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Abstract: Plastic waste pyrolysis oil (PWPO) offers a waste-to-energy pathway; however, its use 
in small spark-ignition engines is constrained by fuel-property variability, mixture preparation, and 
combustion phasing. This study integrated evidence on fuel properties, crank-angle-resolved 
combustion, indicated performance, cyclic variability, and emissions for PWPO produced using a 
silica-alumina catalyst containing 0, 5, 10, and 15 vol.% methanol in a 163 cm³ single-cylinder 
stationary Otto engine at engine speeds of 1,500–4,000 rpm. A 4 × 6 operating matrix was used 
to compare pressure-volume behavior, pressure-crank-angle development, apparent heat-release 

rate (HRR), CA10/CA50/CA90 phasing, net indicated mean effective pressure (IMEPₙ), 
COVIMEP, and gaseous emissions. The response to methanol was distinctly non-monotonic. M10 

generally produced the highest IMEPₙ, whereas M5 yielded the lowest speed-averaged CO (3.87 
vol.%, 16.9% below PWPO) and M10 yielded the lowest speed-averaged HC (411.7 ppm, 28.1% 
below PWPO); CO emissions from M10 were 14.2% lower than those from PWPO. Re-
examination of the archived burn-phasing data showed that the M10 CA10-CA90 interval was 
approximately 2.8-5.6% longer than that of PWPO despite earlier CA90, while M10 COVIMEP 
remained approximately 16-25% under no-load conditions. The evidence therefore supports a 
trade-off between fuel composition and engine responses rather than a concentration-proportional 
benefit or statistically validated optimum: moderate methanol reformulation improved pressure 
development and incomplete-combustion emissions, but did not eliminate cyclic instability. 
 

Keywords: catalytic plastic waste pyrolysis oil; crank-angle pressure; heat-release rate; methanol 
reformulation; stationary otto engine 

 
1. Introduction 
 
Plastic waste accumulation presents persistent waste-management and environmental challenges 
[1], [2]. Pyrolysis can convert polyolefin-rich waste into liquid products, gas, and char under 
oxygen-limited conditions, coupling waste reduction with energy recovery [3], [4]. The liquid 
fraction can have an engine-relevant heating value, but its composition and volatility remain 
strongly dependent on the feedstock, reactor conditions, catalyst, and condensation strategy. 
 
Direct use of PWPO in spark-ignition (SI) engines remains challenging because it is a chemically 
complex, composition-sensitive fuel rather than a narrowly specified gasoline surrogate. A plausible 
working hypothesis is that the coexistence of lighter and heavier hydrocarbon fractions, together 
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with variations in viscosity and volatility, produces non-uniform vaporization and locally fuel-rich 
regions in a carbureted intake system. These effects can slow flame-kernel growth, broaden cycle-
to-cycle phasing, and increase CO and unburned HC emissions when late-vaporizing material does 
not oxidize completely [5], [6], [7], [8], [9], [10]. This hypothesis is treated as mechanistic 
interpretation rather than direct demonstration based on compositional measurements, because the 
present engine dataset does not contain quantitative GC-MS peak fractions for causal attribution. 
 
Methanol provides a complementary reformulation route because its fuel-bound oxygen, high 
octane rating, and potential favorable laminar burning characteristics can support oxidation and 
flame development [11], [12], [13]. Its thermophysical effects are not uniformly beneficial: the high 
latent heat of vaporization can cool the charge and alter overall combustion phasing, especially at 
low load or high methanol fractions [14], [15]. Accordingly, methanol content must be assessed 
through coupled fuel-property, combustion, stability, and emission responses rather than through 
a single performance indicator. 
 
An additional constraint is phase compatibility. Methanol is strongly polar, whereas most fuel-range 
hydrocarbons in PWPO are comparatively non-polar, so single-phase behavior cannot be assumed 
a priori. Previous work, likewise indicates that alcohol-hydrocarbon miscibility depends on blend 
composition, temperature, water content, and the presence of intermediate-polarity species [16]. 
In the present work, M5, M10, and M15 were mixed using a magnetic stirrer at ambient conditions 
and inspected for visible separation immediately before testing. No data from long-duration storage 
or phase-envelope testing were archived; the blends are therefore described only as visually 
homogeneous test mixtures and should not be taken as evidence of thermodynamic miscibility. 
 
