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Malaysia is one of the top exporters of palm oil, and although currently facing fierce resistance
towards palm oil imports in some parts of the globe, one of the ways to utilize this commodity is

by increasing palm biodiesel content in local commercial diesel. However, due to the oxygen-rich
nature of biodiesel, its utilization suffers from increased nitrogen oxides (NO,) emission compared

to conventional diesel. To mitigate this issue and improve diesel engine performance and emissions
using biodiesel-diesel blends, this study attempted to investigate implementation of a real-time
non-surfactant emulsion fuel supply system (RTES) which produces water-in-diesel emulsion as fuel
without surfactants. NO, reducing capability of water-in-diesel produced by RTES has been well
documented. Therefore, in this study, 30% biodiesel-diesel (B30) was used as the base fuel while
B30-derived emulsions consisting of 10 wt%, 15 wt% and 20 wt% water content were supplied into
2100 kVA, 5.9-L common rail turbocharged diesel engine electric generator. Fuel consumption and
exhaust emissions were measured and compared with commercially available Malaysian low grade
diesel fuel (D2M). Evidence suggested that emulsified B30 biodiesel-diesel produced by RTES was
able to increase brake thermal efficiency (BTE) up to a maximum of 36% and reduce brake specific fuel
consumption (BSFC) up to 8.70%. Furthermore, B30 biodiesel-diesel emulsions produced significantly
less NO,, carbon monoxide and smoke at high engine load. In conclusion, B30 biodiesel-diesel
emulsions can be readily utilized in current diesel engines without compromising on performance and
emissions.

Abbreviations

AC Alternate current

B10 10 vol% biodiesel-90 vol% diesel
B30 30 vol% biodiesel-70 vol% diesel
B30E10 10 wt% water-B30 emulsion
B30E15 15 wt% water-B30 emulsion
B30E20 20 wt% water-B30 emulsion

B7 7 vol% biodiesel-93 vol% diesel
BSFC Brake specific fuel consumption
BTE Brake thermal efficiency
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CO Carbon monoxide

CO, Carbon dioxide

CVv Calorific value

D2M Malaysian Euro 2M diesel

EGT Exhaust gas temperature

EU European union

FC Fuel consumption

HRR Heat release rate

ICP In-cylinder pressure

NO, Oxides of nitrogen

OH Hydroxide ion

PM Particulate matter

POME Palm oil fatty acid methyl ester

RMK-12 12th Malaysia plan

rpm Revolutions per minute

RTES Real-time non-surfactant emulsion fuel supply system
UHC Unburned hydrocarbons

W/B5 Water-in-(5 vol% biodiesel-95 vol% diesel) emulsion
W/D Water-in-diesel emulsion

W/D2M Water-in-Malaysian Euro 2M diesel emulsion
W/D2M-R  Rainwater-in-Malaysian Euro 2M diesel emulsion
W/D2M-S  Seawater-in-Malaysian Euro 2M diesel emulsion
W/D2M-T  Tap water-in-Malaysian Euro 2M diesel emulsion

List of symbols

el Mass flow rate of fuel
Py Brake power

vol% Percentage by volume
wt% Percentage by mass
um Micrometer

v Kinematic viscosity

Malaysia is one of the leading exporters of palm oil and is able to produce its own palm oil biodiesel. However,
as the European Union (EU) is becoming increasingly hostile towards palm oil imports"?, Malaysia need to find
ways to fully utilize this commodity in the domestic market. One of the most promising ways to increase palm
oil utilization is by increasing palm oil-based biodiesel content in the domestic diesel. Since 2010, Malaysia have
raised the percentage of biodiesel content in domestic diesel fuel from 5 to 10 vol%. The 12th Malaysia Plan
(RMK-12) has set a goal to impose 30 vol% of biodiesel-diesel blend (B30) in domestic diesel fuel by the year
2025°. As of now, commercially available diesel sold in service stations nationwide consist of either 7 vol% (B7)
or 10 vol% (B10) biodiesel-diesel. Nonetheless, such efforts triggers concern among engine manufacturers as
well as commercial and private vehicle owners as to how this implementation impacts fuel costs and efficiency,
as well as engine performance and durability.

Biodiesel production cost is higher as compared to conventional petroleum-based diesel fuel*, therefore incre-
ments of biodiesel content in biodiesel-diesel fuel blends will result in rising fuel production costs. Domestically
in Malaysia, the government has for decades imposed a large-scale subsidy program on fuel prices® which may
be able to absorb the price hike of increasing biodiesel-diesel fuel blends, thereby stabilizing the market price of
commercial diesel. Nonetheless, as biodiesel content in biodiesel-diesel fuel increases, the overall calorific value
per volume shall reduce due to biodiesels possessing lower calorific value (CV) than petroleum-based diesel. This
shall lead to increased fuel consumption as more fuel shall be consumed in order to produce the same amount of
energy as conventional petroleum-based diesel. Furthermore, fuel consumption could also increase as biodiesel
possess higher viscosity which could lead to poor fuel pumping and spray behavior®.

Biodiesel in general possess higher kinematic viscosity and density than conventional diesel’. These factors
affect fuel droplets atomization and entrainment when injected into the combustion chamber. However, in a
modern diesel engine equipped with a common rail fuel injection system, it is argued that the effects of the
aforementioned properties were rather insignificant. This is because, high pressure fuel injection introduced by
the common rail fuel injection system enables improved fuel droplets atomization and evaporation, therefore
enhancing combustion process®. Nonetheless, biodiesel emit higher nitrogen oxides (NO,) emissions when tak-
ing into account longer ignition delays caused by higher peak combustion temperatures as the result of higher
oxygen content in biodiesel’. Furthermore, due to lower CV of biodiesel, fuel consumption is considerably higher
compared to conventional diesel. Several research have documented higher fuel consumption when using various
biodiesel blends in common rail injection diesel engines'*-'2

