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Abstract 
Compression-ignited (CI) engines, commonly known as diesel engines, are widely used 
power sources with complex emissions used in on-road and nonroad applications. To find 
out the impact of diesel exhaust emissions on health and the environment, both regulated 
and unregulated exhaust gas properties have to be evaluated. Especially, emissions 
obtained with new fuels and new exhaust gas aftertreatments have to be examined 
properly to avoid an increased impact of emissions of harmful substances. This thesis 
deals with the issue in the following papers:  

In Paper I, a mixture of acetal and diesel has been investigated in a 9-liter Scania diesel 
engine. A marked decrease in particle number emissions and the estimated particle mass 
was obtained when acetal was blended into regular Swedish diesel fuel. A small penalty 
in engine power was observed, but the net effect was, nevertheless, a reduction in the 
emission of carbon dioxide per ESC cycle. Emissions of HC, CO, NOX, some aldehydes 
and hydrocarbons were only slightly affected by the new fuel composition. An exception 
was the emission of acetaldehyde, which was almost quadrupled, probably reflecting the 
decomposition and oxidation of acetal to acetaldehyde.  

In Papers II-IV, the potential to obtain low emissions of particles and NOX from a CI 
engine, running on ethanol and equipped with exhaust gas recirculation, EGR, catalyst 
and diesel particle filter, DPF, are investigated. Results obtained from a CI engine 
running on ethanol with the ignition improver Beraid were compared with results from a 
CI engine running on diesel. Both engines were 9-liter Scania CI engines from the same 
engine family. Paper II covers differences originating from the fuel, together with effects 
from EGR, catalyst and the DPF. It was concluded that the emission control system 
shows a large potential for reducing particles and NOx and that these features could 
probably be further improved if the system is optimized for the ethanol fuelled CI engine.  

In paper III, the fuels influence on various particle properties was investigated, e.g., 
particle size and distribution, particle shape, composition and morphology. It was shown 
that the ethanol fuelled CI engine emitted lower particle mass, particles of smaller sizes 
and approx. the same or greater number emissions than the diesel fuelled engine. It was 
also revealed that the solid particles emitted from the ethanol engine are composed 
mainly of carbon and that the carbon has the same crystallite structure as carbon particles 
emitted from engines running on diesel. Furthermore, it was also confirmed that 
agglomerated particles were dependent upon speed, fuel and emission control.  

The purpose of Paper IV was to investigate the fuels as well as the influence of EGR, the 
catalyst and DPF on four specific aldehydes and 14 individual hydrocarbons. There were 
both quantitative and qualitative differences between the emitted compounds from the 
engines running on ethanol and diesel fuel, respectively. The emissions of aldehydes 
decreased between 56% and 95% when the ethanol fuelled CI engine was equipped with 
exhaust gas aftertreatment. The corresponding decrease for the diesel fuelled CI engine 
was between 74% and 94%. 
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The summarized levels of analyzed emitted hydrocarbons were higher for the diesel 
fuelled engine compared to the levels emitted from the ethanol fuelled engine. However, 
the reduction, when connecting the exhaust gas after treatment system to diesel fuelled CI 
engine was larger, 90 %, than the 47% reduction obtained when the system was 
connected to the ethanol fuelled CI engine. The exhaust gas aftertreatment system worked 
more effectively when coupled to the diesel engine. A general conclusion, therefore, is 
that it should be possible to adjust this system better to reach lower emission levels for 
the ethanol fuelled CI engine. 

Paper V describes how the ethanol fuelled CI engine in Papers II-IV was optimized with 
different EGR scenarios and tested, both according to stationary (ESC) and transient 
conditions (ETC). A second DPF was also tested together with an oxidation catalyst. 
Particles were clearly affected by the EGR settings and the tested exhaust gas 
aftertreatment. In fact, when the DPF was used, particulate emissions were lower than 
stipulated for on–road regulations, Euro V and EEV. An efficient reduction of NOX
emission levels was obtained by applying EGR; depending on exhaust gas aftertreatment, 
setting and test cycle used, the reductions of NOX were between 73% and 33%. 
Unfortunately, the high reduction of NOX was followed by a concomitant increase of CO, 
HC and particulate matter, PM, together with fuel penalty. The remedy for the higher 
emission levels of HC, CO and PM was an oxidation catalyst and a DPF.  

A humid air motor system (HAM) for reduction of NOX was investigated in paper VI.
Earlier studies have demonstrated that the system has a capacity to lower NOX emissions 
from heavy duty diesel fuelled CI engines. The study aimed to investigate the HAM 
system´s influence on the emissions of particles, which generally increased, contrary to 
aldehyde emissions, which decreased and also to monitor essential engine parameters, 
water consumption, and also to verify the reducing ability. The NOX reduction capability 
was verified to be 51% without any optimization. 

The complex nature of exhaust gas makes it impossible to analyze all properties of the 
exhaust. The work in this thesis has been focused on particles, particle properties and 
emissions of unregulated compounds, in order to elucidate aspects exhaust of other than 
the one obtained when measuring regulated emissions.  
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Abbreviations and Notations  
A-diesel Swedish environmental class 1 diesel fuel blended with acetal. 
CI engine  Compression-ignited engine, diesel engine after its main developer, Rudolf 

Diesel. 
CR-DPF Continuously regenerating diesel particle filter. 
CO Carbon monoxide. 
CO2 Carbon dioxide. 
CPC Condensation Particle Counter. 
CVS Constant Volume Sampler/Sampling.  
DI  Direct Injection. 
DPF Diesel Particle Filter.  
DMA Difference Mobility Analyzer. 
DNOxTM Emission control system, which combines low pressure EGR with a DPF. 
DNPH 2-4 dinitrophenylhydrazin. 
EC Electrostatic Classifier. 
EC-1 Swedish Environmental Class 1diesel fuel. 
EEV Environmentally Enhanced Vehicles.  
EGR Exhaust Gas Recirculation. 
EPA Environmental Protection Agency (USA). 
ESC European Stationary Cycle. 
ETC EuropeanTransient Cycle. 
FID  Flame Ionization Detector. 
HAM Humid Air Motor. 
HC Total Hydrocarbons. 
HPLC  High Performance Liquid Chromatography. 
IDI Indirect injection. 
MIR Maximum Incremental Reactivity. 
NO Nitrogen Oxide. 
NO2 Nitrogen Dioxide.  
NOX Nitrogen Oxides. 
RME  Rapeseed Methyl Ester. 
PAH Poly Aromatic Hydrocarbons. 
PM  Particulate Matter. 
POC Persistent Organic Compounds. 
POP Persistent Organic Pollutants.  
SAE  Society of Automotive Engineers. 
SCR Selective Catalytic Reduction. 
SEM Scanning Electron Microscopy. 
SMPS Scanning Mobility Particle Sizer. 
SOF Soluble Organic Fraction. 
SWEPA Swedish Environmental Protection Agency. 
UV  Ultraviolet.  
VIS Visible. 
VOC  Volatile Organic Compounds.



vi

List of Papers 
This thesis is based on the following papers, which are refereed to in the text by their 
roman numerals:  

I. Nord K., Haupt, D., (2005) "Reducing the Emission of Particles from a Diesel 
Engine by Adding an Oxygenate to the Fuel“, Submitted to Environmental 
Science and Technology.

II. Haupt, D., Nord K., Tingvall, B., Ahlvik, P., Egebäck K-E., Andersson, S.,
Blomquist, M., (2004) "Investigating the Potential to Obtain Low Emissions 
from a Diesel Engine Running on Ethanol and Equipped with EGR, Catalyst 
and DPF", SAE Technical Paper Series, no 2004-01-1884. 
(http://www.sae.org).

III. Nord K., Haupt, D., Ahlvik, P., Egebäck K-E., (2004) "Particulate Emissions 
from an Ethanol Fuelled Heavy-Duty Diesel Engine Equipped with EGR, 
Catalyst and DPF ", SAE Technical Paper Series, no 2004-01-1987. 
(http://www.sae.org).

IV. Haupt, D., Nord K., Ahlvik, P., Egebäck K-E., (2004) "Hydrocarbons and 
Aldehydes from a Diesel Engine Running on Ethanol and Equipped with EGR, 
Catalyst and DPF", SAE Technical Paper Series, no 2004-01-1982. 
(http://www.sae.org).

V. Nord K., Haupt, D., (2005) “Converting a Euro 3 Compression Ignited Engine 
to Euro 5 standard by simple means”, Submitted to Environmental Science and 
Technology.

VI. Nord K., Haupt D., Egebäck K-E., (2001) "Particles and Emissions from a 
Diesel Engine Equipped with a Humid Air Motor System", SAE Technical 
Paper Series, no 2001-01-3616. (http://www.sae.org). 

Papers related to the subject, but not included in the thesis 

A. Nord K., Haupt D., (2001) "Statistical Evaluation of Rapeseed Methyl 
Ester as Ignition Improver in an 11-liter Ethanol Fuelled Diesel Engine", 
proceedings of the Sixth International Conference on Technologies and 
Combustion for a Clean Environment, 2001, Oporto, Portugal.
(kent.nord@km.luth.se)

B. Nord K., Haupt D.,(2002) "Evaluting a Fisher-Tropsch Fuel, Eco-ParTM in 
a Valmet Diesel Engine", SAE Technical Paper Series, no 2002-01-2726. 
(http://www.sae.org)

http://www.sae.org
http://www.sae.org
http://www.sae.org
http://www.sae.org
mailto:nord@km.luth.se
http://www.sae.org
http://www.sae.org
http://www.sae.org
http://www.sae.org
http://www.sae.org


vii

Table of Contents 
Background............................................................................................... 1
The CI engine and Emission Control Techniques ................................ 5

History..............................................................................................................................................5
Basic operation principles................................................................................................................7

The CI engine...............................................................................................................................7
Fuel injection................................................................................................................................8
Turbo and intercooler...................................................................................................................9

The Modern CI Engine ..................................................................................................................10
Exhaust Gas Recirculation and the DNOx System.......................................................................11
Diesel Particulate Filters/Catalysts................................................................................................13
The Humid Air Motor System, HAM ...........................................................................................14
Selective Catalytic Reduction and NOX-traps...............................................................................15

Suitable CI Engine Fuels ....................................................................... 16
Diesel Fuels....................................................................................................................................16
Oxygenated Diesel Fuels ...............................................................................................................18
Alcohols as Alternative CI Fuels...................................................................................................20
Alternative CI Fuels.......................................................................................................................21

Emissions................................................................................................. 22
Combustion and Formation of Exhaust Gas Components ............................................................22
Regulations.....................................................................................................................................25
Hazardous Compounds in the Exhaust..........................................................................................27

Sampling and Analysis........................................................................... 29
Test Cycles .....................................................................................................................................29
Diluted Exhaust..............................................................................................................................30
Raw Exhaust...................................................................................................................................33
Analytical Techniques ...................................................................................................................34

Particle Size, Distribution and Estimated Mass by the SMPS Instrument. ..............................34
Raman Spectroscopy..................................................................................................................36
Scanning Electron Microscopy and Image Analysis ................................................................37
Analysis of Aldehydes ...............................................................................................................38
Volatile Organic Hydrocarbons.................................................................................................39
Analysis of total hydrocarbon emissions...................................................................................40
Analysis of nitrogenon oxides, NOx ..........................................................................................41
Analysis of Carbon Oxides, CO and CO2 .................................................................................41

Effects of Fuel and Exhaust Gas Aftertreatment on Emissions ........ 43
Addition of an Oxygenate to Diesel ..............................................................................................43
Ethanol vs. Diesel ..........................................................................................................................47
Ethanol vs. Diesel with Emission Control.....................................................................................53
Utilizing Ethanol’s Potential for Emission Control ......................................................................58
Emission Control by HAM............................................................................................................63

Summary and Conclusions.................................................................... 65
Acknowledgements................................................................................. 67
References ............................................................................................... 68
Appendix ................................................................................................. 81

Papers I -VI ....................................................................................................................................81





1

Background 
Exhaust gas emitted from compression-ignited (CI) engines, fuelled by regular diesel, is a 
mixture of many constituents. They are organic and inorganic, particulate and gaseous 
compounds that contribute to ambient concentrations of several critical air pollutants, 
e.g., fine particles, nitrogen oxides and air toxics, such as aldehydes (formaldehyde, 
acetaldehyde, acrolein), hydrocarbons (benzene, 1,3-butadiene and polycyclic aromatic 
hydrocarbons, PAH´s). Diesel particles mainly consist of carbonaceous material, which 
may also have compounds absorbed on the surface [1]*. Besides carbonaceous material, 
smaller “particles” are likely to consist of tiny droplets of volatile material, hydrocarbons, 
sulfuric acid or similar. 

An “artistic” view of the general composition and typical structure of diesel particles is 
shown in Figure 1. The majority of particles, or more correctly, the combustion aerosol, 
i.e., the mixture between volatile and solid components with inorganic and/or organic 
origin, is in the 0.01-0,5 µm range. As can be seen in Figure 2, the largest number of 
particles, between 50% and 90%, is emitted at nuclei mode sizes, i.e., between 0.005-0.05 
µm, while the largest mass is emitted by particles, at accumulation mode sizes, between 
0.05-1µm, likely to be carbonaceous agglomerates with adsorbed volatile materials. The 
size of particles is of importance due to the fact that size influences properties like surface 
area to which hazardous compounds can adhere, lifetime and residence time that allows 
smaller particles to travel longer distances and are more likely to be inhaled and also in 
which part of the respiratory organ particles may be trapped [2, 3]. The smaller the 
particle, the further down into the respiratory tract it may be inhaled. The smallest 
particles, i.e., <100nm, can go as far as the alveolus and even pass the alveolus epithelial 
barrier into the blood [4]. Even though there are large uncertainties regarding particles 
effects, pathways and reactions, the smallest particles are the ones considered to be the 
most dangerous.  

Figure 1. Typical diesel particle structure and general composition. Source [5]. 

