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Abstract 
The objective of this task was to evaluate the correlation between the results of standardised 
testing and of the real-life serviceability of new diesel fuel qualities. The following 
characteristics were studied: combustion properties, properties affecting exhaust emissions, 
low-temperature performance and diesel fuel lubricity. 

The test fuel matrix comprised typical conventional hydrocarbon diesel fuels, low-emission 
hydrocarbon fuels, rapeseed and tall oil esters and ethanol-blended diesel fuels. The base 
fuels were blended with a cetane improver additive and some fuels also with a cold flow 
improver additive. Tests were carried out with VOLVO heavy-duty bus engine, VALMET 
medium heavy-duty engine and Audi 1.9 TDI vehicle. 

Overall conclusions of this research work were as follows: 

Traditional cetane number measurement: 
∗ Describes well ignition delay of heavy-duty engine at low and medium loads, but is 

more suitable for hydrocarbon fuels than for alternative diesel fuels. 
∗ Does not describe combustion process with advanced light-duty vehicles. 
∗ Cetane reference fuels does not function as normal fuels in advanced engines. 
∗ Overestimates the effect of cetane improvers, especially for biodiesels. 
∗ Correlates with cold startability for some parameters. 

  
 Emissions: 

∗ HC and CO are the highest for ethanol fuels, but may be reduced by adding RME. 
Cetane improver reduces HC and CO emissions in general. 

∗ NOx emissions are the lowest for ethanol fuels, but the effect will vary with engine 
technology. 

∗ Particulate matter emissions are the lowest with ethanol fuels and Finnish low emission 
fuel. RME20 gives particulate emission benefit, if oxidation catalyst is used. 

∗ The cetane improver reduces smoke opacity. 
  
 Lubricity, cold properties: 

∗ Esters act as effective lubricity additives according to HFRR tests.  
∗ Cold startability of RME blend can be improved with cold flow additives. 
∗ Ignition of EtRE fuel improves significantly, when the ignition improver is used. 
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Preface 

The objective of IEA/AMF Annex X “Characterisation of new fuel qualities” was to 
evaluate how the traditional test methods (cetane number and cold properties) developed 
for hydrocarbon fuels describe the real-life serviceability of new and alternative diesel 
fuels, esters and alcohol blends. The aim was not to develop new standards, but to 
demonstrate the shortcomings of current test methods in the characterisation of new fuel 
qualities. Combustion properties, properties affecting exhaust emissions, low-temperature 
operability and stability and diesel fuel lubricity were studied. 

The tasks were carried out at the Technical Research Centre of Finland (VTT) in 1996 and 
the beginning of 1997. Some of the fuel analysis were carried out by the Finnish national 
oil company, Neste Oil. 

Finland was the Operating Country for the task. In Finland, the Technology Development 
Centre (TEKES) and also VTT supported the task financially. Other participants in the task 
were Belgium, Canada, Japan, the Netherlands, Sweden and the United States. 

We would like to thank Neste Oil, Forchem Oy, Raisio Oy and the Swedish Ethanol Foun-
dation, who provided the test fuels for the task. Neste Oil also carried out special analyses 
on the test fuels (e.g. HFRR). Special acknowledgement goes to VAG company, who 
donated an Audi 1.9 TDI vehicle for the task. We also wish to thank Sisu Diesel Inc., who 
gave permission to carry out tests with their Valmet 612 engine.  

This task was of basic research in nature, not of laboratory routine. All tasks had to be 
planned and conducted carefully. It would not have been possible to carry out the task 
without the skilled and enthusiastic staff of the Engine Technology Group of VTT Energy. 
We would like to thank all our collaborators responsible for the measurements. In particu-
lar, the cylinder pressure measurements required a lot of effort and development work.  

Acknowledgement is given to Mr. Bernard James of Natural Resources Canada, who 
suggested this research topic to Mr Nils-Olof Nylund in 1993. 

Espoo, Finland 

June 1997 

The Authors 

TECHNICAL RESEARCH CENTRE OF FINLAND 
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Abbreviations 

HC  total hydrocarbons in exhaust gases 
CO  carbon monoxide in exhaust gases 
NOx  oxides of nitrogen in exhaust gases 
 
ECE R49 Exhaust emission test procedure for heavy duty engines according to   
  Regulation No. 49 of United Nations 
FTP  Federal Test Procedure, exhaust emission test for light-duty vehicles, test 

procedure of US Environmental Protection Agency (EPA), presented in the 
Code of Federal Regulations, Title 40, Part 86 

ASTM American Society for Testing and Materials 
   
HD  heavy-duty 
MHD  medium heavy-duty 
LD  light-duty 
CFR  Cooperative Fuel Research, in this report single cylinder test engine for cetane 

number measurements according to ASTM D 613 
 
DI  direct-injection 
EGR  exhaust gas recirculation 
FTIR  Fourier Transformation Infrared analyser 
  
HR  heat release 
IMEP indicated mean effective pressure 
TDC   top dead centre 
BTDC before top dead centre 
rpm  engine speed in revolutions per minute 
CN  cetane number 
HFRR High Frequency Reciprocating Wear Rig, test method for lubricity 
CFPP  Cold Filter Plugging Point 
SFPP  Simulated Filter Plugging Point 
 
CEC  RF-03-A-84 reference fuel fulfils requirements presented in ECE R49   
  test procedure 
ASTM2D conventional diesel fuel in USA, fulfils requirements of ASTM 2 D  
  specification 
SCD  Finnish summer grade reformulated diesel fuel, so called CityDiesel 
RME  rape seed methyl ester 
TME  tall oil methyl ester 
TOFA tall oil fatty acids 
EtOH ethanol, in this report used as an abbreviation for emulsion of ethanol and  
  diesel fuel 
EtRE  abbreviation for emulsion containing diesel fuel, ethanol and RME 
ci  cetane improver additive 
cfi  cold flow improver additive 
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1  Introduction 

The composition of liquid motor fuels is changing constantly. New fuel components are 
introduced either to reduce emissions or to broaden the basis of fuel supply. Oxygenated 
components, both alcohols and ethers are widely used as gasoline components. 
Biocomponents like vegetable oils and vegetable oil derivatives are discussed as diesel fuels 
or  fuel components. 

Many standardised tests for evaluating fuel properties have originally been designed for 
screening hydrocarbon products, often straight-run fuels. In the case of fuels blended with 
new components or treated with additives, the traditional test methods may give misleading 
results. 

Ignition and combustion properties of motor fuels are evaluated by running engine tests with 
standardised test engines, for example CFR (Cooperative Fuel Research) engines. However, 
the technology of these engines is not representative of modern automotive engines. The 
properties of the reference fuels used to calibrate the test engines are also far away from those 
of both today's motor fuels and possible alternative fuels. It is, for example, already proven, 
that the cetane engine underestimates the ignition properties of alcohol treated with an 
ignition improver. 

Standardised methods to evaluate cold properties of diesel fuels, i.e., cloud point, cold filter 
plugging point, etc., do not necessarily correlate well with the real cold performance of new 
or additive-treated fuels. 

The idea of a task to characterize new fuel qualities for IEA Alternative Motor Fuels was first 
discussed at the 10th International Symposium on Alcohol Fuels in Colorado, USA, in 
November 1993. VTT presented a pre-proposal for discussion at the 17th IEA AMF EC 
meeting in Antwerp, Belgium, in February 1994. VTT presented the next proposal version at 
the 18th IEA AMF EC meeting in Toronto, Canada, in October 1994. The EC Committee 
accepted this proposal on condition that gasoline tasks are removed. The final modified 
proposal was presented at the 19th IEA AMF EC meeting in Stockholm, Sweden, in 
September 1995.  

The objective of the new task is to evaluate the correlation between the results obtained by 
standardised testing and the real-life serviceability of new diesel fuel qualities. The aim is not 
to develop new standards, but to demonstrate the shortcomings of current test methods in the 
characterisation of new fuel qualities. Properties to be studied are: 

  * combustion properties 

  * properties affecting exhaust emissions 

  * low-temperature startability 

  * diesel fuel lubricity 
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2  Overview of the test programme 

The test programme as well as description of the test facilities and  methods are presented 
in detail at the beginning of each chapter. Table 1 gives an overview of the total test pro-
gramme.  

The number of tests carried out was higher than planned originally. This was due to an 
additional ethanol fuel proposed by the Swedish Ethanol Foundation. In addition, the 
number of steady-state test modes was higher than planned. Some laboratory research 
work, not included in the project plan, was carried out with ethanol fuels. The costs for the 
extension of the programme were funded by VTT. 4 000 USD is expected from Sweden for 
covering the costs of the additional ethanol fuel. 

The results are presented according to the order of Table 1 in this report. The main purpose 
of the study was to find out, if the traditional cetane number measurement represents the 
real combustion properties also for alternative fuels. The conclusions are based on the 
results of combustion analyses and emission measurements with two heavy-duty engines 
and one light-duty vehicle. The summarised data processing and the conclusions are pre-
sented in chapter 7.   
 
Table 1. Overview of the test program. 
Studied parameter Engine No. of 

fuels 
Test method No. of 

tests 
FUEL PROPERTIES         
Cetane number CFR 14 ASTM D 613 17* 
Cold properties  11 Cloud point, CFPP, SFPP 27 
Other fuel analysis  7 density, viscosity, distillation, 

sulphur...* 
31 

LUBRICITY         
Lubricity  7 HFRR 7 
COMBUSTION PROPERTIES AND EMISSIONS 
Combustion properties (cylinder 
pressure analysis), emissions and 
Bosch-smoke 

VOLVO THD 
103 KB,  
HD bus engine 

14 ECE R49, 13 modes 28** 

Combustion properties (cylinder 
pressure analysis), emissions 

Audi 1.9 TDI 
vehicle 

14 5 steady-state loads 18** 

Combustion properties (cylinder 
pressure analysis), emissions  

HD engine, 
VALMET 612 

14  4 loads 14 

COLD TESTS         
Real cold startablility MHD engine, 

VALMET 620 
4 in-house method 10 

Combustion properties (cylinder 
pressure analysis), emissions and 
opacity 

HD engine, 
VALMET 612 

6 4 loads 6 

FTP emissions at +16 and -6 °C Audi 1.9 TDI 
vehicle 

6 FTP, two temperatures  
(+16 and -6 °C) 

12 

SUM       170 
*   includes also in vitro stability tests of cetane improvers for ethanol fuels. 
** includes replicate tests and different modes 
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3  Test fuels 

3.1  Test fuel matrix 

The base diesel fuel matrix comprised CEC reference fuel, conventional diesel fuel from 
North America (ASTM 2D grade), Finnish low-emission diesel fuel (no sulphur, low 
aromatics), CEC diesel fuel blended with rapeseed methyl ester and tall oil methyl ester. 
Also two ethanol blends were added to the matrix. The ethanol-blended fuels were emul-
sions blended with Swedish Environmental Class 1 diesel fuel, one with ethanol only and 
one with ethanol and rapeseed ester (the latter proposed by Sweden). Two cetane reference 
fuels were tested with the light-duty vehicle, one with a low and the other with a high 
cetane number. 
 
Some of the base test fuels were blended with a cetane improver additive to find out the 
effect of additive. The effect of a cold flow improver package was studied as well. 
 
CEC reference fuel (CEC-RF-03-A-84) was provided by Neste Oil (Finnish national oil 
company). The CEC reference fuel was blended from ordinary refinery streams to fulfil the 
RF-03-A-84 requirements. Sulphur content (0.12 wt%) was acceptable for CEC fuel, but it 
must be noticed that typical fuel of the market today contains below 0.05 wt% sulfur.  
 
A typical diesel fuel, corresponding to the North American ASTM 2D standard require-
ments, was purchased from USA, Houston. The fuel was a commercial grade. 
 
A Finnish summer-grade low emission fuel, SCD, was chosen to represent Scandinavian 
low-emission diesel fuels. The national requirements on low-emission diesel include, e.g., 
limits for cetane number (min. 53), aromatics (max. 20 vol%) and sulphur (max. 
0.005 wt%). In the Nordic countries, there are several widely used low-emission diesel fuel 
qualities available. The Finnish summer grade low-emission diesel fuel was chosen, as it 
gives about the same emission benefits (especially when the unregulated emissions are 
concerned), but does not lead to increased fuel consumption or power loss as the lightest 
fuel qualities available on the market.  
 