Three relevant research streams have rarely been examined together. PWPO studies have 
predominantly addressed pyrolysis yield, physicochemical characterization, or basic engine 
feasibility [6], [7], [8]; methanol-fueled SI-engine studies have largely examined gasoline-based or 
other conventional fuel systems and different engine architectures [11], [12]; and RSM/desirability 
methods are already established for engine optimization [17], [18]. The unresolved question is 
therefore not whether PWPO can be produced, whether methanol can alter SI-engine combustion, 
or whether RSM can be applied. Rather, it is whether methanol-induced property changes in 
catalyst-derived PWPO produce coordinated or competing changes in combustion phasing, 
apparent HRR, indicated work, cyclic variability, and incomplete-combustion emissions in a small 
stationary engine, and whether those responses remain monotonic as methanol concentration 
increases. Within the literature set reviewed for this study, these responses have not been evaluated 
together for a catalytic PWPO-methanol matrix under one crank-angle-resolved stationary-engine 
experiment. Accordingly, the novelty is the integrated evidence chain from fuel properties to 

pressure/HRR development, CA10-CA90 phasing, IMEPₙ, COVIMEP, and CO/HC response, 
with particular emphasis on the observed non-monotonic methanol effect. RSM is not claimed as a 
novelty, and all conclusions are bounded to the measured 0-15 vol.% methanol range, 1,500-4,000 
rpm sweep, and no-load configuration. 
 
Silica-alumina was selected as an acidic cracking catalyst; its use was informed by prior work on 
silica-alumina chemistry in other conversion systems [19]. Its effects on plastic cracking, liquid-fuel 
composition, and engine response were not evaluated in this study. The retained experimental 
package, however, identifies the catalyst only as silica-alumina and does not preserve its Si/Al ratio, 
BET surface area, acidity distribution, particle size, catalyst-to-feed ratio, or regeneration history. 
Consequently, catalyst chemistry is treated here as a process descriptor rather than an 
independently optimized variable, and no causal attribution is made to a specific catalyst property. 
 
Although the engine is intended for stationary service, the 1,500 - 4,000 rpm sweep was used to 
characterize speed-dependent sensitivity, not to simulate continuous variable-speed generator 
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operation. Small mechanically governed utility engines can be operated at different governed set 
points during characterization; the sweep allows methanol-speed interactions to be resolved and 
identifies a candidate operating region. Any deployment conclusion must therefore be confirmed 
at the required constant governed speed and load. 
 
2. Material and methods 
2.1 Material 
 
The reported plastic feedstock included LDPE, HDPE, PP, and PS, but polymer-specific 
proportions were not documented in the retained study materials. Accordingly, no constituent is 
identified as dominant. Published work indicates that pyrolysis-product characteristics depend on 
polymer type [7]. Silica-alumina was used in the reported cracking step, without a comparative 
assessment of its influence on the recovered fuel. 
 
2.2 Experimental apparatus and fuel preparation 
 
The reported process involved a laboratory-scale fixed-bed pyrolysis reactor, from which the 
condensable liquid was recovered as PWPO. Reactor-atmosphere controls were not documented 
in the retained material; oxygen exclusion is therefore not asserted as a verified test condition. The 
available documentation contains no original GC-MS chromatograms, FTIR spectra, analytical 
protocols, or identification reports; consequently, the performance of those analyses and any 
species-level or functional-group assignments cannot be independently established. No quantitative 
fuel-composition results are inferred. PWPO was blended with methanol at 5, 10, and 15 vol.% 
(M5, M10, and M15) by magnetic stirring at ambient conditions and was used only when visual 
inspection showed no macroscopic separation. The retained records do not preserve the pyrolysis 
thermal history, residence time, catalyst-to-feed ratio, methanol purity, or magnetic-stirring speed 
and duration. These details are therefore acknowledged as reproducibility limitations rather than 
inferred. Table 4 reproduces the nominal standards listed in the fuel-property summary: SNI 
3506:2017 for density, kinematic viscosity, initial boiling point, and flash point; ASTM D4809-06 
for gross (higher) heating value; and ASTM D2699 for research octane number. These method-
property assignments have not been independently checked against original laboratory reports; 
their applicability, test conditions, and measurement uncertainties therefore require author 
verification. 
 
