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Abstract

This study evaluated the engine performance and atmospheric environmental impact of coconut-oil-derived
biofuel blends in a small turbojet engine. Biofuel was produced from non-standard coconut oil using a low-
energy co-solvent method. The resulting fuel was primarily composed of ethyl octanoate and ethyl decanoate,
with a purity of 97.66%. Combustion experiments were conducted using a small turbojet engine with biofuel
blend ratios of 10—-50%, and the combustion efficiency, specific fuel consumption, and exhaust emission index
of CO, CO,, and NO were analyzed. The results showed that B20 and B30 maintained combustion efficiencies
comparable to those of conventional jet fuel, whereas B30 exhibited the lowest specific fuel consumption over
the tested rotational speed range. The emission indices of CO, and NO generally decreased with increasing
biofuel blend ratio, particularly under high rotational speed conditions, whereas CO emissions showed non-
monotonic behavior depending on the blend ratio and operating conditions. The LTO-cycle-based emission
analysis indicated that the taxi/idle phase dominated the total CO, and NO emissions because of its long op-
erating duration. In addition, atmospheric dispersion analysis using a Gaussian plume model revealed that
NO concentrations decreased substantially with increasing biofuel content; at 100,000 rpm, the predicted NO
concentration 10 m downstream decreased by approximately 36% for B50 compared with that of the conven-
tional fuel. These results demonstrate that coconut oil-derived biofuel blending can reduce NO emissions and
modify near-field atmospheric concentration distributions, although further optimization of fuel atomization and
combustion characteristics is required to suppress CO emissions at high blend ratios.
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1. Introduction

Biofuels have attracted considerable attention as promising substitutes for petroleum-derived avia-
tion fuels owing to their potential to reduce life-cycle CO, emissions and thereby contribute to the
decarbonization of the aviation sector. However, their widespread implementation is constrained by
limited feedstock availability, high production costs, and energy-intensive conversion processes|i, 2].
In Japan, aviation biofuels are produced primarily from waste cooking oil, the supply of which is
limited and costly, underscoring the need to identify alternative, regionally available feedstocks.

This study focused on non-standard coconuts discarded in Southeast Asia as a potential feedstock
for aviation biofuel production. During coconut cultivation and processing, a certain proportion of
coconuts are classified as non-standard owing to insufficient size, premature sprouting, cracking, or
spoilage, rendering them unsuitable for edible applications[3]. Although such non-standard coconuts
are considered low-value or unused by-products, they retain oil components that can be converted
into liquid biofuels. Under the CORSIA methodology, non-standard coconuts have been recognized
as a potential sustainable aviation fuel feedstock, with a default life-cycle emission value of 26.9
gCO0,e/MJ[3]. Because these coconuts are treated as agricultural by-products, the contribution of
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direct land-use change to the life-cycle assessment can be reduced or excluded. Accordingly, the uti-
lization of non-standard coconut oil is expected to enable both effective valorization of an underused
waste resource and a substantial reduction in life cycle CO, emissions relative to petroleum-derived
jet fuel. Coconut oil contains a high proportion of medium-chain fatty acids, and its carbon-number
distribution closely resembles that of conventional jet fuel components[4, 5]. Coconut-oil-derived
fatty acid esters are therefore considered promising candidates for liquid aviation fuel applications,
particularly as blending components with conventional jet fuel.

Although several biofuel production pathways have been certified under ASTM D7566 [6], many of
these processes require high-temperature, high-pressure, and hydrogen-consuming conditions. In
contrast, the present study employs a low-energy co-solvent transesterification method using ethanol
and acetone [7]. This method enables high biofuel yields under comparatively mild conditions, namely
approximately 50 °C and atmospheric pressure, and is therefore expected to reduce the energy con-
sumption associated with fuel production relative to conventional catalytic hydrogenation routes [8, 9].
Previous studies have investigated the combustion and emission characteristics of HEFA, FAME,
and other biofuel blends in diesel engines and gas turbine systems [10, [11, 12, [13]. However, the
combustion performance, exhaust emission characteristics, LTO-cycle emissions, and atmospheric
environmental impact of coconut-oil-derived biofuel blends in small gas turbine engines remain insuf-
ficiently understood.

