Point EN 116 °C 8 7 10 12

3.1  Engine Power and Torque

The most common parameters used to define an engine's performance are power and torque, which are directly
proportional to each other. The changes in engine power and torque at different engine speeds, as affected by the various
palm biodiesel fuel blends, and ambient temperatures, are presented in Figure 6 and Figure 7, respectively. In Figure 6,
the engine power was in the order of engine speed: 80 km/h > 60 km/h > 100 km/h, with an average power of 83.70,
79.03, and 57.52 kW, respectively. The engine torque exhibited a gradual reduction as engine speed increased (Figure 7)
for all palm biodiesel blends, with an average torque of 218.15, 177.27, and 100.92 N-m at 60, 80, and 100 km/h,
respectively. Previous studies have also reported a similar decreasing trend in engine torque as the engine speed increased
when using palm biodiesel blends in diesel engines [40].

Overall, the engine power and torque showed a consistent increase across the tested ranges of engine speed at 15 and
20 °C for B20 fuel (higher biodiesel content), which is consistent with previous studies [40, 41]. On average, engine
power and torque increased by 3.6% and 3.4% for B10 and 4.2% and 5.8% for B20, at 15 and 20 °C, respectively, in
comparison to B7. The enriched oxygen presence in biodiesel (i.e., 10-12 wt.%) compared to diesel may contribute to
this observation. The addition of 10-12 wt.% of biodiesel into petroleum diesel could lead to better combustion, thus
enhancing the power and torque of the engine [42]. Additionally, the higher density of the biodiesel blends in comparison
to standard diesel led to a greater mass flow rate when an equivalent volume was supplied to the engine, which contributed
to the observed increases in power and torque [43]. The differences in power and torque between B20 and B10 were
relatively small, with only 0.8% and 1.9%, respectively. This suggests that the optimum power and torque were achieved
with B20 and dropped when B30 was used. At 10 °C, a slight decrease in power by 1.1% and torque by 2.4% was observed
for B10 compared to standard diesel B7. Similarly, studies have reported 2%—6% and 1%-8% decreases in power and
torque, respectively, when using coconut oil methyl ester blended fuels (10 to 30% blending) in comparison to ultra-low
sulfur diesel [44]. Engine power and torque are expected to deteriorate owing to biodiesel's lower density and energy
content, considering the same mass of injected fuel. Besides, when a more viscous fuel leaves the injector, the fuel droplets
are larger and do not evaporate efficiently, leading to a reduction of power and torque.

B30 fuel showed the lowest power and torque among the test fuels. On average, the reduction in power was 7.2%,
14.8%, and 11.8%, while torque decreased by 2.1%, 14.3%, and 2.0% at 60, 80, and 100 km/h, respectively, using B30
compared to standard diesel (B7). The drop in power was due to a lower volume of fuel introduced into the combustion
chamber as compared to other fuels, as shown in Figure 8, resulting in reduced power output from the engine. This
phenomenon was possibly caused by a clogged fuel filter from a higher biodiesel blend, which restricted the desired fuel
supply to the combustion chamber, and consequently prevented the engine from performing at optimum levels. This is
supported by a study on waste cooking oil, which reported a 10.9% (max.) reduction in power due to high head loss in
the filter caused by clogging [45]. Nevertheless, the reduction in engine power with a consumption of 1 mL/s of B30 was
<8% compared to other palm biodiesel blends, as depicted in Figure 8.

With regard to temperature, power and torque increased as ambient temperature decreased for all palm biodiesel
blends, consistent with the findings of a similar study by Spence & Williams (1974) using petroleum diesel [46].
Specifically, engine power and torque increased by 1.5%-6.9% and 1.9%-8.4%, respectively, as the temperature
decreased from 20 to 10 °C for B7, B10, and B20. The improved power and torque performance observed in moderately
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cold conditions can be ascribed to the collective influence of the enhanced density of the cooler air, which corresponds to
a higher concentration of oxygen molecules per unit volume coupled with the inherent oxygen content present in the
biodiesel fuel. This synergistic combination can lead to improved combustion efficiency and performance [47 - 49].

100.00 1
90.00 A

80.00 A
70.00 1
60.00 A
50.00 A
40.00 A
30.00 A
20.00 A
10.00 A
0.00

*5°C 10°C 15°C 20°C ®5°C 10°C 15°C 20°C *5°C 10°C 15°C 20°C

Power (kW)

60 km/h 80 km/h 100 kmv/'h

Test temperature at specific engine speed

EBR7 mB10 =mB20 ©B30

Note: *Vehicle could not be started
Figure 4. Effect of engine power at full load steady-state condition under cold ambient temperature using different
blends of palm biodiesel

1l

10°C 15°C  20°C [ *5°C 10°C 15°C  20°C
60 km/h 80 km/h 100 km/h

Test temperature at specific engine speed

250.00 1

200.00 A
7 150.00 A
100.00 A
50.00 A

0.00 1

*35°C 10°C 15°C

Torque (N.m)

mB7 ®=mBI10 m=mB20 B30
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Figure 5. Effect of engine torque at full load steady-state condition under cold ambient temperature using different
blends of palm biodiesel