2.3 Experimental procedure and test conditions 
 
Each fuel (PWPO, M5, M10, and M15) was tested independently after the fuel system had been 
purged. The single-cylinder carbureted Otto engine was operated under steady-state no-load at 
1,500; 2,000; 2,500; 3,000; 3,500; and 4,000 rpm after thermal stabilization. In-cylinder pressure 

and crank-angle signals were acquired synchronously, while CO, HC, CO₂, O₂, λ, and AFR were 
recorded from the exhaust stream. The retained test archive does not preserve the exact 
stabilization criterion, run-order randomization, number of independent engine-test repetitions, 
or number of cycles contributing to each reported averaged combustion trace. Accordingly, repeat-
run standard deviations and confidence intervals cannot be reported, and the speed sweep is 
interpreted as a characterization matrix rather than as continuous stationary-generator duty. Table 
1 summarizes the engine and operating range; Figure 1 and Table 2 document the available 
measurement chain and instrument record. 
 
Figure 1 illustrates fuel preparation and delivery, the Kistler 6118C in-cylinder pressure transducer, 
Kistler 2614D11 crank-angle encoder, exhaust sampling probe, EPSG4 gas analyzer, synchronized 
KiBox acquisition, and subsequent data reduction. No load-absorbing device was included because 
the reported tests were steady-state no-load. 

https://unp.ac.id/
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Table 1. Key engine specifications and tested operating range 
 

Parameter Specification 

Engine / configuration Honda GX160-type; single-cylinder, four-stroke SI 

Fuel metering Conventional carburetor 

Displacement 163 cm³ 

Bore × stroke 68 × 45 mm 

Compression ratio 8.5:1 

Ignition Transistorized magneto 

Rated power 5.5 hp 

Maximum torque 10.3 N·m at 2,500 rpm 

Governor Mechanical 

Tested speeds 1,500-4,000 rpm; 500-rpm interval 

Test mode Steady-state, no-load characterization 

 

 
Figure 1. Experimental apparatus and synchronized data-acquisition workflow 
 
Table 2. Measurement instrumentation reported for the engine test platform 
 

Measured 
quantity 

Instrument / 
model 

Reported range / 
capability 

Reporting note 

Cylinder pressure 
Kistler 6118C spark-

plug pressure 
transducer 

0-200 bar 
Sensitivity/calibration 

certificate governs 
uncertainty. 

Crank angle / speed 
Kistler 2614D11 

encoder 
0–12,000 rpm 

Angular resolution 
and TDC referencing 
were not archived. 

Synchronized 
acquisition 

Kistler KiBox 
combustion analyzer 

Pressure-crank-angle 
acquisition 

Sampling/filter 
settings were not 

archived. 

CO EPSG4 gas analyzer 0-10 vol.% 
Calibration-gas 

record/uncertainty 
not archived. 

https://unp.ac.id/
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Measured 
quantity 

Instrument / 
model 

Reported range / 
capability 

Reporting note 

HC EPSG4 gas analyzer 0-9999 ppm 

HC reporting basis 
should follow the 

instrument 
certificate. 

CO₂ EPSG4 gas analyzer 0-20 vol.% 
Calibration-gas 

record/uncertainty 
not archived. 

O₂ / λ / AFR EPSG4 gas analyzer 
λ: 0-2.000; other 

ranges not 
documented 

Dry/wet basis and 
uncertainty were not 

archived. 

 
2.4 Data reduction and statistical scope 
 
Data reduction distinguished measured quantities from derived responses. Net indicated work and 
net indicated mean effective pressure were obtained from the cylinder pressure-volume loop as 

Wᵢ,ₙ = ∮p dV and IMEPₙ = Wᵢ,ₙ/Vd. Cycle variability was expressed as COVIMEP = 

100(σIMEP/mean IMEP), and burn duration as BD = CA90 − CA10. In the archived mass-
fraction-burn plots, CA10, CA50, and CA90 denote the crank angles at which the cumulative 
burned fraction reaches 10%, 50%, and 90%, respectively. Because the raw cycle files and the 
original processing settings are unavailable, these phasing markers are reported as archived derived 
quantities and are not independently recalculated. COVIMEP is likewise interpreted as within-run 
cyclic dispersion from the archived combustion analysis, not as a substitute for between-run 
experimental repeatability. 
 

