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Characterization of waste bio-oil as an alternate source of renewable fuel in marine 

engines 

 

Abstract 

Several physical and chemical properties of waste fish oils (FOs) and used 

cooking oils (UCOs) were of acceptable levels for utilization as renewable fuels in 

marine engines. However, the relatively high acid number of FOs and its increase 

with ageing might lead to increased risk of corrosion. The physical properties 

density, dynamic viscosity and kinematic viscosity, as well as water content were 

measured using different standard methods. Similarly, the acid number, the 

content of unsaturated fatty acids and the ash content were measured with 

standard methods. The chemical composition of fatty acids and monoglycerides 

were measured with gas chromatography-flame ionization detector and Fourier- 

transform infrared spectroscopy. The sulphur and phosphorus content were 

measured using inductively coupled plasma-optical emission spectroscopy. 

Finally, the thermal properties were measured with thermogravimetric analysis 

while the heat content was measured with an adiabatic oxygen-bomb calorimeter. 

The results suggested that these locally produced waste stream-based bio-oils have 

potential as carbon dioxide neutral fuels. Several properties could be correlated with the 

fatty acid content of the oils. The results suggested that for waste derived bio-oils the 

earlier history (storage, thermal treatments before waste classification, ageing), all affect 

their suitability as fuels in marine engines.  

Keywords: Bio-oil; Renewable fuel; Fish oil; Used-cooking oil; Fatty acids; Marine 

engines 
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Introduction 

Due to its similar functionality to petroleum fuel, liquid bio-fuel is an attractive source 

of renewable energy. Liquid bio-fuel, so-called bio-oil, compared to fossil oil has 

similar heating value, whereas its toxicity and usually sulfur content are lower than in 

petroleum fossil oil [1–3]. Bio-oils can be used either in crude or processed forms. The 

processed bio-oil is currently used as bio-diesel in cars and airplanes [4,5], whereas the 

crude bio-oil can be used in either the conventional combustors [6] or marine engines 

[7]. In practice, bio-oils originate from animal fats, agricultural crops, and pyrolysis of 

biomasses.  

Among different animal fats, fish oil is produced in large quantity by the fish-

processing industry [8]. Fish oil is commonly used in cosmetics, pharmaceuticals, and 

human dietary complements industries [9,10]. However, in cases that fish oil degrades 

during storage and handling [11], the low-grade fish oil can be used in marine engines 

or in stationary diesel engines [8,6] or processed further to produce biodiesel [12]. For 

diesel engine applications, fish oil is transesterified [13,14], while in marine engine 

applications it is used unmodified.     

Cooking oils from vegetable resources are extracted from rapeseed, sunflower, soybean, 

palm kernel, corn, grapeseed, etc. [15–17]. Recycled vegetable oil or used cooking oil 

(UCO) is obtained from some food industries. During heating the cooking oil, several 

chemical reactions take place resulting in polymerization, hydrolysis, and oxidation. 

Consequently, these reactions produce different chemical compounds such as 

polymerized triglycerides, oxidized triglycerides, diglycerides, and fatty acids [18]. The 

UCO usually needs a cleaning step to avoid blocking or damaging the engine. By 

removing the contaminants from UCO, the oil can be used either after processing for 
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biodiesel purposes [19] or as it is depending on engine types. Using straight and waste 

vegetable oils in automotive diesel engines reduced the soot formation and particulate 

emissions compared to petroleum-based diesel fuel [20]. However, the differences in 

the main characteristics (heating value, density and viscosity) require optimization of 

the engine operating conditions. 

According to the United Nations’ Intergovernmental Panel on Climate Change, the use 

of fossil fuels, especially marine bunker fuels with high sulfur content in the marine 

engines must be stopped by the end of the 21st century [21]. In 2016, the total energy 

supply for international marine bunkers was 8 538 PJ [22]. The high sulfur content in 

the fuel contributes to the ocean acidification and global warming. Green house gas and 

especially sulfur emission regulations, feasible use of waste streams, etc., pave the road 

for increasing share of alternative, renewable carbon dioxide neutral fuels also in the 

marine sector. It has been estimated that in the US, the volume of biocrude oil 

intermediates from waste fats, oils, and grease can be up to around 5.9 MT/year [23]. 

The total consumption of fats, oils and grease per capita has been estimated to 50 

kg/year in developed countries and less than 20 kg/year in less developed countries 

[24]. In Europe, the amount of used cooking oils has been estimated to 8 L per person 

[25]. The volume collected annually in Europe is around 700.000 tonnes [26]. 

 

Today, biofuels are mainly used in road transport while their consumption is minimal 

but increasing in the marine sector. Increasing utilization of waste-derived oils not 

suitable for food production would offer a feasible way to increase the share of the 

marine fuels with renewable, carbon neutral alternatives. Currently, some companies 

have started utilizing bio-oil from crude fish and vegetable oil in their marine engines. 

Although liquid biofuels are usually considered as very good replacements for fossil 

fuel oil in marine engines, their utilization might bring along additional challenges [27]. 
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Precipitation of oil at temperatures below the cloud point and also at high temperatures 

might block the pipes through time. The presence of water and/or acidic groups in oil 

might cause corrosion of storage tanks and fuel injectors. Additionally, the presence of 

some inorganics, especially phosphorus (P) and sulfur (S), could result in hot or cold 

corrosion in turbocharger and combustion chambers, respectively [28,29].  