In order to reduce NO, emissions and improve fuel consumption of biodiesel and biodiesel-diesel blends,
there is a need to reduce in-cylinder temperatures and improve combustion efficiency. One strategy to achieve
this is by using Water-in-diesel (W/D) emulsion fuel. The effects of W/D has been studied for many years and
has shown promising improvements in terms of engine performance and exhaust emissions'*-'°. This can be
attributed to micro-explosion of micro-sized water droplets dispersed in diesel oil. Micro-explosion occurs dur-
ing combustion when water droplets suspended in W/D emulsions undergoes explosion due to it having lower
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boiling point. This results in a secondary atomization of the primary fuel spray, decreasing distribution of fuel
droplets, resulting in improved combustion!”'8. It was reported that as water content in W/D emulsion increases
up to a maximum of 20%, Brake Thermal Efficiency (BTE) increases while gas temperature (EGT) behaved
conversely, indicating lower peak temperatures due to the charge cooling by water evaporation'. In another
study, soot emission was significantly by 50% by using W/D micro-emulsions containing 3.5 vol% of water".
In relation to biodiesel-diesel W/D emulsions, it was documented that W/D can reduce exhaust gases such as
carbon monoxide (CO), unburned hydrocarbon (UHC), and soot opacity, while carbon dioxide (CO,) emissions
increased”. The authors inferred that the CO, increases observed are related to a more complete combustion, as
well as hydroxide (OH) radicals present during water vaporization assists formation of CO, from CO.

Nonetheless, since water and oil could not be mixed naturally, synthesis of W/D emulsions require the use
of a chemical additive known as surfactant or emulsifier to suspend the water particles in the diesel oil for a
sustained period of time. Despite its benefits, surfactants used in W/D emulsions are known to cause fuel filters
clogging by displacing deposits in the fuel lines and fuel tanks?!. Another shortcoming of surfactants is due to its
expensive nature, large-scale production of W/D emulsion fuels would not be a viable substitute to petroleum-
based diesel, rendering commercialization difficult?2.

To remove the dependence on surfactants to produce W/D emulsion fuel, Ithnin et al.”* developed a device
capable of producing W/D emulsion fuel without addition of any surfactant by incorporating a real time emul-
sifying device which mixes diesel and water within the fuel line and on-demand to the engine. It operates by
using a high shear mixer in combination with an ultrasonic agitator to produce the W/D emulsion. This device
was named Real-Time Non-Surfactant Emulsion Fuel Supply System; or in short, RTES. It was initially tested on
a 5 kW single cylinder mechanical fuel injection diesel engine producing 6.5 wt% W/D emulsion fuel and the
results proved that engine BTE improved by 3.59%, while Brake Specific Fuel Consumption (BSFC) was reduced
by 3.89%. Exhaust emissions also showed favorable improvements, with NO, and particulate matter (PM) emis-
sions plunged by 31.7% and 16.3% respectively when compared to conventional diesel.

Moving forward, further research has been done to examine the effects of RTES implementation on diesel
engines. In general, RTES implementation was effective in lowering down NO, and smoke emissions with
simultaneous increases in BTE as well as reductions in fuel consumption. A summary of previous research on
the effects of W/D produced by RTES towards various engine applications are explained in Table 1.

However, one of the key elements of the original RTES design was the role of ultrasonic agitator as one of
the mixing methods, which reduced overall energy efficiency due to its high-power requirement. To ensure
smooth and stable supply of W/D emulsion to the engine, the ultrasonic agitator demands 120 W of electrical
energy”. In addition, a study to determine RTES durability during extended use reported ultrasonic agitator
failure after 26 h*.

In reaction to this, further design improvements were conducted RTES Technology (M) Sdn. Bhd. which
eliminated the use of ultrasonic agitator from the mixing method?®. The updated design consists of static mixers
and booster pumps to facilitate fluid turbulence and promote mixing. This design concept was tested by Mahdi
et al.?® and it was found that when 7-10 vol% of water content in W/D emulsion were mixed at 3500 rpm for
1 min, stability was maintained within 128 s. In the same study, pilot tests on a mechanical injection-type diesel
engine showed lower NO, and fuel consumption, implying that W/D emulsions produced using this design
exhibit similar qualities to the original RTES design.

This study is a continuation of our research on RTES-produced W/D emulsions as alternative fuel in industrial
diesel-electric generators®. In this paper, the effect of B30 emulsion fuel (B30E) produced using the updated
RTES design was evaluated. The main purpose of this study focuses on examining the effects of B30 emulsions
with variable water contents towards lowering NO, emissions often associated with biodiesel-diesel blends.
Secondly, since previous studies on RTES were conducted using only naturally aspirated mechanical-type fuel
injection diesel engines with conventional diesel and/or low biodiesel-diesel blends (B10), it is important to
establish the performance and emissions profile of a modern common rail injection-type engines using higher
biodiesel-diesel W/D blends; in this case B30, to examine the readiness of RTES implementation should B30
rollout be carried out nationwide according to RMK-12 by 2025.

Experimental details
Test fuels. Base fuel used in this study is Malaysian Euro 2M low grade diesel fuel (D2M). It is commercially
available in domestically in Malaysia and contain 10 vol% palm oil Fatty Acid Methyl Ester (POME) off the shelf.
Therefore, since this study aims to investigate the effects of B30 biodiesel-diesel W/D blends, another 20 vol% of
POME was added to D2M to form B30. The specifications of D2M and POME are indicated in Table 2. During
preparation, 20 vol% of POME was measured and added to D2M before it is mixed using high shear mixer at a
constant speed of 500 rpm in a closed container, to ensure mixture homogeneity. B30 was then immediately fed
to the engine where it was let to run until the fuel lines were filled with B30 before any test run was conducted.
Meanwhile, to produce W/D emulsions of B30 (B30E), domestic tap water was used as the dispersed phase
of the emulsion. The properties of tap water are explained in Table 3. Water percentages considered in this study
was 10% (B30E10), 15% (B30E15), and 20% (B30E20). Higher water content was not desirable as higher than
20% will result in excessive vibration and engine stall. Meanwhile, physicochemical properties of B30 were not
tested due to the need to continuously mix B30 to prevent coalescence and separation between D2M and POME.
W/D emulsions were produced by RTES using the updated RTES design developed by RTES Technology
Sdn. Bhd. by removing ultrasonic agitator. Current RTES design incorporates a turbulence inducing mixing
conduit and booster pumps. Figure 1 illustrates the updated RTES design. Detailed design was not revealed by
the technology developer, however further information related to RTES can be acquired from their website®.
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Findings
Application | Engine | Test Test Sediment
of RTES Type Fuel Condition Droplet size time v HRR |BTE |FC |ICP |EGT |CO |UHC |NO, |Smoke | PM | Reference
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Findings
Application | Engine | Test Test Sediment
of RTES Type Fuel Condition Droplet size time v HRR |BTE |FC |ICP |EGT |CO |UHC |NO, |Smoke | PM | Reference
D2M
5% W/
Dual D2M
stage 10%
Industrial heavy 36
burner oil pres- | W/ B ! ! ! ! !
surg jet D2M
burn]er 15%
w/
D2M

Table 1. Summary of past research on the effects of W/D produced by RTES.