The apparent net heat-release rate follows the single-zone first-law form dQₙ/dθ = 

[γ/(γ−1)]p(dV/dθ) + [1/(γ−1)]V(dp/dθ). Because the settings for pressure pegging, filtering, 

TDC alignment, γ treatment, cycle count, and the raw pressure files were not retained, the 

supplied p-θ/HRR curves are used comparatively rather than reprocessed. Indicated thermal 

efficiency would require ηᵢ = Wᵢ,ₙ/(mf LHV); cycle-resolved fuel mass or a calibrated fuel-flow 
rate was unavailable, so no thermal-efficiency curve is reported. The experiment comprised four 
methanol concentrations (M = 0, 5, 10, and 15 vol.%) and six engine speeds (N = 1500-4000 rpm 
in 500-rpm increments), yielding 24 measured conditions. Although the original analysis 

framework specified the second-order response surface Y = β₀ + β₁M + β₂N + β₁₂MN + β₁₁M² 

+ β₂₂N² + ε, the retained archive does not contain the regression coefficients, ANOVA/lack-of-
fit output, residual diagnostics, desirability bounds/weights, or independent confirmation runs. 
Therefore, no inferential significance, predictive accuracy, absolute desirability, or statistically 
validated optimum is claimed; statistical interpretation is restricted to descriptive comparisons 
supported by the measured matrix. 
 
Table 3. Experimental factors, response definitions, and interpretation scope 
 

Category Factor / response Levels or definition 
Interpretation 

scope 

Factor Methanol fraction, M 0, 5, 10, 15 vol.% Measured factor 

Factor Engine speed, N 
1500-4000 rpm; 500-

rpm interval 
Measured factor 

Combustion 
Pmax; CA10; CA50; 

CA90; BD 
BD = CA90 − CA10 

Combustion-phasing 
diagnostic 

https://unp.ac.id/
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Category Factor / response Levels or definition 
Interpretation 

scope 

Performance Wᵢ,ₙ; IMEPₙ 
Cycle-integrated work; 

Wᵢ,ₙ/Vd 

Descriptive indicated-
performance response 

Stability COVIMEP 
100 σIMEP / mean 

IMEP 

Within-run cyclic-
variability response 

Emissions CO; HC 
Measured exhaust 

concentrations 

Descriptive 
incomplete-

combustion response 

Mixture/exhaust CO₂; O₂; λ; AFR 
Measured / 

instrument-derived 

Supporting 
mixture/exhaust 

indicators 

 
3. Results and discussion 
3.1 Fuel characteristics 
 
The archived laboratory sheet reports a slight density increase from 786.02 kg/m³ for PWPO to 
786.89 kg/m³ for M15, a kinematic-viscosity decrease from 0.879 to 0.821 cSt, and a research-
octane-number increase from 71.6 to 84.5. The source sheet contains one reported value per fuel-
property entry and does not retain replicate-level measurements, the number of repeats, or 
standard deviations. Table 4 is therefore presented as a descriptive property dataset without 
fabricated error bars or inferential statistics. 
 
Table 4. Physicochemical properties of PWPO and methanol blends 
 

Parameter 
Sample Test 

Method/ 
Standard PWPO M5 M10 M15 

Density (kg/m³) 786.02 786.31 786.60 786.89 

SNI 
3506:2017 

Kinematic viscosity 
at 40 °C (cSt) 

0.879 0.859 0.840 0.821 

Initial Boiling point 
(°C) 

43.4 44.5 45.8 47.0 

Flash point (°C) 50.9 44 38 33 
Gross (higher) 
heating value, HHV 
(MJ/kg) 

42.156 41.176 40.198 39.219 
ASTM 

D4809-06 

Research octane 
number 

71.6 77.0 81.0 84.5 
ASTM 
D2699 

 
Collectively, the results presented in Table 4 show that methanol reformulation introduces 
competing changes in fuel properties. From PWPO to M15, kinematic viscosity decreases by 
approximately 6.6%, and research octane number rises from 71.6 to 84.5; these changes support 
easier mixture preparation and greater resistance to autoignition in SI operation. At the same time, 
gross heating value decreases by nearly 7.0% and flash point decreases from 50.9 to 33°C, while 
the modest increase in initial boiling point shows that multicomponent volatility cannot be 
represented by flash point alone. These measured property trends provide a physically plausible 
context for the subsequent non-monotonic combustion response: improved oxygenation/mixture 
preparation may compete with reduced energy density and methanol-induced evaporative cooling 
[11], [12]. Because quantitative composition, fuel flow, and charge-temperature data are 
unavailable, this linkage is interpreted as a mechanism-consistent explanation rather than direct 
causal proof.  
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3.2 Combustion performance 
3.2.1 Peak cylinder pressure and pressure-volume behavior 
 
