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Abstract- Palm acid oil (PAO) utilization for combustion fuel is studied. PAO is finally produced after refinement of palm 
oil and it contains a lot of free fatty acid which prevents transesterification to make bio diesel fuel. In this study, ultrasonic 
wave is irradiated to PAO, which is mixed into diesel fuel with solvent, to atomize the insoluble particle diameter in the 
mixed fuel. PAO which contains 40% or 80% free fatty acid (FFA) are examined. PAO dispersed in the PAO mixed fuels 
(Diesel :70%, PAO:20%, Solvent:10%) made by 40% or 80% FFA sample are different in distribution of the particle 
diameter. With / without ultrasonic irradiation and FFA contents have an effect on deposition of PAO in the mixed fuel at 
low temperature. However, it is difficult to prevent deposition in this mixing ratio regardless of FFA contents. PAO mixed 
fuels used by an industrial diffusion burner produce NOx emission. Both mixed fuels show lower NOx concentration than 
diesel fuel in several experimental conditions, where it is found the NOx reduction will depend on fuel property in addition 
to temperature. 
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I. INTRODUCTION 
 
Palm acid oil (PAO) is the final residue in palm oil 
refinery process. PAO has a lot of free fatty acid 
(FFA) and is inedible. Therefore PAO is used as only 
the material for crude soap and fertilizer. To 
effectively utilize common vegetable oil as 
combustion fuel, bio diesel fuel is mostly produced 
by base catalysed transesterification reaction. This 
method is the most popular in practical application 
and is applied for the material which has about 2~3 % 
FFA[1]. On the other hand, PAO includes about 
30~80% FFA that means PAO produces soap instead 
of fatty acid methyl ester if this way is applied. 
Another reaction process such as esterification should 
be added when PAO is used as the material for BDF. 
Base catalysed transesterification is inefficient to 
make BDF because reaction time and cost increase. 
Proposed other methods [2,3] are also difficult to 
reduce both reaction time and cost. Demanded 
alternative fuel around the world should be evaluated 
based on reliability, cost and environmental 
performance. 

In our experiment, to establish the manufacturing 
process of PAO mixed fuel is studied. Prepared PAO 
mixed fuels are examined as combustion fuel and 
NOx emission are investigated. Since PAO mixed 
fuel is produced by using only solvent and an 
ultrasonic homogenizer, catalysis and byproduct are 
removed. The time required for making PAO mixed 
fuel and the cost would be reduced in comparison 
with base catalysed transesterification and also it is a 
very simple method. However, as PAO is in a solid or 
slurry state in ordinary temperature, deposition would 
be predicted in the PAO mixed fuel. In addition, there 

are few reports to examine PAO mixed fuel as 
combustion fuel. The Main purposes of this study are 
to investigate physical and chemical properties of 
PAO, to establish an optimum condition for making 
PAO mixed fuel where the minimum PAO deposition 
is obtained or there educe less PAO in low 
temperature. After making PAO mixed fuel, 
combustion performance and emission characteristics 
especially NOx formation from the mixed fuel is 
investigated in an industrial burner. 
 
II. EXPERIMENTAL 
 
2.1. Palm Acid Oil Composition 
PAO composition is analyzed by Gas 
chromatography ‐ Mass spectrometry (GC/MS, 
Shimadzu GCMS-QP2010). To improve the accuracy 
of qualification, differential scanning calorimetry 
(Shimadzu, DSC-60) is applied to the measurement 
of melting point of main components. Gross calorific 
value is measured by automatic bomb calorimeter 
(Yoshida Seisakusho, 1013-H). Free fatty acid (FFA) 
is calculated by following equation where acid value: 
A is found by neutralization titration (JIS K 0070-
1992).  
FFA=A×Fa 
A:Acid value, Fa: conversion factor of FFA 
Kinematic viscosity and water content of PAO mixed 
fuel are measured by Redwood viscometer 
(Shimadzu, 1) and Karl Fischer moisture titrate 
(Mitsubishi Chemical Analytech, CA-21) 
respectively. 
2.2. Procedures of making PAO mixed fuel and 