The rapeseed methyl ester fuel (RME20) was blended from the CEC reference fuel and 
20 vol% of rapeseed methyl ester provided by the Finnish Raisio Oy company. 
 
The original idea with tall oil products within this research work was to study a Canadian 
high cetane (CN90) hydrated tall oil component from ARBOKEM. Unfortunately AR-
BOKEM was not able to provide the hydrated tall oil component for the project, and the 
hydrated tall oil was replaced by another tall oil product, tall oil methyl ester. A Finnish 
company, Forchem Oy (nowadays part of Arizona Chemical), provided the tall oil methyl 
ester. 
 
Tall-oil is a by-product of the pulping industry. Tall-oil methyl ester (TME) is produced 
from tall oil fatty acids (TOFA). The Finnish production capacity of TOFA is about 50 000 
tonnes per year, i.e., about 3.5% of the diesel fuel consumption in Finland. The most 
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important tall oil producer in the world is Canada.  
 
The composition and properties of TME are similar to those of RME. The advantage of 
TME over RME is the different production process (see Figure 1), where the by-product is 
water and not glycerol, which might be more harmful in respect of the operability of the 
engine. 
 
  
 Production of TME: 
 
 RC(O)OH +   CH3OH --->  RC(O)OCH3 +  H2O 
 TOFA       methanol  TME     water 
 
 Production of RME: 
 
 CH2O(O)R       CH2OH 
 I         I 
 CHO(O)R  +  3 CH3OH --->   3 RC(O)OCH3 +  CHOH   
 I         I 
 CH2O(O)R         CH2OH 
  
 triglyceride      methanol  RME     glycerol 
 
  
Figure 1. Production of TME and RME. 
 
Sweden is the leader in the research of ethanol as a transportation fuel. For example, all 
the buses in central Stockholm, the capital of Sweden, are running on neat ethanol. During 
the past few years, ethanol research in Sweden has also covered ethanol-blended diesel 
fuels. Ethanol is a polar compound, which cannot be blended with nonpolar hydrocarbons 
without emulsifier. Hence, the Swedish ethanol-diesel blends contain less than 1 vol% of 
emulsifier, which is purchased from Australia. Ethanol emulsion containing Environmental 
class 1 diesel fuel, 15 vol% ethanol and less than 1 vol% emulsifier is called "Etamix 15" 
(EtOH15). Several studies have been carried out on this fuel in Sweden, including labora-
tory tests, engine and emission tests, and a field test program is going on. Perhaps the most 
important problem with the Etamix fuel is the stability: the ethanol and the diesel fuel tend 
to separate phases after a three-month storage.  

EtOH15 fuel was provided for this project by the Swedish Ethanol Foundation. During the 
discussions, representatives of Swedish Ethanol Foundation informed that cetane improver 
additives are not soluble in the EtOH15 emulsion. However, the conclusion was based only 
on tests with a Swedish cetane improver specially developed for the neat ethanol fuels. As 
the Etamix fuel contains only 15 vol% of ethanol, VTT decided to start laboratory tests 
with a cetane improver (2-ethyl nitrate based) developed for conventional hydrocarbon 
diesel fuels. As a result, it turned out that conventional cetane improvers can be used in 
ethanol emulsions and at least some cetane number benefit is achieved. The heavy-duty 
tests were carried out before the laboratory tests were completed. Thus the ethanol fuels 
with a cetane improver additive were not included in the heavy-duty tests with the VOLVO 
engine. 
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The Swedish Ethanol Foundation suggested that an additional ethanol fuel containing also 
rapeseed methyl ester should be included to the test fuel matrix. The blend of Swedish 
environmental class 1 diesel fuel, containing about 10% of ethanol, 4.3% RME and emulsi-
fier additive, EtRE, was included in the project after acceptance of the partners in spring 
1996. 

Reference fuels of the ASTM D 613 cetane number test procedure, with cetane numbers 43 
and 60 (CNref60 and CNref43) were tested with the light-duty vehicle. Cetane reference 
fuels are mixtures of n-cetane (n-hexadecane, CN 100) and high branched paraffin hep-
tamethylnonane (CN 15)1. Thus the distillation ranges of these fuels are very narrow: only 
about 245 - 287 °C. The ASTM reference fuels are so expensive, that the tests with a 
heavy-duty engine with high fuel consumption would not have been possible within this 
project. 

Summary and abbreviations of the tests fuels are as follows: 

Base fuels: 

CEC:  CEC reference fuel  
ASTM2D: ASTM 2-D diesel fuel from North America 
SCD  Scandinavian low-emission diesel fuel 
RME20 CEC diesel fuel containing 20% rape seed methyl ester 
TME20 CEC diesel fuel containing 20% tall oil methyl ester 
EtOH15 diesel fuel emulsion containing 15% ethanol 
EtRE diesel fuel emulsion containing 10% ethanol and 4.3% RME 

In addition, cetane reference fuels CNref60 an CNref43 were tested with an LD vehicle. 

Base fuels blended with cetane improver additive: 

CEC+ci:  CEC containing 1 000 ppm cetane improver  
ASTM2D+ci: ASTM 2D containing 1 000 ppm cetane improver 
SCD+ci  SCD containing 1 000 ppm cetane improver 
RME20+ci RME20 containing 1 000 ppm cetane improver 
TME20+ci TME20 containing 1 000 ppm cetane improver 
EtOH15+ci* EtOH15 containing 1000 ppm cetane improver  
EtRE+ci* EtRE containing 1 000 ppm cetane improver 

* For the reasons given  above these fuels were not tested with all test engines. 

Base fuels blended with cold flow improver: 

CEC+cfi:  CEC containing 500 ppm cold flow improver  
ASTM2D+cfi:  ASTM 2D containing 500 ppm cold flow improver 
SCD+cfi:  SCD containing 500 ppm cold flow improver 
RME20+cfi: RME20 containing 500 ppm cold flow improver 
TME20+cfi: TME20 containing 500 ppm cold flow improver 
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3.2  Fuel properties 

The properties of the test fuels are presented in Appendix 1. The most important fuel 
properties are presented also in Table 2. 

The lowest density of the test fuels was measured for the EtOH15 fuel, the heaviest fuel 
was ASTM2D. The variation of density was, however, not extremely wide. The viscosities 
of the test fuels were more or less of the same level.  

The natural cetane numbers of the test fuels ranged from 45 to 55, (ethanol fuels excluded). 
The cetane number of the ASTM 2D fuel was lowest of the hydrocarbon fuels (45, ASTM 
2D requirement min. 40). The cetane numbers of the other fuels were close to 50. The SCD 
fuel had the highest cetane value. Response to the cetane improver additive was highest for 
ester-containing fuels: cetane numbers increased by more than 10 units. The lowest re-
sponse to the cetane improver was found for the ASTM2D fuel: improvement only by 2 
units. The cetane numbers with and without the additive are shown in figure 2. 

The cetane number measurement with the CFR engine was not easy to carry out for ethanol 
fuels. The engine was not running smoothly and the readings varied continuously. In 
addition, the results from the first ethanol batch differed from the second batch. The first 
batch of ethanol fuels was used for the heavy-duty tests. The light-duty tests were carried 
out more than three months after the arrival of the first batch. The stability of the ethanol 
fuels is only three months, and hence the second batch of ethanol fuels was used for the 
light-duty tests. The cetane number of the first batch of EtOH15 was some 42. For the 
second batch the cetane number was very difficult to analyse, and the result was as low as 
34. This might be due to the timetable of cetane measurements for the second batch: the 
fuels had to be stored during cold wintertime, which might accelerate the phase separation. 
On the other hand, both fuels of the second batch with cetane improvers, EtOH15+ci and 
EtRE+ci, gave cetane numbers (about 49) comparable to the first batch, even though they 
were stored similarly to the fuels without a cetane improver additive. 

Sulphur content of CEC, RME20 and TME20 fuels were high compared with present 
commercial diesel fuels, which have to be taken into account when the particulate matter 
emissions are considered. 

The cloud points could not be analysed for the ethanol emulsions because of their white 
colour. The cloud points of the other fuels were from -5 to -7 °C except for ASTM 2D, 
which had a low cloud point of -14 °C.  

Traditionally CFPP (cold flow plugging point) is considered as the most important cold 
property of diesel fuel representing cold operability. The CFPP values without the cold 
flow additive ranged from -9 to -14 °C, ethanol fuels excluded. The CFPP results of etha-
nol fuels were lower than -39 °C due to very light blending components, Swedish environ-
mental class 1 diesel and ethanol. Hence, there was no reason to add cold flow additives to 
the ethanol fuels.      

The response of the fuels to the cold flow additive was highest with the SCD fuel. The 
CFPP additive used in this project was typical chemistry and available from major additive 
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suppliers. The effect of cold flow additive is known to depend on the composition of the 
fuel. Thus it was logical that the response of this additive used in Finland was highest with 
the Finnish diesel fuel.  

The CFPP testing method has been criticised in some cases for its high response to the cold 
flow additives, giving results which do not reflect real cold operability. The SFPP testing 
method is a new test, which is claimed to represent better the real cold operability than 
CFPP. The basic equipment used for SFPP analysis is the same as used for CFPP. The 
major differences are the filter pore size and slower temperature changes.  

The results indicate that the SFPP values differed considerably from the CFPP results, 
especially when the additive was used. The SFPP results without an additive ranged from -
5 to -7 °C and with an additive from -12 to -15 °C, whereas the respective CFPP results 
ranged without an additive from -9 to -10 °C and with an additive from -14 to -26 °C.  

 
Table 2. The most important fuel properties. All analysed fuel properties are presented in 
Appendix 1. 

 CEC ASTM 2D SCD RME20 TME20 EtOH15 EtRE 
Density, 15 °C, kg/dm3 0.841 0.847 0.826 0.850 0.851 0.817 0.820 
Viscosity, 40 °C, mm2/s 3.0 2.4 2.7 3.3 3.2 3.1 2.4 
Sulphur, wt% 0.12 0.038 <0.002 0.081 0.081 <0.002 <0.002 
        
Cetane number w/o ci 53.0 45.0 54.8 48.4 47.0 42.6/ 

34.2 
48.8/ 
41.2 

Cetane number with ci 57.9 47.4 60.7 60.4 62.4 45.5/49.8 -/48.5 
        
Cloud point, °C -5 -14 -8 -5 -7 ** ** 
        
CFPP w/o cfi, °C -10 -14 -9 -9 -10 -39 <-39 
CFPP with cfi, °C -14  -26 -21 -24   
        
SFPP w/o cfi, °C -6  -7 -5 -6   
SFPP with cfi, °C -12  -12 -12 -15   
        
HFRR, 60 °C, µm 385 391 306 172 282 226 182 

*  The CFR engine was not running correctly with ethanol fuels. The two values were analysed 
for different production batches. Ethanol emulsions are stabile only for three month, and hence, 
the first batch was used for VOLVO heavy-duty measurements and the second batch for the 
other tests.  

** Test method is not suitable for ethanol fuels. 
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Figure 2. Cetane numbers of the test fuels with and without a cetane improver. The cetane 
results of the ethanol fuels varied a lot, and the results presented are selected values.  
 
 

3.3  Lubricity 

Lubricity of the test fuels was measured with the HFRR method (High Frequency Recipro-
cating Rig) at 60 °C. The HFRR method has tentatively been accepted by CEC as a stand-
ard method for lubricity, even though it has been widely criticised. There is a need for a 
reliable laboratory method for lubricity, because the "real world" method, running real 
injection pumps for long periods, is extremely expensive and difficult to perform. 

The HFRR method is claimed to give benefit to certain types of lubricity additives and 
undervalue the others, even though additives have been proved to be as good as the others 
with the reliable pump test. The method is based on a wear test with hardened steel balls.  

The test is conducted on a test rig where a loaded 6 mm bearing ball is moved with a 
reciprocating motion over a static steel plate. The contacts are in flooded lubrication. The 
metallurgies, temperature, load frequency, stroke lenght, and ambient conditions are speci-
fied, and the size of the wear scar produced on the ball bearing is used as a measure of the 
fuel lubricity. The HFRR lubricity results describe the wear scar diameter of testing balls 
(µm): the lower the result, the better the lubricity.  