3.2 Fuel Consumption

Figure 8 demonstrates the effect of palm biodiesel blends on fuel consumption at temperatures of 5, 10, 15, and 20
°C. The highest fuel consumption was observed at 80 km/h with an average of 7.85, 8.10, 8.11, and 6.82 mL/s for B7,
B10, B20, and B30, respectively. In contrast, fuel consumption was the lowest at the highest speed of 100 km/h for all
palm biodiesel blends, falling within the range of 5.57-6.07 mL/s. The variation in fuel consumption under constant
operating conditions can be attributed to the differences in thermophysical properties between diesel and biodiesel blends.

An increase in fuel consumption by an average of 2.3% and 3.9% was observed when using B10 and B20, respectively,
in comparison to B7 under all operating conditions. Previous studies have also found that fuel consumption increases
proportionally with higher biodiesel content in the fuel [50 — 53]. This is linked to variations in heating values and
densities of the fuel blends. The lower heating value of biodiesel, attributed to its higher oxygen content, requires a larger
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volume of blended fuels to achieve an equivalent heat release as diesel fuel [54, 55]. Additionally, the higher density of
biodiesel in blended fuels leads to an increase in viscosity, potentially hindering fuel atomization and resulting in higher
fuel consumption and gaseous emissions [40]. B30 showed a noticeable reduction in fuel flow into the combustion
chamber, resulting in lower engine power output (Figure 6). Fuel consumption using B30 decreased by 16.1%, 12.9%,
and 4.2% at 60, 80, and 100 km/h, respectively, compared to standard diesel (B7) at 20 °C. This could be due to fuel filter
clogging, which caused low fuel pressure, leading to lean fuel condition, engine misfire, and consequently, poor fuel
consumption. The possibility of clogged fuel filtration occurrences was indicated by high pressure drop across the fuel
filter when B30 was used at 20 °C (Figure 9). However, the drop in pressure decreased when B20 and B10 were used
compared to B7, which warrants further investigation.
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Figure 6. Effect of fuel consumption and efficiency at full load steady-state condition under cold ambient temperature
using different blends of palm biodiesel

As the temperature decreased from 20 to 10 °C, a notable rise in fuel consumption was recorded for all palm biodiesel
blends over the range of engine speed, consistent with other studies [16, 56]. On average, the fuel consumption of B7,
B10, and B20 increased by 2.4%, 1.8%, and 1.3%, respectively, at lower ambient temperature. This could be attributed
to the changes in the viscosity of lubrication fluids, requiring more fuel to overcome friction, transmission, and other
engine components [16, 56, 57]. The increased density resulting from the higher biodiesel fraction in petroleum diesel
further exacerbated the problem, leading to a higher volumetric amount of fuel being injected into the engine [38, 58].
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Figure 7. Pressure drop across the fuel filter at 20 °C under full load steady-state condition

3.3  Emission Characteristics at Steady-State Engine Operation

Previous studies have shown that the pollutants emitted from engine exhaust are affected by the surrounding
temperature [29, 30, 59]. In this study, the emissions of CO,, NOx, CO, and HC were measured. Interestingly, there were
no detectable levels of CO and HC emissions during steady-state driving at moderately cold ambient temperatures,
suggesting complete combustion of the fuel with no partially burned or unburned fuel.
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CO, emission is a dominant contributor to global warming. The transport sector in Malaysia contributes to 28% of the
country's total CO, emissions, with 85% originating from road transportation [60]. Figure 10 shows the variations of CO,
emissions for the standard diesel B7, B10, B20, and B30 at specific ambient temperatures of 10, 15, and 20 °C under
steady-state conditions. Generally, CO, emissions were higher at lower vehicle speeds, in the order of 60 km/h > 80 km/h
> 100 km/h, similar to the findings by other researchers [61]. The range of CO, emitted by B7, B10, B20, and B30 was
between 9.11% and 10.6% at 60 km/h, 8.85% and 9.97% at 80 km/h, and 7.22% and 8.72% at 100 km/h, respectively,
across the temperature of 10, 15, and 20 °C. The decrease in CO2 emissions in the blended fuel with higher biodiesel
content can be attributed to their lower carbon-to-hydrogen ratio relative to diesel [62, 63]. Specifically, CO, emissions
decreased by 0.9% to 3.0% for B10, 0.9% to 7.8% for B20, and 11.2% for B30, when compared to B7 at 10, 15, and 20
°C, respectively, across all engine speed ranges. However, at the highest engine speed of 100 km/h, the CO, concentration
of B30 fuel increased by 5.6% compared to B20.