Properties Unit ASTM test method | D2M | POME
Calorific value (CV) MJ/kg | D240 43.8 40.1
Density at 15 °C g/mL D1298/D4052 0.837 |0.877
Kinematic viscosity at 40 °C | cSt D445/D7042 34 4.5
Flash point °C D93-A 68 174
Sulphur ppm D4294/D2622 320 400
Cloud point °C D2500/D5772 13 18
POME content vol% D7371 10 100

Table 2. Physicochemical properties of Malaysian Euro 2M low grade diesel (D2M) and palm oil based
(POME).

Properties Unit Value
Density at 25 °C g/mL 1.0241
Specific conductivity at 25 °C uS/cm 0.0532
Dynamic viscosity at 25 °C cSt 0.902
Vapour pressure at 20 °C mmHg 17.4
Isothermal compressibility at 0 °C Vol/atm 46.4x 10°
Surface tension at 0 °C Dyne/cm | 72.74
Specific heat at 17.5 °C J/g°C 3.898
Temperature of maximum density | °C -3.25
Freezing point °C -191

Table 3. Physicochemical properties of Malaysian domestic tap water .

Engine testing. Figure 2 depicts the engine testing setup for this study. Tests were done on a 5.9 L, 6-cyl-
inder, turbocharged induction diesel engine with common rail injection. The engine is connected to a 100 kVA
4-pole 3-phase AC electric generator maintained at a constant speed of 1500 rpm to produce 420 V. The diesel-
electric generator specifications are depicted in Table 4. Tests were conducted under variable electrical loads
condition ranging from low load (5 kW), medium load (34 kW) and high load (64 kW) provided by an electrical
load bank. The diesel-electric generator and load bank used in this study are shown in Fig. 3. The load bank
is resistive-type, and the loading verification was done in-house according to Eq. (1)*” where power factor is
assumed as 1 due to resistive loads. Thus, the results of the loading verification are explained in Table 5.

Activepower = V3 x Linevoltage(V') x Linecurrent(A) x powerfactor (1)

As indicated by the manufacturer data in Table 4, peak power of the diesel-electric generator was achieved
at 86 kW, therefore it is considered as 100% load. In relation to loading verification explained previously in
Table 5, at 100% loading, an error between 9.08 and 9.92% was found. Meanwhile, at 75% (64 kW) loading and
below, a maximum error of 6.41% was evaluated. Hence, for the purposes of this study, tests were conducted to
a maximum load of 64 kW to ensure a stable power output with minimal error.

For engine performance and emissions testing, the engine is first warmed up using B30 until lubricant
temperature stabilizes at approximately 60 °C. Following that, gate valve 1 is closed and gate valve 2 as shown
in Fig. 2 is opened simultaneously, and the weight of main fuel tank is measured using electronic balance (accu-
racy £0.001 kg). This functions to bypass the main fuel tank by redirecting fuel flow to another fuel source. Upon
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Figure 2. Schematics of engine testing setup using RTES.

Make/Model Cummins/6BT5.9-G2

Conlfiguration Cast iron, in-line, 6 cylinder

Bore X Stroke (mm) 102.1x119.9
Displacement (L) 5.9
Compression ratio 17.3:1
Aspiration Turbocharged

Fuel injection system
Standby power (kW) 92
Prime power (kW) 86

Common rail direct injection

Table 4. Specifications of diesel-electric generator.
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600S Opacimeter -
Control Unit

Cummins 6-cylinder
Common Rail
Turbocharged v
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Figure 3. Test engine and load bank configuration.

Voltage (V) Current (A) Active power (kW) % Power difference
Load (%) Hz | Engine speed (rpm) | L1 L2 (L3 |L1 L2 L3 L1 L2 L3 L1 L2 L3
0 52.5 | 1564 418 | 418 | 417 |- - - - - - - - -

25 51.6 |1538 417 | 418 |418 |29.7 |294 |29.1 |2145 |21.29 |21.07 [0.23 |1.00 |2.01
50 50.5 | 1505 418 | 418 | 418 |63.2 |63.0 |62.2 |4576 |45.61 |4503 |6.41 |6.07 |4.73
75 49.7 | 1481 418 | 418 | 416 |829 |82.7 |81.6 |63.49 |63.35 |6225 |1.56 |1.78 |3.48
100 48.4 | 1444 418 |418 | 418 |108 |108 | 107 |78.19 |78.19 |77.47 |9.08 |9.08 |9.92

Table 5. Electrical loading verification.

completion of weighing, gate valve 1 is re-opened and gate valve 2 is re-closed and at the same time RTES system
is activated to allow emulsification of B30 and water. Resultant B30E emulsion fuels are fed into the engine and
tested for 6 min cycles under each load condition. This procedure is repeated for several cycles. Fuel consumed
is measured by calculating the difference in weight prior to RTES activation and after each test cycles concluded.
In each test cycle, NO, and CO exhaust gas emissions are measured using ECOM J2KN PRO gas analyzer while
exhaust smoke opacity is measured using HORIBA MEXA-600S opacimeter. Both measuring equipment are
depicted in Fig. 4. Technical specifications of both the gas analyzer and opacimeter are explained in Tables 6
and 7 respectively.

Experimental and uncertainty calculations. In this study, BTE and BSFC were calculated from fuel
consumption data. Equation (2) *® was used to evaluate BSFC:

Horiba MEXA- ECOM J2KN PRO

600S Opacimeter — - . * Emission Analyser —

Measuring Unit = Portable Control Unit
N

ECOM J2KN PRO

Emission Analyser —
Measuring Unit

Figure 4. Exhaust gas analysis measuring equipment.
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Measurement Range Accuracy Resolution
Carbon Monoxide (CO) 0-10,000 ppm | +2% measured | 1.0 ppm
Carbon Monoxide (high) 0-63,000 ppm | +2% measured | 5.0 ppm
Nitric Oxide (NO) 0-5000 ppm +5% measured | 1.0 ppm
Nitric Oxide (low) 0-500 ppm +5% measured | 1.0 ppm
Nitrogen Dioxide (NO,) 0-1000 ppm +5% measured | 1.0 ppm
Nitrogen Dioxide (low) 0-100 ppm +5% measured | 0.1 ppm
Unburned Hydrocarbon (C,H,) 0-4.00 vol% +5% measured | 0.01 vol%

Table 6. Specifications of J2KN PRO gas analyzer.