The lubricitities of all test fuels were acceptable (see table 2). The CEC limit value for 
lubricity with the HFRR test method is 450 µm at 60 °C.  
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The best lubricity results were achieved with the ethanol and ester blended fuels. It was 
interesting to compare the CEC fuel and CEC fuel blended with esters. These fuels do not 
contain any lubricity additives and may be compared with each other. The wear results with 
ester blended CEC fuels were significantly better than without esters. It can be concluded 
that the esters act as effective lubricity improvers.  

Lubricity additives are used in Scandinavian low emission and winter grade diesel fuels. 
Both SCD and Swedish Environmental Class 1 fuel, which was used for blending ethanol 
emulsions, contain lubricity additive. Thus SCD and ethanol fuels gave acceptable results 
as expected. The lubricity results of ethanol emulsions were good, very near to the values 
reported in literature2. HFRR results indicate that ethanol emulsion would not harm the 
lubricity performance of diesel fuels, but only the pump test is reliable enough to make 
conclusions. One observation of importance is also the lubricity result with RME contain-
ing ethanol emulsion fuel superior to the ethanol blend without RME. This gives more 
evidence for the effect of esters as lubricants mentioned earlier. 

Good lubricity results were obtained also for the CEC and ASTM 2D fuels. ASTM 2D was 
of commercial grade and most probably did not contain any lubricity additive. CEC did 
neither contain any lubricity additive. It is hence understandable that the wear values of 
these fuels were higher than those of the other fuels, but anyway acceptable (below 400 
µm).  
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PART ONE:  
Emissions and combustion properties at normal temperature 
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4  Heavy-duty tests, VOLVO THD 103 KB 

4.1  Heavy-duty engine, VOLVO THD 103 KB 

The greater part of the heavy-duty engine tests for emissions and combustion properties 
were carried out with  a VOLVO THD 103 KB bus engine. Even though the engine is 
designed for Euro 1 emission levels, it meets the Euro 2 limits for regulated gaseous ex-
haust emissions. Only particulate matter emission exceeds slightly the Euro 2 limit. If an 
oxidation catalyst or a particulate filter is used, the Euro 2 requirements are well met. The 
particulate emission without the oxidation catalyst is about 0.15 - 0.20 g/kWh, the Euro 2 
limit being 0.15 g/kWh. The VOLVO engine was run at normal room temperature. 

The specifications of the engine are as follows: 
 
Identification  VOLVO THD 103 KB, horizontal bus engine, 1992 
   turbo-charged 
   direct-injection  
   in-line pump (semi-electronic control) 
   inter-cooled (water/air) 
Displacement  9.6 litre 
Cylinders    6, in-line 
Power output   210  kW / 2000 rpm, 1200 Nm / 1300 rpm 
Compression ratio  19:1 
 

4.2  Test procedures and facilities 

ECE R49 test procedure 

The heavy-duty tests were carried out according to the ECE R49 test procedure, which 
includes 13 load modes with various torque and speed levels (Figure 3).  

The injection pump of a diesel engine operates on a volumetric base. E.g., a low-density 
fuel with a low aromatics content produces less power than a high-density, highly aromatic 
fuel, and this affects the emission level. When the fuels are compared with each other, it is 
reasonable to use the same power output, something which is often called the "constant tor-
que" method.  

The ethanol-containing fuel, EtOH15, being the lightest test fuel, was selected as the 
“constant torque” base fuel. The torque values achieved with EtOH15 were used for the 
other fuels. The maximum power with EtOH15 was 180 kW/2 000 rpm and maximum 
torque 1 060 Nm/1 300 rpm. 
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Figure 3. Test sequence of the ECE R49 13-mode test cycle. 
 
 

Basic test facilities 

The general lay-out of the test arrangements for heavy-duty engine testing at VTT is shown 
in Figure 4. A hydraulic engine dynamometer by Zöllner and a “PUMA Test Assistant” 
control system by AVL were used for running and controlling the test engine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. General lay-out of heavy-duty test arrangements. 
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Measurement of combustion properties 

The cylinder pressure analysis included measurements of the cylinder pressure trace, needle 
lift trace, injection pressure trace and crank position. The calculated parameters were 
indicated mean effective pressure, start and duration of injection, ignition delay and heat 
release parameters. 

The cylinder pressure analysis was carried out with a combustion analyser from AVL, the 
AVL 647 Indiskop, which is basically a fast multichannel digital oscilloscope. Using built-
in calculation algorithms, the Indiskop calculates, among other things, signals as a function 
of crank angle and heat release during different phases of combustion. 

The following measurement system was used to measure combustion properties: 

• Cylinder pressure transducer (Kistler) 
• Needle lift transducer (Bosch) 
• Injection pressure transducer (AVL) 
• Charge amplifier, cylinder and injection pressure (Kistler) 
• Crank angle encoder (AVL) 
• Combustion analyser (AVL 647 Indiskop) 

The measurements were done on cylinder number 1 (timing gear end). The TDC was 
determined from the maximum pressure of the non-firing cylinder taking into account the 
thermodynamic loss angle.  

The combustion properties were measured during each mode of ECE R49 test procedure, 
except for idle modes.  

The parameters measured and calculated were as follows: 

1. intake manifold pressure, mbar 
2. start of injection, °CA (needle lift sensor) 
3. end of injection, °CA (75 or 100 bar fuel line pressure) 
4. cylinder pressure peak value, BAR   
5. angle of peak, °CA 
6. maximum  pressure gradient, BAR/°CA 
7. angle of maximum pressure gradient, °CA 
8. IMEP, indicated mean effective pressure, BAR 
9. start of combustion, °CA  
10. 5 % heat release, °CA 
11. 10 % heat release, °CA 
12. 50 % heat release, °CA 
13. 90 % heat release, °CA 
14. ignition delay, °CA (start of injection - start of combustion) 
15. location of maximum heat release intensity, °CA 
16. centre of gravity of combustion, °CA 
17. maximum temperature, °CA 
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For diesel engines, start of combustion is normally detected by the Indiskop from the 
instantaneous heat release curve. However, with the late injection and combustion of the 
VOLVO engine, the built-in algorithm does not work properly. Therefore start of combus-
tion in the case of the VOLVO engine (and also for the AUDI engine described later) was 
defined as the crank position corresponding to 5% cumulative heat release. This detection 
method is normally used for gasoline engines. 
 
It should be noted that best accuracy of the heat release calculation is achieved on full 
torque. On low loads the spread in results increases, especially in the case of 90% heat 
release. 
 

Regulated emissions  

Regulated gaseous pollutants (CO, HC and NOx) were measured continuously with an 
“AMA 2000” analyser system supplied by Pierburg GmbH. Particulates were collected 
using an AVL Mini Dilution Tunnel 474 (MDT) and particulate filters with 70 mm diame-
ter.  
 

Formaldehyde, FTIR-analysis 

A fast on-line FTIR-instrument was used to measure formaldehyde from raw exhaust 
gas3,4. More than 20 components can be calibrated to VTT’s SESAM system, which makes 
it possible to monitor the concentrations of, e.g., formaldehyde at one-second intervals. 

In these measurements, concentrations of individual components were analysed during the 
ECE R49 test procedure at one-second intervals. The average values of the last 30 seconds 
of each mode were used for screening emission concentrations. 

Bosch smoke 

Bosch smoke was measured with an AVL Smokemeter during each mode of ECE R49 test 
procedure. 
  

4.3  Test programme 

The tests with the VOLVO THD 103 KB engine were carried out with the base fuels and 
with cetane improver added to the base fuels. The reference fuel was tested before and after 
the test period to verify the system stability. The summary of the test programme is pre-
sented in Table 3. 

The ethanol containing fuels were tested only without the cetane improver. This because 
the information at hand when the tests started said that cetane improvers are not soluble 
with ethanol fuels. 
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Table 3. Test programme of HD tests with VOLVO THD 103 KB engine. 
Fuel No. of ECE R49 

tests 
Cylinder pres-
sure analysis 

Regulated 
emissions, 
formaldehyde* 

Bosch Smoke 

CEC:   
CEC+ci:    

2 
2 

2 * 13 modes 
2 * 13 modes 

2 * 13 modes 
2 * 13 modes 

2 * 13 modes 
2 * 13 modes 

ASTM2D:  
ASTM2D+ci:  

1 
1 

13 modes 
13 modes 

13 modes 
13 modes 

13 modes 
13 modes 

SCD    
SCD+ci   

3 
1 

3 * 13 modes 
13 modes 

3 * 13 modes 
13 modes 

3 * 13 modes 
13 modes 

RME20  
RME20+ci  

1 
1 

13 modes 
13 modes 

13 modes 
13 modes 

13 modes 
13 modes 

TME20  
TME20+ci  

1 
1 

13 modes 
13 modes 

13 modes 
13 modes 

13 modes 
13 modes 

EtOH15  2 2 * 13 modes 2 * 13 modes 2 * 13 modes 
EtRE 2 2 * 13 modes 2 * 13 modes 2 * 13 modes 
SUM 18 234   

*  formaldehyde analysed only for ASTM2D and ETRE fuels. 

 

 

 4.4  Stability of measuring system 

The standard deviation of the regulated pollutants of the VOLVO THD 103 KB engine in 
the ECE R49 test are typically lower than 5 % of the absolute value of each gaseous pollu-
tant and lower than 10 % for particulate matter. This was also the case in these 
measurements. Average standard deviation for gaseous pollutants were typically lower than 
2 % and for particulates lower than 4 %. 
 
The reference fuel was tested three times during the test period (see Figure 5). The varia-
tions of HC, CO, NOx and particulate emissions were within the standard deviation of the 
test method during the test period. 
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Figure 5.  Stability of measuring system, VOLVO THD 103 KB with ECE R49 test proce-
dure. 
 
 
The standard deviations of the combustion parameters were better than expected (see 
appendix 4). For example variation in centre of gravity of combustion were mostly under 5 
%. 

4.5  Regulated emissions, Bosch smoke and FTIR analysis 

The numeric results of the regulated emissions and Bosch smoke measurements are pre-
sented in Appendices 2 and 3.  

Regulated emissions 

The results for regulated emissions with the heavy-duty VOLVO bus engine without 
oxidation catalyst are shown in figures 6 and 8. 

The lowest HC emissions were obtained for CEC, SCD, and for fuels containing bioesters. 
The ASTM 2D fuel and the ethanol blends resulted in higher HC values than the other 
fuels. EtOH15 gave about 40% higher HC emission than CEC fuel. The difference in HC 
emissions on ethanol blends and CEC fuel was seen only on low loads, especially during 
mode 12 (figure 7), where ignition properties of the fuel are known to be critical. Adding 
RME to the ethanol blend decreased HC emission significantly. HC emissions for the EtRE 
fuel were only about 10% higher than for the CEC fuel, compared to some 40% for 
EtOH15.  

The CO emissions for different fuels followed similar patterns as the HC emissions.  
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The fuel had limited effects on the NOx emissions, with the exception of the ethanol 
blends, which gave some 35% lower NOx emissions in the ECE R49 test than the CEC 
fuel. As it is seen from figure 6, the ethanol blends gave lower NOx emissions on medium 
and high loads (modes 4 - 10). At low load modes 2, 3, 11 and 12 the NOx emissions were 
even higher than for the reference fuel. NOx is one of the most important issues for diesel-
fuelled vehicles at the moment. 

The CEC fuel gave higher particulate emissions than the other hydrocarbon fuels, most 
probably due to higher sulphur level. The ethanol blends gave the lowest particulate emis-
sions: close to only one half of those of the CEC fuel. The Scandinavian low-emission fuel, 
SCD, gave the lowest results after ethanol fuels: about 12% reduction compared with the 
CEC fuel. 

The highest particulate emission was obtained  with the TME containing fuel. Sulphur 
level of TME20 and RME20 fuels were high, which effect on total particulates. It is also 
known from previous studies that bioesters tend to increase particulate matter when no 
oxidation catalyst is used. This is due to a high amount of soluble organic matter in particu-
lates. An oxidation catalyst reduces effectively the amount of soluble organic matter, which 
results in reduced particulate emissions with ester fuels. However, no increase in particu-
lates for the RME fuel was observed.  

