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Methodology for determining the elemental composition, as well as energy  

and ignition properties of the low-sulfur marine fuels 
 
ARTICLE INFO  The key metrological issue of substance and energy balance in research engines is the precise determination 

of the elemental composition of the applied fuel and its net calorific value. This makes it possible to calculate the 

amount of heat brought with the fuel into the combustion chamber, as well as the amount and gas composition of 
the exhaust. However, to fully assess the energy quality of the fuel used, its ignition properties should also be 

estimated. They determine the combustion kinetics and, consequently, the course of gas pressure alterations and 

heat release in the cylinder, which have a direct impact on the indicated power and thermal efficiency of the 
engine.  

This article presents the methodology for carrying out this type of laboratory tests and their representative 

results concerning six different low-sulfur marine fuels used to feed marine engines at present. The considera-
tions focus mainly on measurement technology, as well as the measuring apparatus applied today. Additionally 

some existing metrological difficulties that might be met were shortly described. The laboratory tests in question 

stand for the first stage of the program of testing a new kind of low-sulfur marine fuels in real operating condi-
tions of a diesel engine, which was carried out at the Department of Ship Power Plants of the Gdańsk University 

of Technology. 
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1. Introduction 
The knowledge of the elemental composition of a ma-

rine fuel, apart from the excess air ratio, enables the quanti-

ty and gas composition of engine exhaust gases to be de-

termined based on the known stoichiometric relationships 

[10, 11]. It also enables an approximate estimation of the 

fuel's net calorific value, which is a measure of its chemical 

energy. The elemental composition of liquid fuels is deter-

mined by the gas chromatography through the mass frac-

tions of combustible elements: carbon C, hydrogen H and 

sulfur S, as well as the ballast: oxygen O, nitrogen N (the 

shares of ash P and moisture W in the ballast are usually 

omitted) [2, 6]. 

The basis for assessing the energy quality of marine 

fuels is the amount of heat released in the combustion pro-

cess, which determines a temperature of the marine engine 

exhaust, as well as its thermal efficiency. The basic evalua-

tion parameter is then the net calorific value of the fuel, 

determined experimentally, based on the direct measure-

ment of the heat of combustion (the gross calorific value) in 

a calorimetric bomb [17]. 

The ignition properties of marine fuels are characterized 

by the self-ignition delay, i.e. the period that elapses from 

the while of fuel injection into the engine combustion 

chamber (the beginning of the fuel sprayer's needle rising) 

to the while of the flame initiation in its gas space. The 

quantification of the ignition properties of marine fuels is 

carried out in two ways, depending on their kind: 

 for distillate fuels – based on the cetane number (CN), 

determined during tests on a standardized research en-

gine [14–16], 

 for residual, traditional and modified fuels – on the basis 

of calculations of the aromatic hydrocarbon content in-

dex called shortly also with abbreviation as CCAI (Cal-

culated Carbon Aromaticity Index), determined from an 

empirical calculation formula, taking into account fuel 

viscosity and density [1]. 

2. Elemental analysis of the fuel composition  
The basic method of elemental analysis of marine fuels 

is gas chromatography [5, 12, 13]. It is worked out with the 

application of fully automated digital chromatographs, in 

which the entire analytical process, from introducing  

a representative fuel sample to determining the mass frac-

tions of the main chemical elements in the fuel, takes just 

several minutes – Fig.1. 

 

Fig. 1. Schematic diagram of a gas chromatography for the determination 

of the mass fractions of carbon C, hydrogen H and nitrogen N in a liquid 

  fuel [19] 

 

The starting point of the measurement procedure is the 

tested fuel sample’s weighing, rinsing with atmospheric 

nitrogen, and then its explosive combustion in an atmos-

phere with high temperature and high content of purified 

oxygen (99.998%). As a result of the complete conversion 

of liquid fuel to gaseous form, various chemical compounds 

are produced, resulting from the oxidation of its individual 

constituent elements. In the subsequent stages of the measu-
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rement procedure, it is necessary to extract from the com-

bustion products only: elemental nitrogen N2, water vapor 

H2O and carbon dioxide CO2, before their sequential intro-

duction into the stream of the carrier gas (most often helium 

He, with a purity of 99.995%) to the measuring cell of the 

chromatograph detector. 