Biodiesel properties need to conform to the most common standards like ASTM D 

6751-06 and EN 14214:2003. However, some companies using crude bio-oil have their 

own specifications to measure the quality of the oil. These specifications include 

limitations on viscosity, density, water content, acid number, sulfur, and phosphorus 

contents, etc. [30]. The specifications come from the challenges that bio-oil cause in the 

engines [28]. For example, the acid number of crude bio-oils should be below 5.0 mg 

KOH/g and the water content should be less than 0.20% (v/v) [27]. Additionally, the 

content of sulfur and phosphorus should be less than 500 ppm and 100 ppm, 

respectively.   

The source and composition of bio-oils directly influence the quality and behavior of 

the fuel. Therefore, in this work, we studied the physical, chemical, and thermal 

properties of locally produced fish oils and used cooking oils as candidates for fuels in 

marine engines. All the sources of the oils studied were classified as waste and of such 

quality that they could not safely be used for example in food production. Thus, their 

utilization in marine engines instead of crude oil-based fuel offers a means to decrease 

greenhouse gas emissions. Importantly, as the bio-oils studied were produced from local 

waste sources, their costs were moderate. Some general comments from preliminary 

testing of the used cooking oils in marine engines operated at sea are included. The 

information gained in this study not only helps the bio-oil producers to refine their oil to 
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meet the requirements for the engines but it also aids the engine designers to adjust the 

engines for the future renewable fuels. 

Experimental 

Materials 

Composition and properties of three experimental fish oils (FO1, FO2, FO3) and three 

used cooking oils (UCO1, UCO2, UCO3) received from VG EcoFuel Oy 

(Uusikaupunki, Finland) were studied in detail.  

Fish oils   

The fish oil FO1 had been produced from gutting rests of rainbow trout after extracting 

fish oil to be used in other products than fuel. FO2 was similar to FO1 but the gutting 

waste had been stored for a period of time, and therefore they were naturally aged. FO2 

may include also some formic acid added as a preservative to retard aging. FO3 had 

been pressed from whole salmon fishes including bones and thus contained some 

phosphorus. No information of possible antioxidant addition was received. The oil 

samples were stored refrigerated. 

Used cooking oils 

All the used cooking oils (UCO) had vegetable sources. UCO1 was a waste cooking oil 

from fast food companies. UCO1 had been filtered and thus it looked clear and 

transparent. UCO2 was waste oil from frying meat. At temperatures below 30°C, the oil 

separated into a visible white bottom phase (UCO2b) and a clear upper phase (UCO2u). 

The detailed composition of these two separated phases was analyzed while the physical 

and chemical properties of the oil were measured for the mixture of these two phases, 
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UCO2. UCO3 was received from small-scale used oil recycling. The oil samples were 

stored refrigerated.  

Reference oil 

A commercial product (COref) was used as a reference. 

Chemicals for the analyses 

All chemicals and solvents were of analytical reagent grade. Ethanol (99.5%) was 

purchased from Altia, while potassium hydroxide, bromothymol blue, chloroform, 

acetic acid glacial (100% by volume), and starch were acquired from Merck. Propan-2-

ol and potassium dichromate (99.0% min by mass) were provided by Sigma-Aldrich, 

whereas toluene (99.5% min by volume), hydrochloric acid (37% by mass) and sulfuric 

acid (95 – 97%) were purchased from J.T. Baker. Acetone (100% by volume) and 

potassium hydrogen phthalate (99.5% min by mass) were acquired from VWR 

International, while iodine monochloride (98% by mass) was provided by Acros 

Organics. Sodium thiosulfate (98% min by mass) was purchased from Riedel-de-Haen. 

Thymol blue was acquired from Fluka. 

Physical properties 

The properties of the oils were measured using standard methods where available 

(Table 1). The density of all the samples was measured at 21°C using a pycnometer. 

Dynamic viscosity was measured with a Brookfield digital viscometer Model DV-II, 

spindle 02 at 21°C. Depending on the flowing properties of the oil, the kinematic 

viscosity was measured using either a Cannon-Fenske (reverse flow) viscometer, 

capillary 511 20 or 511 13, using the ASTM D 2515 method or an Ostwald viscometer, 

capillary 509 04, using the ASTM D 445 method, in a thermostatic bath at 40 ± 0.5°C. 

Three replications for each sample were performed.   
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 [t]Table 1 near here[/t]  

Water content 

The water content of the oils was determined by Karl Fischer (KF) titration using an 

automatic colometric titrator (Metrohm 851 Titrando instrument) connected to the oven 

(860 KF Thermoprep).  The measuring range for the colometric titrator is 10 μg – 2000 

µg water in one gram of oil. About 0.1 g of the sample sealed in a glass bottle was 

placed in the sample holder. The KF measurements were carried out under a dry 

nitrogen gas atmosphere with a flow rate of 90 mL/min. The water release of the oil 

samples was measured at 110°C [31]. When measuring the water content of the 

reference commercial product, about 0.5 g of the sample was injected into the reactor, 

because the flashpoint of the sample is low (≥ 60°C).  For this run, no dry nitrogen gas 

was used. Three replications for each sample were performed.  