Bosch smoke 

Bosch smoke (black smoke) results on low load mode 2 and high load mode 8 are shown in 
figure 9. The Bosch smoke values were low for all fuels. Thus the differences were not 
really significant. The lowest Bosch smoke values were observed for the ethanol blends at 
all loads. The ASTM 2D fuel gave also somewhat lower result than the other fuels. 

One interesting observation was that at low loads the Bosch smoke increased with increas-
ing cetane number. It might be possible that the combustion process is not complete with 
low-cetane fuels, and this leads to a shift from “dry” black particulates to “wet” particulates 
and reduced black smoke.  

Effect of cetane improver on regulated emissions and Bosch smoke 

The cetane improver decreased CO emissions of all fuels (figure 8). The highest reductions 
were about 15%. Similar reductions in HC emissions were observed for ester blended 
fuels. The changes in NOx emissions with the cetane improver additive were not signifi-
cant. The only significant reduction in particulate emission using the cetane improver 
additive was observed for the SCD fuel. The particulate emission increased when cetane 
improver was added to the TME20 fuel. The changes in particulate emissions for the other 
fuels blended with the cetane improver were insignificant. 

A peculiar effect of the cetane improver was found in Bosch smoke measurements. At low 
loads Bosch smoke increased when the cetane improver was added to the fuel. The same 
effect was not observed at high loads. This effect might be due to the same factor as dis-
cussed previously. With low cetane fuels the combustion process at low loads might be less 
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complete and thus produce “wet” particulates. Wet particulates contain more hydrocarbons 
and less black carbon, which leads to lower black smoke (Bosch smoke). 

FTIR analysis 

FTIR analysis was carried out for the ASTM+ci and EtRE fuels. In the exhaust of the 
VOLVO engine the concentrations of most compounds calibrated into the FTIR equipment 
were below the detection limit .  

Formaldehyde concentrations exceeded the detection limit (4 ppm) at all load points of 
ECE R49 test. It was observed that formaldehyde concentrations were higher for the ETRE 
fuel than for the hydrocarbon fuel at all loads, especially at mode 12 (rated speed, 10% 
load). 

NO2 concentrations were higher for EtRE fuel than for ASTM2D fuel at all loads. 
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Figure 6. Changes in emissions with VOLVO THD 103 KB according to ECE R49 test 
procedure. Changes of gaseous emissions lower than 5% and particulates lower than 10% 
are insignificant. 
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Figure 7. Comparison of the ethanol blends and the reference fuel in different modes of 
ECE R49. Modes 5, 6, 8, and 9 are high-loads (75 - 100% of maximum) and the others low 
loads (10 - 50% of maximum load). 
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Figure 8. The regulated emissions of the heavy-duty VOLVO engine according to the ECE 
R49 test procedure. 

 
Figure 9. Bosch-smoke values with the heavy-duty VOLVO THD 103 KB engine at low 
load mode 2 and high load mode 8 of ECE R49 test procedure. Error bars represent 
standard deviations based on the highest deviations observed. 
 

4.6  Combustion properties 

The numerical results of the cylinder pressure parameters are given in Appendix 3. 

An example of the cylinder pressure curve of the VOLVO THD 103 KB engine is given in 
figure 10. The loads presented in the figure are ECE R49 modes 6 (1 300 rpm, 100% load) 
and 8 (2 000 rpm, 100% load). The cylinder pressure curve is quite smooth. Typical for this 
engine is late injection (after TDC) and late combustion. 
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Figure 10. Cylinder pressure curves for the VOLVO THD 103 KB engine at ECE R49 
modes 6 (1 300 rpm, 100% load) and 8 (2 000 rpm, 100% load). 
 
 
The combustion parameters at different loads vary considerably. At high loads, where the 
temperature of cylinder is high, the ignition properties of the fuel are not as critical as at 
low loads. The start of injection and heat release parameters (5, 10 and 50 % HR) at low 
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load mode 2 and high load mode 6 are shown in figure 11. 

The fuels are presented in Figure 11 in increasing order of cetane number. It is observed 
that there is some correlation between the cetane number and the combustion parameters. 
However, one must bear in mind that the cetane number measurements for ethanol fuels 
gave variable results as described in chapter 3. 

As mentioned earlier, the ignition properties of the fuel (cetane number) are most critical at 
low loads. If the cetane number is low, the ignition delay increases and there is a lot of fuel 
in the cylinder at the moment of ignition. This may lead to a very fast combustion process, 
almost explosive, which may also occur as diesel “knocking”. Delayed ignition and rapid 
combustion usually also result in higher emissions and noise. Combustion parameters with 
the different test fuels at low load mode 12 are shown in figure 12. It is seen from the 
figure, that the ignition delay is longest with ethanol and low cetane fuels, whereas the 
duration of combustion is shorter with low cetane fuels. 

The same observation can be made when the fuels with and without the cetane improver 
are compared with each other. As an example a few comparisons of ignition delay and 
maximum pressure gradient at different modes of ECE R49 are shown in figure 13. It is 
clearly seen that the ignition delay is shorter and the maximum pressure gradient occurs 
earlier for the fuels with the cetane improver, which means that the combustion process is 
more stable and smooth. At high loads (modes 6 and 8) the differences between the fuels 
with and without the cetane improver are insignificant. 
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Figure 11. Start of injection, 5, 10 and 50% heat release of the test fuels with VOLVO THD 
103 KB engine at high load mode 6 and low load mode 12 of ECE R49 test. The test fuels 
are presented in  increasing order of cetane number. 
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COMBUSTION PARAMETERS, MODE 12
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Figure 12. Combustion parameters at low load mode 2 of ECE R49 test with VOLVO THD 
103 KB engine. The ignition delay is longest for the low cetane fuels. 
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Figure 13. Ignition delay and maximum  pressure gradient at different loads of ECE R49 
test with the VOLVO THD 103 KB engine. Ignition delay is shorter, when the cetane 
improver additive is used. 
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5  Heavy-duty tests, VALMET 612 DWI 
5.1  Engine, test procedure and program 

Engine 

The engine used in the tests was an Euro 2 emission level medium heavy-duty Valmet 
engine: 
 
Identification VALMET 612DWI, vertical engine for on and off-road applications, -96 
 turbo-charged, direct-injection  
 inter-cooled (air/air) 
Pump in-line pump  
Displacement 7.4 litre 
Cylinders 6 
Power output 185  kW / 2100 rpm, 1050 Nm / 1200 rpm  
  
The engine is equipped with an electrical inlet air heater to facilitate cold starting, but this 
device was not used. 

Equipment 

The tests with the VALMET 612 DWI engine were linked with the cold operability tests 
described later in chapter 9. For this reason also the 612 engine was located in the cold test 
cell, and the engine was run both at normal room temperature and at low temperatures. 

The engine dynamometer was manufactured by Froude Consine Ltd (max. 165 kW). A set 
of mobile emission analysers were used for the tests. The NOx analyser was manufactured 
by Thermo Electron Corporation, HC analyser by J.U.M. Engineering and CO analyser by 
ADC.  

The equipment used for cylinder pressure analysis was the same as in chapter 4. 

Test procedure 

The analyses of cylinder pressure and emissions were carried out at the following loads: 

1. intermediate speed (1 185 rpm), 25% load 
2. intermediate speed (1 185 rpm), 50% load 
3. rated speed (2 070 rpm), 25% load 
4. rated speed (2 070 rpm), 50% load 

Low load levels were used to accentuate the effect of fuel ignition properties on the results. 
The engine was warmed up by running different loads for at least 15 minutes. The engine 
was running at each load for 6 minutes. The emission data was recorded in one-second 
intervals.  

The cylinder pressure measurement was carried out as explained in chapter 4. The only 
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exception was the calculation principle of ignition delay. The cylinder pressure trace of the 
VALMET is “classic diesel”, with a very sharp increase in cylinder pressure after ignition 
(see figure 14). Therefore start of combustion can be determined using the Indiskop algo-
rithm for diesel engines based on the instantaneous heat release curve.  

 

 
 
Figure 14. Cylinder pressure curves for the VALMET 612 DWI engine at intermediate 
speed, 50% load with CEC and EtRE fuels. 
 
In the emission measurements only regulated pollutant concentrations were measured. As 
the emission tests were run in fixed load points, it was considered that a comparison of 
pollutant concentrations was sufficient to compare the fuels to each other. 
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Test programme 

All fuels of base fuel matrix with and without the cetane improver were tested (CEC, 
CEC+ci, ASTM2D, ASTM2D+ci, SCD, SCD+ci, RME20, RME20+ci, TME20, TME20+ci, 
EtOH15, EtOH15+ci, EtRE, EtRE+ci). The analysis included regulated gaseous emissions 
and cylinder pressure analysis. 

5.2  Results from the emission tests 

The results are presented in Appendix 4 and in Figures 15 and 16 (pollutant concentrations 
only).  

At all loads tested, the CO concentration was highest for ethanol containing fuels. At 25% 
loads at both engine speeds, EtRE gave lower CO concentrations than EtOH15. ASTM 2D 
and TME20 gave slightly higher CO levels than CEC, SCD and RME20. The cetane 
improver additive reduced CO concentrations clearly at 25% load at both engine speeds. 

The HC concentrations were highest for ASTM 2D without the cetane improver at all load 
points studied, except for rated speed 25% load, at which the ethanol fuels gave the highest 
HC concentrations. There was significant variation in the order of test fuels at different 
loads in respect of HC concentrations. Consequently,  it is difficult to draw any conclusions 
from the HC results. 

The NOx concentrations of the CEC fuels were highest at all loads studied. The differences 
in the NOx concentrations of the other fuels than CEC are not significant. The cetane 
improver additive did not to affect the NOx concentration with the VALMET 612 DWI 
engine. 
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Figure 15. CO, HC and NOx concentrations at intermediate speed, 50 and 25% loads with 
the Valmet 612 DWI engine. 
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Figure 16. CO, HC and NOx concentrations at rated speed, 50 and 25% loads with 
theValmet 612 DWI engine. 
 
 



   

IEA Alternative Motor Fuels Annex X  
CHARACTERISATION OF NEW FUEL QUALITIES 
Final report June 1997 - RESTRICTED -    page 37 

5.3  Combustion properties 

The results of the cylinder pressure analysis are presented in Appendix 5 and Figures 17 
and 18. 

The basic injection timing of the VALMET 612 DWI engine was about 8 °CA before top 
dead centre (BTDC). According to the needle lift measurement, dynamic injection timing 
ranged from 5 to 0 °CA BTDC depending on load.  

The increase in cylinder pressure was very sharp with VALMET engine (this was described 
in chapter 5.1, figure 14). The results for crank angle at 5% heat release varied strongly, 
and therefore the results of combustion phasing are not presented here.  

The combustion parameters at intermediate speed, 25% and 50% loads are shown in figure 
17. It is seen from the figure, that the start of injection for the ethanol fuels begins much 
later than for the other fuels at 25% load. In the VALMET engine ignition delay was in 
general long, but the actual combustion process very rapid.  

The cetane improver additive had a clear effect on the ignition delay and maximum pres-
sure gradient. As an example, the ignition delay and pressure gradient for the RME20 fuel 
with and without the cetane improver at different loads is shown in figure 18. It is clearly 
seen that the ignition delay is shorter and the maximum pressure gradient occurs earlier 
with the fuels with the cetane improver, which means that the combustion process is more 
smooth. 

The effect of the fuel and cetane improver on the ignition delay and combustion process of 
the VALMET 612 DWI engine was very similar to that of the VOLVO THD 103 KB 
engine, although the combustion processes of these engines in general are rather different. 
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COMBUSTION PARAMETERS, 1200 rpm@25 %  load (mode 1)
VALMET 612 DWI                     
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Figure 17. Combustion parameters at intermediate speed 25 and 50% loads for the VAL-
MET 612 DWI engine. The ignition delay is longest for the low cetane fuels. 
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Figure 18. The ignition delay and maximum pressure gradient at different loads of ECE 
R49 test with VALMET 612 DWI. The ignition delay is shorter, when the cetane improver 
additive is used. 
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6  Light-duty vehicle tests, AUDI 1.9 TDI 
6.1  Test vehicle 

An Audi 1.9 TDI vehicle was used to screen the combustion properties and the effect of 
fuel quality on exhaust emissions of a modern light-duty vehicle. The vehicle was donated 
for the project by VAG Company. 