This study evaluated the applicability and atmospheric environmental impact of coconut-oil-derived
biofuel blends produced via a low-energy co-solvent method. Combustion experiments were con-
ducted using a small-scale jet engine with biofuel blend ratios ranging from 10% to 50% in volume.
The combustion efficiency, specific fuel consumption, and major exhaust emission species, includ-
ing HC, CO, CO,, and NO, were analyzed. In addition, the LTO cycle emissions and atmospheric
concentration distributions were estimated based on the experimentally measured exhaust gas com-
positions. Through this integrated evaluation, the potential of coconut-oil-derived biofuel blending to
mitigate the environmental burden of small gas-turbine engines was assessed.

2. Biofuel

In this study, biofuel was synthesized from coconut oil using a low-energy co-solvent method[7, (14,
15] with ethanol and acetone. Compared with conventional alkaline transesterification and ultrasound-
assisted processes, this method enables rapid and high-efficiency conversion under low-temperature
and atmospheric-pressure conditions while suppressing soap formation.

The production process involved mixing a coconut oil-acetone solution with an ethanol-KOH solution
in a stirred reactor. When the acetone content was at least 10 wt% and the catalyst concentration
was 0.2-0.8 wt%, transesterification proceeded rapidly, achieving conversion rates above 80% within
2—10 min even at 10-20 °C. After the reaction, spontaneous phase separation occurred, allowing the
glycerin-rich phase to separate easily from the ester-rich phase. Residual ethanol and acetone were
subsequently removed by distillation and reused.

After washing and dehydration, a high-quality coconut-oil-derived biofuel with a purity of 97.66%
was produced. HPLC(High Performance Liquid Chromatography) analysis showed that the product
mainly consisted of ethyl octanoate and ethyl decanoate, with mass fractions of 41.2 wt% and 56.5
wi%, respectively. The remaining 2.3 wt% consisted of residual glycerides and free fatty acids. These
results indicate that the produced biofuel was primarily composed of medium-chain fatty acid ethyl
esters, whose carbon-number range is suitable for use as a blending component for jet fuel.

The produced biofuel was blended with conventional jet fuel (Jet A-1) at volumetric or mass blending
ratios of 10—50%. Neat conventional jet fuel was denoted as J100, whereas the biofuel blends were
denoted as B10, B20, B30, B40, and B50, corresponding to biofuel blending ratios of 10, 20, 30, 40,
and 50%, respectively.

3. Experimental setup

In this study, the effects of biofuel blending on engine performance and exhaust emission charac-
teristics were evaluated using small turbojet engine. The experimental apparatus comprised a small
turbojet engine, fuel supply system, thrust measurement system, temperature and pressure mea-
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surement system, rotational speed measurement system, and exhaust gas analyzer. A schematic of
the experimental apparatus is shown in Fig. [1]

A small turbojet engine (J-850 engine, Sophia Precision)[16] 17, (18] was used as the test engine.
This engine is a single-spool gas turbine engine that consists of a compressor, combustor, turbine,
and exhaust nozzle. Ambient air is drawn in and compressed by the compressor, mixed with fuel, and
combusted in the combustor to generate a high-temperature and high-pressure gas. The combustion
gas subsequently passes through the turbine, delivering the work required to drive the compressor
before being expelled at high velocity through the exhaust nozzle to produce thrust. In the present
study, the engine rotational speed was controlled under prescribed conditions, and the thrust, fuel
consumption, combustion efficiency, and exhaust gas composition were measured for each fuel con-
dition.

The fuel supply system consisted of a fuel tank, fuel lines, a fuel pump, and a fuel flow meter. The
fuel was supplied from the fuel tank by a pump, and the fuel flow rate was measured before it was
introduced into the engine combustor. In this study, conventional fuel and biofuel-blended fuels were
investigated, and the effects of fuel property variations on combustion and exhaust emission charac-
teristics were evaluated by varying the biofuel blending ratios.