evaluation of PAO particle diameter and its 
deposition in PAO mixed fuel  
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PAO via heating process is well blended with diesel 
oil and solvent. To atomize PAO particle and suspend 
them homogeneously, the mixture obtained ultrasonic 
homogenizing (Qsonica, Q500). 
The mixed fuels used in the combustion experiment 
are composed of diesel fuel:70%, PAO:20% and 
solvent:10% in mass ratio and ultrasonic wave is 
irradiated to 2 liters of the mixed fuel while keeping 
the sample cool. Ethanol is used as solvent. The 
irradiation is carried out for 20 min with pulse and 
90% power.  
Note that in the case with evaluating deposition of 
PAO in PAO mixed fuel, some small samples are 
prepared apart from the fuel for burner combustion 
experiment. The output conditions of ultrasonic 
irradiation are 30%, 50% and 50% with pulse. 

PAO small particles, which are invisible, whose 
diameter and distribution are measured by laser 
diffraction particle size analyzer (Shimadzu, SALD-
2300). 

PAO deposition from the mixed fuel is examined 
in 2℃, 9℃ and 11℃ in cool incubator (AS ONE, 
FCI-280) to make clear the effect of FFA content and 
ultrasonic homogenizing.  
 
2.3. Industrial Diffusion Burner 
Exhaust gas such as NOx, CO, CO2 generated by 
diffusion burner combustion are analyzed by portable 
gas analyzer (Horiba, PG-350). 
In the combustion experiment, a commercial excess 
air oil burner (YOKOI KIKAI KOSAKUSYO, EOB-
1, fuel capacity: 1.0~10 l/h) is installed (Fig.1). The 
combustion chamber form is cylinder (D=850mm, 
L=1200mm) and the burner has flame stabilization 
mechanism with multi air holes. 
Diesel oil is introduced into the injector at room 
temperature. On the other hand, PAO mixed fuel is 
heated at 80℃ before entering the injector.  

 
Fig.1 Schematic diagram of experimental apparatus 

 
III. RESULTS AND DISCUSSION 
 
3.1. PAO Chemical composition and Making PAO 
mixed fuel  
The acid values for two kinds of PAO are measured 
and they are transformed into FFA ratio. FFA :80% in 
Fig.2 and FFA:40% in Fig.3 are shown. PAO in Fig.2 
is near palm fatty acid distillate (PFAD) because 

PFAD is thought to be included 70~90% FFA [4]. It’s 
generally accepted that PAO in Fig.3 is hard to 
handle as combustion fuel. Conversions from around 
90% PFAD to bio diesel fuel (BDF) have been 
reported by Hyun et al [2]. and Chongkhong et al [3] 
but there is no report on a conversion of PAO to 
BDF. Our report defines 80% FFA PAO as high FFA 
PAO (HFP) and 40% FFA PAO as low FFA PAO 
(LFP).  

HFP analyzed by GC/MS and DSC is shown in 
Fig.2. This substance is solid state at a normal 
temperature and gives off a smell. Heating is 
effective to liquefy the sample. Palmitic acid 
(CH3(CH2)14COOH, melting point:62.9℃) and Oleic 
acid (CH3(CH2)7CH=CH(CH2)7COOH, melting 
point:16.3℃) are detected as main components. The 
chemical daily [5] reports that most of palm oil 
composition is Palmitic acid:50%, Oleic acid:45%, 
Linoleic acid:10%. As PAO comes from palm oil, 
this analysis is carried out in accuracy.  