The Audi 1.9 TDI represents the most advanced, direct-injection diesel technology for 
light-duty vehicles. One speciality of the vehicle is the needle-lift sensor, which detects the 
actual start of injection. Thus the control unit can maintain start of injection-values pro-
grammed into the system. The vehicle is also equipped with an advanced EGR system to 
reduce NOx emissions. Air flow is measured with an air flow mass meter. The quantity of 
fresh air is used for calculating the EGR rate and the permissible quantity of fuel injected. 
This complicated engine technology causes some uncertainty in the evaluation of differ-
ences between fuel qualities.  

The characteristics of the vehicle are as follows: 

Identification  AUDI 1.9 TDI, turbo-charged, 1995 
  direct-injection, inter-cooled (water/air) 
Displacement  1.9  litre 
Cylinders  4 
Power output  66  kW @ 4000 rpm 
Torque  202 Nm @ 1900 rpm 
Gears   automatic,4 speeds 
Compression ratio  19.5:1 
Electronically controlled distributor injection pump 
Equipped with EGR and oxidation catalyst 

6.2  Test procedure and facilities 

Test facilities and equipment 

The regulated emissions were collected and measured with a system which fulfils the 
requirements of the 91/441/EEC directive and US FTP75 test procedure. The general lay-
out of the test arrangements for light-duty testing at VTT is given in figure 19.  

The tests were carried out in a climatic test cell equipped with a chassis dynamometer, a 
single-axle 1.0 m roller diameter DC-type dynamometer manufactured by Froude Consine. 
The flow of  air through the windage simulation system was set at 25 km/h during the tests. 

The emission and cylinder pressure measurement system was the same as described in 
chapter 4. 
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Figure 19. General lay-out of test arrangements for light-duty testing at VTT. 
 

Steady-state test procedure 

For the cylinder pressure measurements the vehicle was run in steady-state mode. To 
screen suitable load points, preliminary tests were run at several engine speeds with all 
gears of the automatic gear box. The results of these tests are presented in table 4. 

Table 4. Speeds with different gears (automatic gear box). 
rpm 1. gear 2. gear 3. gear 4. gear 

 km/h km/h km/h km/h 
1 500 19 32 43 55 
2 000 23 40 64 86 
2 500 30 54 96 108 
3 000 38 66 97 128 
3 500 42 78 112  
4 000 49 88 128  

 

The engine speed maximum was 4 300 rpm for 1st and 2nd gear. The lowest engine speed 
at which the automatic gearbox did not shift to a lower gear was 2 500 rpm, corresponding 
to 96 km/h for the 3rd gear and 108 km/h for the 4th gear. 

The load points selected for testing are shown in figure 20 and table 5. Corresponding load 
points are also included in the ECE R49 test cycle. 

The vehicle was warmed up by running 100 km/h for about 15 minutes before the tests. 
The exhaust gases were collected with a constant-volume sampling method in five tedlar-
bags. The collection time for each bag was 200 seconds. The cylinder pressure analysis was 
carried out during the last minute of each load. 
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Figure 20. Steady-state load points used in the light-duty test programme. 
 
 
Table 5. Summary of the light-duty steady-state modes. 

Mode Engine speed  
rpm 

Load  
% of full load 

Speed (km/h)  
4. gear 

Power (kW) / 
Force (N) 

1 4 000 50 120 25 / 700 
2 4 000 25 120 13 / 377 
3 2 600 100 77 38 / 1 700  
4 2 600 50 77 19 / 845 
5 2 600 25 77 10 / 440 

 
 

Transient tests 

The transient tests are described in chapter 10. The results of FTP measurements are men-
tioned in this chapter only as a reference to steady-state emissions. 

6.3  Test program 

In addition to the base fuel matrix studied with the VOLVO THD 103 KB engine, also 
ethanol fuels with the cetane improver were tested. In the laboratory tests at VTT it was 
found out that the cetane improver designed for diesel fuels was soluble in ethanol emul-
sions.  

Low and high cetane number reference fuels for the ASTM D 613 CFR test method for 
cetane numbers were tested to examine their behaviour in a real engine. Testing of the 
cetane reference fuels with a heavy-duty engine would have been too expensive, as the 
cetane reference fuels are mixed from expensive pure chemicals (n-heptane, iso-octane). 
The light-duty tests require only a small amount of fuel, and so it was possible to test these 
reference fuels. 

The CEC fuel was tested three times during the testing period to study the stability of the 
vehicle and testing system. 
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The summary of the test programme for light duty tests is presented in table 6. 

Table 6. Test programme of steady-state LD tests with the Audi 1.9 TDI vehicle. 
Fuel No. of steady-state 

tests 
Cylinder pres-
sure analysis 

Reg.  emissions 

CEC:   
CEC+ci:    

3 
1 

3 * 5 modes 
5 modes 

3 * 5 modes 
5 modes 

ASTM2D:  
ASTM2D+ci:  

1 
1 

5 modes 
5 modes 

5 modes 
5 modes 

SCD    
SCD+ci   

1 
1 

5 modes 
5 modes 

5 modes 
5 modes 

RME20  
RME20+ci  

1 
1 

5 modes 
5 modes 

5 modes 
5 modes 

TME20  
TME20+ci  

1 
1 

5 modes 
5 modes 

5 modes 
5 modes 

EtOH15  
EtOH15+ci 

1 
1 

5 modes 
5 modes 

5 modes 
5 modes 

EtRE 
EtRE+ci 

1 
1 

5 modes 
5 modes 

5 modes 
5 modes 

CNref43 
CNref60 

1 
1 

5 modes 
5 modes 

5 modes 
5 modes 

SUM 18 90  
FTP results described later in chapter 10 are discussed here as a reference to 
emission results. 

  

6.4  Gaseous regulated emissions 

6.4.1 System stability and standard deviations 

The stability of the test system was ensured by running CEC fuel several times during the 
testing period. The results of the stability measurements are presented in figure 21. 

The gaseous emissions stayed at the same level, except for the CO emission, which in-
creased significantly during the measuring period. The standard deviation of CO emission 
was on average 25%. The reason for variation of the CO emission was that the CO concen-
trations in the test bags were really low, about 10 ppm. The accuracy of the CO analyser is 
not good enough to give reliable comparative results from different tests at this concentra-
tion level. Hence, the CO results cannot be considered when assessing the results.   

The measurement of HC emission was much more reliable than that of CO emission, 
standard deviation being about 11%. However, the HC emission level was also low, less 
than 10 ppm in the test bags. The accuracy of the HC analyser is better than that of the CO 
analyser. Hence despite the low concentration level the HC results can be taken into ac-
count. 
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Figure 21.  Stability of the measuring system over the testing period, steady-state tests with 
Audi 1.9 TDI. 
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The repeatability of the NOx measurement was best, the standard deviation being on aver-
age only 2%. The NOx concentrations in the test bags were high enough to give reliable 
results. 

6.4.2 Gaseous regulated emissions 

The numeric results of the gaseous emission measurements at each steady-state load point 
are presented in Appendix 6. The emissions with test fuels with and without the cetane 
improver are shown on average for 5 steady-state modes in figure 22. 

The stability tests with the CEC fuel (chapter 6.4.1) showed that the CO emission concen-
trations in the test bags were too low to give reliable results and hence are not considered. 

The most significant difference between the different fuel qualities were the extremely high 
HC emissions from the ethanol fuels, i.e. about threefold compared to those from the other 
fuels. On the other hand, the real-life test cycle, FTP test (chapter 10), gave only some 40% 
increase in the HC emission compared with the CEC fuel. For some reason, the engine-out 
HC level is so high for the ethanol fuels that the oxidation catalyst fails to oxidise them 
efficiently. However, the HC emission level of this diesel vehicle is so low that even high 
relative increases are insignificant in absolute terms (g/km). Some small differences were 
observed for the other fuels. The HC emissions decreased by about 10% when the ester 
fuels were compared with the CEC fuel. Cetane improver performed differently in RME 
and TME fuels. In the FTP test the results were contrary to those of the steady-state tests: 
RME20 gave some 10% higher HC emissions than the CEC fuel and the cetane improver 
reduced the emission by about 40%.  

The only low-cetane conventional fuel, ASTM 2D, seemed to give higher HC emissions 
than the other hydrocarbon fuels, which was also the case in heavy-duty tests (chapter 4). 
The effect of the SCD fuel on the HC emission was insignificant.  

The cetane reference fuels CNref60 and CNref43 gave much higher HC emissions than the 
conventional fuels. In addition, the HC emissions from the high-cetane number reference 
fuel was twice that from the low-cetane number reference fuel, which is contrary to the 
expectation. The reason for this might be found in the low volatility of the reference fuels. 
The high-cetane fuel has a higher boiling point than the low-cetane reference fuel. The 
cetane reference fuels seem to be unsuitable for advanced diesel LD vehicles. The CFR 
engine is not as sensitive to volatility and the engine speeds are very low compared with 
those of a four-cylinder vehicle. 

There were no really significant NOx emission differences between the test fuels, although 
the measurement of NOx was very accurate. The ethanol fuels did not reduce the NOx 
emissions as in a heavy-duty engine. This was also verified by FTP tests. This was proba-
bly due to the EGR system, which reduces overall NOx emissions of the vehicle and hence 
the effect of the fuel is not so significant. One contributing factor is also the feedback from 
the needle lift sensor: start of injection is more or less constant independent of the fuel. 
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Figure 22. The regulated emissions from Audi 1.9 TDI on average for 5 steady-state loads. 
The error bars represent standard deviations with the CEC fuel measured three times 
during the testing period. 
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Figure 23. HC and NOx-emission changes in Audi 1.9 TDI steady-state tests. Changes of 
less than  10% for HC are insignificant. 

6.5  Cylinder pressure analysis  

The Audi 1.9 TDI engine was instrumented for cylinder pressure analysis with basically the 
same equipment as described for heavy-duty measurements in chapter 4. Also the same 
parameters were measured. Start of combustion was determined in the same way as for the 
VOLVO engine. 

The cylinder pressure parameters did not change over the testing period in same way as CO 
emission. There were some significant differences in one or two load points occasionally, 
but no systematic changes. However, it is apparent that these unsystematic differences 
make it more difficult to analyse these results than those of the heavy-duty results, which 
were repeatable and logical. The differences can originate from the active injection timing 
control system. 

The numeric results of the cylinder pressure analysis is presented in Appendix 6. The start 
of injection and the 5%, 10% and 50% heat release parameters for the base fuel matrix and 
cetane reference fuels are shown in figure 24. The fuels are presented in an increasing order 
of cetane number. There seem to be no clear linearity between the cetane number and heat 
release parameters. The 50% heat release level seems to be reached faster with the ethanol 
fuels than for the other fuels. In the heavy-duty tests it was on the contrary: 50% heat 
release was achieved later with the ethanol blends than with the other fuels.  
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Figure 24. Combustion parameters of the test fuels with Audi 1.9 TDI vehicle at loads 
4000 rpm / 50 % load (mode 1) and 2600 rpm / 25 % load (mode 5). The test fuels are 
presented in increasing order of cetane number. 
 
The differences between the test fuels are smaller at high load mode than at low load mode. 
At low load mode 5, it is clearly seen that the ignition delay is longer for the ethanol fuels 
than for the other fuels, and after ignition the ethanol fuels burn very fast resulting in the 
shortest duration of combustion. 