Thrust was measured using a load cell installed on the test stand to which the engine was attached.
The axial thrust generated during engine operation was detected using a load cell, and the resulting
signal was recorded using a data acquisition system. Temperature measurements were performed
using thermocouples installed at the compressor inlet and outlet, turbine inlet and outlet, and exhaust
sections. Pressure measurements were conducted using pressure sensors to acquire the inlet and
exit pressures of the compressor.

The acquired data were used to calculate the specific fuel consumption and combustion efficiencies.
The combustion efficiency (1,), was evaluated as the ratio of the enthalpy rise across the combustor
to the chemical energy supplied by the fuel, as expressed by

(1 +f)Cp(T3 — Tz)
f-LHV

ny = (1)
where f is the fuel-air ratio, ¢, is the specific heat at constant pressure of the working fluid [J/(kg-K)],
T, is the combustor inlet temperature [K], 75 is the combustor exit temperature [K], and LHV is the
lower heating value of the fuel [J/kg]. The specific fuel consumption (SFC) was calculated by dividing
the fuel mass flow rate (ri7) by the thrust (F) as follows:

my

SFC =~ (2)
where SFC is the specific fuel consumption [kg/(N-s)], 7 is the fuel mass flow rate [kg/s], and F is
the thrust [N].
The exhaust gas composition was measured using an exhaust gas analyzer, MEXA-584L (HORIBA).
The exhaust gas was sampled using a probe installed downstream of the engine exhaust outlet and
introduced into the analyzer. The measured species included CO, CO,, and NO, and the exhaust
gas concentrations were obtained for each operating condition. Based on the measured exhaust gas
concentrations and fuel flow rates, the emission index of each species was calculated. The emission
index was defined as the mass of each species emitted per unit mass of fuel consumed and was
used to compare the emission characteristics under different fuel conditions.
In the experiments, the engine rotational speed was increased to the prescribed value after the
startup, and measurements were performed after the operating conditions became stable. Under
each fuel condition, the thrust, fuel flow rate, temperature, pressure, and exhaust gas composition
were acquired simultaneously under identical rotational speed conditions. This procedure enabled
a systematic evaluation of the effects of the biofuel blending ratio on the engine performance and
exhaust emission characteristics.

4. Results and Disucssion



INSERT RUNNING TITLE HERE

Turbine inlet pressure TIT4
Turbine inlet temperature (TIT1) A-A
TET3 NR-500
&
Turbine exit temperature (TETf) @ TET2 NR-THO08
) TIT2

Micro flow Compressor exit air temperature
sensor and pressure

TIT3
j— A i Ext gas
! temperature

a ’ ; (EGT)

Fuel pump

Intake air static pressure
Iptake air temperatul

Fuel tank o [ o]

speed Thrust

midi LOGGER
GL820 T
=
—

CO0, CO2,NO

Figure 1 — Schematic diagram of the experimental setup for the small turbojet engine.

4.1 Combustion Efficiency and Fuel Specific Consumption

Figure |2/ shows the combustion efficiency for biofuel blend ratios of 0-50%. Overall, the combustion
efficiency varied depending on both the fuel conditions and engine rotational speed. For J100, the
combustion efficiency increased with increasing rotational speed and reached its maximum value at
100,000 rpm. This trend is considered to be attributable to enhanced fuel atomization, increased air
flow rate, and improved fuel-air mixing under high rotational speed conditions, which promoted more
complete combustion.

In contrast, the combustion efficiencies of the biofuel-blended fuels exhibited different trends depend-
ing on the blend ratio. B20 and B30 showed relatively high combustion efficiencies over the entire
rotational speed range, with average values of approximately 89.9% and 89.3%, respectively. These
values were close to the average value of J100, approximately 91.1%, indicating that a combustion
performance comparable to that of conventional fuel can be maintained even when 20-30% biofuel
is blended. In particular, B20 showed a high combustion efficiency of approximately 89-91% over the
rotational speed range of 80,000-95,000 rpm, demonstrating stable combustion characteristics with
respect to changes in engine rotational speed.