                                                           
* Numbers in brackets designate references at the end of the thesis.
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Figure 2. Typical diesel particle size and distribution. Source [5]. 

The need for transportation and a suitable power source for nonroad applications, i.e., 
nonroad diesel engines of varying sizes used in a wide range of construction, agricultural 
and industrial equipment, is not diminishing. The fact that compression-ignited engines 
are a better power source, due to better efficiency, performance, reliability and fuel 
economy for heavy-duty machinery than spark-ignited engines, make them the preferable 
choice. Other power sources than the conventional combustion engine, such as the 
homogenous charge compression ignition engine, fuel cells or similar may be the future 
power source, but is not yet feasible. The CI engine, therefore, is the most likely power 
source in the near future and will, most likely be subject to emission control in order to 
remedy the two major problems connected with it, namely high emissions of NOX and 
small particles.  

An assessment made by the American Environmental Protection Agency, EPA, suggests 
that possible health hazards associated with long-term exposure to diesel engine exhaust 
are likely to cause a lung-cancer hazard to humans, as well as damage to the lung in other 
ways depending on exposure [6]. Short-term, acute exposures can cause irritation and 
inflammatory symptoms of a transient nature, these being highly variable across the 
population. EPA´s assessment also concludes that there is evidence of exacerbation of 
existing allergies and asthma symptoms emerging due to diesel exhaust emissions.  

An estimation of increased mortality because of cancer showed that somewhere between 
6 and 60 deaths per 100 000 individuals are caused by air pollution in densely populated 
areas [7]. Several investigations performed by the World Health Organization, WHO, 
have also concluded that there is an increased mortality as a consequence of increasing 
particulate emissions [2, 8].  

Fractional deposition of 
particle with density of 1 g
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Influences on the environment were investigated by the Swedish Environmental 
Protection Agency, SWEPA, in order to obtain an environmentally sustainable transport 
system. In the investigation, thirteen threats to a sustainable society were identified [9]. 
Six of them can be directly connected to diesel exhaust gas emissions, namely: 

Greenhouse gases, mainly CO2.

Acidification of ground and water from compounds such as nitrogen oxides 
(NOx) and sulfur dioxide (SO2). 
Photochemical oxidants/ground level ozone depending on volatile organic 
compounds (VOC) and NOX.
Air pollution and noise in densely populated areas. Threats in the form of 
particles, NOx and VOC. 
Eutrophication of ground and water from compounds, such as NOX.
Effects of organic toxic substances harmful to the environment, i.e., persistent 
organic compounds (POC) and persistent organic pollutants (POP). An example 
of such compounds found in exhaust is poly aromatic compounds (PAH).  
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Figure 3. Suggested trend until the year 2030 for particulate emissions, PM. [6]. 

The concerns about the CI engine´s emissions are obvious, when studying EPA´s 
suggested trend until the year 2030 for particulate emissions (PM), see Figure 3, and 
knowing that 28% of all emitted NOX in Sweden derive from nonroad engines [6, 10]. As 
seen in Figure 3, nonroad particulate emissions are increasing, while on-road particulate 
emissions started to decrease after 1990. EPA´s trend for nitrogen oxides (NOX), is 
similar as those for particulate emissions, however, the trend is not as pronounced [6]. 
Observed differences may partly be owed to the fact that nonroad equipment engines 
have longer lifetime than on-road ones [11]. Furthermore, nonroad engines are often 
engines developed for on-road applications that have been modified to suit nonroad 
applications, i.e., not the optimal. This has taken place because it has not been seen 
justified, economically, to develop engines for particular nonroad applications. 
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Consequently, in general, the most technically advanced engines are used for on-road 
applications. Other contributions to the observed differences may be the stricter 
regulations that on-road engines have been, and are, subjected to at the moment [12, 14]. 
However, this is about to change as stricter regulations for non road engines have been 
decided upon [15]. 

In order to reduce emissions, various attempts with engine tuning, modifications, 
alternative fuels, alternative fuel compositions and different exhaust gas aftertreatments 
have been tried. Many of these steps have a positive influence on the main part of 
emissions, but may also contribute to increases in other harmful emissions. Special 
concerns are raised about modern low-mass emission engines which may emit a low 
particulate mass, but high particle numbers [1, 16]. Another example is that addition of 
ethanol to diesel fuel may increase aldehyde emissions, some of which are considered to 
be cancerogenics [17]. Continuous regenerating diesel particle filters (DPF) lowers 
particulate emissions, but are also suspected to increase emissions of NO2 to the 
atmosphere. The given examples show the importance of analyzing other emissions, as 
well as the emissions regulated by law, particulate matter (PM), nitrogen oxides (NOX),
total hydrocarbons, (HC) and carbon oxide (CO). 

Particle number, composition and size, as well as individual exhaust gas components are 
not regulated by law. Modern engines can, in reality, emit more ultrafine particles than 
older engines and still pass the regulations for PM, which state the weight of particles 
sampled on a filter during stipulated conditions. Other measures used in regulations are 
also summarized values, except for carbon oxide, CO. NOx is basically the sum of NO 
and NO2. HC is the summarized signal obtained when exhaust gas components are 
burned simultaneously, which suppose to display the share of unburned fuel. No 
consideration is taken to individual exhaust gas components and their properties, if they 
are carcinogenic, or have other harmful properties. The complexity of the summarized 
HC value increases, when noticing that the detector response varies with the identity of 
the component burned, as well as the quantity and that it does not reflect any harmful 
properties [18]. Proportions of single species of these summarized values are, so far, not 
included in the discussion of compliance with limit values, even though they are limited 
by the summarized value.  

This thesis focuses mainly on unregulated emissions. Particle properties, size, number, 
and composition, as well as individual exhaust gas components emitted from CI engines 
submitted to emission control, which are analyzed and evaluated.
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The CI engine and Emission Control Techniques 
Compression ignited, CI, engines may be broadly identified as being either fuelled by 
diesel or alternatively fuelled, two or four-stroke, injected directly or indirectly, naturally 
aspirated or supercharged, with catalyst or other exhaust gas aftertreatment. They are also 
classified according to service requirements, such as light-duty (LD) or heavy-duty (HD) 
automotive/truck, small or large industrial, construction, rail or marine engine. The 
engines treated in this thesis are mainly engines intended for heavy-duty applications, on-
road and nonroad. 

History
The CI engine, or the name under which is it better known, the diesel engine, was 
developed around the turn of the 19th century. It was developed by Dr. Rudolf Diesel to 
improve on the relatively poor thermal efficiency of the early, spark–ignited gasoline 
engines by employing a higher compression ratio. The modern CI engine has evolved out 
of a combination of Diesel’s original concept and that of a contemporary English 
engineer, Herbert Akroyd-Stuart. Diesel had visualized a compression-ignition engine, 
which could be run on a variety of fuels, injected by an air blast and ignited by the hot 
compressed air. Akroyd-Stuart’s independent research work was based upon “airless” 
injection of liquid fuel, but relied on an external heat source, rather than the heat of 
compression, to start the engine. Both inventors designed their engines to breathe pure 
air, and fuel was only injected towards the end of the compression stroke, thus avoiding 
the problem of preignition during compression of an explosive. Diesel´s engine had a 
much higher compression than Ackroyd-Stuarts engine, which had a rather low 
compression. In spite of that, Ackroyd-Stuart´s vaporizer engine was completed two 
years before Diesel´s first prototype (1891): The final credit has been given to Diesel as 
the originator of modern CI engines because his fundamental concept of compression 
ignition is embodied in modern CI engines [19]. 

The first CI engine was started August 10, 1893. The principle that compressed air was 
capable of igniting a fuel, in this particular case gasoline, was thus demonstrated. 
However, the combustion was sporadic, due to a defective fuel injection system. The 
injection system and the engine construction were improved and only four years later, the 
efficiency for the engine was 30,2%. After another four years, 1901, and with the 
contribution from Jonas Hesselman, a Swedish engineer working with the design of the 
combustion space, the efficiency for the CI engine was raised to 36% [20]. This 
efficiency corresponds to what can be expected from modern gasoline engines of today. 

Still, the engine was heavy in proportion to the delivered effect and the fuel injection 
system was undeveloped. During the following period of time, CI engines developed in 
two directions. The first successful direction of developments was achieved for low speed 
engines intended for heavy-duty applications: stationary, marine and locomotive. The 
other direction of developments was towards smaller, high speed, engines suitable for 
mobile applications. 

The first Swedish manufacturer of diesel engines suitable for mobile applications was 
Scania-Vabis, which introduced its first indirectly injected diesel, IDI, in 1936 [20]. The 
direct injection (DI) diesel engine was introduced by Scanaia in 1949 and by Volvo in 
1950 [20]. The introduction of the direct injection technique involved big improvements 
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in the efficiency and reliability of the engine. Furthermore, the DI engine is the engine 
type commonly used today for heavy-duty applications, even though many improvements 
have been made, compared to earlier designs. One important step in the evolution of the 
modern CI engine was supercharging. 

The concept of supercharging was well known, but it was not until Alfred Buci developed 
the turbocharger that the concept was fully accepted. At first, supercharging was 
performed by mechanically or electrically powered blowers and compressors. What they 
all had in common was that they used a part of the engines power for its own propulsion. 
The turbocharger uses excess energy from the exhaust gas for its propulsion and, thus, 
compression is obtained with a minimum of penalty. When air is compressed, the air 
temperature increases. A natural step was then to include some means to cool down the 
air. The turbocharger was introduced by Scania and Volvo just after the introduction of 
the DI engine, in 1951 and 1954, respectively, while the introduction of the intercooler, to 
cool down the supercharged air, came several years later, around 1980 [20]. Essential for 
the engine and its function is the fuel injection system with compromiseing parts. This 
issue is not brought to further intention in this thesis.  

As the CI engine has evolved, its performance has improved in several ways: torque, 
power efficiency, fuel economy and lower emissions are some examples. Even tough it 
was not always the first intention to lower emissions, this result was often obtained as a 
side effect of the progress, due to a more efficient combustion process. The diesel 
engine´s evolvement can be seen in Table 1 where data for one of Rudolf Diesel first 
engines are compared to the diesel engines mainly used in this thesis. 

Table 1. Some engine parameters for one of Rudolf Diesel’s first engines and modern CI 
engines investigated in this thesis [20]. 

Type Scania DC9 01/EO1 Engine by Rudolf Diesel, 1895 

No. of cylinders  6 cylinders in line 1 cylinder 

Displacement 8.97 liters Approx. 15 liters 

Fuel pump Electronically controlled 
ECD/Mechanically  

Air assisted, ”Double star burner,  
developed by R.D.”. 

Fuel Diesel/Ethanol Gasoline 

Turbocharger Yes  No 

Intercooler Yes No 

Effect, hp 230 14  

Max speed, rpm 2200 88 

The modern diesel engine can run on a variety of fuels with appropriate running 
conditions and fuel injection equipment, if the fuel itself is appropriate. 
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Basic operation principles. 
The CI engine  
Simplified, the CI engine is a self-propelled pump. It is a piston engine that breathes and 
compresses air. The compression ratio is relatively high and when the piston is in its top 
position in the cylinder, the volume of the compressed air is approx. 1/15, or higher, 
compared to the original volume. The compression raises the air temperature to approx. 
650-750oC [20]. At the end of the compression cycle, the fuel is injected and hence, the 
combustion starts. The moment of injection decides when the combustion starts, see also 
Figure 4. 

The combustion of the fuel results in an increase of the preassure, which forces the piston 
in the cylinder downwards and the movement is transformed by the crankshaft to a 
rotation motion. The engine´s speed and power are regulated by injecting more or less 
fuel. However, the volume of air breathed is always the maximum in each cycle. The 
breathed volume of air is balanced so that even when the maximum amount of fuel is 
injected, there is a certain excess of air. As a consequence, the excess of air is even higher 
when less than the maximum amount of fuel is injected. Consequently, a CI engine 
always works with an excess of air and without throttling. Power is regulated with the 
amount of fuel injected and the relationship between air/fuel varies widely.  

Figure 4. Operating cycle for a four-stroke CI engine. 

The majority of CI engines work according to the four-stroke principle, i.e., an intake 
stroke, a compression stroke, an expansion stroke and an exhaust stroke, see also Figure 
4. During the intake stroke, the intake valve, or valves if it is a four-valve cylinder head, 
is opened. The piston moves downward to the piston´s lower turning point and draws air 
into the cylinder. At the piston´s lowest position, with the largest air volume, the valve 

2. Compression stroke.1. Intake stroke. 4. Exhaust stroke.3. Combustion-Expansion stroke.
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closes and the next stroke begins. In this stroke, the piston moves against the top position 
and the air, thus, is compressed. The expansion stroke begins with the fuel starting to be 
injected close to the piston´s top position, the hot compressed air ignites the fuel, which is 
injected at the same time that the piston moves towards the piston´s lower turning point. 
In this way, the pressure is kept constant during the first part of the expansion stroke. 
When the fuel is consumed, pressure decreases with the increasing volume, due to the 
piston´s movement downward in the cylinder. When the piston´s lower turning point is 
reached for the second time, the fourth stroke starts. During the exhaust stroke, the 
exhaust valve, or valves in case of a four-valve cylinder top, is opened. The piston´s 
movement towards the upper turning point empties the cylinder from combustion 
products, unreacted air, partly burned and unburned fuel.  

It is also possible to operate CI engines according to the two-stroke principle, but it is 
mainly used in engines intended for stationary or marine applications and is rarely used 
for mobile applications.  

This thesis includes investigations performed on three heavy-duty CI engines, two 
dedicated for diesel fuel and one for ethanol use. Two of the engines were from the same 
engine family, Scania 9-liter diesel-fuelled engines, see Table 1. However, some engine 
modifications are necessary when ethanol is used as fuel, i.e., an increase in the 
compression ratio to minimize the amount of required ignition aid and an increase of the 
volumetric capacity of the fuel injection system. Details about the diesel fuelled 11-liter 
CI engine can be found in Paper VI. 