 
3.2. Physical properties of PAO and PAO mixed 
fuel  
Table 1 shows gross calorific value, kinematic 
viscosity, water content. In the PAO analysis, both 
gross calorific values are 30% lower than the value of 
diesel fuel but high FFA PAO mixed fuel (HFPM) 
and low FFA PAO mixed fuel (LFPM) control the 
reduction ratio within 10~20%. Kinematic viscosity 
of PAO is lower than the value of diesel fuel at 30℃ 
and 80℃. The PAO mixed fuels contain more FFA in 
comparison with diesel fuel. Water content decreased 
with increasing FFA in the PAO mixed fuels. 

 
 

Table 1 Physical properties of examined fuel 

 
 
3.3. PAO distribution in PAO mixed fuel 
Dispersed PAO particle diameters in the mixed fuels 
with / without ultrasonic irradiation are measured. 
The results without ultrasonic irradiation in the case 
of HFPM in Fig. 4 show that, HFPM contains particle 
whose diameter distribute from 1μm to 400μm and 
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two peaks or maximum particle size are seen around 
30μm and 100μm.  

In the case of LFPM, the particle diameters vary in 
size from 0.2μm to 1000μm and also two peaks 
appear at around 0.5μm and 30μm. In the case with 
ultrasonic homogenizing, maximum particle diameter 
is adjusted to be ≦  200μm regardless of FFA 
contents.  

In LFPM, ultrasonic irradiation contributes to 
atomize PAO particles over a wide range from 4μm 
to 1000μm then especially 40μm peak stands up. 

 
Fig.4 PAO particulate dispersion in the PAO mixed fuels with/without ultrasonic 

homogenizing 
 

 
Fig.5 PAO particle deposition in the PAO mixed fuels when the 

ultrasonic irradiation output is 0% (without ultrasonic 
irradiation), 30%, 50% and 50% with pulse. 

 
In HFPF, effective range by ultrasonic irradiation is 
as similar as the range of LFPM and about 8μm peak 
is formed anew.  

Particle size distribution obviously effects 
deposition of PAO in the mixed fuel at low 
temperature shown in Fig.5. Almost all liquid fuel 
becomes a solid state at 11℃ in HFPM even if there 
is ultrasonic irradiation. In LFPM, a very small 
amount of PAO deposition can be seen at 11℃ and 
some of PAO educe at 2℃. Effect of the ultrasonic 
irradiation  
also appears remarkably, 50% output with pulse is the 
best condition within the output is from 0% to 50% in 
HFPM. 

However, it is difficult to completely prevent 
deposition in the mass ration of diesel fuel:70%, 
PAO:20% and solvent:10%. 
3.4. Combustion of PAO mixed fuel by Industrial 
diffusion burner  
Diesel fuel and PAO mixed fuels are applied to a 
diffusion burner and the results are shown in Fig.6 
and Fig.7. 

In Fig.6, furnace outlet temperature between 
HFPM and diesel fuel are almost the same from air 
excess ratio (λ) λ=1.2 to 1.4 and also the temperature 
of HFPM is higher than the temperature of diesel fuel 
at λ=1.5 ~1.9, which can be considered that HFPM 
increases heat release with increasing fuel flow rate.  

CO concentrations about HFPM and diesel fuels 
are below 10ppm which means complete combustion 
is achieved. 

HFPM reduces NOx when λ is from 1.2 to 1.4 
without temperature reduction but NOx increases 
slightly over λ=1.5 because furnace outlet 
temperature is high. 
NOx reduces with decreasing λ or fuel concentration 
increase that NOx produced in the furnace might be 
reacted to unburned hydrocarbons dotted about 
regional fuel rich zone [6] in the furnace. 

 
Fig.6 Exhaust gas, furnace outlet temperature and fuel flow 

rate of High FFA PAO mixed fuel and diesel:90% blended with 
ethanol:10%. 