In contrast, B10 and B40 exhibited reductions in combustion efficiency under certain rotational speed
conditions. For B10, the combustion efficiency was low at 80,000 and 90,000rpm, and the average
value remained at approximately 83.3%. Similarly, B40 decreased to approximately 80% at 85,000
and 90,000rpm. These results suggest that at low or specific blend ratios, changes in fuel properties
may affect the spray, evaporation, and mixing processes, thereby reducing the combustion complete-
ness. In contrast, B50 exhibited a high combustion efficiency of 93.9% at 90,000 rpm, although its
values at other rotational speeds were slightly lower than those of J100. Therefore, the combustion
efficiency did not change monotonically with increasing biofuel blend ratio, suggesting that the com-
bination of fuel properties and engine operating conditions at each blend ratio strongly affected the
combustion efficiency.

Figure [3| shows the specific fuel consumption for different biofuel blend ratios in the present study.
Under all fuel conditions, the SFC decreased with increasing rotational speed. This is because,
under high rotational speed conditions, the increase in fuel consumption becomes relatively small
compared with the increase in thrust, resulting in improved engine operating efficiency. In particular,
at 100,000 rpm, the SFC reached its minimum value for all fuel conditions, indicating improved fuel
utilization efficiency in the high rotational speed range.

Regarding the effect of fuel condition, B30 exhibited the lowest SFC across the entire rotational speed
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range. The average SFC of B30 was approximately (6.41 x10~°) kg/Ns, which was approximately
12% lower than the average value of J100, (7.30 x107>) kg/Ns. B10 and B20 also exhibited lower
SFC values than J100, with average reductions of approximately 9.6% and 7.4%, respectively. These
results indicate that the engine can be operated with reduced fuel consumption when an appropriate
biofuel blend ratio is selected.

Although the SFC values of B40 and B50 were lower than those of J100, they were higher than those
of B30. In particular, B50 exhibited high combustion efficiency under certain conditions, but its SFC
reduction effect was less pronounced than that of B30. This may be because increasing the biofuel
blend ratio changes the lower heating value, viscosity, density, and evaporation characteristics of
the fuel, thereby increasing the amount of fuel required to obtain the same thrust level. Therefore,
under high blend ratio conditions, the optimal blend ratio should be evaluated not only in terms of
combustion efficiency but also from the viewpoint of fuel consumption.

These results indicate that the combustion performance of biofuel-blended fuels strongly depends on
the blend ratio and should be evaluated in terms of both the combustion efficiency and SFC. B20 and
B30 maintained high combustion efficiencies close to that of J100 while reducing SFC. In particular,
B30 exhibited the lowest SFC over the entire rotational speed range, indicating that it is an effective
blend ratio for improving the fuel economy. In contrast, B10 and B40 showed reduced combustion
efficiency under certain conditions, whereas B50 exhibited a relatively high combustion efficiency but
only a limited improvement in SFC. Therefore, under the present experimental conditions, a biofuel
blend ratio of approximately 20—30% is considered to provide a favorable balance between combus-
tion stability and fuel consumption.
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Figure 2 — Combustion efficiency as a function of engine rotational speed for different biofuel blend
ratios.

4.2 Exhaust Gas

Figure (4] presents the relationship between the biofuel blend ratio and emission index[19, [20] at
engine rotational speeds of 80,000, 90,000, and 100,000 rpm. The species evaluated were CO, CO,,
and NO, organized as EICO, EICO2, and EINO, respectively. Overall, the emission indices of CO,
and NO exhibited a decreasing trend with an increasing biofuel blend ratio. In contrast, the emission
index of CO did not vary monotonically with either the blend ratio or rotational speed, confirming that
it is strongly governed by differences in combustion conditions.

At 80,000 rpm, EICO2 initially increased at a blend ratio of 10%, then decreased with further in-
creases in the blend ratio. In particular, B50 exhibited a marked reduction in EICO2 relative to J100,
confirming the CO, emission reduction associated with biofuel blending. EINO similarly reached its
maximum at B10, followed by a decreasing trend from B20 onward, and reached its minimum at B50.
These findings suggest that under high blend ratio conditions, the reduction in the carbon content
of the fuel and changes in the combustion temperature may have suppressed the formation of both
CO, and NO. Meanwhile, EICO was elevated at B10 and B20, decreased in the vicinity of B40, and
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Figure 3 — Specific fuel consumption (SFC) as a function of engine rotational speed for different
biofuel blend ratios.

showed a slight increase at B50. Because CO serves as an indicator of incomplete combustion, it is
considered that under relatively low rotational speed conditions, such as 80,000 rpm, changes in fuel
spray, evaporation, and air-mixing behavior influenced CO production.