Fuel injection
All modern CI engines use hydraulic fuel injection in one form or another. The fuel 
system must meet four objectives if a diesel engine is to function properly over its entire 
operating range. It must: (1) supply the correct quantity of fuel, (2) distribute the fuel to 
the correct cylinder, (3) inject the fuel at the correct time, and (4) inject the fuel so that it 
is atomized and mixes well with the in-cylinder air. The devices responsible for these 
events are the injection pump and the injection nozzles.  

Fuel injection systems are moving toward the use of electronic components for more 
flexible control than is available with purely mechanical systems in order to obtain lower 
exhaust emissions without diminishing fuel efficiency. Briefly, the injection system has 
developed from air-assisted fuel injection to mechanically controlled fuel injection 
systems and, finally, to today’s electronically controlled fuel injection systems, where the 
most sophisticated ones, i.e., the common-rail and the unit injectors are capable of 
achieving fuel injection pressures of 2000 bar or more [21]. High fuel injection pressures 
increase fuel injection rates, which decrease the duration of diffusion combustion and 
promotes carbonaceous particle oxidation during the expansion stroke, with a 
concomitant reduction in the formation of carbonaceous particle agglomerates [5, 22]. 
High injection rates also reduce the particulate carbon fraction at high load [23].  

When ethanol is used in CI engines, the volumetric capacity of the injection system must 
be increased because the energy content is lower in ethanol than in diesel. The obvious 
solution is to increase the capacity of the fuel pump and the total nozzle-hole area. An 
enlargement of the total nozzle-hole area is necessary; otherwise, the increase in mass 
flow would produce pressure levels beyond the capacity of contemporary injection 



9

systems. The total nozzle-hole area can be increased either by the addition of nozzle-
holes or by making existing holes larger. The later solution has a drawback; the increased 
nozzle-hole area increases the so-called “wall-wetting” phenomenon, quenching and, 
accordingly, also the fraction of fuel that is not burned.  

Both of the diesel fuelled CI engines included in this thesis have electronically controlled 
fuel injection; the 11-liter engine described in paper VI and the 9-liter engine described in 
Paper I-IV. The 9-liter ethanol fuelled version was equipped with a mechanically 
controlled in-line pump.  

Turbo and intercooler  
A CI engine´s power outpout is dependent on the amount of fuel injected into the cylinder 
and combusted per cycle. Consequently, if more fuel is injected, the power output can be 
increased. A reqiurement is that the increased amount of fuel is matched with the air 
neded for combustion. A larger amount of air can be obtained either by increasing the 
cylinder volume, or by supplying pressurized air to the engine. The devices commonly 
used for this purpose are either a compressor or a turbocharger. The turbocharger is the 
primary choice because it utilizes excess energy from the exhaust gas for its propulsion 
and, thus, compression of air is obtained with a minimum energy loss or fuel penalty, in 
fact, it may even add up to efficiency as it assimilates otherwise wasted energy. Therefore 
is it not that surprising that turbocharging can decrease fuel consumption, compared with 
a naturally aspirated engine of the same power output. Hence, turbocharging can be 
considered to increase the power density of an engine.  

An increased boost pressure can significantly reduce ignition delay, which, as a 
consequence reduces emissions of PM and VOC´s [5, 23] However, boosting intake 
pressure with turbocharging and reducing fuel-to-air ratio at a constant power can also 
significantly increase both intake temperatures and NOX emissions. To prevent increased 
NOX emissions from turbocharged engines, the injection timing is adjusted. This has less 
effect on PM emissions and fuel consumption. Therefore, boosting intake pressure and 
retarding the injection timing render approx. the same NOx emissions between 
turbocharged and naturally aspirated CI engines, but reduce particulate emissions. 

NOX emissions can also be reduced if charge-air cooling is utilized in combination with 
injection timing retardation. The charged air is, in general, cooled by using an air-to-air 
aftercooler (air-cooled heat exchanger), intercooler, mounted between the turbocharger 
compressor and the intake manifold. The intake air and peak combustion temperatures are 
reduced and the air supplied to the engine, becomes denser. When combined with 
injection timing retardation, charge-air cooling allows a significant reduction in NOx 
emissions with acceptable brake specific fuel consumption and PM emissions, when 
compared to either non-aftercooled or naturally aspirated diesel engines [5, 22, 24-26]. 
The use of charge-air cooling effectively shifts the NOx-PM tradeoff curve, as shown in 
Figure 5 . 
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Figure 5. Effect of turbocharging and aftercooling on NOx and PM [26]. 

Turbocharging can be considered as one of the first emission control techniques applied 
to heavy-duty engines. Turbocharging was later complemented with intercooling. The 
majority of heavy-duty CI engines is delivered with turbo and intercooler as standard 
euqipment. CI engines used in the research for this thesis are all equipped with turbo and 
intercooler, except for when the intercooler was replaced by the humid air motor system 
described in Paper VI. 

The Modern CI Engine  

Figure 6. A comparison of IDI (A) and DI (B) combustion system. 

There are mainly two types of CI engines that are used in on-road/nonroad applications: 
the indirect injection engine (IDI) and the direct injection engine (DI). Both the indirect 
and direct injection engines have their advantages/disadvantages. Examples of typical 
direct injection and indirect injection combustion systems are seen in Figure 6. A certain 
engine type can be the obvious choice in a particular application. 

Naturally Aspirated

Turbocharged/Aftercooled
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To receive a high efficiency, an effective combustion is a necessary, together with small 
heat and pressure losses. This requires good injection timing and good control over the 
combustion process and can most easily be utilized in the DI injection engine, because it 
has one single combustion chamber, located on top of the piston that yields low heat 
losses due to a low total surface, compared to when the combustion space is divided into 
two spaces; one on the piston and one in the cylinder head. Furthermore, in the direct 
injection engine, the whole increase in pressure, due to combustion, acts on the piston, 
while in the indirect injection engine, the passage between its external combustion space 
and the cylinder is causing an additional pressure loss. The minimal heat and pressure 
losses give the DI CI engine a superior fuel economy compared to the IDI CI engine. For 
comparison, specific fuel consumption is 15-20% lower for the DI engine than for the IDI 
engine, if engines with approx. the same power are compared [6]. With an IDI CI engine, 
an effective mixing of air and fuel is achieved in the external combustion chamber and 
the fuel injection system does not to be so advanced. However, maybe the IDI engine´s 
most important feature is that higher speed can be reached compared to DI engines 
because of the high quality air fuel mixture obtained. The fact that DI CI engines´ range 
of speed is limited, is because, that a proper air/fuel mixing has to be accomplished 
during a short time. Typically, maximum speed for DI engines is about 2000 rev/s, while 
maximum speed for IDI engines is about 3000-4000 rev/s. Simpler, cheaper and less 
sensitive fuel injection equipment can also be used in IDI engines.  

The obvious choice for heavy–duty applications is the DI engine because of its superior 
fuel economy. However, the IDI diesel is of benefit for lower NOX emissions and can be 
more favorable, due to lower weight/power ratio. All engines described in this thesis are 
DI engines, equipped with turbo and intercooler and running on appropriate fuels. 

Exhaust Gas Recirculation and the DNOx System 
Exhaust gas recirculation, EGR, is an old invention that first was used by spark-ignited 
engines, but later on was adopted for diesel emission control. There are mainly two types 
of EGR configurations: high pressure EGR systems and low pressure EGR systems. In 
high pressure systems, a portion of the exhaust gas upstream of the turbo charger is 
routed back to the intake manifold. In the low pressure EGR systems, a portion of the 
exhaust gas is taken from the exhaust pipe, usually after some aftertreatment device, and 
introduced between the intake air filter and the turbo compressor. EGR systems lower 
NOX emissions in different ways. First, the oxygen concentration in the combustion 
mixture is reduced by diluting the inlet air with combustion products, exhaust gas. 
Second, the peak combustion temperature is reduced by dilution and introducin 
combustion products; such as CO2 and H2O as heat absorbers [20, 27, 28]. The desired 
effect is an efficient reduction of NOX-formation. The EGR potential for CI engines, 
diesel and alternatively-fuelled, has previously been shown by many researchers [26-33]. 
This process cannot be carried too far. If too much EGR is used, an increase in particle 
emissions is observed. Some reports have stated that EGR increases emitted particulate 
emissions. However if EGR is used in combination with a DPF can both a reduction of 
NOX and particulate emissions be accomplished [30, 32]. 
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Figure 7. DNOX TM system by STT Emtec. (Courtesy of STT Emtec). 
 1. Recirculation system. 2. EGR cooler. 3. EGR valve. 4. Turbo charger. 5. Intercooler.  

6. Engine (combustion chamber). 7. Particulate trap. 8. Secondary filter.  
9. ECU. 10. Dynamic pickup. Detailed description of parts, see [30]. 

In this thesis, an EGR system developed by STT Emtec has been used. The system 
comprises: a DPF, a low pressure EGR loop and a patented EGR throttle, see Figure 7. 
The exhaust gas aftertreatment system is denoted DNOxTM and controls the amount of 
cooled, recirculated, treated exhaust gas that is returned to the engine. Exhaust gas is 
collected downstream of a catalyst (included in the DPF) and a DPF, see Figure 7. For a 
closer description of included parts, see [30]. The system´s performance, together with 
the possibility to adapt the system to an ethanol fuelled CI engine, was investigated in 
Paper II. The system´s influence on particles, particle properties, individual hydrocarbons 
and specific aldehydes when used on both the diesel and ethanol fuelled CI engine was 
investigated in Papers III-IV. In paper V, the DNOx system´s features and potential for 
the ethanol fuelled engine were further investigated with among others, maximum EGR 
and transient testing.  

Calculation of the EGR rate 
When the impact of EGR on the 
emissions is assessed, it is of 
importance to know how the EGR 
ratio has been calculated. The EGR 
ratio used in the papers by the author 
of this thesis is defined as:  

100(%)
i

EGR

m
mEGR

Where: mEGR = mass of EGR  
mi =mass of total intake 
mixture  

The percentage of exhaust gas 
recycled (% EGR) is defined as the 
percentage of exhaust gas in relation 
to the total intake mixture. There is 
also an alternative definition of EGR, 
which is based on the ratio of EGR to 
the fresh mixture of the intake 
mixture only. The latter definition 
gives a higher EGR ratio. For 
example, a value of 50% EGR 
according to the former definition, is 
equal to 100% EGR according to the 
latter definition.
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Diesel Particulate Filters/Catalysts 
There are several types of diesel particle filters, DPFs, with accompanying regeneration 
methods [34-40]. One of the most frequently used DPF is the continuous regenerating 
filter, CR-DPF, developed by Johnson Matthey, see schematic drawing, Figure 8. This 
type of filter has been in use for a period of time and its durability has been proven [38]. 
A prerequisite for the use of CR-DPF is low sulfur fuel [39, 40]. The filter compromises 
an oxidation catalyst in front of the active particle filter. The catalyst´s function, 
primarily, is to convert engine-out nitrogen oxide to nitrogen dioxide, which is used for 
continuous regeneration of the actual filter. It is known that NO2 combusts soot at a 
significantly lower temperature than does O2 [41], see Figure 9. In this sense, the system 
continuously regenerates, i.e., combusts, the trapped soot under heavy-duty diesel engine 
conditions, at temperatures that are favorable for NO2 production ~200–450°C and, 
hence, soot destruction. Reactions that take place for conversion of soot, C are the 
following [41]: 

NO2(g) + C(s)           NO(g) + CO(g) and 2NO2(g) + C(s)           2NO (g) + CO2 (g) 

An additional effect from the oxidation catalyst, compromised in the DPF, is that it may 
also reduce hydrocarbons and carbon oxide in the exhaust gas. Conversion rates of 85% 
have been reported after high mileage for hydrocarbons, while conversion rates for CO 
and PM have been reported to be 90% or higher [37]. Papers II-IV describes how a DPF, 
belonging to the DNOX system, originally developed for the diesel fuelled CI engine, was 
tested in combination with EGR. Both the ethanol fuelled and the 9-liter diesel fuelled CI 
engine were tested. Ethanol fuelled CI engines are usually equipped with oxidation 
catalysts to improve on emissions. In paper V was a combination of oxidation catalyst 
and DPF tested to improve on the oxidation capability. 

 

 
Figure 8. Schematic sketch of a continuously regenerating diesel particulate filter, CR-DPF.  

Oxidation 
Catalyst 

Diesel Particle Filter 
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Figure 9. Diesel particulate oxidation/combustion temperatures when using NO2 andO2 [41]. 

The Humid Air Motor System, HAM  

Figure 10. Principal sketch of the HAM system. 
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It is well known that water can prevent NOX formation during the combustion process. 
The advantages with water for reduction of NOx are obvious i.e. water is cheap, non-
toxic and can, basically be considered as chemically inert. When water, and subsequently 
water vapor, is mixed with the supercharged air, three mechanisms can be identified by 
which NOx formation is suppressed [42]: 

1. Increase of the specific heat capacity of the mixture. 
2. Dilution of supercharged air: water vapor is replacing air. 
3. The dissociation of the water molecules. 

The second and third mechanisms are usually considered to have only small influences 
[43].  

Classical means for introducing water into the cylinder include emulsification of water in 
the fuel and direct injection of water into the cylinder or into the charge air as fume. 
However, the NOX reduction efficiency of the mentioned systems is limited by the 
quantity of water that is possible to inject. Typically, the water/fuel ratio introduced is 
about the same as the NOX decrease. The practical NOX decrease limit for these methods 
is in the range of 30-40% [44, 45]. With these levels in mind, an additional tank of water 
of approx. the same size as the fuel tank is necessary for on-road engines. In Paper VI, an 
invstigation of the particulate emissions, aldehydes, NOx reduction capability and 
performance of a new technique, the Humid Air Motor System, HAM developed by 
Munthers Europe AB, Sweden, was done [46]. The principle of HAM is that compressed 
air from the turbo is led through a humidification tower, see Figure 10. Inside the 
humidification tower, the compressed air is exposed to heated water in a counter-flow 
mode. Some of the circulating heated water in the HAM system is vaporized and 
increases the air humidity to near saturation. A heat exchanger is used to heat the 
circulating water in the HAM system. The energy needed for heating is taken from the 
engine cooling system. Normally, no additional heat is needed. A reduction between 55% 
and 80% of NOX emissions has been reported for this system [44]. The main obstacle for 
establishing this technique for road engines is the amount of water necessary to obtain the 
wanted NOX reduction. 