Chemical properties 

Acid number 

Acid number (AN) expressing the acidity of the oil was determined by potentiometric 

titration using a Metrohm 888 Titrando titrator, and Solvotrode glass electrode using the 

ASTM D 664 method. In short, the oil samples were dissolved in 125 mL solution of 

toluene, propan-2-ol, and CO₂-free water (500:495:5, v/v/v) and then titrated with 0.1 

M KOH in propan-2-ol. The exact concentration of KOH in propan-2-ol was 

determined by titration with dry potassium hydrogen phthalate. The reproducibility of 

the experiments was checked by measuring four parallel samples of FO2. The blank test 

was done three times. The details of the measurement and analyzing the data are 

explained in an earlier work [32].  
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Ester groups 

The ester content correlating with the bio-oil’s potential to produce free fatty acids for 

bio-diesel production purposes was measured through neutralization titration with 

potassium hydroxide according to the ASTM D 5558 standard.  

Unsaturated fatty acids 

The unsaturated fatty acids, i.e. the fatty acids with one or even more double bonds 

between carbons in their structure, were analyzed as the iodine number.  In short, iodine 

monochloride was added into the oil after which the solution was titrated with sodium 

thiosulfate using starch as an indicator according to ISO 3961 but using chloroform as a 

solvent instead of carbon tetrachloride. The results are given as the average value of the 

two determinations. 

Oil composition 

To quantify the monoglycerides, total (hydrolyzed) fatty acids, free fatty acids, and 

volatile fatty acids in the experimental oils, a capillary gas chromatography – flame  

ionization detectror (GC–FID) (Perkin Elmer Autosystem XL) was used. The hydrolysis 

of fatty acids to free fatty acids was performed using 0.5M KOH in 90% ethanol [33]. 

All samples were silylated before GC analysis. To analyze the volatile fatty acids in the 

oil, the oil was first reacted with tetrabutylammonium hydroxide (TBAH) and benzyl 

bromide and then the benzylated acids were analyzed by GC-FID. The column used was 

an Agilent J&W HP-1, 25 m (L) x 0.200 mm (ID) with film thickness 0.11 μm. 

Hydrogen with the flow rate 0.8 mL/min was used as the carrier gas. For silylated 

samples, the oven temperature program was increased from 120°C (after an 1 min hold) 

at a rate of 6°C/min to 320°C (15 min hold), and with an injector program from 160°C 

at a rate of 8°C/min to 260°C (10 min hold). The detector temperature was 320°C. For 
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benzylated samples, the oven temperature program was increased from 100°C at a rate 

of 8°C/min to 300°C (10 min hold). The injector and detector temperatures were 260 

and 320°C, respectively. Identification of individual components was performed by GC-

MS analysis with an HP 6890-5973 GC-MSD instrument, using a similar GC column as 

above, but with helium as carrier gas. 

Di- and triglycerides were analyzed on a wide-bore short column GC-FID (PerkinElmer 

Clarus 500) [34]. The column parameters were: Agilent HP-1/SIMDIST, ~6 m (length) 

x 0.530 mm (inner diameter), film thickness 0.15 µm. The carrier gas was hydrogen fed 

at 7 ml/min. The wide-bore GC -oven temperature program was increased from 100°C 

(after a 0.5 min hold) at a rate of 12°C/min to 340°C (5 min hold), with an injector 

program from 80°C (0.1 min hold) at a rate of 50°C/min to 110°C, and at a rate of 

15°C/min to 330°C (7 min hold), while the detector temperature was kept constant at 

340°C.  

The molecular weight distribution of oil components 

The molecular weight distribution of the oil components was analyzed by high-

performance size exclusion chromatography using an evaporative light scattering 

detector (HPSEC-ELSD, Shimadzu 10A series modular HPLC, Shimadzu Corporation, 

and ELSD detector, Sedex 85 LT-ELSD, S.E.D.E.R.E. S.A.). The details of the method 

have been described in another study [35].  

 

FTIR analysis 

A Nicolet iS50 Fourier transform infrared spectrometer (FTIR) (Nicolet Instrument 

Corp.) equipped with an iS50 attenuated total reflection (ATR) accessory was used 

together with OMNIC 9 software to provide additional information about functional 
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groups of the oil samples. 

Ageing test 

The ageing of the oil samples was studied using an accelerated ageing test. About 50 

mL of the oil was poured in a 100 mL flask with a tight cap. The flasks were kept in an 

oven at 90°C for about 48 h [36]. The caps were opened twice during the experiments to 

release the volatile gases. The acid number, AN, was determined before and after the 

ageing test.  

Phosphorus and sulfur contents  

The contents of phosphorus and sulfur were measured using inductively coupled 

plasma-optical emission spectrometry (ICP-OES, Perkin Elmer Optima 5 300 DV). 

HNO3 (65%) and H2O2 were added to digest the sample in a microwave oven. Three 

replications for each sample were performed. 

Thermal properties 

The volatility of the oil samples was measured using a thermogravimetric analyzer 

(TGA, TA Instruments Q 600 SDT). Approximately 23 – 33 mg of oil was weighed into 

an alumina cup and then inserted into the furnace. The sample was kept under N2 flow 

(100 mL/min) and the furnace temperature was raised from 24°C to 800°C at the 

heating rate of 5°C/min. The sample weight change was automatically acquired every 

second and the data were analyzed and plotted using the TA Universal Analyzer 

Software. 

The heating value of the oils was determined by burning the oil in an adiabatic oxygen-

bomb calorimeter (model Parr 1341), according to SFS-EN 14918:2009. About 0.4 – 

0.8 g of oil sample was weighed in a metal crucible. The crucible was placed inside the 

bomb calorimeter and charged with oxygen to approximately 30 atm. Each sample was 
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analyzed once. In order to check the reproducibility of the experiments, six parallel 

samples of FO2 were analyzed. 