In the first stage, this is carried out by the catalytic in-

teraction of calcium oxide CaO (to reduce sulfur oxides 

SOx), copper oxide CuO (to bind excess oxygen, reduce all 

gaseous carbon compounds CH4, CO to carbon dioxide CO2 

and nitrogen oxides NOx to elemental nitrogen N2). How-

ever, in the second stage – by sequential capture (absorp-

tion
1
) of carbon dioxide CO2 (sodium hydroxide, NaOH) 

and water vapor H2O (magnesium perchlorate, Mg(ClO4)2). 

The basis for the quantification of the gaseous components 

in the stream of the carrier gas is the chromatogram, de-

fined as a series of sharp peaks of N2, CO2, H2O, the height 

of which corresponds to the instantaneous concentration of 

the chemical compound emerging from the reduction col-

umn. The area under each peak can be converted to the total 

concentration of a given chemical in the total gas mixture. 

For the mathematical processing of the recorded time 

courses of the individual gas components concentration, 

specialized computer programming is applied, where the 

derivatives determining the maximums of individual peaks 

(retention times
2
), as well as their beginnings and ends are 

determined by numerical methods. In the next step of the 

calculations, the corresponding surface areas are sequential-

ly determined by numerical integration within the peak 

beginning and peak end. As a result, it is possible to auto-

matically determine the percentage by mass of the basic 

chemical elements C, H, N in the sample of the tested fuel, 

from the relationship defined in the ASTM Standard: 

D5291 [12]. 

The N2 nitrogen concentration measuring cell is most 

often based on the Thermal Conductivity Detector (TCD), 

while for CO2 carbon dioxide and for H2O water vapor – on 

the Infrared detector (IR) or a Flame Photometric Detector 

(FPD) [2]. 

An important supplement to the elemental analysis of 

the elemental composition of the fuel in the range of C, H, 

N is the determination of the mass fractions of sulfur S and 

oxygen O – Fig. 2. In the first case (Fig. 2a), the fuel sam-

ple is weighed in a silver container and introduced into the 

process reactor.  

Combustion gases are transferred in a helium stream to 

a copper-filled layer, then passed through a water trap 

(H2O), a short chromatograph column (GC), and finally the 

sulfur content is measured with a flame photometric detec-

tor (FPD)
3
. 

                                                           
1 In heated so-called chemical traps, which absorb carbon dioxide 

CO2 and water vapor H2O at low (room) temperatures. Only el-

emental nitrogen N2 is passed through. As the pools are heated 

to a specific desorption temperature, the previously captured 

CO2 and then H2O are directed to the chromatograph detector. 
2 The time it takes for a given chemical to pass through the entire 

measuring cell of the chromatograph. 
3 Other measurement techniques are also used, e.g. the method of 

thermal conductivity (TCD) or fluorescence X-ray spectrometry: 

 

 

Fig. 2. Schematic diagram of the gas chromatography in the scope of 
determining the mass fractions, respectively: a) sulfur S, b) oxygen O, in  

 a liquid fuel [19] 

 

In the case of determining the oxygen content in the fuel 

(Fig. 2b), the chromatograph system operates in the pyroly-

sis mode. After the sample is weighed in a silver container, 

it is introduced into a pyrolysis reactor containing nickel-

coated carbon (at approximately 1060°C), under an inert 

gas atmosphere (e.g. helium He). The oxygen in the sample, 

in combination with the carbon, forms carbon monoxide 

CO, which is then chromatographically separated from 

other combustion products (pyrolysis gases) and detected 

by a thermal conductivity detector (TCD). 

In order to determine the elemental composition of the 

considered low-sulfur marine fuels, they were tested in the 

chemical laboratory of Grupa LOTOS S.A., using the  

VarioMacro CHN and Trace SN Cube analyzers of the Ger-

man company Elementar Analysensysteme GmbH. Deter-

mination of the mass fraction of carbon, hydrogen, nitrogen 

and sulfur is fully automatic, using a specialized computer 

software. The results of the elemental analysis of the tested 

fuels are summarized in Table 1. 

 
Table 1. Measurement results of elemental composition as well as energy 

and ignition properties of the considered low-sulfur marine fuels  

 

                                                                                                 
Energy Dispersive X-ray Fluorescence (ED XRF) or Wave-

length Dispersive X-ray Fluorescence (WD XRF) [6, 12]. 