The effect of the cetane improver is not seen as clearly as in heavy-duty tests. However, 
some fuels, especially the ester-blended fuels, which had a very high response for the 
cetane improver, seemed to have a somewhat shorter ignition delay with than without the 
cetane improver additive. The ignition delays of the ester-blended fuels, the low-cetane 
ASTM 2D fuel and the EtOH15 fuel are shown in figure 25. The differences are greatest at 
low load modes 4 and 5 (2 600 rpm 50 and 25% loads). 
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Figure 25. Some examples of the ignition delay with and without the cetane improver, Audi 
1.9 TDI steady-state tests. Modes 1 and 2 mean 50 and 25% loads at rated speed. Modes 3, 
4 and 5 are 100, 50 and 25% loads at intermediate speed.  
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7  Suitability of traditional cetane  number 
measurement for alternative diesel fuels 

The cetane number measurement, ASTM D 613, has been developed to study ignition 
properties of the fuels. Ignition in a diesel engine occurs after a certain time period after 
fuel injection, which is called ignition delay. The autoignition requires high temperature in 
the cylinder, which is obtained by high compression pressures. Normally, if the cetane 
number of the fuel is high enough, ignition occurs after a moderate ignition delay period. 
Delayed ignition can be caused also by many other factors than a poor cetane number, e.g. 
low air temperature, poor fuel spray formation or wrong fuel/air mixing ratio.  

If the ignition is delayed, there is much unburned fuel accumulated in the cylinder during 
the ignition delay period. Then when ignition takes place, the combustion process is rapid 
resulting in high peak pressures. The effects in practice, due to poor ignition quality of fuel, 
long ignition delay and high peak pressure, are: 

• higher emissions 
• noise, diesel knocking 
• increased white smoke at low temperatures 
• increased mechanical and thermal stresses on the engine 

The effect of poor ignition properties on fuel combustion properties are most prominent at 
low engine loads. If the load is high, the temperature of the cylinder is so high that even 
poor ignition property fuels tend to autoignite at an optimum ignition delay. 

The previous chapters included emission and cylinder pressure results for the different 
fuels. Now the results are summarised in order to find a correlation between fuel properties 
and engine performance. The fuel properties are screened for effects on emissions and 
combustion parameters.  

One of the most certain conclusions is that the cetane number measurement is not suitable 
for ethanol emulsions. This was already concluded in chapter 3. The CFR engine used in 
the cetane number determination did not run properly with the ethanol fuels. Its running 
was unstable, and the cetane number for the same ethanol fuel quality varied significantly.  

Correlation analysis was used to study which parameters affect the combustion of hydro-
carbon fuels and alternative fuels. If, for example, the correlation between CFR cetane 
number and engine performance is good for hydrocarbon fuels, but no correlation is found 
for alternative fuels, it may be concluded that the CFR cetane number measurement does 
not give a true picture of performance of alternative fuels.  

Linear regression was used to screen correlation (Excel spread-sheet calculation, Pearson 
correlation coefficient). If correlation is strong, the so called Pearson correlation coefficient 
R2 is close to 1.0, However, the correlation factor does not necessarily tell the whole truth. 
If one result is very far away from the group of the other results, the correlation factor is 
high, although no real correlation exists. Therefore, some strong correlations are presented 
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graphically in this chapter. The correlation results are summarised in Tables 7 - 9.   

The correlations varied for some parameters at different loads. As the light loads are most 
critical for the ignition process, they were given the main attention. Correlations were 
evaluated using graphs, two examples of which are given in figure 26. The markings of 
correlation in the summary tables are more or less subjective interpretations of the results 
(see table 7) . 

 

1300rpm_10%

1300rpm_25%

1300rpm_50%

1300rpm_75%

2000rpm_10%

2000rpm_25%

2000rpm_50%

2000rpm_75%

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

Person correlation coefficient, R^2

1300rpm_10%

1300rpm_25%

1300rpm_50%

1300rpm_75%

2000rpm_10%

2000rpm_25%

2000rpm_50%

2000rpm_75%

CN vs ignition delay VOLVO THD 103 KB

R2, Oxy_fuels

R2, HCfuels

 

4000rpm_50 %

4000rpm_25 %

2600rpm_100 %

2600rpm_50 %

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

Person correlation coefficient, R^2

4000rpm_50 %

4000rpm_25 %

2600rpm_100 %

2600rpm_50 %

CN vs ignition delay, Audi TDI

R2, HCfuels

R2, Oxy_fuels

 
Figure 26. Two examples of the method, by which the correlation factors were evaluated 
for the summary in Tables 7 - 9. 

For the VOLVO THD 103 KB heavy-duty engine the correlations (table 7, figure 28) of 
cetane number with ignition delay, maximum  pressure gradient and heat release values 
were rather strong both for the hydrocarbon and alternative fuels. The cetane number did 
not correlate well with the CO and HC emissions from the hydrocarbon fuels, although 
some correlation was found with the alternative fuels, mainly due to the ethanol fuels. The 
cetane number correlated rather well with NOx emissions with both fuel groups. 
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The emissions are known to be affected by the cetane number. Therefore, the correlations 
of emissions with combustion parameters were studied as well. Several correlations were 
found with the NOx and CO emissions and combustion parameters for the VOLVO engine. 
The formation of NOx is a rather complicated process and it cannot be conclusively said  
that the correlations would be only due to ignition properties of fuels. E.g., the effect of 
fuel chemical composition, especially aromatics, is known to have a great influence on 
NOx. Physical properties, like density and viscosity may also change dynamic igntion 
timing and thus also NOx emissions. 

Table 7. Correlations at low and medium loads, VOLVO THD 103 KB. 
 CN vs  NOx vs  CO vs  
 HC 

fuels 
Oxy fuels HC 

fuels 
Oxy fuels HC 

fuels 
Oxy fuels 

CO* + +     
HC* 0 ++     
NOx* ++ +     
start of injection + + + 0 + + 
peak value + 0 + 0 + 0 
max gradient ++ + + + ++ + 
IMEP 0 0 0 0 0 + 
ignition delay ++ + ++ + ++ ++ 
5%HR ++ + ++ + ++ ++ 
10% HR ++ + ++ + ++ ++ 
50%HR + 0 + 0 0 0 

0 = no correlation   + = slight correlation, R2 > 0,5   ++ = rather strong correlation, R2 > 0,8 
*) ECE R49 mode 3 was studied for emission correlations. 
 

The correlations observed for the VALMET 612 DWI engine were very similar to those for 
the VOLVO engine (table 8). Several strong correlations were found both for hydrocarbon 
and alternative fuels. As an example, the correlation of ignition delay versus cetane number 
is presented in figure 29. 

Ignition delay of the Audi TDI did not correlate with the cetane number even with the 
hydrocarbon fuels (table 9, figure 30). Variation in ignition delay was high, 6 °CA, but the 
results were not logical. The maximum pressure gradient gave a better correlation for the 
hydrocarbon fuels than the ignition delay. None of the studied combustion parameters 
correlated with the cetane number. 

The only strong correlations with the Audi TDI were found between emissions and com-
bustion parameters. Even with these, it must be borne in mind that the results with the fuels 
fell mainly into two groups, and thus the correlations are not very significant even if Pear-
son factors are near to 1.0. 
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Table 8. Correlations at low and medium loads, VALMET 612 DWI. 
 CN vs  CO vs  HC vs  
 HC 

fuels 
Oxy 
 fuels 

HC 
fuels 

Oxy 
fuels 

HC 
fuels 

Oxy 
fuels 

       
CO + + - -   
HC + + - -   
NOx 0 0 - -   
start of injection 0 0 0 0 0 + 
peak value ++ ++ + + + 0 
max gradient ++ + + + + 0 
IMEP 0 0 0 0 0 0 
ignition delay ++ + + + + + 
5%HR ++ + + + ++ + 
10% HR ++ + + + ++ + 
50%HR + + ++ ++ ++ ++ 

0 = no correlation    + = slight correlation, R2 > 0,5 ++ = rather strong correlation, R2 > 0,8 
 
Table 9. Correlations at low and medium loads, AUDI TDI. None of the correlations were signifi-
cant. 

 CN vs  NOx vs  HC vs  
 HC 

fuels 
Oxy 
 fuels 

HC 
fuels 

Oxy fuels HC 
fuels 

Oxy fuels 

       
CO 0 0 - -   
HC 0 0 - -   
NOx 0 0 - -   
start of injection 0 0 0 0 0 + 
peak value 0 0 + 0 + + 
max gradient 0 0 0 0 0 0 
IMEP 0 0 0 0 0 ++ 
ignition delay 0 0 0 0 0 0 
5%HR 0 + 0 0 + + 
10% HR + + + 0 0 0 
50%HR 0 0 0 0 0 ++ 

0 = no correlation    + = slight correlation, R2 > 0,5   ++ = rather strong correlation, R2 > 0,8 
 
According to these results, it seems that the traditional cetane number measurement de-
scribes fairly well the real combustion properties of conventional and alternative diesel 
fuels in both heavy-duty engines tested. On the other hand, better correlations were ob-
served for the hydrocarbon fuels than with alternative fuels. There might be some benefit 
for advanced heavy-duty engines in developing better cetane number measurement. The 
advanced Audi 1.9 TDI engine seemed to be less sensitive to cetane number, both with 
hydrocarbon and alternative fuels, although there were differences in emissions between 
the fuel qualities.  
 
The differences between the ignition properties of the test fuels were most prominent at 
low engine loads. If the load was high, combustion properties of the all fuels studied were 
similar. At high loads the temperature of the cylinder is so high that even poor ignition 
property fuels tend to autoignite at an optimum ignition delay. 
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Figure 27. Correlations with the cetane number, VOLVO THD 103 KB. 
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IGNITION DELAY vs CO, mode 3 (1300rpm, 25% )
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Figure 28. Correlations with emissions, VOLVO THD 103 KB. 
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IGNITION DELAY vs CN, mode 3 (2100rpm@25% )
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Figure 29. Correlations with cetane number, VALMET 612 DWI. 
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Figure 30. No correlations observed for Audi 1.9 TDI. Despite the fairly high correlation 
factor values, the correlations are insignificant (the data is divided into two groups). 
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PART TWO:  
Emissions, combustion properties and startability at low temperatures 
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8  Startability tests with the Valmet 620 engine 

8.1  Test program and procedures 

The CEC and RME20 fuels with poor low temperature properties were selected for 
determining the lowest real-life cold startability temperatures and to study the effect of 
additives on RME containing fuel. These fuels were run with and without a cold im-
prover package.  

The laboratory test results of the fuels were presented in chapter 3. The cold properties 
of the test fuels are also presented in figure 32. The tests were carried out in a climatic 
test cell with a medium heavy-duty Valmet 620 engine.  

Engine characteristics are as follows: 

Identification VALMET 620 DS, vertical farm tractor engine 
 turbo-charged, direct-injection  
Pump rotary-type pump  
Displacement 6.6 litres 
Cylinders 6 
Power output 130  kW / 2400 rpm, 630 Nm / 1500 rpm 
 

The engine is equipped with flame-type inlet air heater to facilitate cold starting, but this 
device was not used. 
 
The engine was installed in the cold test cell in the same dynamometer as described for 
the Valmet 612 DWI engine in chapter 5. The same equipment was also used for emis-
sion measurements. In addition, also exhaust opacity was measured (Smokemeter DST 
200 by Electra Control). 

The procedure used for cold startability tests was an in-house test planned together with 
the engine manufacturer. However, the basic principles of the test were similar to the 
CEC M-11-T-89 test method for cold weather performance test procedure for diesel 
vehicles. The CEC M-11-T-89 method lists three different types of tests: startability, 
operability (filter plugging) and driveability. The tests at VTT were carried out for 
startability.  

The lowest startability temperature was screened by decreasing the temperature of the 
test cell by steps of 6 °C, until the engine did not start. After that, the test cell tempera-
ture was elevated by steps of 3 °C, until the engine started again. Only one cold start 
was carried out per day. Thus the stabilisation time of temperature was some 24 hours. 

A separate canister was used for the fuel back flow to prevent heating of the fuel. This 
was done despite the fact that no actual cold operability tests (filter plugging) were 
carried out. 
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Starting was done with full throttle, and cranking was continued until the engine speed 
reached a value of 600 rpm. If the engine did not start in 30 seconds, starting was tried 
again after 10 seconds waiting, but not more than three times. 

After the engine had started and run out, the engine speed was changed to 1 800 rpm, 
and the test was stopped after an idle period of 3 minutes.  