At 90,000 rpm, EICO2 and EINO reached their maximum values at B10 and then generally de-
creased with increasing blend ratio. In particular, B40 and B50 yielded lower EICO2 and EINO than
J100, demonstrating that high-blend ratio biofuels are effective in reducing CO, and NO emissions.
Meanwhile, EICO increased at B10, decreased at B30, and increased again at B40. These results
indicate that while CO, and NO reduction effects are achievable, combustion completeness varies
with the blend ratio. That is, biofuel blending alters the oxygen content and combustion tempera-
ture of the fuel, thereby suppressing NO formation, whereas changes in the spray and evaporation
characteristics may have induced localized incomplete combustion.

At 100,000 rpm, EICO2 exhibited an elevated value at B10, then decreased continuously from B20
onward, reaching its minimum value at B50. EINO similarly reached its maximum at B10 and subse-
quently decreased with increasing blend ratio, attaining its lowest value at B50. Under high rotational
speed conditions, the increased air mass flow rate and fuel spray momentum enhance fuel—-air mix-
ing, thereby improving the combustion conditions. As a result, stable combustion was maintained
even at high blend ratios, and the reduction effects on CO, and NO were clearly observed. In con-
trast, EICO increased for B10 and B20 relative to J100 but decreased from B30 onward, reaching its
minimum at B40. These findings suggest that at 100,000 rpm, blend ratios in the range of B30—-B50
have the potential to suppress CO emissions while simultaneously reducing CO, and NO.

With regard to the effect of engine rotational speed, the decreasing trends in EICO2 and EINO with
respect to the biofuel blend ratio became more pronounced as the rotational speed increased. In
particular, at 100,000 rpm, EICO2 and EINO decreased continuously from B20 onward, indicating
that the effects of biofuel blending were most prominently expressed under high rotational speed
conditions. This is attributed to the fact that higher rotational speeds promote finer atomization of
the fuel spray and enhanced mixing with air, thereby allowing the combustion characteristics of the
biofuel to be utilized more effectively. Under low rotational speed conditions, on the other hand, the
influence of differences in fuel viscosity, density, and evaporation characteristics on the combustion
field becomes relatively more significant, potentially contributing to increases in EICO and fluctuations
in EINO.

In summary, biofuel blending effectively reduced the emission indices of CO, and NO, with the effect
being particularly pronounced under high blend ratio conditions of B40 and B50. Furthermore, this
reduction effect was more clearly observed under high rotational speed conditions. In contrast, CO
emissions did not vary monotonically with the blend ratio, and increases were observed under certain
conditions. Therefore, when evaluating the environmental benefits of blended biofuels, a comprehen-
sive assessment is required that encompasses not only the reduction of CO, and NO but also the
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potential increase in CO emissions. Under the experimental conditions of this study, the high blend
ratio conditions of B40—B50 yielded the greatest reductions in CO, and NO, and CO emissions were
also maintained at relatively low levels at 100,000 rpm, suggesting the effectiveness of high-blend-
ratio biofuels in the high rotational speed regime.
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Figure 4 — Emission index of CO, CO,, and NO (EICO, EICO2, EINO) as functions of biofuel blend
ratio at engie rotational speeds of (a) 80,000, (b) 90,000, and (c) 100,000 rpm.