CO

 

PARAMETER 

 

MGO 

 

MDO 

 

RMD 

80/L 

 

RMD 

80/S 

 

RME 

180 

 

RMG 

380 

The content of carbon C, % m/m 86,26 86,63 86,14 86,54 86,12 86,10 

The content of hydrogen H, % 

m/m 
11,10 11,20 11,72 11,75 11,80 11,90 

The content of nitrogen N, % m/m 0,05 0,04 0,027 0,02 0,02 0,02 

The content of sulfur S, % m/m 0,09 0,008 0,028 0,10 0,01 0,01 

Gross calorific value [MJ/kg] 46,20 45,68 46,01 45,41 46,19 46,03 

Net calorific value [MJ/kg] 43,23 42,70 43,04 42,44 43,20 43,08 

Cetane number  (CN) / 

/ Calculated carbon aromaticity 

index (CCAI)  

57,2 51 755 791 750 747 

Density at 15
o
C, kg/m

3
 827,1 820 872,7 885 878,7 884,5 

Kinematic viscosity at 40
o
C (dist.) 

/ 50
o
C (res.), mm

2
/s 

2,99 2,37 77,83 16,48 165,30 308 

 

a) 

b) 
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Even slight differences in the mass fractions of the main 

chemical elements in the fuel supply have got a significant 

impact on the thermal efficiency of the engine. As shown 

by the results of the conducted engine tests its alteration 

range value for the six tested low-sulfur marine fuels was 

3.21% [7, 8]. 

2. Fuel’s net calorific value 
The basis for determining the net calorific value of ma-

rine fuels are calorimetric measurements of the amount of 

heat released Qw in the isochoric combustion process, 

which is related to the mass of the tested fuel sample mp 

[17]. The measurement technology consists in its complete 

combustion in an open crucible of the calorimetric bomb in 

the oxygen atmosphere with a constant pressure of 3.0 MPa 

and registration of the water temperature increase in the 

calorimetric vessel ΔTK = Tk–Tp
4
 (Fig. 3). Then the appro-

priate corrections are determined, taking into account:  

a heat exchange with the environment Tot (from the average 

temperature increase and decrease in the measurement 

periods, respectively: A and C – by means of the so-called 

Bunt's formula [11]), as well as the heat released during the 

combustion of the ignition wire Qe. 

 

Fig. 3. Schematic diagram of the pressure calorimeter, as well as the 

calorimetric curve of water temperature variability during the determina-

tion of the fuel heat of combustion: A, B, C – characteristic measurement 
periods, respectively: initial, main and final (A ≈ B), 1 – thermometer, 2 – 

electrodes: insulated and with ignition wire, 3 – tubes: oxygen inlet and  

 exhaust outlet, 4 – calorimetric bomb, 5 – crucible, 6 – water jacket [20]  

 

From the determined calorimetric diagram, the gross 

calorific value Wg is determined, and then – the net calorif-

ic value of the fuel Wd is calculated, from the following 

formulas: 

 Wg =
Qw−Qe

mp
 (1) 

 Qw = Ck ∙ (∆Tk + Tot) (2) 

 Qe = qe ∙ (me1 − me2) (3) 

 Wd = Wg − rp ∙ (8,94 ∙ H + W)  (4) 

where: Ck – calorimeter heat capacity (the calorimeter’s 

constant)
5, me1, me2 – the mass of the ignition wire, respec-

tively: before and after combustion, qe – combustion heat of 

the ignition wire, 6740,7 kJ/kg, rp – heat of water vaporiza-

                                                           
4 As a rule, the temperature increase ΔTK, determined with an 

accuracy of 10–4 K, does not exceed 3 K. 
5 It is determined by means of benzoic acid (heat of combustion at 

15oC and pressure of 3.0 MPa equals 26433 kJ/kg) as the inter-

national thermochemical standard. 

tion under standard conditions (25
o
C), per 1% (m/m) of 

water contained in the tested fuel, 2442 kJ/kg, 8.94 – con-

version ratio of hydrogen content into water. 