After a successful start test, the engine was warmed up by running it for 200 seconds 
with 1 500 rpm/100 Nm, then for 200 - 300 seconds with 200 Nm torque and finally 
with 1800 rpm/300 Nm torque. Warming up of the engine in between the tests is neces-
sary to secure repeatability. An example on engine speed and battery voltage during a 
test is shown in figure 31. 

The engine was shut down when the temperature of oil was >65 °C, cooling water > 80 
°C and exhaust gases > 330 °C. 

Regulated exhaust emissions and opacity were measured during the cold start test and at 
room temperature.   

Figure 31. Engine speed and battery charge during the cold start test. 
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Figure 32. Cold properties of the test fuels with and without cold flow improvers. 

 

8.2  The lowest starting temperatures 

The lowest starting temperatures and the results of laboratory analysis are presented in 
table 10. 

Several items influence on cold performance. One important item is the vehicle itself. 
Different vehicles have different fuel systems, tanks etc. Also several fuel properties 
influence on cold startability and operability: cloud point, pour point, CFPP, SFPP, 
distillation characteristics, cetane number, viscosity etc. A great number of wide studies 
have been made of the correlations between fuel properties and real low temperature 
operability limits for hydrocarbon diesel fuels. In this study, the laboratory analysis of 
cold properties and real cold startabilities of RME containg fuel was compared to the 
fuel, which was used as the base fuel of RME blend. Both fuels were tested with and 
without cold flow improvers.  

The results obtained in this study are indicative, because the quality of base fuel and the 
characteristics of an engine influence a lot on the results. Now only one type of base fuel 
and engine were studied. Only cold properties of the fuels are discussed in this context, 
because there were no major differences between the test fuels e.g. in viscosity. 

When RME was added to CEC fuel, it was observed that the results of the laboratory 
analysis of the cold properties stayed at the same level. However, the real starting 
temperature of RME blend was significantly worse than that of the base fuel.  
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When cold flow improver was added to the test fuels, the laboratory analysis data was 
similar for base fuel and RME blend, except for CFPP which gave very high response 
for RME blend. The real starting temperatures were at the same level for both fuels 
containing cold flow additive. 

Altogether, it seems that the traditional laboratory analysis might give misleading 
results, if diesel fuel contains RME and especially when cold flow additive is used. 
However, this is the case also for several types of hydrocarbon fuels. The negative effect 
of RME on the real cold startability was avoided in these measurements, when the cold 
flow additive was used. However, this applies only to the cold startability, because no 
operability tests were included in this work. 

 

Table 10. The lowest starting temperatures of the CEC and RME20 fuels with and 
without a cold flow improver. 

 Cloud point 
°C 

CFPP 
°C 

SFPP 
°C 

Real starting  
temperature, °C 

CEC -5 -10 -6 -12 
CEC+cfi -7 -14 -12 -15 
response to cfi 1   4   6    3 
     
RME20 -5 -9   -5   -8 
RME20+cfi -6 -21 -12 -15 
response to cfi 1 12    7    7 

 

 

8.3  The emission performance at the lowest starting tempera-
tures 

The HC concentrations and opacity results are presented in figures 33 and 34. The 
measurements were carried out at the lowest operability temperatures. Consequently, the 
fuels cannot be compared with each other. 

The highest HC peak value and also highest level of HC after engine warm-up was 
measured for RME20 fuel with cfi at -15 °C. The lowest values were obtained for 
RME20 fuel at -8 °C. The HC concentrations were dependent on test temperature. 
 
The opacity (white smoke) results of RME20 with cfi at -15 °C were highest. CEC+cfi 
at the same test temperature resulted in lower white smoke values. The opacities meas-
ured for CEC and RME20 followed the order of test temperature. 
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 Figure 33. HC concentrations in the cold start test, Valmet 620. 

 

Figure 34. Opacity in the cold start test, Valmet 620. 
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9  Cold conditions performance tests with the 
Valmet 612 DWI engine 

9.1  Test program and procedures 

The cold conditions performance of selected test fuels (CEC, CEC+ci, RME20, 
RME20+ci, EtRE, EtRE+ci) was determined at -6 °C, which is suitable for all fuels 
according to cold start tests. The aim of the tests was to compare the cold conditions 
performance of the different fuels with each other at a certain temperature. 

The engine used in the test was the Euro 2 emission level Valmet 612 DWI engine 
described in chapter 5. The test cell, dynamometer and emission measuring equipment 
were also the same. 

The test program was divided into two parts: 

1. Cold starting tests 
2. Emission and combustion tests 

Cold starting tests were carried out with a procedure similar to that described for the 
Valmet 620 engine in chapter 8. 

The emission and combustion tests were carried out directly after the cold start tests 
with the engine still cold. The measurements were carried out at the following loads: 

1. intermediate speed, 25% load 
2. intermediate speed, 50% load 
3. rated speed, 25% load 
4. rated speed, 50% load. 

9.2  Cold starting at -6 °C 

During the cold start tests at -6 °C, the cylinder pressure of some 50 consecutive work-
ing cycles was measured beginning from the start of cranking. This was in most cases 
sufficient to capture the start-up. There were clear differences between the test fuels. 
Figures 35 and 36 show the cylinder pressure curves after start for the CEC, RME20, 
EtRE and EtRE+ci fuels.  

Ignition occurs almost immediately after start of cranking with CEC fuel. Cylinder 
pressure curves for RME20 fuel are similar to CEC fuel. The EtRE fuel behaves quite 
differently. During the first 50 cycles after start of cranking ignition occurs only three 
times. When ignition improver is added to the EtRE fuel, ignition is significantly better 
than without additive, but worse than for CEC and RME20 fuels. 
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Figure 35. Cylinder pressure curves for the CEC and RME20+ci fuels during some 50 
working cycles after the start of the engine at -6 °C. 
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Figure 36. Cylinder pressure curves for the EtRE and EtRE+ci fuels during some 50 
working cycles after the start of the engine at -6 °C. 
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No significant differences were observed in HC concentrations between the CEC and 
RME20 fuels (figure 37). HC concentrations with EtRE fuels were significantly higher 
than with CEC or RME20 fuels during the first 5 minutes. Cetane improver did not 
effect on HC concentrations. 

The NOx concentrations varied a lot with fuels (figure 38). The NOx concentrations 
from the CEC fuels were about 1.5 times as high as for the RME20 fuels. EtRE fuels 
produced even higher NOx concentrations than CEC fuels during the first 3 minutes, 
after that the NOx concentrations with CEC and EtRE fuels were at the same level. 
Cetane improver did not effect the NOx concentrations when the reliability of testing 
method is taken into account. 

Smoke opacity was higher for the RME20 fuels than for the CEC fuels (figure 39) and 
the cetane improver reduced smoke opacity. Smoke opacity figures of EtRE fuels were 
most interesting. Opacity with EtRE fuel without cetane improver was the highest in the 
beginning of cold test, but was reduced sharply after three minutes. The cetane improver 
had a great influence on opacity with EtRE fuel: when cetane improver was added to 
EtRE fuel, this fuel had the lowest opacity of all fuels. 
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Figure 37. HC concentrations at -6 °C, Valmet 612 DWI. 
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NOx AT -6 °C, VALMET 612 DWI

0

50

100

150

200

250

300

350

0 100 200 300 400 500 600

Time (seconds)

N
O

x 
(p

pm
)

CEC

CEC+ci

RME20

RME20+ci

EtRE

EtRE+ci

EtRE

EtRE+ci

RME20 RME20+ci

CEC+ci
CEC

 

Figure 38. NOx concentrations at -6 °C, Valmet 612 DWI. 

 

 

OPACITY AT -6 °C, VALMET 612 DWI

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600

Time (seconds)

O
pa

ci
ty

 (%
)

CEC

CEC+ci

RME20

RME20+ci

EtRE

EtRE+ci

EtRE

EtRE+ci

RME20
RME20+ci

CEC+ci

CEC

 

Figure 39. Opacity at -6 °C, Valmet 612 DWI. 
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9.3  Exhaust component concentrations with the cold engine 
under load at -6 °C 

After the cold start test (chapter 8.2), the exhaust component concentrations of the 
VALMET 612 DWI engine were measured at intermediate and rated speeds, 50 and 
25% loads. 

The RME20 fuel gave in general the lowest exhaust concentrations (figures 40 and 41). 
Especially the NOx concentrations were lowest for the RME20 fuel at all loads. No 
significant differences were observed between the CEC and EtRE fuels. 

The cetane improver reduced CO and HC concentrations from all fuels, especially at 
25% loads. 
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Figure 40. Exhaust concentrations with the VALMET 612 DWI engine (cold engine 
under load).  
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Figure 41. Exhaust concentrations with the VALMET 612 DWI engine (cold engine 
under load). 

CO COLD, 2070 rpm @ 50 %
VALMET 612 DWI

0

50

100

150

200

250

300

350

400

450

500

CEC RME20 EtRE

pp
m

w/o ci

with ci

HC COLD, 2070 rpm @ 50 %
VALMET 612 DWI

0

50

100

150

200

250

CEC RME20 EtRE

pp
m

w/o ci

with ci

NOx COLD, 2070 rpm @ 50 %
VALMET 612 DWI

0

50

100

150

200

250

300

350

400

450

500

CEC RME20 EtRE

pp
m

w/o ci

with ci

CO COLD, 2070 rpm @ 25 %
VALMET 612 DWI

0

50

100

150

200

250

300

350

400

450

500

CEC RME20 EtRE

pp
m

w/o ci

with ci

HC COLD, 2070 rpm @ 25 %
VALMET 612 DWI

0

50

100

150

200

250

CEC RME20 EtRE

pp
m

w/o ci

with ci

NOx COLD, 2070 rpm @ 25 %
VALMET 612 DWI

0

50

100

150

200

250

300

350

400

450

500

CEC RME20 EtRE

pp
m

w/o ci

with ci

 



   

IEA Alternative Motor Fuels Annex X  
CHARACTERIZATION OF NEW FUEL QUALITIES 
Final report June 1997 - RESTRICTED -    page 69 

10  Cold emission tests with AUDI 1.9 TDI vehicle 

10.1  Test program and procedures 

The regulated emissions were measured with the Audi 1.9 TDI vehicle at -6 and +16 °C 
temperatures according to the US FTP75 test procedure. The vehicle and the equipment 
used for the tests are described in chapter 6. In addition to regulated emissions, opacity 
and formaldehyde emissions were measured. 

The summary of the test program is presented in Table 11. 

Table 11. Test program for cold emission tests with the Audi 1.9 TDI vehicle. 

Fuel FTP -6 °C FTP +16 °C 
CEC CO, HC, NOx CO, HC, NOx 
CEC+ci formaldehyde formaldehyde 
RME20 opacity opacity 
RME20+ci   
EtRE   
EtRE+ci   

 

10.2  Results 

The numeric results of the FTP measurements with the Audi 1.9 TDI engine are pre-
sented in Appendix 9. The emission reults are presented also in figure 42. 

Regulated emissions 

CO and HC emissions of Audi 1.9 TDI vehicle were low in general, even at -6 °C, 
where the CO emissions were twice as high as at +16 °C. Some small differences 
between the test fuels were observed. CO emissions were lower from the EtRE fuel than 
from the other fuels. The cetane improver seemed to reduce CO emissions by about 20% 
with all fuels. HC emission levels of the RME20 and EtRE fuels were slightly higher 
than that of the CEC fuel. The cetane improver reduced HC emissions considerably, at 
maximum close to 50% with RME20. 

The NOx emissions at -6 °C were of the same level as at +16 °C. No significant differ-
ences between the test fuels were observed. 

The particulate emission was highest for the CEC fuels. Particulates were lower with  
RME20 fuel and especially with EtRE fuel. This is understandable, as the particulates of 
the RME20 and EtRE fuels are known to be “wet” and easily oxidised by the oxidation 
catalyst fitted to the vehicle. 
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Figure 42. FTP results with Audi 1.9 TDI at +16 and -6 °C temperatures. 
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Formaldehyde 

Differences in formaldehyde concentrations depending on the fuel were found only 
during the first 5 minutes of the FTP test. The peak formaldehyde concentrations at -6 
°C were twice as high as at +16 °C. The peak values were highest for the CEC fuel at 
both test temperatures. The levels of the RME20 and EtRE fuels were at the same level. 