4.3 LTO Cycle
Next, the environmental impact of aircraft emissions during flight operations was evaluated using the
Landing and Takeoff (LTO) cycle[21},22]. As shown in Fig. |5} the LTO cycle is a standardized assess-
ment cycle covering operational conditions below an altitude of 3,000 ft, comprising the approach,
taxi/idle, takeoff, and climb-out phases. Because pollutants emitted within this altitude range directly
affect the air quality in the vicinity of airports, the LTO cycle is widely employed to estimate aircraft-
derived atmospheric pollutant emissions around airport environments. In this chapter, the focus is
placed on CO, and NO emissions.
In the LTO cycle, the cycle time and rated thrust setting for each operational phase are prescribed by
the ICAO, and the corresponding conditions are summarized in Table [} The emissions during the
LTO cycle were calculated as the product of the fuel flow rate, emission index per unit fuel consump-
tion, and cycle time for each phase. Accordingly, the total emissions over the entire LTO cycle are
expressed as follows.

Erro = me,i,EIi,fi (3)

where E;ro denotes the total emissions over the entire LTO cycle [kg/LTO], 7 ; is the fuel flow rate at
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each operational phase i [kg/s], EI; is the emission index per unit fuel consumption [kg/kg-fuel], and
t; is the duration of each phase [s].

Figure [6| shows the CO, emissions during the LTO cycle for biofuel blend ratios of 0-50%. Under all
fuel conditions, the taxi/idle phase contributed most significantly to the total CO, emissions. This is
attributable to the fact that, although the thrust setting during taxi/idle is as low as 7%, the operating
duration of 1,560 s is significantly longer than that of the other phases. In contrast, although the
take off and climb-out phases operate at higher thrust setting, their durations are relatively short at
42 s and 132 s, respectively, resulting in comparatively smaller contributions to the overall LTO cycle
emissions.

Regarding the differences among the fuel conditions, CO, emissions ere reduced for B10 and B20
relative to J100. Meanwhile, B30 and B40 exhibited values comparable to those of J100, and B50
showed a tendency toward a renewed reduction. These results indicate that CO, emissions do not
vary monotonically with increasing biofuel blend ratio, suggesting that the combined effects of fuel
consumption, fuel composition, and differences in combustion behavior in each operational phase
contribute in a complex manner.

Figure [6] shows the NO emissions during the LTO cycle. As with CO,, the taxi/idle phase accounted
for the largest share of NO emissions. In particular, because taxi/idle occupies the majority of the
total LTO cycle duration, it exerts a substantial influence on the total emissions even under low-
thrust conditions. Furthermore, NO emissions varied considerably with fuel conditions; B20 and B50
exhibited a clear reduction compared to J100. Notably, B20 yielded the lowest total NO emissions
over the entire LTO cycle, demonstrating a pronounced NO reduction effect, which was attributable
to biofuel blending. In contrast, B30 and B40 showed values close to those of J100, indicating that
the NO reduction effect did not vary monotonically with the blend ratio.

In summary, the LTO cycle-based assessment revealed that emissions affecting air quality in the
vicinity of airports are strongly dependent on the taxi/idle phase. Furthermore, although biofuel
blending demonstrates a certain degree of effectiveness in reducing both CO, and NO emissions,
the magnitude of this effect is not necessarily monotonic with respect to the blend ratio, suggesting
a dependence on changes in fuel properties and combustion characteristics. In particular, B20 and
B50 were confirmed to reduce NO emissions, indicating their potential as effective fuel conditions for
mitigating environmental burdens in the LTO cycle.

Table 1 — Thrust and time at each phase of the LTO cycle.

LTO cycle Thrust power, % Time, s
Take off (T/O) 100 42
Climb out (C/O) 85 132
Approach (App) 30 240
Taxi/ldle (Idle) 7 1560

Cruise (

Approach (App) Taxi/ldle (Idle)

Take off (T/O)

Figure 5 — Schematic of the landing and take-off (LTO) cycle, showing the operational phases below
an altitude of 3,000 ft.
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Figure 6 — CO, and NO emissions for each phase of the LTO cycle at different biofuel blend ratios,
(@) CO,, and (b) NO.