Parameter Description

Measuring principle | Opacity method (Photo sensor detector)
Opacity: 0.00 to 100%

Range Light absorption coefficient: 0.000 to 10.00 m™*
Accuracy +2%

Sampling method Partial flow

Test standards ISO-11614

Table 7. Specifications of HORIBA MEXA-600S opacimeter.

BSFC = 1! )
Py

where mj,, is the fuel mass flow rate measured in (g/h) while P is the engine brake power in kW. On the other
hand, Eq. (3)* was used to calculate BTE.

3600 y
BSFC x CV
where BSEC is obtained from Eq. (2) measured in (g/kWh), and CV for D2M and POME verified in-house using
CAL2K ECO bomb calorimeter. Meanwhile, CV for B30 was calculated by adding the CV of POME to D2M

to achieve 30:70 blend ratio for biodiesel-diesel (42.9 MJ/kg). Furthermore, to calculate the CV for B30E10,
B30E15, and B30E20, weighted average method was used, as explained in Eq. (4) *.

BTE, Nthermal = 100 (3)

CVp3p X mass + (CV X mass
CVB30E _ ( B30 BSO) ( water wuter) (4)
MmassSB30E

where CV,,., is zero.
Furthermore, the calculation for uncertainty analysis used in this study is as shown in Eq. (5) *°.

SR \? SR \? SR \? SR \?
op=A||—wo ) +| o) + | —ws) +- 4| —wn (5)
§x1 8x; 8x3 8xp

where wy, is the total uncertainty of the experimental data, while w,, w,, w;, to w, represent independent variables.
This equation is used to calculate the uncertainty of BTE and BSFC which consisted of independent variables
such as my,;, Py, and fuel CV as evident in Eq. (3). For instance, uncertainty of BSFC is given by Eq. (6) **.

8BSFC 2 N 8BSFC 2 ©)
w = —— Wy —w
'BSFC s }’i’lfuel Mfisel (Sph Py,

Therefore, the overall uncertainty of the experiments is as explained in Eq. (7)

WOverall = \/ uncertainty of (BSFC)* 4 (BTE)?4-(C0)?+(NOx)>+(Smoke)*

= \/ uncertainty of (1.38)% + (1.38)24+(2.28)24(3.87)24+(2.63)> = £5.56%
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Figure 5. BTE of test fuels at different engine loads.

Results and discussion

Brake thermal efficiency (BTE). Figure 5 shows the effects of W/D emulsions towards engine BTE when
operated under variable loads. It is obvious that BTE increases as engine load increases for all test fuels. At high
engine load, D2M achieved 27.5% BTE while B30E10, B30E15 and B30E20 show significantly higher BTE at
32.8%, 35.6% and 37.4% respectively. B30E20 achieved the highest efficiency overall with a sizeable increase of
36.0% when compared to D2M at high engine load. Furthermore, at all tested engine loads, it was found that as
water percentage in B30E emulsions increases, BTE increased as well. There are four postulations for this major
improvement. Firstly, it may be due to micro-explosion effect that occurs when water droplets inside the emul-
sion fuel evaporated and tear the fuel droplet apart which can further improve combustion and thus producing
higher in-cylinder pressure*»*. Although common rail fuel injection can produce very fine fuel droplets dur-
ing pre-combustion, secondary atomization from the evaporation of water inside the B30E emulsion fuels still
can occur and contribute towards enhancing air-fuel mixture. Secondly, emulsion fuels introduced into diesel
engines tend to prolong ignition delay, which increases time for air-fuel mixing and evaporation, therefore
improving combustion quality'”***. Thirdly, it may be due to the presence of oxygen in B30 biodiesel. Even
though B30 possess lower calorific value when compared to D2M, which leads to increased fuel consumption
as evident from previous documented research!®"?, it does not mean that the combustion process itself was
not efficient. The presence of oxygen in biodiesels assist combustion at fuel rich regions, therefore improving
combustion efficiency. However, in most cases the improvement of combustion efliciency could not offset the
deficiency of energy content within the biodiesel fuel itself and hence resulted in higher BSFC. Finally, it is
possible that evaporation and expansion of water droplets within the emulsion fuel during combustion process
increased the overall rate of heat release when compared to conventional diesel. Water do not carry any energy
for the purpose of combustion, and act only as an expansion agent within the combustion cylinder by absorbing
the heat released during combustion. As the content of water (as the expansion agent) increases, the higher is
the rate of heat release inside the combustion cylinder. In fact, in-cylinder pressure could be higher as compared
to conventional diesel if the start of ignition can be modified to be at the same timing®*“®. In contrast, if there is
too much water in the emulsion fuel, the absorption of heat by water particles will start to quench some part of
the chemical reactions occurring during combustion, therefore limiting the maximum water content that could
be introduced into the emulsion fuel. In this study, it was found that 20 wt% of water was the optimum water
percentage within the W/D emulsion that can act as the expansion agent without significantly affecting chemical
reaction of combustion process.

Brake specific fuel consumption (BSFC). In this study, for the purpose of calculating BSFC, only B30 is
considered as the fuel. This is because water is not a combustible substance. This method was chosen with refer-
ence to previous studies on BSFC behavior of W/D emulsion fuels***2#’. Therefore, in accordance with Eq. (2),
BSFEC of D2M and various water percentage B30E when subjected to increasing engine loads are as illustrated
in Fig. 6. It is observed that BSFC decreases as the engine load increases. This signifies that engine combustion
efficiency is enhanced at higher engine loads!”. Furthermore, it is also observed that at each tested engine load,
BSFC improved as water percentage in B30E increases. Most notably at low engine load, where BSFC for B30E10,
B30E15 and B30E20 fuels showed significant decrease by 3.67%, 7.43% and 8.70% respectively, as compared
to D2M. Meanwhile, at high engine load of 64 kW, B30E15 displayed maximum BSFC reduction with a 7.19%
improvement. Considering all engine loads, average reduction of each B30E emulsion fuels is 1.18%, 4.63%
and 3.6% for B30E10, B30E15 and B30E20 respectively. This observed reduction of BSFC can be considered as
significant, since a previous report observed a marginal BSFC increase when B30 biodiesel was fueled in a com-
mon rail injection diesel vehicle as opposed to B10™. Despite having a calorific value deficit of about 16.8% when
compared to D2M, significantly lower BSFC and higher BTE achieved with B30E15 showed that micro explosion
effect in W/D emulsion is sufficient to overcome the same engine loads with lower amount of fuel.
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Figure 7. NO, emission of test fuels at different engine loads.