Selective Catalytic Reduction and NOX-traps
Selective catalytic reduction, SCR, with ammonia or urea as reducing agent, can be used 
to reduce NOX emissions. The principle is that the reducing agent ammonia, or urea 
converted to ammonia, is injected into a catalytic converter for reaction with NOX to yield 
nitrogen, see reaction formulas [47]. The efficiency of the converter depends on the 
ammonia supply. Unfortunately, there is a risk of ammonia slip if the saturation 
concentration is exceeded [48]. Proper functioning requires refilling of reducing agent 
and, consequently, an infrastructure for supplying it. The technique has been used 
successfully for engines in stationary applications, vessels and ferries [49]. The SCR 
technique, in combination with a particulate filter, has also shown promising results [50, 
51]. An advantage that SCR offers is a possibility to lower fuel consumption compared 
with other means of reducing NOX emissions. This is of importance in Europe where 
diesel fuel is highly taxed. Because of the customer advantage, SCR is the preferred 
technique in Europe.
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2NH3 + NO2 + NO           2N2 + 3H2O

4NH3 + O2 + 4NO           4N2 + 6H2O

8NH3 + 6NO2            3N2 + 6H2O

Reaction formulas listed in order of reaction rates; top fastest [47]. 

Another technique, NOX adsorbing catalysts, NAC or NOX traps, appear to be the 
preferred solution in the USA. NOX, which is adsorbed in the trap during lean conditions, 
is converted to nitrogen by periodic excursions in rich conditions by reductants like 
carbon monoxide, hydrocarbons or hydrogen. Conversion efficiencies above 90% have 
been reported for this technique [52]. Promising results have been demonstrated when the 
technique has been used in combination with exhaust gas recirculation, EGR, and a 
particulate filter [53]. There are still several issues that have to be addressed before 
establishing the technique. Some of the problems orginate from sulfur sensitivity, 
mechanical durability, space claim, catalyst reliability, and control during transient 
conditions. The EPA and an independent review committee have evaluated this 
technology [54, 55]. 

Suitable CI Engine Fuels 
The definition of a fuel is: a substance which, when heated, undergoes chemical reactions 
with an oxidizer, typically oxygen in air, to obtain heat [27]. Fuels can be gaseous, liquids 
or solids. They can also be nonrenewable, fossil; or made from biomass, renewable. 
Features that a fuel should have in order to be successful are sufficient energy density, be 
abundant and inexpensive. 

Diesel Fuels 
The first CI engine utilized gasoline as fuel. At Rudolf Diesel´s first tests, the ignition 
was so violent that the pressure indication device on the cylinder top was blown off and 
nearly hit him [19]. The CI fuels, diesel fuels, have been evolving, together with the 
engine itself and its fuel injection equipment. At first, the fuel quality requirements were 
not very stringent, due to the fact that the fuel was used in low speed engines. But, when 
more sophisticated engines were developed, fuel refinement became necessary. Diesel 
fuels of today are mainly made by refining crude oil. They are manufactured and 
composed to meet specifications according to stipulated regulations regarding their 
ignition quality, viscosity, density, cold properties and other properties of interest. 
Examples of specifications for some common CI engine fuels are given in Table 2. The 
compounds that make up a modern diesel fuel are a complex mixture of mainly straight-
chained hydrocarbons; see Figure 11. In the chromatogram, straight alkanes carbon chain 
length are marked. The compounds between the marked alkans are different, more or less, 
branched and ring-structured hydrocarbons, alkanes, alkenes (olefins), alkynes together 
with aromatic compounds. The composition of hydrocarbons varies with the origin of the 
crude oil, refinery methods used, and product specification. Various additives such as 
cetane improvers, combustion improvers, corrosion inhibitors, anti-icers, lubricity 
improving additives or other, may be added when required [19].  
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Table 2. Fuel specifications for some CI engine Fuels.  

Fuel characteristics Typical European 
diesel 

Swedish 
Environmental 
class 1 diesel 

Eco-ParTM 

Fisher-Tropsh  
diesel 

Temp. at 95%  
recovery, max. 

340-370ºC 285ºC 360ºC 

Sulfur
(mass content), max.  

0,2-0,3% 0,001% 0,0005% 

Aromatics  
(volume content), max. 

20-30% 5% 1% 

PAH
(volume content), max. 

? 0,02 % 0,001% 

Density at 15°C 820-860 kg/cm3 800-820 kg/cm3 760-820 kg/cm3

Ignition quality  
(cetanindex), min. 49 50 51 
Viscosity at  

40oC mm2/s 2-4,5 1,2-4,0 1,7-4,0 

Figure 11. Chromatogram of Swedish environmental class 1 fuel (Paper B). 
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Oxygenated Diesel Fuels 
Increasing the in-cylinder oxygen availability in a CI engine is an effective method to 
improve combustion effectiveness and reduce emissions of particulates [28]. This can be 
achieved by blending conventional diesel fuel with an oxygenated hydrocarbon fuel 
component [56]. The major effect is seen on particulate emissions, but other emissions, 
such as NOX aldehydes and ketones may also be influenced. The complexity of the issue 
makes it difficult to predict the outcome in engine performance. The oxygenates´ oxygen 
content, chemical structure and the added amount are properties that are decisive for the 
fuel quality, for example, density, cetane number and energy content, and also for the 
engine performance and impact on emissions. The search for a suitable oxygenated fuel 
additive, i.e., resultingin a large PM reduction and still being compatible with diesel oil, 
has escalated during the last few years. The complexity of the issue has been studied by 
several authors. 

For example, Bertola and Boulouchos studied the properties of more than 20 oxygenated 
hydrocarbons in order to find an attractive additive to diesel fuel [57]. They found that 
butylal, an acetal compound, offers advantages over other oxygenates, due to the fact that 
its physical properties are very close to those of common diesel fuel. Some preliminary 
studies with this oxygenate on a single-cylinder research engine showed that butylal 
substantially lower the exhaust gas opacity, but did not affect NOX emissions.  

Butylal was then included in a second investigation, together with rapeseed metyl ester 
and some other diesel fuels, performed by Bertola et al., in which they investigated the 
influence of injection parameters and fuel composition on particulate emissions [58]. The 
investigation was performed on a single-cylinder engine equipped with common rail fuel 
injection. They found that start of injection, injection pressures and exhaust gas 
recirculation had decisive influences on particle sizes and distributions. However, when 
two butylal blends of 15% and 50%, were included in the investigation, large reductions 
in emitted particle size and number concentrations were noticed. 

An investigation by Natarjane et al. included screening of 71 oxygenated compounds by 
their chemical and physical properties as well as their solubility, expected corrosion, 
toxicology and biodegradability [59]. Eight of the 71 compounds were selected for 
further testing in a Daimler Chrysler CIDI engine [60]. The fuel used for emission testing 
was formulated to contain 7% wt. of oxygen by adding an appropriate amount of 
oxygenate to the fuel. The two most promising oxygenates were found to be tripropylene-
glycol-monoethyl-ether and dibutyl-maleate, based on the initial screening and the 
reduction of emitted total particulate matter emissions.  

Fourteen different oxygenates were studied by Yeh et al. [61]. Fuel blends were 
formulated to contain 2% wt. oxygen, thus, the amount of oxygenate in the various blends 
differed because individual oxygenates contained different ratios of oxygen. The fuels 
were tested in a Caterpillar single-cylinder engine, running under high and low load 
conditions. Complementary testing was performed with three vehicles. Of the tested 
fuels, which contained oxygen in the form of alcohol ethers, esters and carbonates, C9-
C12 alcohols were found to be the most effective in reducing particulate emissions. The 
investigators also found large differences in particulate matter emissions between various 
oxygenates fuel blends, despite keeping the oxygen content in the fuels at the same level.  
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Cheng et al. studied dimetoxy methane, diethyl ether, a blend of monoglyme and 
diglyme, and ethanol in a Cummins B 5.9 direct injected diesel engine [62]. Fuel blends 
were formulated to contain up to 15% wt. of oxygen. The investigations showed that the 
reduction of particles was close to linearly dependent on the oxygen content and, thus, the 
blend with the highest oxygen content resulted in the highest reduction of particles, 
approx. 40%. Their investigations showed that the effect of oxygenate chemical structure 
on measured particulate emissions was small. They also suggested, from numerical 
modeling, a number of mechanisms in which oxygenates reduce the production of soot 
precursors and hence, soot and particles.  

Four different oxygenates were tested by Hilden et al. in a four-valve, three cylinder, 1.26 
liter prototype engine equipped with common rail fuel injection [63]. The oxygenate 
compounds, di-propylene-glycol-monometyl-ether, tri-propylene-glycol-monometyl-
ether, di-isobutyl adipate and dibytul-phtalate were chosen by the investigators so that the 
impact from volatility, concentrations and chemical type, aromatic or aliphatic, on 
particulate emissions could be studied. Volatility, low, medium or high, had little effect 
on emitted particle emissions. A general finding was that increased oxygen content in the 
additer resulted in an increased reduction of particulate emissions. However, insignificant 
differences in particle reduction were noticed between the two oxygen levels of 3,5 wt.% 
and 6,5 wt.% of tri propylene glycol monometyl ether. The highest reductions of 
particulate emissions were observed for tri-propylene-glycol-monometyl-ether and di-
isobutyl-adipate, followed by dipropylene-glycol-monometyl-ether. The aromatic 
oxygenate, dibytulphtalate was found to increase emitted particulate emission. 

A selection of five oxygenates: glyme, diglyme, tetraglyme, propylene-glycol-
monomethyl-ether-acetate and diethyl-maleate was blended in various amounts into a low 
sulfur diesel fuel and a Fisher-Tropsch, FT-fuel by Hallgren and Heywood [64]. The 
intention was to study the effects of oxygenates on emissions and combustion in a single 
cylinder direct injection diesel engine. Particles were measured both as particulate matter, 
PM, on a filter, and particle size and number emissions with a scanning mobility particle 
sizer, SMPS. Results showed that the total number fraction of particles emitted was 
approx. the same for all fuels, while the volume fraction decreased when oxygenated fuel 
was used. The reductions of particles were related to the oxygen content and the oxygen-
containing functional group. Agreement was observed between the relative trends noticed 
on the integrated SMPS particle volume fraction and filter-based mass measurement. 
Preliminary physical and chemical characterization of particulate matter from the 
reference fuel and oxygenated fuels did not reveal any significant morphological or 
compositional differences. 

Ball et al. added 15% dimethoxy methane to a low sulfur diesel fuel and tested the fuel, 
together with four other fuels in a Daimler Chrysler CIDI engine [65-67]. Thirtythree 
recognized air pollutants were found in the exhaust gas. The dimethoxy-methane addition 
resulted in a 33% reduction of emitted particulate emission and lowered the engine-out 
emissions of toxicologically important compounds, compared to the neat low sulfur diesel 
fuel. 
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A number of diethyl-ether and diesel blends have been evaluated in a single cylinder 
engine by Mohanan et al. [68] Even though blends of up to 25% of diethyl-ether were 
possible, the most favorable blend was 5% resulting in low smoke, high brake thermal 
efficiency and low brake specific energy consumption.  

Previous studies on ethanol-diesel blends were reviewed by Corkwell et al. [17]. They 
found that there was a great variety between different studies and that the results 
obtained, on average, showed increases in HC and CO emissions, no change in NOX
emissions and a reduction in particulate emissions, when ethanol was blended into diesel. 
He et al. reduced smoke emission by addition of ethanol to diesel fuel when performing 
measurements in a two-cylinder direct injection diesel engine [69]. Two ethanol blends 
were used; each containing 10% and 30% ethanol by volume, respectively. Other findings 
were that engine-out NOX emissions increased together with ethanol and acetaldehyde 
emissions. Kass et al. investigated diesel fuel blends containing 10 and 15 volume 
percentage of ethanol in a 5,9 liter Cummins B series engine [70]. The addition of ethanol 
was observed to have no noticeable effect on NOX emissions and only small increases in 
CO and HC emissions were observed. Particulate matter was observed to decrease by 
20% and 30%, with the addition of 10% and 15% ethanol, respectively. 

Modeling and simulations have also been performed with some oxygenated compounds 
known to reduce particulate matter, in order to understand fundamental reactions, when 
particle emissions are reduced by oxygenates in the combustion process. Kitamura et al. 
studied diesel fuel and different ethers in a combustion vessel, i.e., during engine-like 
controlled conditions [71]. Mueller et al. studied blends of dibutyl-maleate and tri-
propylene-glycol-methyl-ether in a combustion vessel, but also in an optically accessible 
single cylinder diesel engine [72].  

Acetal, 1,1-diethoxyethane, is the oxygenate that has been studied in Paper I. This 
particular oxygenate has been a subject of several investigations concerning oxygenated 
additives to diesel fuels [57, 59]. However, neither the emission performance, nor the 
combustion performance has been found in the literature.  

Alcohols as Alternative CI Fuels. 
Table 3. Fuel specification of Etamax D.