4.4 Atmospheric Concentration Distribution of Exhaust Specie
To evaluate the environmental impact of exhaust emissions from a small gas turbine engine, an
atmospheric dispersion analysis was performed using a Gaussian plume model[23] based on exper-
imentally measured exhaust gas compositions. The concentrations of CO, HC, NO, and CO, were
measured using an exhaust gas analyzer, and the exhaust gas temperature (7;) and exhaust veloc-
ity (vs) were obtained from engine performance measurements. The exhaust gas density (p.) was
estimated using the ideal gas law, b

e
=R (4)
where P, is the exhaust pressure, and R is the specific gas constant of air. The exhaust mass flow
rate (ri1.) was subsequently calculated as

Pe

e = PeAeVs (5)

where A, denotes the nozzle exit area. In the present study, the nozzle exit diameter was 37 mm,

and the exit area was determined from )
D
The mass emission rate of each exhaust species was calculated from the measured concentration

and exhaust mass flow rate as

MW;
— X.i 7
Qi ’meMWmix (7)

where Q; is the mass emission rate of species i, X; is the measured volumetric concentration, MW; is
the molecular weight of the target species, and MW, is the mean molecular weight of the exhaust
gas mixture. The calculated emission rates were subsequently used as source terms in the atmo-
spheric dispersion analysis. The atmospheric concentration of each exhaust species was estimated
using the Gaussian plume model,

Y

where C is the atmospheric concentration, U is the ambient wind speed, H is the effective release
height, and o, and o; are the horizontal and vertical dispersion coefficients. Atmospheric stability
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was assumed to correspond to neutral conditions (Pasquill-Gifford stability class D), wind speed was
set to 1.0 m/s, and exhaust release height was set to 0.5 m. The concentrations were evaluated at a
downwind distance of 10 m along the plume centerline (x=10m, y=0m, z=0m).

Figure [7| shows the predicted atmospheric concentrations of CO, CO,, and NO at a downwind dis-
tance of 10 m as functions of the engine rotational speed and biofuel blend ratio. The CO concen-
tration ranged from approximately 183 to 239 mg/m? and exhibited a non-monotonic dependence on
both the engine rotational speed and the biofuel blend ratio. At low blend ratios, the minimum CO con-
centration was observed in the rotational speed range of approximately 90,000-95,000 rpm, whereas
higher blend ratios generally resulted in increased CO concentrations, particularly at a blend ratio of
50%. Because CO is a typical product of incomplete combustion, the increase in CO concentra-
tion observed at high blend ratios is likely attributable to changes in the atomization and evaporation
characteristics of the blended fuel. The increase in viscosity and decrease in volatility associated with
higher biofuel content may have deteriorated fuel—air mixing, thereby causing locally fuel-rich regions
and incomplete oxidation of CO.

The CO, concentration ranged from approximately 3,730 to 5,760 mg/m? and increased monotoni-
cally with engine rotational speed for all blend ratios. In contrast to CO, the influence of the blend
ratio on the CO, concentration was comparatively small. This behavior suggests that CO, forma-
tion was governed primarily by the fuel consumption rate and total heat release rather than the fuel
composition. As the engine rotational speed increased, the fuel mass flow rate and combustion in-
tensity increased, promoting more complete carbon oxidation and consequently yielding higher CO,
concentrations.

The NO concentration ranged from approximately 0.32 to 0.89 mg/m?. For all the blend ratios, the
NO concentration increased with the engine rotational speed, whereas increasing the biofuel blend
ratio substantially reduced the NO concentration. At 100,000 rpm, the NO concentration decreased
from 0.802mg/m? for neat conventional fuel to 0.517mg/m? at a blend ratio of 50%, corresponding to
a reduction of approximately 36%. Because thermal NO formation is strongly dependent on flame
temperature via the extended Zeldovich mechanism, this result suggests that increasing the biofuel
blend ratio reduced the adiabatic flame temperature and/or the spatial extent of high-temperature
reaction zones within the combustor, thereby suppressing thermal NO formation.

Overall, the atmospheric dispersion analysis revealed distinct formation and dispersion character-
istics for each exhaust species investigated in this study. The CO, concentration was governed
mainly by the engine rotational speed and fuel consumption rate, whereas the NO concentration
was strongly influenced by both the engine operating condition and fuel blend ratio. Among the
investigated species, NO exhibited the most pronounced reduction with increasing biofuel content,
indicating the potential of biofuel blending to mitigate nitrogen oxide emissions from small-gas-turbine
engines. However, the increase in CO concentration observed at high blend ratios suggests that the
combustion efficiency may deteriorate under certain operating conditions. Therefore, further improve-
ments in fuel atomization, evaporation characteristics, and combustor design are required to simulta-
neously suppress NO emissions while maintaining low levels of CO. These results demonstrate that
biofuel blending can effectively modify the atmospheric concentration distribution of exhaust species
and is a promising approach for improving the environmental performance of small gas turbine en-
gines.