Results and Discussion 

Physical properties 

The measured physical properties of importance for fuel applications of the bio-oils are 

shown in Table 2. The measured values and values from the manufacturer’s 

specification for the reference commercial product, as well as and the values given in 

the literature for heavy fuel oil are listed in the table. The specification limits for marine 

engines are also included in Table 2 [27–28, 37]. 

The densities of all oils at 21°C were lower than the density of water 998 kg/m3. The 

densities of fish and used cooking oils were on the same level, 914 – 916 kg/m3 and 

somewhat higher than the density of the reference commercial product (COref). The 

measured value 873 kg/m³ for the COref is very close to the value 879 kg/m³ given in 

the manufacturer’s specification, thus confirming the reliability of the experimental 

values in this work. Finally, all values were clearly lower than the density of heavy fuel 

oil (940 kg/m3) [37]. 

The density of fuel affects the dispersion of the fuel injected into the cylinder [38]. 

Additionally, by increasing the fuel density, more fuel is injected on a mass basis to the 

engine. The engines are designed based on their optimum yields, for instance, the lower 

the density, the better atomization, and mixture formation are achieved; however, the 

higher the density the better penetration in the combustion chamber takes place [38]. As 

the densities of the studied bio-oils are in between the values for the heavy fuel oil and 

the reference commercial product, no modifications in the engines due to density values 

are needed if the fish and used cooking oils are used in marine engines. It is worth 
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noting that according to the manufacturer of marine diesel engines, the density of the 

liquid biofuel should be lower than 991 kg/m³ for 4-stroke engines [27].  

[t]Table 2 near here[/t] 

The fish oils had lower kinematic viscosity (analyzed at 40 ± 0.5°C) than the used cooking 

oils. The values were highest for the used cooking oils (around 40 mm2/s), followed by 

the fish oils (32 mm2/s), while the viscosity of the commercial product was lowest (9 

mm²/s). This measured kinematic viscosity value was very close to the value in the 

specification for the reference commercial product. The higher viscosity of the UCOs 

compared to the other oils was assumed to be due to not only the nature of the oil but also 

the presence of some impurities like starch, polymerized triglycerides and meat traces in 

UCOs. The reported kinematic viscosity value of heavy fuel oil 50 mm²/s (measured at 

50°C) is clearly higher than the viscosities of the other oils listed in Table 2. 

The viscosity of the engine fuel plays a dominant role during spraying the fuel to the 

chamber or in mixing with other fuels [39]. Additionally, high viscosity in bio-oil causes 

high operating temperature so that the fuel in injection pumps starts to boil. Therefore, a 

very high viscosity (> 100 mm2/s) is not desirable for bio-oils [30]. The clearly higher 

viscosities of the bio-oils compared to COref must be compensated for example by 

changes in fuel delivery system to the engine when replacing the fuel [28]. When the 

UCOs were tested in two different marine engines at sea, the viscosity difference 

compared to traditional fuels could be compensated with adjusting the oil temperature. In 

general, the viscosity depends on the chemical structure of the fuel, which is discussed 

below.  

The water content of the fresh fish oil sample, FO1, was 473 ppm, which is the lowest 

value for the experimental bio-oils. The water content of the UCOs was between 538 – 
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740 ppm while the measured water content of the reference commercial product was as 

low as 37 ppm (< 100 ppm according to the specification). The presence of water in 

bio-oil decreases the heating value of the oil. In addition, water in oil might result in 

corrosion of the equipment and containers during the storage and use of the oil [40]. 

When using the bio-oils with relatively high water contents in marine engines, the 

possibility of water accumulation in tanks must be considered and remedied by careful 

dewatering.  

Chemical properties 

Table 3 shows the measured values for the acid number, ester groups, and unsaturated 

fatty acids of the oils. As expected, the bio-oils typically get more acidic during aging 

and had higher AN than the reference commercial oil. The fish oils had the highest AN 

(17 – 25 mg KOH/g oil) while an AN of 3 – 11 mg KOH/g oil was measured for the 

UCOs. The AN measurement was verified with four parallel measurements of FO2. For 

this oil, the average value and standard deviation were 24.1 ± 0.8 mg KOH/g oil. This, 

together with the measured value for the reference commercial oil and the value given 

in the specification indicates that the AN measurement was reliable. 

The acids in bio-oil are known to increase the risk of corrosion, and as a result, the 

expected lifetime of specific engine components like fuel injection equipment 

decreases. Therefore, the marine engine designers and producers have proposed 

limitations for the AN. For instance, an AN above 100 mg KOH/g oil is considered 

definitely corrosive. On the other hand, an AN below 5 mg KOH/g oil means that the 

oil does not increase the corrosion risk [30]. The acid numbers of the bio-oils in this 

work suggest low or negligible corrosion risk. The used cooking oil was successfully 

teseted in marine engines without any modifications of the engine components. In 



15 

 

contrast, the acid number of the fish oils (FO2 and FO3) was above the limit, 15 mg 

KOH/g oil set by the engine manufacturer and prevented thus any testing. 

[t]Table 3 near here[/t] 

The AN of the fish and used cooking oils can be related to their content of free fatty 

acids. The contents of the ester groups in the experimental bio-oils are also shown in 

Table 3. The fish and used cooking oils contain high concentrations of ester groups (-

COOR). In general, ester groups show the bio-oils potential to provide fatty acids 

during bio-diesel production. Therefore, the fish and used cooking oils have good 

potential to be converted into bio-diesel using a transesterification process.  