NO, emissions. NO, emissions of D2M and B30E under increasing engine loads are as shown in Fig. 7. It
is obvious that NO, emission increases as engine load increases. At the low load engine condition of 5 kW, the
average NO, emission is at the minimum level of 60.4 g/kWh. As engine load increases, average NO, emissions
increase by measures of approximately 400% and 950% for medium and high loads respectively. NO, gases are
formed typically at high temperatures exceeding 1800 K through Zeldovich mechanism*®. Therefore, as engine
load increases, combustion cylinder temperature increases, resulting in a higher rate of NO, formation. Further-
more, as water content in B30E increases, NO, emissions decrease at all tested engine loads. Particularly at high
load, D2M emitted 672 g/kWh of NO, while B30E10, B30E15 and B30E20 emulsions produced lower NO, by
margins of 5.95%, 5.65% and 11.6% respectively. Water droplets present in B30E fuels resulted in lower flame
temperatures during combustion as the result of latent heat absorption by water particles. Hence, NO, formation
by Zeldovich mechanism was restricted®. In addition, as water content in B30E increases, the amount of B30
fuel injected per volume is considerably lower, reducing the amount of combustion by-products, and further
limiting NO, formation*2. Moreover, as water percentage increases, chances of more oxygen molecules ionize to
form of hydroxyl (OH) radicals increases significantly, leading to lower NO, formation®. Nonetheless, reduction
of NO, observed in this study is rather minimum when compared to previous studies'”?>**. This observation
could be explained for two reasons. Firstly, B30E emulsions contain higher biodiesel content which translates
to higher oxygen content in the fuel. Therefore, even though it is expected that B30 should produce higher NO,
emissions (due to oxygen presence), since water droplets are present in B30E, formation of NO, was suppressed.
Secondly, it is possible that due to higher combustion temperature promoted by common rail fuel injection
coupled with a turbocharged induction air intake system, micro explosion of minute water particles in B30E
emulsions could not effectively reduce combustion temperature in a magnitude observed in previous studies.
These assertions were substantiated in a separate study which documented that a common rail turbocharged
engine fueled with polyoxymethylene dimethyl ethers-diesel, a highly oxygenated fuel, was unable to effectively
suppress NO, formation under various engine loads™.

Scientific Reports |

(2023) 13:10599 | https://doi.org/10.1038/s41598-023-37662-4 nature portfolio



www.nature.com/scientificreports/

40
mD2M
35 - BB30E10
= 30 OB30E15
2 = mB30E20
% 25 =
g 20
4
E 15
m +
S 10
s b . % ’
. | p=Em R
5 32 64
Engine Load (kW)
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CO emissions

Figure 8 shows the CO emissions of D2M and B30E under various loads. It is evident from the figure that CO
emissions for all fuels are at the highest at low engine load. This is due to lower combustion cylinder temperature
as the result of increase in heat loss per cycle®’. Therefore, the rate of oxidation from CO to CO, below 1400 K
decreases'”. Meanwhile, a slight increase is observed at high engine load, where CO emissions for all test fuels
are slightly higher as compared to medium load. It can be explained that, at higher engine load, excess fuel is
injected into the combustion cylinder which lead to stratified rich mixture regions. This in turn results in lesser
contact between fuel and oxygen, leading to poor combustion within these regions. This notion was corrobo-
rated by a previous study that reported CO emissions increase in higher engine loads due to oxygen deficiency
at the end of fuel jet impinged on the cylinder wall®’. Nonetheless, it is obvious that at the low engine load,
B30E emulsions displayed substantially higher CO emissions as compared to D2M. This is due to cooling effect
which occurs during combustion of W/D emulsion, which encouraged incomplete oxidation of CO to CO, in
the presence of water droplets®>>. However, at high engine load B30E emulsions showcased much lower CO
emissions than D2M. Higher engine loads are characterized by higher in-cylinder temperatures and pressures,
where it can be argued that micro explosion occurs more violently, resulting in finer fuel droplets distribution,
ultimately improving combustion'”.

Smoke opacity. Figure 9 illustrates smoke opacity profile of D2M and various B30E under increasing engine
load. It is clear that smoke opacity increases as engine load increases. This is because, more fuel is injected into
the engine in high engine loads, causing air—fuel ratio to decrease, hence resulting in formation of smoke due to
incomplete combustion®. Generally, it can be seen at high engine load, smoke opacity becomes lower as water
content in B30 increases. In fact, maximum smoke opacity reduction is achieved by B30E15 under high loads,
with a magnitude of 61.5% reduction with respect to D2M. Again, it is obvious that the role of micro explosion
is very effective in improving fuel atomization, achieving higher combustion quality** in high engine load envi-
ronment characterized by higher in-cylinder pressure and temperature. Another contributing factor is due to
the presence of higher OH radicals in B30E, air entrainment is enriched, further reducing smoke formation®.
Similar trends were observed previously using D2M derived W/D emulsions where a maximum smoke opacity
reduction of 87.0% was achieved by 21.8 wt% water content when fueled into the same test engine®?. In addition,
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Figure 9. Smoke opacity of test fuels at different engine loads.
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this trend is also observed for other types of biodiesel-diesel emulsion such as Nerium biodiesel-diesel, which
showed up to 12.96% reduction in smoke opacity*®, attributed by the effects of micro explosion. It can also be
noted that the presence of oxygen in POME (hence B30) contributed towards more efficient combustion and
suppressed formation of smoke® In short, RTES implementation has been effective in reducing smoke emis-
sions in common rail injection engines, which has negated suspicions that the effect of micro explosion is less
pronounced in high pressure fuel spray of common rail injection. Furthermore, similar to CO emissions trend
presented in Fig. 8, higher smoke emissions are detected in low engine load when fueled with B30E where the
effect of micro explosion is less significant.