In order to estimate the energy properties of the consid-

ered marine fuels, their gross calorific values were meas-

ured and their net calorific values were calculated. The 

experimentally determined net calorific value of the fuel 

enables a precise calculation of the amount of chemical 

energy entered into a combustion chamber of the tested 

engine. It represents an input value for further analyzes of 

the effectiveness of the working process carried out in the 

research engine. In order to obtain the most reliable results, 

the net calorific value of the marine fuels, in question, was 

measured by two independent institutions: the laboratory of 

the Department of Chemical Apparatus and Mechanical 

Engineering, Faculty of Chemistry, Gdańsk University of 

Technology, and the fuel laboratory of the LOTOS SA 

Group (Polish oil company). 

The measurements carried out at the Gdańsk University 

of Technology were conducted with the IKA C200 type 

calorimeter [www.ika.com]. This is one of the most popular 

versions of calorimeters made by the German manufacturer 

IKA WERKE GmbH, which was designed and built for 

schools, technical, universities and industrial laboratories, 

etc., where the number of measurements is relatively small.  

In turn, for measurements of the gross calorific values 

of the same fuels in the LOTOS laboratory, a different, 

newer and much more technologically advanced version of 

the calorimeter, from the same manufacturer, was applied – 

IKA C6000 [www.ika.com].  

An additional purpose of the laboratory tests carried out 

was the preliminary quantitative and qualitative estimation 

of the residual products after the combustion of the fuel 

sample in the calorimetric bomb crucible – Fig. 4. 

 

Fig. 4. Calorimetric bomb crucibles with residues of combustion products: 
a) MDO (Gdańsk University of Technology laboratory), b) RMD 80/S 

(Gdańsk University of Technology laboratory), c) RMG 380 (Gdańsk  

 University of Technology laboratory), d) RMG 380 (LOTOS laboratory)  
 

This gives some idea of what might be expected in the 

combustion chamber of the test engine after the application 

of a new kind of the feed fuel. As shown in Fig. 4c, in the 

case of RMG 380 fuel, the amount of carbon deposits re-

maining in the crucible was disqualifying, and in addition, 

despite repeated attempts (also with benzoic acid support), 

it was not possible to determine its net calorific value. Ini-

tially, it was thought that the fuel was heavily contaminat-

ed. However, its recleaning in a centrifuge did not bring the 

expected results.  

The situation became clear only during the tests of the 

same fuel in the LOTOS laboratory, where the pressure of 

oxygen delivered to the calorimetric bomb was nearly twice 

as high. On the other hand, the amount of carbon deposits 

in the calorimetric bomb crucible after the conducted study 

was negligible – Fig. 4d. This means that the combustion of 

a)  b)  c)  d) 
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the fuel sample in the calorimeter was complete, contrary to 

the test carried out in the laboratory of the Gdańsk Univer-

sity of Technology.  

Finally, the net calorific values of the investigated ma-

rine fuels, which are summarized in Table 1, were taken for 

further energy analyzes of the research engine [7, 8]. 

3. Cetane number – CCAI Index 
In order to determine the cetane number (CN) of distil-

late fuels, unified
6
, single-cylinder, four-stroke CFR F5 

compression-ignition engines with indirect fuel injection 

into the pre-combustion chamber
7
 are used [3, 13–15]. Such 

a design solution of the test engine allows a minimisation of 

the fuel self-ignition delay, bringing the combustion pro-

cess closer to isochoric heat supply in the pre-combustion 

chamber, with adjustable capacity (in the range of 6.69–

76.52 cm
3
) and isobaric heat supply in the gas space above 

the piston (main combustion chamber), with a much larger 

displacement of 611.75 cm
3
. Both chambers are connected 

with a narrow (14 mm diameter) turbulence channel, which 

on the one hand provides favorable conditions for testing 

the combustion process in the pre-chamber (dynamics of 

pressure alterations, heat release and self-ignition capacity 

of the tested fuel), and on the other hand - minimizes me-

chanical and thermal loads in the main combustion chamber 

directly coupled to the piston-crank system. Moreover, very 

favorable conditions are obtained in the pre-combustion 

chamber for the fuel’s complete combustion, despite the 

application of a simple (reliable) pintle injector. The engine 

is also less sensitive to the combustion of the fuels having 

lower self-ignition capacity. Unfortunately, this takes place 

at the expense of a significantly reduced efficiency of the 

working process being carried out, mainly due to the hy-

draulic losses of the return flow of the working medium 

through the connecting channel between the chambers, as 

well as the increased loss of heat discharged by the cooling 

medium from the walls of the extended combustion cham-

ber.  