Finally, the concentration of unsaturated fatty acids indicating the presence of double 

bonds (C=C) in fats is shown in Table 3. Similarly to the ester groups, unsaturated fatty 

acids are present in the FOs and UCOs. This suggests that the structure of the fish and 

used cooking oils are to some extent similar. The concentration of unsaturated fatty 

acids in the FOs - about 130 g iodine/100 g oil - was higher than in the UCOs – about 

100 g iodine/100 g oil. Higher concentration of unsaturated carbon bonds compared to 

saturated carbon bonds decreases the viscosity of oil [41]. Therefore, the lower 

kinematic viscosity of the fish oils, about 32 mm2/s compared to 42 mm2/s of the used 

cooking oil (Table 2), can be explained by the higher content of double carbon bonds in 

the fish oils. The concentration of double carbon bonds has also been found to affect 

carbon deposit formation in the engines; in biodiesel, the corresponding concentration 

should not be higher than 115-135 g iodine/100 g oil to avoid deposit formation [42–

43]. The experimental bio-oils are within these limits in respect to their double carbon 

bonds. 

[t]Table 4 near here[/t] 
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The contents of free fatty acids, both saturated and unsaturated ones were analyzed 

using GC-FID (Table 4). The bottom fraction of UCO2, UCO2b has lower unsaturated 

fatty acid and higher saturated fatty acid content than the upper fraction UCO2u. The 

lower content of unsaturated fatty acid in UCO2b results in higher melting point and 

consequently UCO2b is solid at lower temperatures (about 4°C). The details of the fatty 

acids and free fatty acids are presented in Appendices I and II.  Appendix I shows that 

among different saturated free fatty acids, the content of palmitic acid (16:0) is the 

highest while among different unsaturated free fatty acids, oleic acid (9-18:1) has the 

highest content. This is consistent with Tyson et al. [44] who observed that the 

predominant fatty acids present in the waste oil from animal and vegetable origins are in 

the C16 to the C18 range. Similar results were also reported for salmon oil by Reyes 

and Sepulveda [45]. 

The commercial product, COref was also analyzed using GC–FID. The sample 

consisted mostly of aliphatic hydrocarbons. The dominating compounds were linear 

saturated hydrocarbons up to C30 with the largest single compounds in the C14 to the 

C26 range.  

FO1 had the lowest content of total free fatty acids, including saturated and unsaturated 

ones, about 5.9 mg/g oil (Appendix I). In contrast, FO2 and FO3 had the highest content 

of total free fatty acids, 92.7 mg/g and 71.5 mg/g oil, respectively. These results are in 

good agreement with the AN of the oils (Table 3), the lower the AN, the lower the 

content of free fatty acids. FTIR spectra (Figure 1) of the FO and UCO oils showed the 

expected strong ester peak around 1743 cm-1 (C=O stretching), while no ester peak was 

identified for the COref sample. Notably, FO2 and FO3 showed a well distinguishable 

peak around 1712 cm-1, attributable to free fatty acids, well in accordance with the 

results from GC-FID analyses and AN determinations. Peaks around 2922 cm-1 and 
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2853 cm-1 (C-H stretching), and around 1463 cm-1 (C-H bending) appeared in all oil 

samples, while peaks around 1159 cm-1 (C-O stretching) were absent in COref [46–48].  

   [f] Figure 1 near here[/f] 

[t]Table 5 near here[/t] 

Table 5 shows the content of all the fats including triglycerides, diglycerides, and free 

fatty acids (including monoglycerides) in the fish and used cooking oils measured using 

HPSEC-ELSD. In the fish oils, the highest concentration of triglycerides 98.8% was in 

FO1 while FO2 contained the smallest amount, 81.4%. This might indicate that 

triglycerides in FO2 had degraded to di- and monoglycerides because of natural ageing 

or acid hydrolysis of triglyceride by volatile fatty acids (Table 6).   

The UCOs contained about 5% polymerized triglyceride, indicating that the original 

cooking oils had been polymerized during the frying process. In addition, the share of 

diglycerides in the UCOs was higher than the share of diglycerides in the FOs, thus also 

suggesting that the triglycerides had partly degraded during heating of the oil. As 

explained above, UCO2 separated into two phases at temperatures below 30°C. The 

number of glycerides in both phases was approximately the same whereas in the 

precipitated phase the share of triglycerides was a little higher than diglycerides and 

polymerized triglycerides.  

Figure 2 compares the acid numbers of the experimental bio-oils before and after 

accelerated ageing tests. The changes in AN were considering that the standard 

deviation for all measured values was around ±1 mg KOH/g oil. The content of oleic 

acid in fresh cooking oil is about 75 – 85% [49]. In the UCOs in this work, the content 

was about 44 – 50% (Appendix II). The difference between the acid number AN values 

before and after ageing in this work was assumed to depend on that the unsaturated fatty 

acids had partly been converted during the oxidation, i.e. the oils had aged.  Further, the 
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content of oleic acids in different cooking oils varied considerably depending on the 

origin, thus making comparisons with different oils relevant only if detailed 

composition is available. 

[f]Figure 2 near here[/f] 

[t]Table 6 near here[/t] 

Volatile fatty acids  

The content of the volatile formic, acetic, propionic, butanoic, pentanoic and hexanoic 

acids in the oils are shown in Table 6. The samples were analyzed in triplicate and the 

values are the averages of three measurements. FOs showed traces of formic acid (FO2 

< 0.5 mg/g) and acetic acid (FO2 < 0.1 mg/g). These values were close to the limit of 

quantification. The UCOs showed no significant amounts of volatile fatty acids.  