Method
Appearance clear without particles ASTM D 2090 
pH min 5,2 max 9,0 AMSE 1131 
Water max 6,20 by weight SS-ISO 760 
Density (D 20/4) 0,820-0,840 g/ml SS-ISO 758 
Ethanol 95% 90,2 weight-%  
Ignition improver 7,0 by weight  
MTBE 2,3 by weight  
Isobutanol 0,5 by weight  
Corrosion inhibitor 90 ppm  
Color red  
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The physical and thermodynamic characteristics of alcohols do not make them especially 
suitable as fuels for compression ignition engines, but they reduce harmful exhaust gas 
emissions, such as particulates and NOX. Ethanol as automotive fuel is regarded as non-
toxic and can usually be produced from biomass at a relatively low cost. Ethanol made 
from biomass is also considered to have a minor net contribution of greenhouse gases to 
the atmosphere. Alcohols have low cetane number and are, therefore, difficult to use as 
fuel in CI engines, due to their poor ignitability. Addition of an ignition improver, i.e., 
Beraid, or a complementary technique, such as spark plug ignition, glow plug ignition, or 
pilot-fuel injection can be used to overcome alcohol fuels´ poor ignition propensities [74]. 
As already mentioned in the part about oxygenated fuels, by adding an emulsifier, 
alcohols can also be blended with diesel fuel [17-70]. 

In some investigations, ethanol fuelled diesel engines have also, ,been shown to emit1 less 
NOx and particulates than similar diesel fuelled engines [73, 75]. Unfortunately, 
investigations have also shown that more acetaldehyde, ethanol and acetic acid can be 
expected when using ethanol in diesel engines [73, 74]. In this thesis, two different 
ethanol fuels have been tested, Etamax D and Ethyloil, which can be diffrientiated by the 
ignition improver added, Beraid or rapeseed methyl esther (RME) and the amount 
blended into the respective ethanol fuel. 

Etamax D, see Table 3, is the ethanol fuel that is used for CI engines in Sweden. The fuel 
contains the synthetic ignition improver, Beraid, which is a long polyethylene glycol that 
improves the auto-ignition properties of ethanol [74]. The second ethanol fuel, Ethyloil, is 
a fuel made entirely from biomass, i.e., from bio-based ethanol and bio-based RME. 
Additional information about rapeseed methyl ester as an ignition improver can be found 
in the literature and in Paper A [77, 78]. 

Alternative CI Fuels 
One type of alternative fuels, i.e., fuels that can be made from biomass that has been 
studied is Fisher-Tropsch fuels, which are synthetic hydrocarbon fuels. Depending on the 
carbon source used for the process gas, the fuel can be regarded either, as fossil or 
renewable. The fuels can be made from wood waste, biogas or other carbon sources 
according to the reaction formulas below [19]. Fisher-Tropsch fuels can be steered to 
certain compositions by control of the process or refinery. Fisher-Tropsch fuels, as a rule, 
are reported to be high quality, low emission diesel fuel substitutes with low fuel sulfur 
and minor aromatic content [19, 79-86], see also Paper B.  

nCO + + nH20CnH2n2nH2 ,

nCO + + nH20CnH2n+2(2n+1)H2

Biodiesels are other interesting alternative CI fuels. Biodiesel is a comprehensive term for 
fuels derived from vegetable oils and can be in the form of: 100% vegetable oil, esters of 
vegetable oils, blends with conventional diesel, blends of different vegetable oils methyl 
esters and/or vegetable oils and as water/vegetable oil emulsions. Most common are 
blends with ordinary diesel fuels and modified vegetable oils. Esterification is the 
                                                           
1 Directly from the engine, i.e., without emission control equipment, such as catalyst etc.
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chemical process ordinarily used to overcome the problem of high viscosity, which 
otherwise may be an obstacle [19]. The auto-ignition properties of vegetable oils and 
many other properties are similar to diesel fuel. The small amount of greenhouse gases 
emitted have to be considered as the most positive effect on emissions, because only 
small influences have been noticed on emitted emission levels, which are close to 
comparable to ordinary diesel [19, 20]. 

Biogas is formed spontaneously in different locations, such as sewage treatment facilities, 
sludge plants and dumps. Biogas, as well as natural gas, mainly consists of methane, 
which usually has to be purified to be suitable as automotive fuel [19]. Natural gas has 
fossil origin and, therefore, does not have the same positive influence on greenhouse gas 
emissions as biogas. Utilizing methane as automotive fuel has resulted in low emissions 
of particles and NOX [87-90]. Spark-ignited engines are the engine type commonly used 
for compressed methane, however, dual fuel CI engines that run on methane as fuel has 
also been used [89, 90].  

Dimethyl ether, DME, is a fuel that can be made from a process similar to FT diesel, i.e., 
from a process gas. DME requires some engine modification, due to viscosity and energy 
content, before it can be used as fuel in CI engines. However, after necessary 
modifications, the emissions are low compared to emissions from a similar, diesel fuelled 
CI engine [92, 93]. 

Emissions 
The majority of exhaust gas, 99,9% (by volume) from a typical diesel fuelled CI engine 
consists of harmless components, such as nitrogen, carbon dioxide, water vapor and 
oxygen [94]. Gaseous components, such as hydrocarbons, HC, carbon oxide, CO, and 
nitrogen oxides, NOX, as well as particulate matter, PM, are regulated in directives. All 
other exhaust components, individual components and particle properties, except for CO, 
are not regulated by law. Emissions can be composed of various individual exhaust gas 
compounds, which can be more or less harmful to the environment and to health, 
depending on conditions, such as fuel, engine setting and exhaust gas aftertreatment used. 

Combustion and Formation of Exhaust Gas Components 
According to Heywood, the combustion process in a CI engine can be divided into four 
phases [28]. The first phase, an ignition delay period, starts after the initial injection of 
the fuel and continues until the initiation of combustion. The delay period is governed by 
the rate of fuel and air mixing, diffusion, turbulence, heat transfer, chemical kinetics, fuel 
vaporization, and fuel composition. Fuel cetane rating is an indication of ignition delay. 
The second phase extends over the rapid premixed burning of the mixture between fuel 
and air from the ignition delay period. The third phase, diffusion-controlled burning, 
where the fuel burns as it is injected and diffuses into the cylinder. The final phase 
includes a small amount of rate-controlled burning during the expansion stroke after the 
end of injection.  
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Figure 12. Formation of particles from the start of combustion and into the atmosphere [5]. 

During these phases, the chemical energy stored in the fuel is released as heat of 
oxidation to ideally, yield carbon dioxide, water and energy. This is not an ideal process, 
therefore, particles, NOX and other exhaust gas components are formed. Initial particle 
formation occurs primarily during the diffusion-burn phase of combustion and is highest 
during high load and other conditions consistent with high fuel-air ratios. Depending on 
the time available for combustion and the availability of oxygen, the fuel droplets are 
either completely or partially oxidized. At high temperatures, a large part of the unburned 
fuel that is not oxidized is pyrolised, i.e., stripped of hydrogen, to form carbonaceous 
particles [94]. Depending on the kind of fuel, pyrolysis may be facilitated as ordinary 
diesel fuels are composed of hydrocarbons that are easily cracked [20].  

The conversion of a fuel into carbonaceous particles, involving millions of carbon atoms 
in a few milliseconds, is a complex process. The accepted model for this is that the 
pyrolysis and partial oxidation of the carbon-containing fuel result in hydrocarbon 
radicals, from which small hydrocarbons are formed, e.g., acetylene, benzene and others. 
Larger aromatic rings are proposed to be formed mainly by acetylene addition 
mechanisms. These larger aromatic rings are then suggested to condense and form 
primary particles [28, 96]. Larger particles are formed when primary particles pick up 
molecules from the gas phase, promoting surface growth. The size increases further when 
particles, soot, are formed as a result of coagulation of primary particles to larger 
agglomerates.  

These physical/chemical processes, nucleation, coagulation, condensation, absorption and 
adsorption are responsible for the final particle sizes, when the exhaust is cooled and 
diluted. An overview of a typical particle-formation process, from the start of combustion 
and out to the atmosphere, is described in Figure 12, all according to Kittelson [5]. It 
must be pointed out that the processes involved in particle formation are extremely 
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sensitive to dilution conditions and that nanoparticle formation, which constitutes about 
90% of the number of particles emitted from diesel fuelled CI engines, is also dependent 
upon the ratio between solid accumulation mode carbon mass to the mass of volatile 
precursor material as a driving force for gas-to-particle conversion [97]. Higher 
nanoparticle emissions, i.e., more nanoparticles, are believed to be a consequence of 
lowering the mass of carbonaceous particles with respect to the mass of volatile material 
likely to become solid or liquid by homogeneous nucleation or condensation/adsorption, 
i.e., when carbonaceous particles are absent or reduced, condensation/adsorption can not 
occur to the same extent, therefore, nucleation becomes the favored reaction and, hence, 
more nanoparticles are formed [97]. 

Figure 13 shows is an image of diesel particles in which primary particles can be 
distinguished as they make up larger particle agglomerates.

Figure 13. Diesel particles in high magnification showing single particles and particle 
agglomerates. 

When carbon is stripped from hydrogen, carbon can react with oxygen to form carbon 
dioxide, or in the case of oxygen deficiency, carbon monoxide. Oxygen deficiency can 
occur locally in the cylinder. The stripped hydrogen can also react with oxygen to form 
water. Though CI engines usually operate with an excess of air, CO emissions are not 
regarded as a problem. Elevated levels of CO emissions might be of concern in special 
cases, such as EGR, when the exhaust gas is rerouted back to the engine.  

Nitrogen oxides, e.g., NO and NO2 are considered to be formed by the reaction between 
oxygen and nitrogen in the air during combustion. Mainly two mechanisms are involved 
[20, 28]. The dominant one, “thermal NOX”, is highly dependent on temperature, oxygen 
atom concentration and residence time. The second mechanism, “prompt NOX”, is 
favored by a deficiency of oxygen. Theoretically, a third mechanism is also possible, 
assuming the presence of nitrogen atoms in the fuel. Formation of nitrogen oxides is 
favored in the diesel engine, because of high combustion temperatures and high 
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pressures. According to the extended Zeldovich mechanism, the most likely reaction 
pathways for formation of thermal NOX are the following:  

Reaction 1: O + N2  NO + N 

Reaction 2: N + O2  NO + O 

Reaction 3: N + OH  NO + H 

The reaction speed of which NO is formed can be calculated by expressions such as [28]: 
.
D(NO)/dt=k1(+)[O][N2]+k2(+)[N][O2]+k3(+)[N][OH]-k1(-)[NO][N]-k2(-)[NO][O]-k3(-)[NO][H] 

However, because the momentary concentrations for included components have to be 
decided, the reaction rate is difficult to obtain. Formation of prompt NOX involves several 
radical reactions between nitrogen, hydrocarbon and oxygen/hydroxyl molecules. 
Significant levels of prompt NOX are formed already in the combustion flame. Besides, 
NO formed in the flame or directly after, sets the limitation for how much NOX can be 
reduced without exhaust gas aftertreatment. Formed NO is rather quickly oxidized to 
NO2. Unless the oxidation is inhibited by mixing with cooler gases, which is the case in 
CI engines, the NO2 formed easily transforms back to NO. As a consequence, about 10-
30% of total NOX is emitted as NO2, depending on speed and load. 

Unburned, or partially burned, fuel and, to a smaller extent, lubricating oil make up the 
main part of the emission known as hydrocarbons or total hydrocarbons, HC. This is a 
complex issue in which the fuel composition can be of great importance. As an example, 
when ethanol is used as a fuel, approx. 70% of the HC emission is actually unburned 
ethanol [98]. However, many of the organic compounds found in the exhaust gas are not 
present in the fuel, indicating that significant pyrolysis and synthesis occur during the 
combustion process. Basically, two main paths are responsible for formation of 
hydrocarbon emissions. One path has to do with fact that the air/fuel mixture can not be 
ignited, because the mixture is too lean (too much air) or too rich as, for example, in the 
core of the fuel spray; consequently, fuel is emitted as HC. The other path includes 
quenching, i.e., the flame loses heat because the surrounding are cool, e.g., cylinder walls. 
Fuel that enters late in the combustion process, fuel from the injectors’ nozzle sack or 
simply by entering the combustion chamber late; most likely contributes to HC, because 
that cylinder pressure is low, resulting in a slow reaction/oxidation, as well as low 
temperature and poor ignitability. HC emissions, which indicate combustion efficiency, 
vary with speed and load.  

Regulations 
Results from stipulated test cycles, measured weighted emissions of HC, CO, NOX and 
PM, during the steps in the test cycle, are regulated by limit values. A distinction is made 
according to the usage of the engine, which is also reflected in the test cycle used for 
regulatory purposes. The first distinction is between on-road and nonroad engines. On-
road engines have been regulated since 1992 [12, 13], while nonroad engines have not 
been regulated until 1999 [14, 15]. The next distinction is by engine power, which 
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decides which limit values should be applicable. In the case of nonroad engines, further 
distinctions are made according to engine application; namely, off-road, constant speed, 
locomotives, utility, lawn and garden and marine applications. The evolvements of the 
regulated limit values, on-road and nonroad, can be seen in Table 4 and Table 5, which 
show, past, current and in the future expected regulations for a large CI engine similiar to 
the ones used in this thesis, of approx. 170-180 kWh. Emission control is considered to be 
a necessity in order to fulfill future regulations, with a start for on-road engines in 2005, 
Euro IV, and in 2011, stage III b for nonroad engines. At first, it is mainly particulate 
emissions that have to be reduced, most likely with DPFs. However, later on, NOX
emissions will have to be reduced by some treatment. SCR is believed to be the primary 
choice in Europe, while NOX adsorbing catalysts, NAC or NOX traps, appears to be the 
preferred solution in the US.

Table 4 EU Emission Standards for HD Diesel Engines with power < 85 kWh, Year of being 
in force and denotation. 

 CO HC NOx PM 
 g/kWh 
Past 1992, Euro I 4,5 1.1 8.0 0.612 
Past 1996, Euro II 4.0 1.1 7.0 0.25 
Current 2000, Euro III 2.1 0.66 5.0 0.10 
Future 2005, Euro IV 1.5 0.46 3.5 0.02 
Future 2008, Euro V 1.5 0.46 2.0 0.02 
     

Table 5. EU Emission Standards for Nonroad Diesel Engines with Engine Power between 
130 kW and 560 kW. Year of being in force and denotation. 