Within the CFR F5 engine a non-standard system for 

regulating the geometric parameters of the working space 

and the injection system in motion is applied. It allows 

testing the self-ignition properties of the fuel to determine 

its cetane number in accordance with the ASTM D613-10a 

standard [14]. The adjustable capacity of the pre-

combustion chamber enables smooth alterations of the 

compression ratio from 8:1 to 36:1 to achieve stable 

(knock-free) combustion, with the normative values of the 

fuel injection parameters, as follows: fuel injection advance 

                                                           
6 The only supplier of this type of engines, recognized by fuel and 

internal combustion engine manufacturers, is the American 

company Dresser Waukesha. Interestingly, the design of the 

CFR F5 engine used to determine the cetane number of distillate 

fuels has remained practically unchanged since its production 

started in 1930. This is evidenced by, for example, the tradition-

al (as for today's times, even archaic) micrometric knobs used in 

the control system of the pre-combustion chamber capacity, as 

well as the injection advance angle and fuel dose. On the other 

hand, it is also a great advantage of such a research tool, taking 

into account the repeatability of results obtained for almost 100 

years. 
7 This type of diesel engine solutions are not currently used. 

angle ww = 130.2
o
CA

8
, self-ignition delay angle osz = 

130.2
o
CA

9
 and fuel dose for 1 work cycle corresponding 

to the volumetric flow rate V̇fuel = 130.2 cm
3
/min

10
, as  

a function of the crankshaft rotation angle of the engine. 

Fuel injection parameters are adjusted while the engine is 

running (Fig. 5) by rotating the injection pump plunger with 

a fixed beginning and variable fuel injection end (fuel dose 

adjustment) and the injection pump camshaft relative to the 

engine crankshaft (adjustment of the fuel injection advance 

angle).  

 

 

 
 

Fig. 5. Components of the CFR F5 test engine’s control system: a) cylinder 

head assembly with adjustment of the pre-combustion chamber capacity, 

b) micrometric knobs of the mechanism for changing the injection advance 

angle ww and fuel dose V̇fuel, c) adjustment knobs for the compression 

ratio ε of the engine: 1 – compression piston rod knob, 2 – piston rod 

position locking knob, 3 – micrometric scale of piston rod position, 4 – 
compression adjustment piston rod, 5 – indicator channel, 6 – pre-

chamber, 7 – cylinder head, 8 – fuel injector, 9 – cylinder, 10 – connection  

 (turbulence) channel [18] 

 

The fuel tests are carried out at the steady crankshaft ro-

tational speed n = 9009 rpm, temperature and pressure of 

the lubricating oil, respectively: tol = 578
o
C and pol = 

0.175–0.210 MPa, temperature of the engine and fuel injec-

tor cooling medium, respectively: tch = 1002
o
C and tchW = 

383
o
C, as well as the intake air temperature, raised to tair = 

65.50.5
o
C

11
. The ignition properties of distillate fuels are 

evaluated by determining their cetane numbers, taking into 

account the cetane numbers of reference fuels with a slight-

ly lower and higher cetane number
12

. The highest cetane 

numbers have paraffinic hydrocarbons with a large number 

                                                           
8 The fuel injection angle is accurately measured with the injector 

needle stroke sensor. 
9 The fuel self-ignition delay angle is determined by the gas pres-

sure transducer installed in the cylinder head (item 5 in Fig. 5a). 
10 Determined by the volumetric method from fuel gauges. 
11 This is another element differentiating the test diesel engine in 

relation to standard diesel engines, this time in the context of 

external working conditions (combustion). 
12 The indicative CN value of the tested fuel should be pre-

determined. 

3 1 
ww 

𝑉̇fuel 

2 

a) 

b) c) 
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of carbon atoms, having long, straight chains of chemical 

bonds. Aromatic hydrocarbons have the lowest cetane 

numbers. The applied reference fuels stand for mixtures of 

hexadecane (also called cetane, C16H34), with CN = 100 and 

1-methylnaphthalene (also called α-methylnaphthalene, 

C11H10)
13

, with CN = 0. 