Inorganic elements  

The total content of ash was examined according to ASTM 482. The measured values 

were below the detection limit, i.e. less than 0.1%, and thus they are not shown here. 

The content of phosphorus and sulfur in the fish, used cooking oils and the reference 

commercial product were quantified using ICP-OES (Table 7). Only FO3 extracted 

from the whole fish including bones gave a detectable peak of phosphorus 

corresponding to 28 mg/kg. FO2 and FO3 showed the highest sulfur concentrations, 

around 50 mg/kg, while for the other samples the sulfur concentration was below 20 

mg/kg. The phosphorus concentration of the commercial product was less than 20 

mg/kg and the sulfur concentration was 250 mg/kg. The sulfur content is higher 

compared to FOs and UCOs but below the recommended limit (500 mg/kg oil) [27]. 
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Phosphorus and sulfur in diesel oils based on fossil oils and bio-oils have been found to 

cause hot corrosion of engines [29]. Although sulfur is commonly present in oil crops, 

after 2019 its content must not exceed 500 ppm in marine fuels [50]. The phosphorus 

should be lower than 100 ppm for marine engine applications [27]. The measured 

phosphorus and sulfur values of the experimental FOs and UCOs satisfy the limits to be 

used as fuel in marine engine.  

 

[t]Table 7 near here[/t] 

Thermal properties 

Heating value    

The heating values of the experimental samples are given in Table 8. The accuracy of 

the measurements was confirmed by measuring six parallel samples of FO2. The 

calculated average and standard deviation values 39.6 ± 0.4 MJ/kg suggests that the 

heating values shown in the table give reliable estimations for each sample. 

The heating value of the FOs and UCOs were about 40 MJ/kg, which is very close to 

typical value for heavy fuel oils, about 40 MJ/kg [51] and also for the reference 

commercial product, COref (45.7 MJ/kg), c.f. Table 8. 

[t]Table 8 near here[/t] 

Thermogravimetric analysis (TGA) 

The thermal stability of the oils was studied in TGA. The weight change of FO1 and 

UCO2 as a function of the temperature is shown in Figure 3. In addition, the weight 

change of the commercial product (COref) is given as a reference. The TGA curves 

correlate with the release of the higher molecular weight components present (non-
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volatile fatty acids and triglycerides) in the fish (FO1) and used cooking oils (UCO2) as 

well as the volatile commercial product (COref) sample.  

 

The initial thermal degradation of FO1 and UCO2 started around 200°C. The 

degradation of UCO2 was slightly faster than that of FO1, and at about 360°C, the 

degradation of both oils was significant. Finally, the oils had degraded approximately at 

400°C. The commercial product (COref) started to decompose below 200°C. Already at 

300°C in the TGA curve, the degradation was completed. The TGA curves suggest that 

no char formed during the decomposition reactions [52]. 

 [f]Figure 3 near here[/f] 

Conclusions 

The properties and chemical composition of fish oils and used cooking oils derived 

from sources classified as waste products were explored in respect to their utilization as 

fuels in marine engines. The properties of these locally produced bio-oils were 

compared to commercial oil and to typical values reported in literature for heavy fuel 

oils. 

The density of fish and used cooking oils were between the values for the heavy fuel oil 

and the reference commercial oil, which suggests that these bio-oils can be used in 

marine engines without any modification in the engine. The bio-oils had clearly higher 

kinematic viscosity than the commercial product. However, their kinematic viscosity 

was lower than for heavy fuel oil, thus indicating that the bio-oils can be used as fuel in 

marine engines.  Preliminary testing of the used cooking oils in marine engines at sea 

indicated that the viscosity differences can be adjusted by changes in the oil 

temperature.                                     
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The water content in the bio-oils was below the limit value 0.2%, thus suggesting that 

the risks of corrosion in nozzles of the marine engine due to water in the oil are low. 

However, to avoid any water accumulation, careful dewatering of the tanks was carried 

out in the preliminary engine tests.  The acid numbers of the bio-oils were clearly higher 

(2 – 25 mg KOH/g oil) than for the commercial oil (< 0.10 mg KOH/g oil) thus 

suggesting some risk for corrosion.   

The content of fatty acids varied depending on the origin of the bio-oils. As the bio-oils 

were based on different waste streams, their earlier utilization and/or storage had likely 

affected the composition and concentration of different saturated and unsaturated fatty 

acids. In general, the chemical and physical properties of the bio-oils correlated with 

their contents of different fats. The acid number was relatively high and slightly 

increased with the aging of the bio-oils, likely due to conversion of unsaturated fatty 

acids. The acid number of especially the fish oils was around the limiting value for 

marine engines in respect to corrosion risk. The higher concentration of unsaturated 

carbon bonds compared to saturated carbon bonds was assumed to explain the slightly 

lower viscosity of fish oils compared to used cooking oils. The concentrations of 

phosphorus and sulfur in the bio-oils were below the limits specified for oils in marine 

engines. According to thermogravimetric analysis, the bio-oils decomposed at higher 

temperatures than the reference commercial oil. The bio-oils had lower heat content 

than the commercial oil. These thermal properties might affect the utilization of the bio-

oils in conditions where more effect is needed. 

Detailed analysis of various physical and chemical properties as well as the fatty acid 

composition of the fish oils and used cooking oils suggested that the waste stream based 

bio-oils are potential sources as carbon dioxide neutral fuels in marine engines. 