5. Conclusion

This study evaluated the engine performance, exhaust emission characteristics, LTO-cycle emissions,
and atmospheric environmental impact of coconut oil-derived biofuel blends in a small gas turbine en-
gine. The biofuel was synthesized from coconut oil using a low-energy co-solvent transesterification
method with ethanol and acetone as co-solvents. The produced fuel was primarily composed of
medium-chain fatty acid ethyl esters, particularly ethyl octanoate and ethyl decanoate, with a purity
of 97.66%. Combustion experiments were conducted using a small turbojet engine with biofuel blend
ratios ranging from 10% to 50%, and the following conclusions were obtained.

First, the combustion efficiency depended on both the biofuel blend ratio and the engine rotational
speed. B20 and B30 maintained relatively high combustion efficiencies comparable to that of neat
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Figure 7 — Predicted atmospheric concentrations of (a) CO, (b) CO,, and (c) NO at a downwind
distance of 10 m as functions of engine rotational speed and biofuel blend ratio.

conventional jet fuel. In particular, B20 exhibited stable combustion characteristics over a wide rota-
tional speed range, whereas B30 exhibited the lowest specific fuel consumption among all fuel con-
ditions. These results indicate that biofuel blend ratios of approximately 20—30% provide a favorable
balance between combustion stability and fuel economy under the present experimental conditions.

Second, the emission indices of CO, and NO generally decreased with increasing biofuel blend ratio,
particularly under high rotational speed conditions. At 100,000 rpm, the reductions in EICO, and
EINO became more pronounced from B20 onward, and the lowest values were observed at B50.
This tendency suggests that increasing the biofuel content can suppress CO, and NO emissions by
modifying fuel composition and combustion temperature. In contrast, the emission index of CO did
not vary monotonically with the blend ratio, indicating that the combustion completeness was strongly
affected by changes in the spray atomization, evaporation, and fuel—-air mixing characteristics.

Third, the LTO-cycle-based emission analysis showed that the taxi/idle phase made the largest con-
tribution to the total CO, and NO emissions for all fuel conditions. This was primarily due to the long
operating duration of the taxi/idle phase, despite the low thrust setting. B20 and B50 reduced the
total NO emissions compared with neat conventional fuel, demonstrating the potential of coconut-oil-
derived biofuel blends to mitigate airport-related emissions during representative aircraft operating
modes.

Finally, atmospheric dispersion analysis using a Gaussian plume model revealed that the predicted
near-field concentrations of exhaust species were strongly dependent on both the engine operating
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conditions and biofuel blend ratio. The CO, concentration was governed mainly by the engine ro-
tational speed and fuel consumption rate, whereas NO concentration showed a clear reduction with
increasing biofuel content. At 100,000 rpm, the predicted NO concentration at 10 m downstream
decreased from 0.802 mg/m? for neat conventional fuel to 0.517 mg/m? for B50, corresponding to a
reduction of approximately 36%. These results demonstrate that coconut oil-derived biofuel blending
can reduce NO emissions and modify the atmospheric concentration distribution of exhaust species.
Overall, coconut-oil-derived biofuel blends produced via a low-energy co-solvent method showed
promising applicability as blending components for small-gas-turbine engines. The results indicate
that moderate blend ratios, particularly B20—B30, are effective for maintaining combustion perfor-
mance and reducing specific fuel consumption, whereas higher blend ratios, such as B40—-B50, are
effective for reducing CO, and NO emissions. However, the increase in CO emissions observed
under certain conditions indicates that further optimization of fuel atomization, evaporation character-
istics, and combustor operating conditions is necessary to simultaneously achieve low NO emissions
and complete combustion of the fuel.
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