Figures 2 and 3 present pressure-volume (P-V) behavior and maximum cylinder pressure over the 
speed sweep. The larger enclosed P-V loops at higher speeds correspond to greater indicated work, 
while M10 generally gives the strongest pressure development among the PWPO-based fuels. 
These P-V plots should not be described as pressure-crank-angle traces: volume is not a substitute 
for crank angle when locating peak pressure relative to TDC. 
 

 

 
 

(a) 

 

 
 

(b) 
 

 
 

(c) 

  

 
 

(d) 
 

 
 

(e) 

 

 
 

(f) 
 
Figure 2. Cylinder pressure-volume diagrams for PWPO, M5, M10, and M15 at (a) 1500, (b) 

2000, (c) 2500, (d) 3000, (e) 3500, and (f) 4000 rpm 
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Figure 3. Maximum cylinder pressure as a function of engine speed and methanol fraction 
 
3.2.2 Pressure-crank-angle and apparent heat-release rate 
 
Figure 4 presents the cylinder-pressure and apparent HRR histories for all four fuels at 1500, 2000, 
2500, 3000, 3500, and 4000 rpm. The pressure traces rise through compression and peak shortly 
after TDC, while the HRR curves develop a broad main-burn maximum during early expansion. 
Across the speed sweep, the peak-pressure range increases from approximately 4.6-4.8 bar at 1500 
rpm to about 6.5-6.6 bar at 4000 rpm, consistent with the P-V and Pmax trends in Figures 2 and 
3. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
Figure 4. Cylinder pressure (PCYL) and apparent heat-release rate (HRR) versus crank angle 

for PWPO and 5, 10, and 15 vol.% methanol blends at (a) 1500, (b) 2000, (c) 2500, 
(d) 3000, (e) 3500, and (f) 4000 rpm 
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The blend ordering is not monotonic. At 1500-2000 rpm, the pressure curves remain closely 
grouped, and M5 can equal or slightly exceed M10 near peak pressure, whereas the HRR maxima 
differ only modestly. From roughly 2500 rpm upward, the oxygenated blends generally occupy the 
upper part of the main-burn pressure/HRR envelope relative to neat PWPO, with M10 and M15 
most prominent at 3500-4000 rpm. Thus, the observed effect is a moderate shift in main-burn 
amplitude and phasing rather than a concentration-proportional increase. This pattern is consistent 
with competing oxygenation/mixture-preparation benefits and evaporative charge cooling, but 
those mechanisms are not directly quantified here because charge temperature and detailed fuel 

composition were not measured in the retained dataset [14], [15]. The p-θ/HRR evidence also 
resolves the apparent conflict between earlier CA90 and the longer CA10-CA90 interval for M10: 
an earlier end of combustion can coexist with a longer interval when CA10 advances by a larger 
amount. Accordingly, burn duration is interpreted together with pressure and HRR phasing, not 
as an isolated efficiency surrogate. The lower CO and HC measured for the methanol blends 
support reduced incomplete oxidation at selected conditions, but the HRR curves alone do not 
establish thermal efficiency without fuel-consumption data. 
 
3.2.3 Combustion phasing and duration 
 
Figure 5 shows that M10 advances both CA10 and CA90 relative to neat PWPO, with the larger 
advance occurring at CA10; consequently, the CA10-CA90 interval was approximately 2.8-5.6% 
longer across the tested speeds. At 3000 rpm, for example, the plotted interval is about 74.5°CA 
for M10 and 72.5°CA for PWPO. These are directly observable phasing differences. Their 
efficiency implication is not assumed: an earlier CA90 may reduce late expansion-stroke oxidation, 
but combustion duration alone cannot establish higher efficiency or more complete combustion. 
Any mechanistic interpretation must therefore be checked against the pressure-derived HRR, 
indicated work, COVIMEP, and measured emissions rather than inferred from CA10-CA90 in 
isolation. 
 