However, as the suitability of a particular oil as fuel depends on several different 
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factors. Whether changes are needed for example to the engine design requires that the 

impact of the origin and aging of the oil and its composition and properties are 

understood in detail.  
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Appendix I 

Table A.1. Free fatty acids in oil samples, without hydrolysis measured with GC 

(mg/g oil) 

  FO1  FO2  FO3 UCO1 UCO2u UCO2b UCO3 

Saturated FA 
      

  

C12:0 0.2 0.1 0.1 n.d. n.d. 0.1 n.d. 

C14:0 0.1 1.9 2.7 0.1 0.1 0.2 0.1 

C15:0 0.1 0.2 0.2 n.d. n.d. n.d. 0.1 

C16:0 0.6 9.2 11.7 5 5.7 5.3 2.2 

C17:0 n.d. 0.2 0.2 0.2 n.d. 0.1 n.d. 

C18:0 0.2 2.6 2.7 1.4 1.6 1.6 1.1 

C20:0 0.1 0.2 0.3 0.4 0.4 0.4 0.2 

C22:0 0.2 0.2 0.3 0.3 0.3 0.3 0.2 

Unsaturated FA  
      

  

C16:1 0.25 2.7 2.8 0.1 0.1 0.2 0.1 

C18:3(1) 0.09 0.9 0.7 n.d. n.d. n.d. n.d. 

C18:2 0.93 16 7.1 7.2 8.7 7.9 3.4 

C18:3(2) 0.4 5.5 2.9 2.4 2.7 2.3 0.9 

C9-18:1 2.03 38.4 21.7 23.8 27.5 25 11 

C11-18:1 0.23 3.7 3.4 2.3 2.6 2.4 1.7 

cis-5,8,11,14,17-21:5 0.23 2.6 3.4 n.d. n.d. n.d. n.d. 

cis-13-21:1 0.07 2.3 2.5 0.6 0.6 0.5 0.3 

5,8,11,14,17-21:5 

methyl ester 

0.13 2.5 4.6 n.d. n.d. n.d. n.d. 

C20:5 n.d. 1.5 1.9 n.d. n.d. n.d. n.d. 

cis-22:1 (1) n.d. 1.1 1.8 0.1 0.1 n.d. n.d. 

cis-22:1 (2) 0.1 0.8 0.6 0.8 0.8 0.7 0.3 

Monoglycerides 
      

  

MG(1) n.d. 0.2 n.d. 0.3 0.4 0.3 n.d. 

MG(2) 0.1 0.5 0.2 0.8 1.1 1 0.3 

MG(3) 0.3 1.8 0.6 2.8 3.4 3 0.6 

Sum saturated FFA 1.5 14.8 18.1 7.5 8.1 8 3.9 

Sum unsaturated 

FFA 

4.4 78 53.4 37.3 43 39 17.8 

Sum monoglycerides 0.3 2.6 0.8 3.9 4.8 4.3 0.9 

Total FFA 5.9 92.7 71.5 44.8 51.1 47 21.7 
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n.d. = not detected (<0.1 mg/g oil) 

Appendix II 

Table A.2. Free fatty acids after alkaline hydrolysis of oil samples measured with GC 

  FO1 FO2 FO3 UCO1 UCO2u UCO2b UCO3 

Saturated FA (mg/g oil)        

12:0 3 3 2 3 3 2 3 

14:0 16 17 22 2 2 3 2 

15:0 1 2 2 n.d. 1 1 n.d. 

16:0 74 79 85 87 91 158 72 

17:0 1 1 1 1 1 1 1 

18:0 22 23 24 23 23 30 24 

20:0 3 3 4 6 6 6 6 

22:0 2 2 3 3 3 3 4 

Unsaturated FA (mg/g oil)        

16:1 24 27 30 2 2 2 4 

18:3(1) 7 7 8 n.d. n.d. n.d. n.d. 

18:2 152 140 114 166 176 152 182 

18:3(2) 52 47 41 50 50 44 51 

9-18:1 397 377 338 493 499 437 483 

11-18:1 28 30 30 30 29 25 30 

cis-5,8,11,14,17-21:5 17 16 29 n.d. n.d. n.d. n.d. 

cis-13-21:1 27 32 39 9 8 7 9 

5,8,11,14,17-21:5 methyl ester 31 35 40 n.d. n.d. n.d. 1 

20:5 8 7 12 n.d. n.d. n.d. n.d. 

cis-22:1 (1) 16 20 27 n.d. n.d. n.d. n.d. 

cis-22:1 (2) 3 4 5 2 1 1 2 

Sum saturated FA 121 130 143 124 129 204 112 

Sum unsaturated FA 762 744 713 752 765 669 761 

Total FA 883 874 856 876 895 873 873 

Saturated/Total FA (%) 14 15 17 14 14 23 13 

FFA/Total FA (%) 0.7 10.6 8.4 5.1 5.7 5.4 2.5 

n.d.= not detected (< 1 mg/g oil) 
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Table 1. Standard methods used to measure properties of bio-oils and commercial 

product 

Property Standard method Unit 

Kinematic viscosity ASTM D 2515, ASTM D 445 mm2/s at 40°C 

Acid number ASTM D 664 mg KOH/g 

Ester groups ASTM D 5558 mg KOH/g 

Unsaturated fatty acids ISO 3961 g iodine/100g 

Ash content ASTM 482 wt% 
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Table 2. Physical properties of the bio-oils, commercial product, and heavy fuel oil 

(HFO) [37]. Limit values for marine engines: liquid biofuel (LB) [27] and vegetable oil 

(VO) [28] 

Sample 
Density 21°C 

(kg/m3) 
 

Kinematic viscosity 

40°C (mm²/s) 

Water content 

(ppm) 

FO1 916  31.9 473 

FO2 914  31.6 1070 

FO3 914  31.6 1450 

UCO1 914  40.6 538 

UCO2 916  41.3 706 

UCO3 915  44.3 740 

COref 873  8.9 37 

COref* 879  9.1 < 100 

HFO 940  50** n.a. 