Conclusion

This research attempted to improve performance and emissions of a 100 kVA common rail fuel injection, tur-
bocharged diesel electric generator by using water-in-diesel emulsion fuel derived from higher biodiesel-diesel
blends (B30) without addition of any emulsifier or surfactant. The base fuel chosen was a low-grade Malaysian
Euro 2 diesel fuel (D2M) and three emulsified fuels of B30 produced by mixing D2M with POME (B30E). Water
percentages considered were 10 wt% (B30E10), 15 wt% (B30E15) and 20 wt% (B30E20). B30E were produced
using Real-Time Non-Surfactant Emulsion Fuel Supply System (RTES) immediately before entering the com-
mon rail fuel injection system.

The following conclusions are drawn from the experiment:

1. Brake Thermal Efficiency (BTE) at each tested engine load increased as water percentage in B30E emulsion
fuels increased. The highest increment was observed at high engine load by B30E20 with 36.0% increment
as compared to D2M.

2. Generally, BSFC reduced for all B30E emulsion fuels except for a slight increase at medium engine load,
as compared to D2M. The maximum reduction was observed at low engine load with 8.70% reduction by
B30E20. At high engine load, B30E15 showed a maximum reduction of 7.19%.

3. As water percentage in B30E emulsion fuels increased, NO, emissions were reduced. However, the margin
the reductions observed were not as pronounced as the ones observed in previous studies, possibly due to
higher combustion temperatures when using forced induction common rail injection systems.

4. B30E emulsion fuels shows higher CO emission concentration at low engine load and lower CO emission
concentration at high engine load than D2M. Combustion temperature at different engine loads influence
the oxidation of CO to CO, and strength of micro-explosion of B30E emulsion fuels.

5. Smoke opacity of B30E emulsion fuels reduced significantly as compared to D2M at high engine load. This
proves that micro explosion restricted formation of soot particles by improving combustion through second-
ary fuel atomization. However, the effect of micro-explosion was weaker at low and medium engine loads.

In short, higher blends biodiesel-diesel W/D emulsions produced by RTES was able to improve engine ther-
mal efficiency and fuel consumption as well as reducing NO, and soot emissions when installed in a modern
diesel engine. Based on the results of this study, RTES implementation is recommended when B30 biodiesel
mandate is enforced in Malaysia in the near future by 2025.

Data availability
All data generated or analyzed during this study are included in this published article and available from the
corresponding author based upon reasonable request.

Received: 21 January 2023; Accepted: 25 June 2023
Published online: 30 June 2023

References

1. MPOB concerned about EU agreement to ban palm oil, says palm oil, products are deforestation-free | The Star, The Star. 2022.
[Online]. Available: https://www.thestar.com.my/business/business-news/2022/12/13/mpob-concerned-about-eu-agreement-to-
ban-palm-oil-says-palm-oil-products-are-deforestation-free. Accessed 07 Jan 2023.

2. Reuters, 2022. Malaysia slams EU deforestation-free law for blocking palm oil market access | Reuters, 2022. [Online]. Available:
https://www.reuters.com/business/sustainable-business/malaysia-slams-eu-deforestation-free-law-blocking-palm-oil-market-
access-2022-12-23/. Accessed 07 Jan 2023.

3. G. Lye, RMK-12: Palm oil-based biodiesel use to be scaled up in Malaysia—B15 and B20 soon, up to B30 by 2025—paultan.org,
paultan.org, 2021. [Online]. Available: https://paultan.org/2021/09/28/rmk-12-palm-oil-based-biodiesel-use-to-be-scaled-up-in-
malaysia-b15-and-b20-soon-up-to-b30-by-2025/. Accessed 14 Jan 2023.

4. Acevedo, J. C.,, Herndndez, J. A., Valdés, C. F. & Khanal, S. K. Analysis of Operating Costs for Producing Biodiesel from Palm Oil at
Pilot-Scale in Colombia Vol. 188 (Elsevier Ltd, 2015).

5. Yeap, C. 2022. Special Report: At RM77.7 bil, subsidies exceed budgeted development expenditure in 2022 | The Edge Markets, The
Edge Malaysia, 2022. [Online]. Available: https://www.theedgemarkets.com/article/special-report-rm?777-bil-subsidies-exceed-
budgeted-development-expenditure-2022. Accessed 07 Jan 2023.

6. Emaish, H., Abualnaja, K. M., Kandil, E. E. & Abdelsalam, N. R. Evaluation of the performance and gas emissions of a tractor
diesel engine using blended fuel diesel and biodiesel to determine the best loading stages. Sci. Rep. 11(1), 1-12 (2021).

7. Zhang, P. et al. Spray, atomization and combustion characteristics of oxygenated fuels in a constant volume bomb: A review. J.
Traffic Transp. Eng. (English Ed) 7(3), 282-297 (2020).

8. Zamboni, G. & Capobianco, M. Effects of rail pressure control on fuel consumption, emissions and combustion parameters in a
turbocharged diesel engine. Cogent Eng. 7(1), 1724848 (2020).

9. Maawa, W. N,, Mamat, R., Najafi, G. & De Goey, L. P. H. Performance, combustion, and emission characteristics of a CI engine
fueled with emulsified diesel-biodiesel blends at different water contents. Fuel 267, 117265 (2020).

Scientific Reports |

(2023) 13:10599 | https://doi.org/10.1038/s41598-023-37662-4 nature portfolio


https://www.thestar.com.my/business/business-news/2022/12/13/mpob-concerned-about-eu-agreement-to-ban-palm-oil-says-palm-oil-products-are-deforestation-free
https://www.thestar.com.my/business/business-news/2022/12/13/mpob-concerned-about-eu-agreement-to-ban-palm-oil-says-palm-oil-products-are-deforestation-free
https://www.reuters.com/business/sustainable-business/malaysia-slams-eu-deforestation-free-law-blocking-palm-oil-market-access-2022-12-23/
https://www.reuters.com/business/sustainable-business/malaysia-slams-eu-deforestation-free-law-blocking-palm-oil-market-access-2022-12-23/
https://paultan.org/2021/09/28/rmk-12-palm-oil-based-biodiesel-use-to-be-scaled-up-in-malaysia-b15-and-b20-soon-up-to-b30-by-2025/
https://paultan.org/2021/09/28/rmk-12-palm-oil-based-biodiesel-use-to-be-scaled-up-in-malaysia-b15-and-b20-soon-up-to-b30-by-2025/
https://www.theedgemarkets.com/article/special-report-rm777-bil-subsidies-exceed-budgeted-development-expenditure-2022
https://www.theedgemarkets.com/article/special-report-rm777-bil-subsidies-exceed-budgeted-development-expenditure-2022

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.