The ASTM D613-10a and PN-EN ISO 5165 standards 

very precisely describe the methodology of fuel examina-

tions by means of the CFR F5 test engine. After its start-up 

and bringing to a steady state, the following standard set-

tings are entered:  

1. Fuel doses per cycle (Fig. 5b), 

2. Injection advance angle (Fig. 5b), 

3. Self-ignition delay angle (item 1 in Fig. 5a,c), 

and then the position of the piston rod for regulating the 

engine compression ratio is read on the micrometric scale 

(item 3 in Fig. 5a,c). 

When the tested fuel reaches the same self-ignition de-

lay angle as the mixture of two basic reference fuels, its 

cetane number is determined by volume from the percent-

age of cetane and heptamethylone in the reference fuel 

blends, as follows: 

 CN = CNn + (
m-mn

mw-mn
) ∙ (CNw-CNn) (5) 

where: CN – the cetane number of the tested fuel, CNn – the 

cetane number of the reference fuel mixture with the lower 

CN value, CNw – the cetane number of the reference fuel 

mixture with the higher CN value, m, mn, mw – readings from 

the micrometric scale of the compression adjustment knob 

for, respectively: tested fuel, reference fuel mixture with  

a lower CN value and reference fuel with a higher CN value. 

The self-ignition delay is also influenced by the tech-

nical condition of the fuel injector (in particular its sprayer), 

as well as the cylinder working space [4]. For this reason, 

the degree of delamination ΔαOSZ of the characteristic osz = 

f(CN)
14

 should be periodically checked, using a mixture of 

reference fuels with a known cetane number – Fig. 6. 

In the first series of measurements, the reference fuel 

mixture with the cetane number CN = 30 should be used, 

for which the self-ignition delay angle is set to 13.0
o
CA, by 

means of the compression ratio adjustment knob (while 

maintaining the standard values of other regulatory parame-

ters). In the next 3–4 measurement series, with the usage of 

reference fuel mixtures with a slightly higher cetane num-

ber (by about 4–5), the values of the self-ignition delay 

angle are read, while maintaining the standard values of the 

fuel flow rate – 13 cm
3
/min and injection advance angle – 

13°CA, but without interfering with the compression ratio 

of the engine.  

                                                           
13 In 1962 it was replaced with heptamethyloneate (also called 

isocetane or HMN, C16H34), with a cetane number CN = 15, due 

to better stability of the oxidation process, easier storage, great-

er availability and lower purchase price. In this case, the cetane 

number scale CN = % cetane + 0.15% isocetane. Currently, 

these fuels are used interchangeably, provided that there are en-

sured safe storage conditions of the methylnaphthalene. 
14 This type of test engine profiles should be determined immedi-

ately after its implementation into operation, treating it as refer-

ence material for further comparative analyzes ("finger print") 

 

Fig. 6. Characteristics of the fuel self-ignition delay in the CFR F5 test  

 engine as a function of the cetane number [4, 14, 18] 

 

While the precise determination of the self-ignition de-

lay of distillate fuels stands for a very well-known and 

controlled issue, the determination of this parameter for 

residual fuels might still pose significant metrological diffi-

culties. The basic diagnostic parameter is then the so-called 

Calculated Carbon Aromaticity Index (CCAI) determined 

by the analytical method, based on the known values of 

density and kinematic viscosity of the tested fuel: 

 CCAI = ϱ − 140.7 ∙ log [ log(ν + 0.85)] − 80.6 − 

 − 483.5 ∙ log [(t + 273)/273] (6) 

or in a simplified form (for a viscosity specified at 50
o
C): 

 CCAI = ϱ − 141 ∙ log [ log(ν + 0.85)] − 81   (7) 

where: ρ – fuel density at 15
o
C, kg/m

3
, ν – fuel kinetic 

viscosity, mm
2
/s (cSt), t – temperature at which the fuel 

viscosity was determined, 
o
C. 