CO; emissions at low ambient temperatures were slightly lower compared to those at high ambient temperatures over
the whole range of engine speed studied. On average, CO, emissions decreased by 8.4%, 6.4%, and 0.9% for B7, B10,
and B20, respectively, as the temperature dropped from 20 to 10 °C. This reduction in CO;, emissions at lower
temperatures is associated with the lower overall mass of fuel combusted in the engine, as it is influenced by changes in
fuel density at cold temperatures [64, 65]. Besides, the higher fuel viscosity at lower temperatures also affects fuel
atomization, leading to incomplete combustion and consequently, lower CO; emissions [65]. There was only a minimal
difference in the concentration of CO, emitted at each engine speed when B7, B10, and B20 were used at 10 and 15 °C,
which can be considered negligible. At 20 °C, CO, emissions decreased substantially as the biodiesel content in the tested
fuels increased, except for B30 at 100 km/h.

Biodiesel's oxygenated nature can enhance engine combustion, but it also increases NOx emissions compared to
petroleum diesel. To manage and reduce these emissions, various emission control technologies, including exhaust gas
recirculation, lean NOX traps, and selective catalytic reduction can be utilized. [66]. Figure 10 illustrates the impact of
using palm biodiesel blends on NOx emissions at cold ambient temperatures under full-load steady-state conditions. The
NOXx emissions follow the sequence of 100 km/h > 60 km/h > 80 km/h, with an average of 584, 539, and 478 ppm,
respectively.
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Figure 9. (cont.) (b) 80 km/h, and (c) 100 km/h under cold ambient temperature using different blends of palm biodiesel

With respect to the biodiesel blending ratio, Figure 9 shows that NOx emissions increased by 17.6% and 38.2% when
using B20 and B30, respectively, in comparison to B10 at 20 °C throughout all engine speeds, irrespective of the B7
diesel that showed otherwise. The additional oxygen molecules in the blended fuel increase combustion temperature due
to excessive HC oxidation, resulting in higher NOx emissions [26, 27, 61]. On average, NOx emissions of standard diesel
B7 were 14.3% lower at 20 °C compared to B30, while B10 and B20 recorded 17.3% and 2.7% higher emissions,
respectively, for all constant speed conditions. In contrast, the NOx emissions decreased by 4.4% and 8.9% on average
with the use of B10 and B20 at 10 and 15 °C, respectively, in comparison to standard diesel B7. At lower temperatures,
the influential effect of the increased oxygen concentration in biodiesel blends appears to have been masked by the more
severe effect of cold air on lowering the combustion temperature, resulting in the anticipated NOx reduction [67, 68].

The NOx concentration exhibited a decreasing trend with lower ambient temperatures. When using B7 fuel, the NOx
concentration decreased by 7.0% and 9.8% on average at 15 and 10 °C, respectively, in comparison to 20 °C. Similarly,
a 13.1% reduction in NOx emissions was observed for B20 at 15 °C compared to at 20 °C. This could possibly be due to
the influence of cold air, which reduces combustion temperatures and promotes the formation of a lean premixture,
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ultimately lowering NOx emissions [67, 68]. NOx emissions of B10 exhibited an inconsistent relationship with the
employed temperature, with the order being 15 °C > 10 °C > 20 °C.

4. CONCLUSION

This study offers valuable perspectives on the performance of diesel engines fueled by high palm-based biodiesel
blends in moderately cold tropical highland conditions, in contrast to prior research that focused on extremely cold
environments and diverse feedstocks. Based on the positive impact observed on engine power, torque, and exhaust
emissions, biodiesel blends up to B20 have been identified as suitable for use in the Malaysian highlands. The cold
performance and exhaust emissions of a common rail turbocharged engine using palm biodiesel blends of B10, B20, and
B30 at full load steady-state conditions of 60, 80, and 100 km/h under simulated cold chamber conditions of 10, 15, and
20 °C were evaluated. Engine power and torque were enhanced with the use of B10 and B20, in comparison to B7 diesel
at 10-20 °C, although this came with a slight increase in fuel consumption. Additionally, a notable reduction in CO; and
NOXx emissions was observed with the use of B10 and B20 at 10 and 15 °C. The inherent characteristics of palm-derived
biodiesel, including higher oxygen content, kinematic viscosity, and density, together with its lower calorific value
relative to conventional diesel fuel, affected the performance and exhaust emissions of diesel engines. Notably, B20
demonstrated better engine performance than B7 at 15 °C with improved engine power and torque, combined with a
significant reduction in CO, and NOx emissions. The presence of water vapor in the cold air appears to have a cooling
effect, thereby diminishing the overall combustion temperature. This reduces NOx emissions, as the thermal NOx
formation process, involving the high-temperature reaction of atmospheric nitrogen and oxygen, is less prevalent under
these cooler conditions. Palm biodiesel blends up to B20 and can withstand moderately cold ambient temperatures (10—
20 °C) without causing any problems to diesel engines. Further field trials in highland environments are necessary to
verify the effectiveness and long-term viability of fuel blends with high biodiesel content, such as B20, for practical
application.
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