36.
37.
. Heywood, J. B. Internal Combustion Engine Fundamentals (McGraw-Hill, 1988).
39.
40.
41.
42.

43.

44.
45.
46.
47.

48.
49.

50.

Jansen, L. et al. Impact of FAME on the performance of three Euro 4 light-duty diesel vehicles Part 1: Fuel consumption and
regulated emissions. Brussels (2014).

Kurczynski, D. & Lagowski, P. Performance indices of a common rail-system CI engine powered by diesel oil and biofuel blends.
J. Energy Inst. 92(6), 1897-1913 (2019).

Nguyen, T. N., Khoa, N. X. & Tuan, L. A. The correlation of biodiesel blends with the common rail diesel engine’s performance
and emission characteristics. Energies 14(1), 2986 (2021).

Bertola, A., Li, R. & Boulouchos, K. (2003) Influence of water—diesel fuel emulsions and EGR on combustion and exhaust emis-
sions of heavy duty DI-diesel engines equipped with common-rail injection system. SAE Tech. Pap. Ser., 3146 (2003).

Lin, C. Y. & Wang, K. H. Diesel engine performance and emission characteristics using three-phase emulsions as fuel. Fuel 83(4-5),
537-545 (2004).

Abu-Zaid, M. Performance of single cylinder, direct injection Diesel engine using water fuel emulsions. Energy Convers. Manag.
45(5), 697-705 (2004).

Ghojel, J., Honnery, D. & Al-Khaleefi, K. Performance, emissions and heat release characteristics of direct injection diesel engine
operating on diesel oil emulsion. Appl. Therm. Eng. 26(17-18), 2132-2141 (2006).

Ithnin, A. M. et al. Emulsifier-free water-in-diesel emulsion fuel: Its stability behaviour, engine performance and exhaust emission.
Fuel 215, 454-462 (2018).

Ismael, M. A. et al. The effect of fuel injection equipment on the dispersed phase of water-in-diesel emulsions. Appl. Energy 222,
762-771 (2018).

Gorski, K. Experimental investigation of diesel engine powered with fuel microemulsion. Adv. Sci. Technol. Res. J. 14(2), 41-48
(2020).

Abdollahi, M. et al. Impact of water-biodiesel-diesel nano-emulsion fuel on performance parameters and diesel engine emission.
Fuel 280, 118576 (2020).

Mondal, P. K. & Mandal, B. K. A comprehensive review on the feasibility of using water emulsified diesel as a CI engine fuel. Fuel
237,937-960 (2019).

Ramlan, N. A. et al. Emissions and performance analysis of diesel powered road vehicle equipped with real-time non-surfactant
emulsion fuel supply system. Fuel 273, 117257 (2020).

Ithnin, A. M. Real Time Water-in-Diesel Emulsion Fuel Production System for Diesel Electric Generator (Universiti Teknologi
Malaysia, 2015).

Yahya, W. J. et al. Durability studies of real-time non-surfactant emulsion fuel supply system. J. Tribol. 27(November), 102-115
(2020).

“Real-Time Non Surfactant Emulsion Fuel Supply System (RTES).” [Online]. Available: https://www.rtes.my/index.php/rtes-produ
cts-and-services/real-time-emulsion-fuel-supply-system-rtes/. Accessed 18 May 2021.

Mahdi, W. N. I. W. et al. The effect of different in-line mixers producing emulsifier-free bio-diesel emulsion on the diesel engine
combustion performance and exhaust emission. Fuel 337, 126886 (2023).

Sugeng, D. A. et al. Diesel engine emission analysis using fuel from diverse emulsification methods. Environ. Sci. Pollut. Res. 25(27),
27214-27224 (2018).

Sugeng, D. A, Ithnin, A. M., Yahya, W. J. & Kadir, H. A. Emulsifier-free water-in-biodiesel emulsion fuel via steam emulsification:
Its physical properties, combustion performance, and exhaust emission. Energies 13(20), 5406 (2020).

Mazlan, N. A,, Yahya, W. ], Ithnin, A. M. & Ahmad, M. A. The effect of tap water emulsified fuel on exhaust emission of single
cylinder compression ignition engine. MATEC Web of Conferences, Vol. 90 (2016)

Ahmad, M. A. et al. Combustion performance and exhaust emissions fuelled with non-surfactant water-in-diesel emulsion fuel
made from different water sources. Environ. Sci. Pollut. Res. 25(24), 24266-24280 (2018).

Omi, R. T. et al. Performance and emissions of diesel engine with circulation nonsurfactant emulsion fuel system. J. Adv. Res. Fluid
Mech. Therm. Sci. 82(2), 96-105 (2021).

Mohd Tamam, M. Q. et al. Performance and emission studies of a common rail turbocharged diesel electric generator fueled with
emulsifier free water/diesel emulsion. Energy 268, 126704 (2023).

Rashid, M. A. A,, Ithnin, A. M., Yahya, W.]., Ramlan, N. A., Mazlan, N. A. & Sugeng, D. A. Integration of real-time non-surfactant
emulsion fuel system on light duty lorry. In IOP Conference Series Materials Science and Engineering, Vol. 257, No. 1. (2017)
Mazlan, N. A. et al. Effects of different water percentages in non-surfactant emulsion fuel on performance and exhaust emissions
of a light-duty truck. J. Clean. Prod. 179, 559-566 (2018).

Rahman, M. M. et al. Comparison of diesel engine performance between a mechanical pump and a common rail fuel injection
system equipped with real-time non-surfactant emulsion fuel supply system. J. Adv. Res. Fluid Mech. Therm. Sci. 91(2), 41-50
(2022).