 
Since PAO mixed fuels contain 10% ethanol as 
solvent, an influence on NOx reduction is examined 
using 90% diesel and 10% ethanol mixed fuel (DEF). 
DEF reduces furnace outlet temperature from 70℃ to 
100℃ in comparison with diesel fuel.  
Fuel flow rate and CO concentration show the same 
tendency as is the case in diesel fuel.  
About 20‐30 ppm NOx goes down over all λ 
because reduction of the temperature decreases 
thermal NO generation.  
The temperature of LFPM is less than that of diesel 
fuel.  
In LFPM in Fig.7, the values on fuel flow rate and 
CO concentration between LFPM and diesel fuel are 
also similar.  
NOx is reduced too in all λ. NOx produced in this 
experiment will be principally occupied by thermal 
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NO depends on temperature, which LFPM more 
reduces NOx than diesel fuel. 
However, LFPM produces small amount of NOx in 
comparison with DEF under the λ of 1.2~1.7. 
And also, in HFPM, NOx is reduced in the λ of 
1.2~1.4 regardless of almost tha same temperature 
between HFPM and diesel fuel. 

Therefore, the NOx reduction mechanism of PAO 
mixed fuel and of DEF will be different and 
especially, PAO mixed fuels will have another 
element for NOx reduction other than temperature.  

HFP is solid state and LFP is slurry regime in 
normal temperature respectively. As both of them are 
originated from palm, the components are almost 
same but the composition will be different. 
Compositional factors such as some kinds of 
chemical bonds and oxygen content ratio are 
responsible for differences in physical and chemical 
properties like specific gravity, viscosity, boiling 
point, hydrogen content, and energy content.  
For example, related to NOx emission by BDF, NOx 
increases with increasing fatty acid methyl ester 
(FAME) unsaturation, but it decreases with 
increasing the chain length. Some experiments using 
a diesel engine have demonstrated these effects [7-9]. 
 

 
Fig.7 Exhaust gas, furnace outlet temperature and fuel flow 

rate of High FFA PAO mixed fuel. 
 
PAO mixed fuel is not BDF but it can be considered 
that the fuel properties effect on NOx reduction 
because the burner experimental conditions on are 
PAO mixed fuels as same as diesel fuel.  
However, the detailed NOx reduction mechanism by 
fuel properties of PAO mixed fuel is still 
controversial. 
 
CONCLUSIONS 
 
This study has investigated the physical and chemical 
properties of PAO and has produced PAO mixed fuel. 
Since PAO is easy to form solid in low temperature, 
PAO deposition in the PAO mixed fuel has been 
evaluated. Finally, combustion performance and 
emission characteristics, especially NOx formation 
from the mixed fuel, has been investigated in an 
industrial burner.  

 
1. The main components of HFP are Palmitic 
acid and Oleic acid. 
2. Gross calorific value of both HFP and LFP 
are 30% lower than the value of diesel fuel but PAO 
mixed fuels control the reduction ratio within 10~20 
%.  
Kinematic viscosity of PAO is lower than the value 
of diesel fuel and water content is higher PAO mixed 
fuels than diesel fuel. 
3. Without ultrasonic irradiation, the particle 
diameter in LFPM and HFPM distribute from 0.2μm 
to 1000μm and from 1μm to 400μm respectively. 
With ultrasonic homogenizing, maximum particle 
diameter of both fuels can be adjusted to be ≦ 200μ
m regardless of FFA contents. 
4. Particle size distribution obviously effects 
deposition of PAO in the mixed fuel at low 
temperature. PAO in both LFPM and HFPM have 
deposited at 11℃, however the amount of deposition 
is much different. Ultrasonic irradiation is contributed 
to reduce deposition and to keep PAO mixed fuels 
liquid for long time but it is difficult to prevent 
deposition in the mass ration of diesel fuel:70%, 
PAO:20% and solvent:10%. 
 
5. HFPM reduces NOx when λ is from 1.2 to 
1.4 without temperature reduction. LFPM reduces 
NOx in all λ because the furnace outlet temperature is 
less than diesel fuel, however higher NOx generation 
can be seen in DEF than LFPM even though DEF 
shows higher temperature than LFPM. On NOx 
reduction, the fuel properties of the PAO mixed fuels 
are concerned as significant element in addition to 
temperature dependence. 
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