 
(a) 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Figure 5. Effect of engine speed and methanol fraction on (a) CA10, (b) CA50, (c) CA90, and 

(d) CA10-CA90 burn duration 
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3.2.4 Indicated performance and combustion stability 
 

Figures 6-8 show that IMEPₙ, indicated work, and COVIMEP respond differently to methanol 

fraction and speed. M10 generally gives the highest IMEPₙ and indicated work among the PWPO-
based fuels, but the COVIMEP values remain high under the present no-load condition. For M10, 
COVIMEP is approximately 16-25% across the tested speeds, indicating substantial cycle-to-cycle 
dispersion in these no-load tests. Thus, an improvement in mean work should not be interpreted 

as evidence of acceptable combustion stability. The rise of both IMEPₙ and indicated work with 

speed is not independent evidence because IMEPₙ = Wᵢ,ₙ/Vd. The parallel trends simply reflect 
the same increase in enclosed P-V loop area normalized by displacement. In a mechanically 
governed carbureted engine, changes in admitted mixture and turbulence may contribute to the 
larger loops at higher speed, but this remains conditional because throttle position, air flow, and 
fuel flow were not reported. The data therefore support a speed-dependent indicated response, not 
a universal statement that higher speed intrinsically improves efficiency. 
 
The blend response is also non-monotonic. M5 shows improvement in selected responses, whereas 
M10 shows the strongest mean indicated response among the tested blends. This pattern is 
consistent with a balance between improved oxygen availability/mixture preparation and the 

counteracting charge-cooling penalty of additional methanol [14], [15]. The supplied p-θ/HRR 
plots support this interpretation qualitatively; however, the missing raw cycle files, complete 
Kistler processing metadata, and fuel-flow data prevent a cycle-resolved uncertainty analysis or 
attribution of changes in thermal efficiency. Indicated thermal efficiency cannot be determined 
reliably from IMEP or indicated work alone. It requires cycle-resolved fuel mass (or a calibrated 
fuel-flow rate mapped to cycles) and the corresponding LHV. Because these inputs were 
unavailable, no inferred thermal-efficiency curve is reported. 
 

 
 

Figure 6. Net indicated mean effective pressure (IMEPₙ) 
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Figure 7. Indicated work, IW 
 

 
 
Figure 8. Coefficient of variation of net indicated mean effective pressure (COVIMEP) 
 
3.2.5 Statistical scope, repeatability, and reproducibility 
 
The retained manuscript and analysis package were audited for regression coefficients, 
ANOVA/lack-of-fit, residual diagnostics, response-specific desirability settings, confirmation runs, 
replicate-level engine measurements, and cycle-count metadata. These records were not 
recoverable. Accordingly, no confidence intervals, repeat-run error bars, desirability surface, 
parity plot, unsupported numerical desirability claim, model-accuracy claim, robustness claim, or 
statistically validated optimum is reported. The reported COVIMEP values characterize cycle-to-
cycle dispersion within the archived combustion analysis and must not be interpreted as 
experimental repeatability across independent runs. The 24-condition matrix therefore supports 
descriptive ranking only: M10 and the intermediate-speed region may be identified as the most 
favorable tested compromise for selected responses, but not as a global or statistically validated 
optimum. 
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3.2.6 Emission analysis 
 
Figures 9-10 and Table 5 show a non-monotonic emission response to methanol. Averaged over 
the six tested speeds, CO decreased from 4.65 vol.% for PWPO to 3.87 vol.% for M5 (−16.9%), 
3.99 vol.% for M10 (−14.2%), and 4.25 vol.% for M15 (−8.7%). Speed-averaged HC decreases 
from 572.3 ppm for PWPO to 441.5 ppm for M5 (−22.9%), 411.7 ppm for M10 (−28.1%), and 
523.8 ppm for M15 (−8.5%). Thus, M5 gives the lowest mean CO, whereas M10 gives the lowest 
mean HC; no single tested methanol fraction yielded the lowest mean value for both pollutants. At 
1500-2000 rpm, M15 still exhibits 717 ppm HC at 1,500 rpm and 677 ppm HC at 2,000 rpm and 

reaches λ = 1.712 at 2,000 rpm, demonstrating that additional methanol does not guarantee lower 
incomplete-combustion emissions. The pattern is consistent with a competition between oxygen-
assisted oxidation/mixture preparation and charge-cooling or flame-development penalties, but 

this remains a mechanism-consistent interpretation rather than direct causal proof. CO₂, O₂, λ, and 
AFR are therefore used only as supporting mixture indicators. Table 6 summarizes the descriptive 
speed-averaged emission differences; no inferential statistics are attached because independent 
repeat-run data were not retained. 
 