As can be easily noticed, the above empirical equations 

usually giving values in the range 720–870, do not take into 

account the elemental composition of the fuel, and thus its 

energy properties. For this reason, fuels with a similar 

CCAI value may differ significantly in terms of self-

ignition ability. When interpreting the CCAI index, the rule 

is that the higher the CCAI value, the greater the self-

ignition delay, the greater the intensity of the pressure in-

crease in the cylinder and the combustion temperature, at  

a much higher value of the maximum combustion pressure 

angle. This shifts the working process to the expansion 

stroke, which results in a decrease in the thermal efficiency 

of the engine (heat supply in the cycle is isobaric - with an 

increasing volume of the working medium above the piston 

moving towards the BDC), as well as its mechanical and 

thermal overload. For the above mentioned reasons, the 

maximum value of the CCAI index is limited to the ISO 

8217:2012 "HFO specification" standard to the level of 

860. When the CCAI exceeds 860
15

, it means that some 

                                                           
15 In turn, the delay of ignition of distillate fuels characterized by 

the cetane number, according to the ISO 8217-2005 standard, 

should be at least: 35 – for MDO and 40 – for MGO. In the 

Polish standard for diesel oils, regardless of their application, 

there is a minimum cetane number of 51. 

αOSZ
oCA
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combustion problems may occur. Studies by engine manu-

facturers indicate that the combustion problems caused by 

fuels with high CCAI can be reduced by avoiding the en-

gine running at part load [1]. Therefore, it is suggested that 

in such a situation, if possible, the engine load should be 

kept above 50%, listening simultaneously for the character-

istic acoustic effects of knocking combustion.  

According to equation (6), the highest values of the 

CCAI index are a characteristic feature of high-density, 

low-viscosity residual fuels – Table 1. 

The mutual relations of the indicators characterizing the 

self-ignition capability of marine distillate fuels (CN) and 

residual fuels (CCAI) in the context of their impact on the 

functioning the marine engine are shown in Fig. 7. 

 

Fig. 7. Nomogram for the estimation of an impact of the self-ignition 

capacity indicators for marine fuels: distillate (CN) and residual (CCAI) on  
 the functioning a marine engine 

 

The delay in self-ignition of marine fuel is determined 

by the simultaneous impact of many factors, which result 

not only from its elemental composition and physical-

chemical properties, but also from the applied design (and 

technical condition) of the functional systems of the engine 

fed with them, especially the combustion chamber, as well 

as the fuel and air fed system (injection and turbocharging 

unit). The shorter self-ignition delay, the smaller the injec-

tion timing, easier start-up and higher engine efficiency, 

thus lower fuel consumption. It also means a lower com-

bustion pressure increase in the cylinders and, as a result, 

less mechanical and thermal loads carried during engine 

operation. 

The main factors influencing the self-ignition capability 

of low-sulfur marine fuels can be ranked in the following 

order:  

 cetane number (CN) – for distillate fuels or the Calcu-

lated Carbon Aromatic Index (CCAI) – for residual 

fuels,  

 air temperature and pressure in the cylinder space at the 

fuel injection beginning, accuracy and homogeneity of 

fuel dose atomization (injection pressure),  

 air swirl in the combustion chamber (mixing fuel parti-

cles with air),  

 subjecting fuel to physical (heating) and chemical (par-

tial oxidation) treatment before self-ignition. 

6. Remarks and final conclusions 

On the basis of the obtained results of laboratory tests of 

elemental composition, as well as energy and ignition prop-

erties of the tested low-sulfur marine fuels, the following 

general conclusions can be formulated:  

1. The characteristics of the technology for determining 

the net calorific value of marine fuels presented in this 

article for the precise estimation of the performance and 

energy efficiency of the research engine powered by them 

shows that it may cause certain metrological difficulties, 

especially when such thermochemical tests are performed 

occasionally. For this reason, additionally taking into ac-

count the need to ensure high accuracy of the engine energy 

calculations made on their basis, they should be commis-

sioned to commercial laboratories, carrying out even sever-

al dozen fuel analyzes per day. Attention has been also paid 

to the possibility of preliminary, qualitative and quantita-

tive, estimation of the combustion products of the tested 

fuel sample in the calorimetric bomb crucible, prior to its 

entering into the research engine fuel fed system.  

2. Since the delay of self-ignition of residual fuels, de-

termined by the value of the Calculated Carbon Aromatic 

Index (CCAI), may vary quite significantly, depending on 

their viscosity and density, in order to achieve the optimal 

conditions of the fuel combustion process in a CI engine, it 

may be necessary to adjust the injection advance angle 

(even by 3–6
o
CA). Such operational recommendations are 

formulated after the completion of engine examinations of 

the tested fuel, mainly on the basis of a comparative analy-

sis of developed indicator diagrams [9].  
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