Abd Razak, I F. et al. Effects of different water percentages in non-surfactant water-in-diesel emulsion fuel on the performance
and exhaust emissions of a small-scale industrial burner. Clean Technol. Environ. Policy 23, 2385-2397 (2021).

Wildi, T. Electrical Machines, Drives, and Power Systems 6th edn. (Pearson Education Limited, Essex, 2014).

Sugeng, D. A. et al. Determining water content of non-surfactant emulsion fuel using bomb-calorimeter. IOP Conf. Ser. Mater. Sci.
Eng. 1096(1), 012044 (2021).

Elkelawy, M. et al. Maximization of biodiesel production from sunflower and soybean oils and prediction of diesel engine perfor-
mance and emission characteristics through response surface methodology. Fuel 266, 117072 (2020).

Vellaiyan, S. Combustion, performance and emission evaluation of a diesel engine fueled with soybean biodiesel and its water
blends. Energy 201, 117633 (2020).

Debnath, B. K., Saha, U. K. & Sahoo, N. A comprehensive review on the application of emulsions as an alternative fuel for diesel
engines. Renew. Sustain. Energy Rev. 42,196-211 (2015).

Mondal, P. K. & Mandal, B. K. Optimization of water-emulsified diesel preparation and comparison of mechanical homogeniza-
tion and ultrasonic dispersion methods to study CI engine performances. Energy Sources, Part A Recover. Util. Environ. Eff., 1-30
(2019).

Hasannuddin, A. K. ef al. Performance, emissions and lubricant oil analysis of diesel engine running on emulsion fuel. Energy
Convers. Manag. 117, 548-557 (2016).

Ithnin, A. M., Ahmad, M. A., Bakar, M. A. A,, Rajoo, S. & Yahya, W. J. Combustion performance and emission analysis of diesel
engine fuelled with water-in-diesel emulsion fuel made from low-grade diesel fuel. Energy Convers. Manag. 90, 375-382 (2015).

Sadhik Basha, J. Impact of carbon nanotubes and Di-Ethyl Ether as additives with biodiesel emulsion fuels in a diesel engine—An
experimental investigation. J. Energy Inst. 91(2), 289-303 (2018).

Vellaiyan, S., Subbiah, A. & Chockalingam, P. Effect of titanium dioxide nanoparticle as an additive on the working characteristics
of biodiesel-water emulsion fuel blends. Energy Sources Part A Recover. Util. Environ. Eff. 43(9), 1087-1099 (2021).

Masum, B. M. et al. Effect of ethanol-gasoline blend on NOx emission in SI engine. Renew. Sustain. Energy Rev. 24, 209-222 (2013).
Hasannuddin, A. K. et al. Performance, emissions and carbon deposit characteristics of diesel engine operating on emulsion fuel.
Energy 142, 496-506 (2018).

Zhao, Y. et al. Experimental study on the effects of blending PODEn on performance, combustion and emission characteristics of
heavy-duty diesel engines meeting China VI emission standard. Sci. Rep. 11(1), 1-11 (2021).

Scientific Reports |

(2023) 13:10599 | https://doi.org/10.1038/s41598-023-37662-4 nature portfolio


https://www.rtes.my/index.php/rtes-products-and-services/real-time-emulsion-fuel-supply-system-rtes/
https://www.rtes.my/index.php/rtes-products-and-services/real-time-emulsion-fuel-supply-system-rtes/

www.nature.com/scientificreports/

51. Hasannuddin, A. K. et al. Nano-additives incorporated water in diesel emulsion fuel: Fuel properties, performance and emission
characteristics assessment. Energy Convers. Manag. 169(May), 291-314 (2018).

52. Seifi, M. R. et al. Statistical evaluation of the effect of water percentage in water-diesel emulsion on the engine performance and
exhaust emission parameters. Energy 180, 797-806 (2019).

53. Yang, W. M. et al. Emulsion fuel with novel nano-organic additives for diesel engine application. Fuel 104(x), 726-731 (2013).

54. Hamasaki, K., Kinoshita, E., Matsuo, Y. & Jazair, W. Utilization of palm oil for diesel fuel. Trans. Japan Soc. Mech. Eng. 68(667),
322-327 (2002).

55. Vellaiyan, S. Enhancement in combustion, performance, and emission characteristics of a biodiesel-fueled diesel engine by using
water emulsion and nanoadditive. Renew. Energy 145, 2108-2120 (2020).

56. Elumalai, P. V., Parthasarathy, M., Hariharan, V., Jayakar, ]. & Mohammed Igbal, S. Evaluation of water emulsion in biodiesel for
engine performance and emission characteristics. J. Therm. Anal. Calorim. 147(6), 4285-4301 (2022).

57. El-Shafay, A. S., Algsair, U. E, Abdel Razek, S. M. & Gad, M. S. Artificial neural network prediction of performance and emissions
of a diesel engine fueled with palm biodiesel. Sci. Rep. 12(1), 1-15 (2022).

Acknowledgements

The authors would like to thank Malaysia-Japan Institute of Technology, Universiti Teknologi Malaysia (UTM)
for providing valuable research funding through UTM High Impact Research Grant (Q.K130000.2443.08G98).
In addition, the authors would also like to acknowledge SAE Malaysia and ANCHOR for the resources and
expertise provided.

Author contributions

M.Q.M.T.: Methodology, Investigation, Writing—Original draft preparation. M.R.T.O.: Methodology, Inves-
tigation, Formal analysis. W.J.Y.: Conceptualization, Methodology, Supervision, Funding Acquisition. A.M.I.:
Resources, Writing—Review & Editing, Supervision. H.A.R.: Conceptualization, Resources. M.M.R.: Methodol-
ogy, Investigation. H.A.K.: Conceptualization, Supervision. H.N.: Methodology, Writing—Review & Editing.
TK., C.H., T.O., E.K.: Supervision, Writing—Review & Editing.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.J.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:10599 | https://doi.org/10.1038/s41598-023-37662-4 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Engine performance and emissions evaluation of surfactant-free B30 biodiesel–dieselwater emulsion as alternative fuel
	Experimental details
	Test fuels. 
	Engine testing. 
	Experimental and uncertainty calculations. 

	Results and discussion
	Brake thermal efficiency (BTE). 
	Brake specific fuel consumption (BSFC). 
	NOx emissions. 

	CO emissions
	Smoke opacity. 

	Conclusion
	References
	Acknowledgements