Taken together, the emission and combustion evidence identifies a trade-off rather than a single 
pollutant optimum. M5 provides the largest mean CO reduction, while M10 combines the largest 
mean HC reduction with the strongest indicated response overall. This is why M10 is described as 
the best tested multi-response compromise rather than the statistically validated optimum. The 
interpretation remains bounded by the high no-load COVIMEP, missing raw cycle-processing 
metadata, and absence of fuel-flow measurements, which preclude claims of universally stable or 
more thermally efficient operation. 
 

 
 
Figure 9. Carbon monoxide emissions as a function of engine speed and methanol fraction 
 

 
 
Figure 10. Unburned hydrocarbon emissions as a function of engine speed and methanol fraction 

https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/


 

390 

©
 T

he
 A

ut
ho

r(
s)

  
P

ub
li

sh
ed

 b
y 

U
ni

ve
rs

it
as

 N
eg

er
i P

ad
an

g.
 

T
hi

s 
is

 a
n 

op
en

-a
cc

es
s 

ar
ti

cl
e 

un
d

er
 t

he
: 

ht
tp

s:
/

/
cr

ea
ti

ve
co

m
m

on
s.

or
g/

li
ce

ns
es

/
by

/
4.

0/
 

 

Teknomekanik, Vol. 9, No. 3, 2026, pp. 378-395 
e-ISSN: 2621-8720   p-ISSN: 2621-9980 

 

Table 5. Exhaust-gas emissions and mixture indicators for PWPO and methanol blends 
 

PWPO (vol.%) : 
methanol 
(vol.%) 

Engine 
speed 

CO 
(%) 

HC 
(ppm) 

CO₂ 
(%) 

O₂ 
(%) 

Lambda 

(λ) 
AFR 

100 : 0 (PWPO) 1500 4.61 748 5.10 7.15 1.219 17.90 
 2000 4.80 757 5.30 6.78 1.178 17.30 
 2500 3.69 554 5.10 6.89 1.289 18.90 
 3000 4.83 530 6.10 5.38 1.095 16.10 
 3500 5.04 415 6.50 4.48 1.036 15.20 
 4000 4.95 430 7.00 3.76 0.998 14.60 

95 : 5 (M5) 1500 3.08 604 5.50 8.19 1.426 20.90 
 2000 3.44 582 5.80 7.26 1.314 19.30 
 2500 4.17 420 6.00 6.13 1.190 17.40 
 3000 4.46 388 6.30 5.31 1.118 16.40 
 3500 4.28 343 6.40 4.87 1.102 16.20 
 4000 3.77 312 7.20 4.41 1.097 16.10 

90 : 10 (M10) 1500 3.04 505 5.40 8.36 1.457 21.40 
 2000 3.01 478 5.90 7.7 1.390 20.40 
 2500 4.55 450 5.50 6.41 1.188 17.40 
 3000 4.70 406 5.90 5.58 1.123 16.50 
 3500 4.27 325 6.20 5.01 1.114 16.30 
 4000 4.39 306 7.20 4.18 1.053 15.40 

85 : 15 (M15) 1500 3.86 717 5.50 7.3 1.280 18.80 
 2000 2.74 677 4.30 10.23 1.712 25.10 
 2500 4.69 536 5.80 6.13 1.152 16.90 
 3000 4.91 507 5.90 5.47 1.099 16.10 
 3500 4.65 385 6.30 4.88 1.081 15.90 
 4000 4.65 321 6.70 4.38 1.053 15.40 

 
Table 6. Speed-averaged CO and HC across the six tested engine speeds 
 

Fuel 
Mean CO 
(vol.%) 

ΔCO vs PWPO 
(%) 

Mean HC (ppm) 
ΔHC vs PWPO 

(%) 

PWPO 4.65 0.0 572.3 0.0 
M5 3.87 −16.9 441.5 −22.9 

M10 3.99 −14.2 411.7 −28.1 
M15 4.25 −8.7 523.8 −8.5 

Note: Values are descriptive arithmetic means across 1500-4000 rpm. They do not represent repeat-run means 
or inferential estimates because replicate-level engine-test data were not retained. 
 