The cetane improver reduced formaldehyde emissions in both test temperatures for all 
fuels. The highest reduction was observed for the CEC fuel at -6 °C (figure 43). 
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Figure 43. Formaldehyde concentrations in the first phase of the FTP test with the CEC 
fuel with and without the cetane improver at -6 °C. AUDI 1.9 TDI vehicle. 

Opacity 

The results of the opacity measurements are presented in tables 12 and 13. The opacities 
are calculated as areas from the height and width of the peaks in the chromatograms.  

The opacity peaks after cold start at -6 °C were in general many times higher than at 
+16 °C. The opacities for the CEC fuel were highest at both temperatures. The EtRE 
fuel without the cetane improver did not produce any white smoke at all. The opacity 
seemed to rise slightly when the cetane improver was added to the test fuels at +16 °C. 
This was mainly due to the increase in peak width (longer period of time, where smoke 
occurs).  
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At -6 °C test temperature the addition of the cetane improver decreased white smoke for 
RME20 and EtRE. The opacity was highest with the CEC fuel,  opacities with RME20 
and EtRE fuels were at the same level. 

Table 12. Opacities during FTP test at +16 °C. AUDI 1.9 TDI (one measurable peak) 

 Height 
(mm) 

Width 
(mm) 

Area 
(mm2) 

CEC 29    3.5 102 
CEC+ci, f7 23,5    7.0 165 
RME20 18    3.0   54 
RME20+ci, f10 21    6.0 126 
EtRE 0 0     0 
EtRE+ci 13    3.5   46 

 
 
 
Table 13. Opacities during FTP test at -6 °C. AUDI 1.9 TDI. 

 Peak 1 Peak2 Others SUM 
 area 

(mm2) 
area 

(mm2) 
area 

(mm2) 
 

(mm2) 
CEC 92 233 35 360 
CEC+ci, f7 90 248 19 357 
RME20 78 144 15 237 
RME20+ci, f10 72 120   6 198 
EtRE 78 192 15 285 
EtRE+ci 72   80 35 187 
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11  Summary 
Many standardized tests for evaluating fuel characteristics have originally been designed 
for screening hydrocarbon products. In the case of fuels blended with new components or 
treated with additives, the conventional test methods may give misleading results. The 
objective of this task was to evaluate the correlation between the results of standardised 
testing and of the real-life serviceability of new diesel fuel qualities. The following 
characteristics were studied: combustion properties, properties affecting exhaust 
emissions, low-temperature performance and stability and diesel fuel lubricity. 

The test fuel matrix comprised typical conventional hydrocarbon diesel fuels, low-
emission hydrocarbon fuels, rapeseed and tall oil esters and ethanol-blended diesel fuels. 
The summary and abbreviations of the base tests fuels are as follows: 

CEC CEC reference fuel  
ASTM2D ASTM 2-D diesel fuel from North America 
SCD Scandinavian low-emission diesel fuel 
RME20 CEC diesel fuel containing 20% rape seed methyl ester 
TME20 CEC diesel fuel containing 20% tall oil methyl ester 
EtOH15 diesel fuel emulsion containing 15% ethanol 
EtRE diesel fuel emulsion containing 10% ethanol and 4.3% RME 

      In addition cetane reference fuels CNref60 an CNref43 were tested with LD vehicle. 

The base fuels were blended with a cetane improver additive and some fuels also with a 
cold flow improver additive. 

The engines, vehicles and test procedures were as follows: 

1. HD DI engine: VOLVO THD 103 KB, ECE R49, emissions + combustion properties  
2. HD DI engine: VALMET 612 engine, emissions + combustion properties at 4 loads, 

cold start emissions  
3. MHD DI engine: VALMET 620, in-house method, cold startability limit  
4. LD DI vehicle: AUDI 1.9 TDI, steady-state tests at 5 loads for emissions + combus-

tion properties, FTP tests (+16 and -6 °C) 

Lubricity 

The lubricity of all test fuels was acceptable (HFRR at 60 °C). The best lubricity results 
were achieved for the ester and ethanol blended fuels. RME clearly improved the lubric-
ity of base fuels. The esters seem to act as lubricity improvers. However, based on only 
HFRR test, definitive conclusions of fuel performance cannot be drawn.  

Combustion properties 

The ignition properties of the fuel (cetane number) are most critical at low loads. If the 
cetane number is low, the ignition delay increases and there is a lot of fuel in the cylin-
der at the point of ignition. This may lead to a very fast combustion process, which may 
also be manifested as diesel “knocking”. Delayed ignition with following rapid combus-
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tion usually lead to higher emissions and noise.  

For the heavy-duty VOLVO engine the ignition delay was longest and the duration of 
combustion shortest with the ethanol and low-cetane fuels. The effect of cetane improv-
er was clear, the ignition delay was shorter and the combustion process more smooth 
when the cetane improver was used. 

The same was observed for the HD VALMET 612 engine, although the combustion 
process was much more rough than in the VOLVO engine. The ignition delay was long 
in the VALMET engine in general, and the actual combustion process was rapid. In the 
Valmet engine, the start of injection and the location of center of gravity of combustion 
were retarded with the ethanol fuels. It was clearly seen that the ignition delay was 
shorter and the maximum cylinder pressure gradient occurred earlier with the fuels with 
the cetane improver, i.e., the combustion process was more smooth. 
 
The tests with the Audi vehicle also indicated that the ignition delay was longer with the 
ethanol fuels than with the other fuels, and that ethanol blends after ignition burn very 
rapidly resulting in short duration of combustion. The effect of the cetane improver was 
not as clear as in the heavy-duty tests. However, some fuels, especially the ester-blended 
ones, having a very high response to the cetane improver, seemed to have a somewhat 
shorter ignition delay with the cetane improver additive than without it. 

Correlation analysis (linear regression) was used to study which parameters affect 
combustion properties with the hydrocarbon fuels and the alternative fuels. The correla-
tions varied for some parameters at different loads. As the light loads are most critical 
for the ignition process, they were given the main attention. 

With the VOLVO heavy-duty engine the correlations of the cetane number with the 
ignition delay, the maximum cylinder pressure gradient and the heat release values were 
rather strong both for the hydrocarbon and alternative fuels. The correlations observed 
for the VALMET 612 DWI engine were very similar to those of the VOLVO engine. 
Several strong correlations between the cetane number and combustion properties were 
found both for the hydrocarbon and alternative fuels. The cetane number did not corre-
late with the combustion parameters of Audi TDI even with the hydrocarbon fuels, 
which might be due to the complex advanced technology of Audi. 

According to these results, it seems that the conventional cetane number measurement 
describes fairly well the real combustion properties of alternative diesel fuels with 
heavy-duty engines under low-load conditions. However, the best correlations were 
found with hydrocarbon fuels. The advanced Audi 1.9 TDI engine seemed to be less 
sensitive to the cetane number, both with the hydrocarbon and alternative fuels, alt-
hough there were differences in emissions between the fuel qualities. The CFR test 
tends to overestimate the effect of  ignition improver additive for some fuels, especially 
those blended with esters. 

 

 



   

IEA Alternative Motor Fuels Annex X  
CHARACTERIZATION OF NEW FUEL QUALITIES 
Final report June 1997 - RESTRICTED -    page 75 

Emissions 

The highest HC and CO emissions from both heavy-duty engines (VOLVO, VALMET 
612) were measured for the ethanol containing fuels and the ASTM2D fuel. The differ-
ences in HC and CO emissions between CEC, SCD and ester blended fuels were small. 
The difference between the HC emissions of the ethanol blends and the CEC fuel was 
seen only at low loads. Addition of RME to the ethanol blend decreased the HC emis-
sion significantly. The ethanol fuels gave the highest HC emissions also with the light-
duty Audi vehicle both in the steady-state and the FTP tests. The HC and CO emissions 
were reduced in general when cetane improver was added.  

With the heavy-duty VOLVO engine the NOx emissions were some 35% lower with 
EtOH15 and EtRE than with the other fuels. This was not observed with the other 
heavy-duty engine, and neither did the ethanol fuels reduce NOx emissions of the Audi 
vehicle when compared to CEC fuel. Ester blended fuels gave higher higher NOx emis-
sions than CEC fuel with VOLVO engine, but not with Valmet engine or Audi vehicle. 
The effect of fuel in this respect seem to be dependent on engine technology.  

The particulates were measured with Volvo engine and Audi vehicle. Particulates were 
by far lowest with ethanol emulsion fuels. The Finnish low-emission hydrocarbon fuel, 
SCD and RME20, also gave a reduction in particulates compared with the CEC fuel. 

Bosch smoke values were low for all fuels with Volvo engine. The lowest smoke values 
were observed for ethanol emulsion fuels at all loads. At high loads no other significant 
differences were observed between the fuels. At low loads the Bosch smoke increased 
with increasing cetane numbers (also when the cetane improver was added). Possibly 
the combustion process is not complete with low-cetane fuels and hence leads to “wet” 
particulates when black smoke decreases.  

Smoke opacity at -6 °C with Valmet engine was high with EtRE without cetane improv-
er, but lowest when cetane improver was added to fuel. The smoke opacity of the 
RME20 fuels was higher than that of the CEC fuels. With Audi vehicle at -6 °C the 
CEC fuel gave the highest opacity, RME20 and ethanol emulsion fuels were at the same 
level. With both engine technologies the cetane improver clearly reduced smoke opacity. 

FTP tests with Audi 1.9 TDI at +16 and -6 °C showed that test temperature did not 
effect significantly the level of regulated emissions. The most significant difference 
between the test fuels was observed for particulate emission, which was the lowest with 
EtRE fuel at both test temperatures. Adding cetane improver to CEC, RME20 and EtRE 
fuels reduced CO and HC emissions at -6 °C test temperature. 

Cold startability 

The results obtained in this study for cold startability are indicative, because the quality 
of base fuel and the characteristics of an engine influence a lot on the results. Now only 
one type of base fuel and engine were studied.  

When RME was added to CEC fuel, it was observed that the results of the laboratory 
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analysis of the cold properties stayed at the same level. However, the real starting 
temperature of RME blend was worse than that of the base fuel.  

When cold flow improver was added to the test fuels, the laboratory analysis data was 
similar for base fuel and RME blend, except for CFPP which gave very high response 
for RME blend. The real starting temperatures were at the same level for both fuels 
containing cold flow additive. The negative effect of RME on the real cold startability 
was avoided in these measurements, when the cold flow additive was used. However, 
this applies only to the cold startability, because no operability tests were included in 
this work. 

The HD VALMET 612 engine was used to study combustion properties at low tempera-
ture. Ignition occurred almost immediately after start of cranking with the CEC and 
RME20 fuels. The EtRE fuel had much worse startability. During the first 50 cycles 
after start of cranking ignition occurred only three times. When the ignition improver 
was added to the EtRE fuel, ignition improved significantly.  

Overall conclusions of this research work were as follows: 

Traditional cetane number measurement: 
∗ Describes well ignition delay of heavy-duty engine at low and medium loads, but is 

more suitable for hydrocarbon fuels than for alternative diesel fuels. 
∗ Does not describe combustion process with advanced light-duty vehicles. 
∗ Cetane reference fuels do not function propertly in advanced engines. 
∗ Overestimates the effect of cetane improvers, especially for biodiesels. 
∗ Correlates with cold startability for some parameters. 

  
Emissions: 
∗ HC and CO are the highest for ethanol emulsion fuels, but may be reduced by adding 

RME. Cetane improver reduces HC and CO emissions in general. 
∗ NOx emissions are lowest for ethanol fuels, but the effect will vary with engine 

technology. 
∗ Particulate matter emissions are lowest with ethanol fuels and Finnish low emission 

fuel. RME20 gives particulate emission benefits, if oxidation catalyst is used. 
∗ The cetane improver reduces smoke opacity. 

  
 Lubricity, cold properties: 

∗ Esters act as effective lubricity improvers according to HFRR tests.  
∗ Cold startability of RME blend can be improved with cold flow additives. 
∗ Ignition of EtRE fuel improves significantly when the ignition improver is used. 
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