 CO HC NOx PM 
 g/kWh 
Past 1999, Stage I 5.0 1.3 9.2 0.54 
Current 2002, Stage II 3.5 1.0 6.0 0.2 
Future 2006, Stage III a  3.5 4.0* 4.0* 0.2 
Future 2011, Stage III b 3.5 0.19 2.0 0.025 
Future 2014, Stage IV 3.5 0.19 0.4 0.025 
     

Limit value comprises both HC and NOX, i.e. HC+NOX.
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Hazardous Compounds in the Exhaust 
As already mentioned in the background section there are indications that particles are a 
sewere threat to both the environment and people´s health [2-4, 5-11]. DNA damage and 
cardiovascular diseases have been found in rats exposed to particles [99-101]. Besides 
particles and particle-bound compounds, diesel exhaust is also make up of several 
hundred gaseous compounds. The impact on the environment and people´s health from 
many of these individual compounds, both particle-bound and gaseous, is known. 
Exposure to benzene is known to increase the risk of leukemia, [102]. Alkenes, such as 
ethene and propene, are converted through metabolism in the human body to their 
corresponding epoxides, which may react in the cells and, thus, initiate a mutagenic effect 
[103]. Furthermore, all hydrocarbons, except for methane, participate, more or less, in the 
formation of ground level ozone [104]. Methane, N2O, CO2 and other compounds found 
in the exhaust gas contribute to global warming [104]. Formaldehyde and acetaldehyde 
are classified as probable carcinogenics by the National Institute for Occupational Safety 
and Health, NIOSH, the World Health Organization, WHO, and the European Union, EU. 
EPA classifies both individual compounds in the exhaust and diesel exhaust as a whole as 
cancinogenics. As an example, EPA classifies individual compounds, such as 
formaldehyde, as a probable human carcinogen, (Group B1), acetaldehyde as a probable 
human carcinogen (Group 2b), and acrolein as a possible human carcinogen (Group C). 
Furthermore, aldehydes, as a group, are, after nitrogen oxides, one of the most powerful 
agents for the formation of ground level ozone, besides NOX, in reaction with 
hydrocarbons [104]. The maximum incremental reactivity, MIR, is the tendency of an 
organic gas to contribute to the formation of ozone in specific atmospheres containing 
NOX [105, 106]. The MIR scales were developed through simulation experiments in a 
smog chamber by Carter. The MIR factors for aldehydes and hydrocarbons analyzed in 
this thesis are shown in Table 6 together with the structure and estimated cancer risk 
factors according to Törnquist at al [103].  
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Table 6. Maximum incremental reactivity (MIR) factors, estimated cancer risk and structure 
of hydrocarbons analyzed in, Papers IV and VI of this thesis. 

Compound 

Overall emission 
in accordance with 

the ISO 8178 
regulations EC-1 

fuel  
(mg/kWh) 

Overall emission in 
accordance with 

the ISO 8178 
regulations Eco-

Par™ 
 (mg/kWh) 

Estimated 
Cancer 

riskfactor 
* 10-6

MIR-
value* 

mg O3/ mg 
VOC

Structure 

Formaldehyde 0,47 0,46 100 9,12 OH

H

Acetaldehyde  1,4 0,41 2 7,27 O

Acrolein 0,06 0,01  8,09 O

Benzaldehyde 0,22 0,07  -0,50 
O

Ethane  0,69 0,47  0,35 

Ethene  55,4 33,2 50 9,97 

Acetylene 10,4 4,4  1,23 

Propane  0,57 0,32  0,64 

Propene 32,3 17,7 10 12,44 

Propyne 1,7 0,89  6,70 

Propadiene 1,2 0,43  10,89 

Isobutane 0,32 0,25  1,56 

Isobutene 12,7 7,5  6,81 

1-butene 0,79 0,63  10,80 

1,3-Butadiene 0,35 0,025 300  13,09 

Benzene 1,91 0,49 8 1,0

Toluene 1,06 0,36 4,19
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Sampling and Analysis  
Exhaust gas components of interest are, as a rule, abundant in low concentrations and 
sampling is further complicated by the fact that the exhaust contains a lot of water. This 
puts heavy demands on equipment and procedures used for testing. Either raw or diluted 
exhaust gas is used for sampling of exhaust gas components. Dilution may be used to 
overcome difficulties from the high water content in exhaust gas, in order to imitate real-
world conditions or for other reason. The disadvantage to dilution is that most of the 
compounds are already abundant in low concentrations and dilution lowers the 
concentration further. Procedures, conditions and type of equipment that need to be used 
for sampling of regulated exhaust gas components are dictated in directives together with 
stipulated running conditions for the engine [12-15].

Test Cycles 
Testing and certification of heavy-duty engines are, as a rule, performed by placing the 
engine of interest in an engine test bench and connecting it to a dynamometer for control 
of speed and load [12-15]. The engine is fitted with adequate equipment for 
measurements of engine parameters such as engine speed, torque, temperatures, fuel 
consumption, air consumption and emission components of interest. Running conditions 
for engines are stipulated by directives, which decide the regulation standards applicable 
for each engine use and engine size [12-15]. Nonroad engines are tested according to the 
ISO 8178 standard, which contains several test cycles to be used, depending on engine 
power and engine service, i.e., off-road, constant speed, locomotives, utility, lawn and 
garden and marine applications. Two test cycles are used in Sweden for heavy-duty bus 
and truck engines today: the European stationary test cycle and the European transient 
cycle ETC. These have been in use since October 2000, when they replaced the ECE 49 
R test cycle. 

Transient cycles are becoming more common in standards (e.g., nonroad engines stage 
IIIb), because transient cycles are better of indicating shortcomings of the engine design 
and the emission control strategy used [12-15]. 

The ESC driving cycle is showen as an example of a test cycle, see Figure 14. The cycle 
is intended for stationary conditions in an engine bench, consisting of 13 modes, with 
different weighting factors for each mode. Each mode is kept for two minutes, except for 
the idle mode, which is kept for 4 minutes. The change between modes is allowed to take 
20 seconds, specified speed should be held to within ±50 rpm and the specified torque 
should be held to within ±2% of the maximum torque at the test speed. The ESC cycle 
has been plotted in a “bubble” diagram for an imaginary engine. The engine has a rated 
speed of 2.000 r/min and an idle speed of 550 r/min. The sizes of the “bubbles” in the 
figure are proportional to the corresponding weighting factors. In Papers II-IV, some 
extra test points for complementary testing were added. The “extended” mapping of the 
engines enables an investigation of driving conditions outside the conventional test 
cycles.  



30

The ECE 49 R regulation is the regulation that has been used in Paper I together with test 
according to a designed test plan [12, 107]. In principle, the ESC test cycle has been used 
throughout the rest of Papers II-VI, however, some additional modes, in total, 22 different 
test modes, were used in Papers II-IV and the ESC cycle was used together with the ETC 
cycle in Paper V.  

Load, speed and weighting factors in the ESC driving cycle 
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Figure 14. The ESC driving cycle. 

Diluted Exhaust  
Either raw or diluted exhaust gas is used for sampling of exhaust gas components. 
Particulate matter, PM, is measured in diluted exhaust; hence, dilution equipment is 
necessary. The procedure and the dilution equipment requirements are regulated by 
directives [12-15]. One of the most common techniques used is constant volume 
sampling, CVS, which has been used in Paper V. The principle is that a constant total 
volume of exhaust gas and dilution air is blown through a dilution tunnel. As exhaust 
flow increases, such during heavy accelerations, the dilution air is automatically 
decreased. In this way, particles are sampled proportionally to the particles emitted during 
various speed and loads covered by the test conditions used. PM is sampled from the 
dilution tunnel on a glass fiber filter and weighted. Everything that stuck onto the filter 
and contributes to the weight during these conditions is considered as PM. Consequently, 
no information is gathered about the particles and their properties.  

When evaluating particle properties, it is important that sampling is performed in such a 
way that the measured particle properties are relevant, i.e., the sampling systems should 
try to mimic atmospheric dilution, in order to obtain samples representative of what is 
found in the atmosphere. As mentioned earlier, particle formation is dependent upon a 
number of physical processes: nucleation, coagulation, condensation, absorption and 
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adsorption, which are responsible for the final particle sizes/properties when the exhaust 
is cooled and diluted. These processes are difficult to control and are influenced by 
factors such as humidity, residence time, dilution rate, dilution ratio, and particle 
precursor concentrations, solid and volatile to mentions some [97, 108-116].  

Several types of laboratory dilution equipment are available, such as ejector pump 
diluters, rotating disk diluters and porous wall diluters or similar, in combinations and in 
single setups. When these kinds of equipment are used, dilution conditions will be more 
or less controlled, depending on equipment used and options, e.g., dilution ratios, 
residence time temperature of dilution system and supplied air, supply of filtered and 
humid free air and so on [118-121]. 

In a project conducted by Kittelson et al., different laboratory equipment and conditions, 
were tested and compared to atmospheric measurements. This was performed by 
following vehicles subjected to measurement with a mobile laboratory [117]. Some early 
data was presented, in which a CVS system, combined with an ejector diluter, was 
compared with a two-stage ejector-diluter-system and also on highway measurements 
under real world conditions [122]. As seen in Figure 15, large differences are observed 
between measured nanoparticle emissions, below 100nm, when using the varios dilution 
conditions and on highway dilution. Larger particles, above 100nm, show proportionately 
good agreement between dilution methods and on highway dilution. The figure also 
shows the result, when stripping off the majority of the volataile particles with a 
thermodenuder. 

Figure 15. Particle size distribution measurements performed with different dilution 
equipments (Courtesy of Prof. D.B. Kittelson) [122]. 
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As can be noticed in the figure, the laboratory equipment is not fully capable of mimicing 
real-world conditions and also that there are differences between various kinds of 
laboratory dilution equipment. The increased level of nanoparticle emissions seen, when 
using the CVS combined with ejector diluter may likely derive from hydrocarbon storage, 
as Marrique et al. and Kaspar suggests [108, 116]. The two-stage ejector diluter showed 
the best agreement of tested equipment with on highway dilution. When the 
thermodenuder was used, i.e., when the volatile material was stripped off, a large 
reduction of nanoparticles was observed. This was in line with what could be expected, 
when employing the thermodenuder. The tests of various dilution equipment in the 
project resulted in some recommendations regarding what to consider when performing 
laboratory dilution in order to get relevant and reliable results, close to real-world 
conditions [97]. 

Although the dilution conditions are not the real issue in this thesis, it is still important to 
understand that particle formation and sampling procedure affect measured results in 
Papers I-VI. In fact, the performed investigations have been comparisons, i.e., all 
conditions were repeated: engine running conditions and dilution conditions, except for 
the introduction of emission control technique, fuel change and/or addition of exhaust gas 
aftertreatment.  

Figure 16. Sketch of sampling system used for measurement of particles and their properties. 
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Exhaust was sampled from the tailpipe and diluted with two cascade-connected ejector 
pump-diluters, which used dried, filtered compressed air for dilution before measurement 
of particle size and distribution. The dilution system has the option to use preheated 
dilution air, in order to prevent nucleation and condensation of volatile components by 
suppressing the vapor pressures, even tough, in most cases, the compressed air used for 
dilution was tempered to ambient temperature (~20oC). The exhaust gas has been diluted 
approx. 1:43,6 with air in a two-stage diluter setup and approx. 1:6.6 in a single diluter 
setup; prior to analysis of the particles. A jacket heated to 180oC was used for the first of 
the cascaded diluters in the two-stage diluter setup, to prevent condensation of water or 
volatiles. For a more precise description of conditions during each of the conducted 
investigations see paper I-VI. The two-stage ejector-diluter system used in this thesis is 
similar to the two-stage system that has been used in Figure 15. The basic principle is the 
same: options, such as heater and filtration equipment, may differ, as well as, dilution 
ratios on the individual ejector-diluters. A schematic sketch of the two-stage ejector-
diluter system used in this thesis is shown in Figure 16.  

Raw Exhaust 
Procedures, conditions and types of equipment that need to be used for sampling of 
regulated exhaust gas components, i.e., HC, CO, NOX and particles, are dictated in 
different directives [12-15]. The analytical techniques that should be used are also given, 
together with the minimum accuracies allowed [12-15]. Unburned hydrocarbons, HC are 
measured with a flame-ionization detector, non-dispersive infrared analyzers are used for 
CO and CO2, while a chemiluminescence instrument is used for measurement of NOX.
There are several methods available for determination of unregulated compounds, such as 
individual aldehydes and hydrocarbons. One method is to use some kind of direct-reading 
instruments, as in the case for regulated compounds. The techniques most frequently used 
for these purposes are different types of spectrophotometers and mass spectrometers [12-
15, 94, 123]. Calibration of the instruments has been the big obstacle with these 
techniques, due to the complex sample matrix, and has left doubts about performance and 
the accuracy of performed measurements. Hydrocarbons, aldehydes or other compounds 
may also be absorbed onto a suitable absorbent [94, 124-128]. The absorbed compound is 
trapped and concentrated and therafter desorbed prior to analysis. The desorption is 
usually performed with heating, so called thermal desorption, or by utilizing a solvent for 
desorption. Impingers with suitable solvent can also be used to catch and concentrate 
hydrocarbons, aldehydes or other compound of interest [129-132]. The advantage with 
impinger methods is that no desorption is necessary prior to analysis. Unfortunately, 
some of these methods have been reported to have somewhat lower sensitivity than 
sampling on adsorbents. Beneficial for absorbents is also that they are more convenient to 
handle than impingers. Finally, exhaust gas can also be sampled in bags for later analysis 
by instruments, which are able to catch and concentrate compounds by some built-in 
procedure. An example of this is the VOC-AIR analyzer used in Papers IV and VI of this 
thesis. This analyzer utilizes an absorbent and cryogenics for analysis of individual 
volatile organic hydrocarbons. Of course, analysis can still be performed by direct 
reading-instruments on bag-sampled exhaust and it is sometimes used as an 
option/backup-procedure when performing measurements of regulated gaseous exhaust 
gas components [12-15, 129, 133].  
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Analytical Techniques 
There are several analytical techniques that are useful and may be used for determination 
of particle properties, regulated compounds and unregulated single compounds, all with 
their particular features [94, 111, 124-137].  