3.3 Comparative discussion with previous studies 
 
The contribution becomes clearer when the complete evidence chain is considered. Previous engine 
studies have investigated valve timing, EGR, and fuel-injection strategies to improve performance 
and emissions [20], [21], [22], [23]; the present contribution instead lies in coupling fuel-property 
changes with crank-angle-resolved combustion, indicated response, cyclic variability, and emissions 
under one PWPO-methanol matrix. Measured viscosity and heating-value changes provide the 

property boundary; p-θ/HRR and CA10-CA90 establish that the main-burn response shifts non-
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monotonically; IMEPₙ indicates that M10 generally gives the strongest mean indicated response; 
and COVIMEP shows that this gain does not imply conventional cycle stability [24], [25], [26], [27], 
[28]. The emission data add a further trade-off: M5 yields the lowest speed-averaged CO, whereas 
M10 yields the lowest HC and a stronger indicated response. This separation among responses is 
precisely why the result should not be reduced to a single 'optimum' blend. Mechanistically, these 
observations align with competition between oxygen-assisted oxidation/mixture preparation and 
evaporative cooling in alcohol-containing SI fuels [12], [13]. PWPO studies separately identify 
sensitivity to feedstock, cracking severity, and fuel-property distribution [6], [7]. Other combustion 
studies involving different fuels and engine architectures are considered only as contextual 
comparisons [29], [30]. Because quantitative GC-MS fractions, charge-temperature data, calibrated 
fuel flow, complete pressure-processing metadata, and independent repeat-run statistics are 
unavailable, these mechanisms are presented as bounded interpretations of measured trends, not as 
directly proven causal pathways. 
 
4. Conclusion  
 
This study evaluated catalytic PWPO containing 0-15 vol.% methanol in a 163 cm³ single-cylinder 

stationary Otto engine at 1,500-4,000 rpm. The p-θ/HRR data showed pressure maxima shortly 
after TDC and broad main-burn heat release during early expansion, with a non-monotonic 

response to methanol. M10 generally produced the highest IMEPₙ. In contrast, M5 yielded the 
lowest speed-averaged CO (3.87 vol.%, −16.9% relative to PWPO), whereas M10 produced the 
lowest HC (411.7 ppm, −28.1%) and a 14.2% CO reduction. M10 did not shorten CA10-CA90: 
its interval was approximately 2.8-5.6% longer than PWPO despite earlier CA90, and its 
COVIMEP remained approximately 16-25% under the no-load condition. These results show that 
mean indicated response, burn phasing, cyclic variability, and emissions do not improve 
monotonically or simultaneously as the methanol fraction increases. 
 
Scientific contribution and interpretation. The study's contribution is the integrated demonstration 
of this multi-response trade-off for catalyst-derived PWPO-methanol fuel in a stationary SI-engine 
setting, rather than the mere use of methanol or a model-derived optimum. M10 is therefore 
described only as the best tested multi-response compromise within the measured domain, not as 
a statistically validated or globally optimal blend. The property-to-combustion explanation is 
consistent with competing mixture/oxygenation benefits and methanol-related charge cooling, but 
remains interpretive because quantitative composition, charge temperature, raw cycle files, 
complete processing metadata, calibrated fuel flow, and independent repeat-run statistics were not 
retained. Future validation should prioritize loaded constant-speed operation, cycle-resolved 
pressure reprocessing with documented TDC/pegging/filtering settings, calibrated fuel-flow 
measurement, quantitative GC-MS supported by calibration and documented peak assignments, 
separately documented FTIR characterization, phase-stability testing, catalyst characterization, and 
a complete uncertainty and repeatability analysis. 
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Nomenclature  
 

IMEPₙ  : Net indicated mean effective pressure 
COVIMEP : Coefficient of variation of IMEP 
CO  : Carbon monoxide 
HC  : Hydrocarbons 
CO2  : Carbon dioxide 
O2  : Oxygen 
AFR  : Air-fuel ratio 
BD  : Burn duration (CA90 − CA10) 
HHV  : Higher heating value (MJ/kg) 
HRR  : Heat-release rate 
M  : Methanol fraction (vol.%) 
N  : Engine speed (rpm) 
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