LB < 991***  
min 1.8–2.8 

max 100 
2000 

VO 920 – 960***  30–40 < 500 

*From manufacturer’s specification. n.a. = not available. 

**Measured at 50°C.  

***Measured at 15°C.  
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Table 3. Chemical properties of bio-oils, commercial product. Limit values for marine 

engines: liquid biofuel (LB) [27] and vegetable oil (VO) [28] 

Sample 
AN 

(mg KOH/g oil) 

Ester groups 

(mg KOH/g oil) 

Unsaturated fatty acids 

(g iodine/100g oil) 

FO1 1.7 156 131 

FO2 24.9 156 129 

FO3 17.1 154 133 

UCO1 8.9 150 103 

UCO2 10.8 149 102 

UCO3 3.7 157 104 

COref 0.02 n.a. n.a. 

COref* < 0.10 n.a. n.a. 

LB < 5.0 n.a. < 120 

VO < 4** n.a. n.a. 

* from manufacturer’s specification. n.a. = not available. 

** Total acid number (TAN). 
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Table 4. Chemical composition of fatty acids and monoglycerides in fish and used 

cooking oil samples measured with GC–FID 

Sample Saturated fatty acids 

(mg/g oil) 

Unsaturated fatty acids 

(mg/g oil) 

Monoglyceride 

(mg/g oil) 

Free Total Free Total 

FO1 1.5 121 4.4 762 0.3 

FO2 14.8 130 78 744 2.6 

FO3 18.1 143 53.4 713 0.8 

UCO1 7.5 124 37.3 752 3.9 

UCO2u 8.1 129 43 765 4.8 

UCO2b 8 204 39 669 4.3 

UCO3 3.9 112 17.8 761 0.9 
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Table 5. Main component groups of fish and used cooking oils measured with HPSEC-

ELSD (% of identified compounds) 

 FO1 FO2 FO3 UCO1 UCO2u UCO2b** UCO3 

Free fatty acids* 0.7 10.3 7.3 4.2 4.6 4.4 1.7 

Diglycerides 0.3 8.3 3.9 12.6 13.8 12.8 6.2 

Triglycerides 98.8 81.4 88.2 77.7 76.0 78.2 87.2 

Polymerized triglycerides n.d. n.d. 0.5 5.6 5.6 4.6 4.8 

* including monoglycerides, ** precipitated phase at the bottom, n.d. = not detected 
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Table 6. The volatile fatty acids of the oils measured with GC-FID (mg/g oil)  

Sample 
Formic 

Acid 

Acetic 

Acid 

Propionic 

Acid 

Butanoic 

Acid 

Pentanoic 

Acid 

Hexanoic 

Acid 

FO1 < 0.30 < 0.05 0.03 n.d. n.d. 0.02 

FO2 < 0.50 < 0.10 0.26 0.80 0.04 0.03 

FO3 < 0.20 n.d. 0.08 0.19 0.02 0.02 

UCO1 n.d. n.d. n.d. n.d. n.d. n.d. 

UCO2 n.d. n.d. n.d. n.d. n.d. n.d. 

UCO2b < 0.10 < 0.10 n.a. n.a. n.a. n.a. 

UCO3 < 0.20 n.d. 0.05 0.03 0.02 0.03 

n.d. = not detected (< 0.02 mg/g oil), n.a. = not analyzed 
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Table 7. Phosphorus and sulfur content in bio-oils, commercial product, measured 

using ICP-OES (mg/kg oil). Limit values for marine engines: liquid biofuel (LB) [27] 

and vegetable oil (VO) [28] 

Sample P S 

FO1 < 10 < 20 

FO2 < 10, < 15 52, 53 

FO3 28 52 

UCO1 < 10 < 20 

UCO2 < 10 < 20 

UCO3 < 10 ~ 21 

COref < 20 250 

COref* n.a. 325 

LB < 100 < 500 

VO n.a. < 10 

*from manufacturer’s specification. n.a. = not available 
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Table 8. The heating value of the oils (MJ/kg oil) 

Sample Heat of combustion 

FO1 39.8 

FO2 39.7 

FO3 40.0 

UCO1 40.0 

UCO2 40.0 

UCO3 39.9 

COref 45.7 
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Figure 1. FTIR spectra of FO, UCO and COref samples. 
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Figure 2. Comparison of the acid numbers of oils before and after accelerated ageing 

test. 
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Figure 3. Thermal degradation of the oils - FO1, UCO2 and COref in nitrogen 

atmosphere. 
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Figure Captions 

Figure 1. FTIR spectra of FO, UCO and COref samples. 

Figure 2. Comparison of the acid numbers of oils before and after accelerated ageing 

test. 

Figure 3. Thermal degradation of the oils - FO1, UCO2 and COref in nitrogen 

atmosphere. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