Particle Size, Distribution and Estimated Mass by the SMPS Instrument. 
A Scanning Mobility Particle Sizer (SMPS) has been used for measurements of particle 
size and size distribution in this thesis. As the name implies the SMPS system is using an 
electrical mobility technique for measurements of size distribution in aerosols. Exhaust 
gas samples have to be diluted before they are analyzed regarding particle size and 
distribution, thus avoiding the possibility of overloading the system and also avoiding 
problems due to the relatively high water content in the exhaust gas. The SMPS system is 
made up of two main devices: the electrostatic classifier (EC) and the condensation 
particle counter (CPC) [138].  

The electrostatic classifier is the device responsible for controlling the particle sizing 
performed by the differential mobility analyzer (DMA). As the diluted exhaust gas enters 
the SMPS, it first passes through an impactor stage, which removes particles outside the 
measurement range. Particles which are too large can otherwise cause errors, due to 
multiple charging. Next, the exhaust gas particles pass through an ion neutralizer, which 
imparts charge distribution equilibrium. The charged and neutral exhaust gas particles 
thereafter enter the DMA, see Figure 17. An electric field inside the DMA influences the
flow trajectory of the charged particles. There is also an influence of a ground flow, the 
sheet flow, which provides for the environment inside the DMA. The DMA also contains 
a rod that is connected to a negative high-voltage power supply. The charged rod provides 
a precise negative potential. The electrical mobility of the respective particle is closely 
related to the particle´s size. Only positive particles within a narrow range of electrical 
mobility, which have the correct trajectory to pass through an open slit near the DMA 
exit, are further analyzed. Excess particles are disposed of, either towards the outer wall 
or rod and deposited, or exit by the excess air. After exiting the DMA, the classified 
particles are counted by a CPC. Ramping the voltage of the the charged rod, it is possible 
to scan the particle sizes during a selected range and time. Typical ranges for diesel 
exhaust is 10 nm-400 nm, but the minimum and maximum analyzable particle sizes are 3 
nm and 1000 nm, respectively [138].  

Particle size and distribution can be measured either as total particle size and distribution 
as in Papers I-VI, or as solid, dry particle size distribution as in Paper IV. When total 
particle size distribution is measured, the combustion aerosol, after dilution, is led 
directly to the SMPS instrument and both solid and wet, volatile particles are measured. 
However, when solid particles are measured, the combustion aerosol is led through a 
thermodenuder, a device that strips the volatile content from the combustion aerosol with 
minor particle losses. The combustion aerosol is, therafter, directed to the SMPS 
instrument [139-141]. 
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Figure 17. Schematic sketch of differential mobility analyzer (DMA), used for sizing of 
particles.  

Figure 18. Principle of the Thermodenuder [141]. 
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The thermodenuder works by heating the combustion aerosol to a preset temperature (0 to 
400°C ± 1oC) in a heating section and later adsorbs any volatile particles. Activated 
carbon, surrounding the flow path of the particle-gas mixture, adsorbs the volatile 
compounds as they evaporate at the preset temperature and penetrates a gas-permeable 
screen, see Figure 18. Particles do not come in contact with the activated carbon, 
minimizing particle losses in the adsorption section. As a result, only particles in a solid 
state or of high volatility are left in the sample [139-142]. 

An additional evaluation was performed, beside particle size and distribution, by 
estimating the particle mass. Particle mass was calculated by the Aerosol Instrument 
Manger TM software supplied with the SMPS instrument by calculating the volume of the 
measured Stokes diameters, and then multipled with the density of particles [143, 144]. 
There are uncertainties connected with this type of estimation, e.g., the density for the 
particles has to be assumed and may vary with size. The particles are also assumed to be 
spherical, wich they are known not to be [144-147]. This kind of evalutions cannot be 
directly compared with regular measurements performed on filters, according to 
directives. Hallgren and Heywood used the particle volume as an indicator of influence 
on PM and found that it agreed well with observed effects on PM [64]. 

Raman Spectroscopy 

IG IDIG ID

Figure 19. Raman spectra of various carbon-containing compounds [148]. 
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When monochromatic radiation is scattered by molecules or atoms, and a small fraction 
of the scattered radiation is observed to have a different frequency from that of the 
incident radiation; it is known as the Raman effect. The Raman effect arises when the 
atoms or atoms of the molecules undergo a change in their polarizability as they vibrate 
[137]. Raman spectroscopy has proven to be an ideal tool for carbon compounds, since 
their Raman spectra have been found to respond to changes in the microscopic structure 
of the crystals [148, 149]. Raman spectra of carbonaceous material have been shown to 
consist of only a small number of lines, however, these lines show large variations in 
intensity, peak with and positions, depending on origin. In Figure 19, Raman spectra of 
various types of carbon-containing particles are shown. In the figure, the peaks that have 
been used for determination of crystallite size are marked. It is the ratio between ID and IG
that is used together with some constant [148, 149]. Raman spectroscopy was used in 
Paper III to see if there were any differences in crystal structure between particles emitted 
from a diesel fuelled and ethanol fuelled CI engine, respectively. 

Scanning Electron Microscopy and Image Analysis  
Scanning electron microscopy (SEM) was used to analyze particle shape and 
morphology. Particles from exhaust gas were sampled on filters by using the ejector mini 
diluter described in the part about diluted exhaust, see also Figure 16. The filter, a 
polycarbonate filter with 100 nm pore size, was coated with gold sputtering, prior to 
analysis. Coating is necessary to make the samples conductive and suitable for electron 
microscopy [150]. In the microscope, a thin electron beam is swept over the actual 
sample. Electrons are reflected and detected to a varying degree depending on where in 
the sample/filter area the electrons originate. Reflected electrons build up a black-and-
white image of the scanned sample area, resulting in an image, such as in Figure 13 and 
Figure 20. 

Figure 20.  SEM image of diesel particles at 20 000 X magnification. The light grey areas are 
particles. The small black holes are 100 nm pores. 

An image contains a lot of information. To make information easier to interpret, software 
for image analysis has been used. The working principle for the software used, was that 
the software adjusted an ellipse to the actual particles/particle agglomerat. Then, the 
lengths of the major and minor axes of the best-fitting elips to respective particle/particle 
agglomerate were displayed. The ratio between them gives a measure of the shape, a 
shape factor. If the shape factor is close to one, the particle is spherical or close to 
spherical, and if it is close to 0.1, the particle is prolonged. Achieved particle shape 
factors were rounded off to one decimal and the distribution was calculated in percentage 
points. In order to investigate if the composition of the emitted particle agglomerates was 
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influenced by running conditions and fuel, SEM and image analysis were used in Paper 
III. An example of the results obtained can be seen in Figure 20. 

Analysis of Aldehydes  
Sampling of aldehydes can be performed either by bubbling exhaust gas in impingers 
with 2,4-dinitrophenylhydrazine (DNPH) fluid, or by drawing exhaust gas samples 
through DNPH-coated cartridges [151]. When the exhaust gas is bubbled, or drawn 
through, a sample cartridge, a derivatization reaction occurs between aldehydes and 
DNPH, see also reaction formula in Figure 21. This reaction results in the corresponding 
2,4-dinitrohydrazones of the aldehydes. There are several reasons for using the 
derivatization technique. The most obvious reasons are to make the aldehydes more stable 
and to concentrate the sample to detectable amounts. Still another is to make the 
aldehydes more suitable for detection by spectroscopic methods by introduction of 
chromophores [152]. The same technique can be used for other carbonyl compounds, 
other than aldehydes, for example, acetone. 

-H2O
O2N

N
NH R

H

NO2

O
H

R

O2N
N

NH2H

NO2

Figure 21. Derivatization reaction of aldehydes with DNPH. R = H, alkyl or aryl 

Obtained hydrazones were extracted from the sample cartridge with acetonitrile for 
further analysis with high performance liquid chromatography (HPLC) and detection by 
UV/VIS spectroscopy. The fundamental principles of chromatography are that 
components are being separated by distribution between a mobile phase and a stationary 
phase. Stationary phases can be both solids and liquids. In the case of HPLC, the mobile 
phase is a liquid, and the stationary phase is usually small particles in a column with C18 
molecules, or similar, attached on the surface. Gas chromatography has the same basic 
features, except that the gas corresponds to the mobile phase and the stationary phase is 
solid, or more commonly, a liquid coated inside a solid tubing. Since different 
components may be retained to a different degree, they will emerge from the end of the 
column at different times [136, 137]. Reverse phase C18 columns easily perform HPLC 
separation of hydrazones in an eluent consisting of acetonitrile, water and 
tetrahydrofurane in appropriate composition. Detection is performed by measuring the 
transmittance in the effluent from the HPLC column at ~ 360 nm [152].  
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Volatile Organic Hydrocarbons

Figure 22. VOCs in exhaust gas analyzed by VOC-Air analyzer. Sampled in bag from 
ethanol engine, outfitted with DNOX system running at 1.000 rpm and 75% load of 

maximum load at current speed. 

Several approaches have been used in order to determine individual hydrocarbons. Most 
of them are gas chromatographic methods, which vary in detection technique used and 
sampling methodology [124-126, 129, 132, 133]. Impinges and absorbents have been 
used with varying success for individual hydrocarbons. Absorbents and impingers have 
shown to be less efficient for sampling of low molecular weight hydrocarbons, such as 
methane, ethane and ethene. These type hydrocarbons are most likely best sampled in 
canisters or bags for later analysis with gas chromatography. This was also the 
methodology used in the thesis, Papers IV and VI, in which sampling of exhaust gas was 
performed in TedlarTM bags [129, 133]. The bags with samples were thereafter connected 
to a VOC–AIR analyzer, which, basically, is an advanced gas chromatograph, equipped 
with an auto-TCT injector (TCT= Thermal desorption Cold Trap system) [153]. The 
working principle is that a condenser removes water from the exhaust gas sample, which 
is then concentrated on an adsorbent at submerged temperature. The trapped compounds 
are thermally desorbed and cryogenically focused on a cold-fused silica trap, prior to 
injection. When desorption is completed, the components are injected into the analytical 
column by flash heating of the cold trap. The components are separated by gas 
chromatography. The detection technique, flame ionization, is the same as for total 
hydrocarbons, and is, therefore, described in more detail in next section, analysis of total 
hydrocarbon emissions. Identification and determination of response for individual 
hydrocarbons are accomplished with standard mixtures of known amount. A typical 
chromatogram from exhaust gas is shown in Figure 22, which also shows the difference 
in abundance between the compounds normally found in high abundance, i.e., ethene and 
propene, and also the rest of the individual hydrocarbons.  
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Analysis of total hydrocarbon emissions  
Monitoring of hydrocarbons in exhaust gas uses the advantages of the very high 
sensitivity of the heated hydrogen flame-ionization detector (FID) to measure this class of 
compounds [12-15]. In Figure 23, a principal sketch of the flame ionization is shown. A 
small flame of hydrogen (fuel) and air is burning in the detector. Once an exhaust gas 
sample containing hydrocarbons is mixed with the hydrogen and is introduced into the 
flame, which burns between a high voltage electrode and a collector electrode, a complex 
ionization process is started. The electrostatic field between the two electrodes and the 
flame causes the charged ions to migrate to their respective electrodes. The migration of 
the charged ions generates a very small current, which is measured. The obtained current 
is proportional to the hydrocarbon concentration in the sample during a wide range [154].
The FID response factors for different compounds vary [18]. Therefore, the response for 
the FID is calibrated against propane and the obtained measures of the individual 
hydrocarbons in the exhaust gas are an expression of propane equivalents; all in 
accordance with regulations [12-15].  

Figure 23. Heated flame ionization detector (FID) for the determination of total hydrocarbon 
emissions in the exhaust gas. 
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Analysis of nitrogenon oxides, NOx
The prescribed method in the directive for analysis of nitrogen oxides in the gas-phase is 
chemiluminescence [12-15]. The absorption by chemical species of light is broadly 
defined as photochemical reaction. Luminescence is one of the photochemical reactions 
that can take place, consisting of energy loss by the emission of electromagnetic radiation 
as light. Chemiluminescence is said to occur when an excited species is formed by a 
chemical process, such as the one between ozone and nitrogen oxide; see also the reaction 
formulas [104].  

O3 NO NO2* O2+ +
*Molecule in exited stage, higher energy  

The nitrogen dioxide that is formed loses energy and returns to the ground state through 
emissions of light, luminescence; see also reaction formula. 

NO2NO2* + light

A photomultiplier tube measures the emitted light and the intensity is proportional to the 
concentration of NO [137]. Since the chemiluminescence detector system depends on the 
reaction between O3 with NO, it is necessary to convert NO2 to NO prior to analysis. This 
is accomplished by passing the exhaust gas sample over a thermal converter, which 
brings about the desired conversion [155]. Analysis of such samples shows the NOX, the 
sum of NO and NO2. Analyse of exhaust gas that has not been passed over the converter 
shows NO. The difference between these two results is NO2.

Analysis of Carbon Oxides, CO and CO2
Carbon dioxide is analyzed in the same way as carbon monoxide. The main difference 
between these analyses is that carbon dioxide, generally, is more abundant than carbon 
monoxide. Carbon oxides in the exhaust gas are analyzed by nondispersive infrared 
spectrometry [12-15, 137]. This technique is based on the fact that carbon oxides absorb 
infrared radiation at certain wavelengths. Therefore, when such radiation passes through a 
cell, containing a trace of carbon oxide levels, more of the infrared radiant energy is 
absorbed. A nondispersive infrared spectrometer differs from standard infrared 
spectrometers in that the infrared radiation from the source is not dispersed according to 
wavelength by a prism or gratings. The nondispersive infrared spectrometer is made very 
specific for a given compound, or type of compound, by using the compound as a part of 
the detector, or by placing it in a filter cell in the optical path [137]. A principal sketch of 
the nondispersive infrared spectrometer is shown in Figure 24. Radiation from an infrared 
source is “chopped” by a rotating device so that it, alternately, passes through a sample 
cell and a reference cell. In this particular instrument, both beams of light fall on a 
detector that is filled with CO gas and separated into two compartments by a flexible 
diaphragm. The relative amounts of the infrared radiation, absorbed by the CO in the two 
compartments, cause a slight difference in heating, so that the diaphragm bulges slightly 
toward one side. Very slight movements of the diaphragm can be detected and recorded. 
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Typical ranges for this kind of instruments for measuring carbon oxides are 0-150 ppm, 
but the can measure concentrations all the way up to 500 ppm [156].  

Figure 24. Schematic sketch of a nondispersive infrared spectrometer. [104]. 
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Effects of Fuel and Exhaust Gas Aftertreatment on Emissions 
Stricter regulations on emissions will, most likely, cause exhaust gas aftertreatment to be 
used, in order to fulfill future regulations for particles and NOX. Besides, there is great 
concern about greenhouse gases. When SWEPA identified threats to a sustainable 
society, they stated that the matter most difficult to solve, is the emission of greenhouse 
gases, especially carbon dioxide [11]. One way to reduce the net emissions of carbon 
dioxide is to use bio-based fuels, neat or as blend components. Both the European Union 
and the government of the United States have declared their interest in promoting the use 
of bioenergy [157, 158]. 

When new fuel/fuel blends, as well as exhaust gas aftertreatment, are introduced to meet 
regulations and to improve emission profiles, proper functioning of the engine and a 
“non-toxic” emission profile are mandatory requisites. To prove an adequate performance 
might be an easy task, but to prove “nontoxicity” is not always that easy. The emissions 
of HC in g/kWh, provide no information about the identity or the amount of individual 
compounds emitted. Particulate matter is what is caught on a specific filter during 
stipulated conditions, and weighted. The main part of the weight most probably, 
constitutes solid carbon particles. The particles´ mass does not reveal anything about the 
particle numbers or particle sizes. Both parameters are probably important if toxicity is an 
issue.

Addition of an Oxygenate to Diesel 
An easy way to improve on emissions is to use an additive to the fuel ordinarily used. 
This has the advantage that it can be utilized by both new and old engine technologies 
with minor efforts, i.e., no engine tuning, or modifications, such as costly 
additions/modifications of fuel-injection system or exhaust gas aftertreatment. The most 
interesting feature of oxygenated compounds as fuel additives is probably their ability to 
lower particulate emissions [56-72]. The particular oxygenate used in this thesis, acetal, 
has another prominent feature: namely, it can be made from biomass; bio-based ethanol 
[159]. The structure of the investigated oxygenate, 1,1-dietoxy ethane, better known as 
acetal, is shown in Figure 25. When this compound is blended into diesel, minor 
influences on fuel properties are observed. Only a small decrease in heating value, 
distillation and flashpoint are noticed, see Paper IV for more precise information. These
deviating values are probably results of the added acetal´s low flash point, -20oC and 
boiling point, 103,2oC [160]. Otherwise, the specification for Swedish environmental 
Class 1 fuel is met.  

CH2

O
CH

O
CH2

CH3

CH3CH3

Figure 25. Structure of 1,1-dietoxy ethane, acetal. 
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Figure 26. Weighted particle size and distribution for neat diesel and A-diesel. Solid and 
total particle size distributions (top). Logarithmic, total particle size distributions (bottom). 

Particle properties, size and distribution, with and without thermodenuder, i.e., with and 
without the volatile particles stripped off, were measured when the engine was running 
with neat diesel and the diesel mixture containing 10% acetal and denoted A-diesel. 
According to expectations, the weighted particle size distribution was highest for particles 
emitted when the engine was running on neat diesel fuel, EC 1, as seen in Figure 26. The 
effect of the addition of acetal is easily observed in Figure 26, top. However, the full 
extent of the addition was not discovered until the particle size distribution plots were 
displayed logarithmically, as in Figure 26, bottom. It was then observed that particles 
were affected throughout all particle sizea, but larger particles, above approx. 110 nm, 
seemed to be more affected than smaller particles. No major differences in influence on 
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solid and total particle emissions, respectively, were seen as shown in Table 7. Still, the 
effect from the addition of acetal has to be considered important, as the estimated particle 
mass decreased by approx. 34-35% when A-diesel was used, compared to when neat 
diesel was used. The reduction in particle number emission, approx. 22-23 %, was not as 
pronounced as the reduction in particle mass. This proves that the larger particles are the 
ones that are most affected; the ones that make up particle the mass.  

Table 7. Particle emissions, with and without wet particles. Estimated, weighted particle 
mass and weighted number emissions in accordance with ESC. 

Solid
number 

emissions 
#/kWh 

Total 
number 

emissions
#/kWh 

Solid/total 

(%) 

EC-1 1.14E+16 1.82E+16 62.6 

A-diesel 8.92E+15 1.40E+16 63.7 

Decrease 21.8% 23.1% 

Solid  
mass

emissions 
mg/kWh 

Total  
mass

emissions
mg/kWh 

Solid/total 

(%) 

EC-1 8.38 11.8 71.0 

A-diesel 5.53 7.73 71.5 

Decrease 34.0% 34.6%  

Addition of acetal to diesel increased the aldehyde emissions, compared to when the 
engine was running on neat diesel fuel. Of the four aldehydes analyzed, i.e., 
formaldehyde, acetaldehyde, acroleine and benzaldehyde, only three were detected during 
a majority of the steps included in the ESC cycle. In order to facilitate a comparison 
between the emissions obtained with and without the addition of acetal, benzaldehyde 
was omitted from further discussions and weighted emission factors were calculated in 
accordance with the ESC test regulations. Acetaldehyde emissions were strongly 
influenced by the addition of acetal. They almost quadrupled from 14,2 mg/kWh to 55,3 
mg/kwh; probably reflecting the decomposition and oxidation of acetal to acetaldehyde. 
Formaldehyde emissions also increased, when acetal was added to the diesel, however, 
the increase was from 35,2 mg/kWh to 44,3 mg/kWh and of the same magnitude as for 
acetaldehyde. A minor influence, an increase from 17,4 mg/kWh to 18,2 mg/kWh was 
seen in the levels of acroleine, when comparing emissions from the engine running on 
neat diesel and A-diesel. Hopefully, the increase of aldehyde emissions, when utilizing 
A-diesel, can be taken care of by an oxidative catalyst. As mentioned before, exhaust gas 
aftertreatment, such as DPFs, will most likely become necessary, in order to meet future 
regulations. 



46

Addition of acetal also influenced emissions of the individual hydrocarbons analyzed in 
the exhaust gas from A-diesel and neat EC 1 diesel, i.e., ethane, ethene, acetylene (etyne), 
propane, propene, propyne, propadiene, isobutene, 1-butene, isobutene, benzene, and 
toluene, as seen in Figure 27. The majority of the analyzed individual hydrocarbons 
increased, more or less, when A-diesel was used instead of neat diesel. But, most 
interestingly, acetylene decreased by approx. 44%, and benzene and toluene decreased by 
25% and 24%, respectively. The decrease of these compounds may be associated with the 
observed decrease in particulate matter, as it has been suggested that acetylene and 
aromatic compounds, such as benzene and toluene participate in the particle formation 
process [28, 96]. However, this has to be further examined, in order to establish that, in 
fact, it is so. For additional information about the influence of acetal on individual 
hydrocarbon emissions, please see Figure 27 and Paper I.  

Measurements of NOX, HC and CO were performed in accordance with the ESC test 
cycles, with and without the addition of acetal. A small decrease in emitted NOX
emissions, 3,2%, and small increases in HC and CO emissions, 4.9% and 3.8%, 
respectively, were noticed, when the engine was running on A-diesel, instead of neat EC-
1 diesel. Changes in NOX, HC and CO emissions were small, but confirmed to be 
statistically significant.  
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Figure 27. Weighted individual hydrocarbon emissions with A-diesel and neat EC-1 diesel. 

Acetal has a lower energy density than neat EC-1 diesel fuel; a consequence of the 
addition of acetal was, therefore, that the energy density for the fuel was lowered by 
approx. 3%. When engine performance was tested, an average power loss of 6,7% could 
be seen when A-diesel was used, instead of EC-1 diesel. A plausible explanation for the 
observed loss of power can not be given. However, contributions to the observed 
difference may be attributed to the fact that the oxygen in the fuel is not fully utilized, and 
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that engine tuning and engine specific influences from the engine design may influence 
fuel consumption and efficiency [19, 28]. Another consequence of the lower energy 
content of A-diesel was a 4% higher specific fuel consumption. Specific fuel 
consumption was 223.6 g/kWh for A-diesel, and 215.0 g/kWh for EC-1, diesel when 
running according to the steps in the ESC cycle. But, if the fact is considered that 10% of 
A-diesel consisted of acetal, originating from biomass, the net contribution of CO2, to the 
atmosphere actually diminished by approx. 6.4%, despite the higher fuel consumption 
observed. 

Ethanol vs. Diesel 

Figure 28. Particle size and distributions emitted from both the ethanol and diesel fuelled 
engines at 50% of maximum load at 1.000 rpm and 1.800 rpm and full load, respectively. 

Particle matter formation in ethanol fuelled CI engines is generally significantly lower in 
ethanol fuelled engines than in their diesel fuelled counterparts. This is due to the oxygen 
concentration in the fuel which enables diffusion-controlled combustion with minor 
particle formation [28]. However, the full nature of particles actually emitted from 
ethanol fuelled CI engines, size and distribution, is still not known. Therefore, it was of 
great interest to more closely study the particle size and distribution of particles emitted 
from the ethanol fuelled CI engine, as well as some other particle properties, see also 
Paper III. As seen in Figure 28, there are differences, owing to speed and load, when 
comparing particle size and distributions emitted from ethanol and diesel fuelled engines, 
respectively. Low speed and average load in the ethanol fuelled engine resulted in 
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relatively high numbers of nuclei mode particles, nanosize particles compared with the 
particles emitted from the diesel fuelled engine. High speed and full load on the other 
hand, resulted in relatively high numbers of nuclei mode particles, nanosize particles, 
emitted from the diesel fuelled engine, compared with the particles emitted from the 
ethanol fuelled engine.
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Figure 29. Weighted particle size and distribution for particles emitted from the ethanol 
fuelled and diesel fuelled engine, respectively, in accordance with ESC. 

To get an over view, but also because it is not practical to show all of the 22 measured 
particle size distribution plots for each tested engine configuration, particle size 
distribution was calculated in accordance with the ESC test regulation. A summarized 
particle size distribution plot, representing the weighted particle size and distruibution 
during each step in the ESC cycle, was obtained. The procedure was repeated in order to 
obtain weighted total particle number emissions and estimated emitted weighted particle 
mass. These results are shown in Figure 29 and Figure 30.  

There are several large differences in the sizes of particles emitted from the ethanol 
fuelled engine and diesel fuelled engine, respectively. Firstly, 99% of the particles 
emitted from the ethanol engine are ultrafine particles, < 100 nm, while particles emitted 
from the diesel fuelled engine have sizes going up to 300 nm or more. Secondly, the 
average particle mean for particles emitted from the ethanol fulled engine was approx. 30 
nm, while the average particle mean for particles emitted from diesel fuelled engine was 
approx. 50-60 nm. Particles emitted from the ethanol fuelled engine seem to be mainly 
small accumulation mode particles, while two distinct modes, nuclei and accumulation 
mode, can be seen for particles emitted from the diesel fuelled engine. When comparing 
particle number emissions and particle mass emitted from the respective engine, see 
Figure 30, it can be seen that the number emissions of particles is the same, approx., but 
that the ethanol engine emits approx. one tenth of the mass emitted by the diesel fuelled 
engine. That is most likely due to the generally smaller particles emitted by the ethanol 
fuelled engine.
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Particle numbers in accordance with ESC
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Figure 30. Summarized weighted particle number emissions (top) and Summarized weighted 
particle mass (bottom), in accordance with ESC. 

Experiments were performed in order to evaluate differences in the agglomeration of 
particles from the respective engine. Results indicated that particles emitted from the 
ethanol fuelled engine contained less volatile material than the particles emitted from the 
diesel fuelled engine. If less volatile material is available, fewer prolonged chainlike 
particle agglomerates can be built. SEM and image analysis showed that the ethanol 
fuelled engine contained less prolonged chainlike particle agglomerates of larger 
particles, see Paper III. 

Raman spectra were recorded in order to investigate if particles emitted from an engine 
fuelled with the appropriate fuel, ethanol or, diesel, consisted of the same type of 
carbonaceous material. In fact, the material that constituted the carbonaceous material 
emitted from the respective engine was almost identical, as can be seen in Paper III and 
Figure 31. When looking at recorded spectra, it can also be seen that the crystal structure 
of particles emitted from the engines used are fairly similar to activated carbon, which is 
known to be a good adsorbent of hydrocarbons [124-126]. 
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Figure 31 Raman spectra of various carbon-containing particles, see also [148, 149]. 

NOX formation is generally significantly lower in ethanol fuelled engines than in their 
diesel-fuelled counterparts. The result from a comparison between the ethanol fuelled CI 
engine studied in this thesis, Papers II-V, and a diesel fuelled CI engine from the same 
engine family is illustrative: the diesel fuelled engine emitted approx. 4.7 g/kWh NOX,
while the ethanol engine emitted2 approx. 2.7 g/kWh NOX, when the engines were 
running according to the ESC cycle [30]. This is partly due to the cooling effect of a fuel 
with higher latent heat of evaporation and higher fuel flow, a consequence of ethanol’s 
lower energy content. The increased fuel flow may also cause “wall-wetting”, i.e., the 
fuel spray hits the walls of the combustion chamber before being fully evaporated. If so, 
the associated deterioration of the air-fuel preparation contributes towards lower NOX
levels, but usually also leads to higher levels of CO and VOC emissions, i.e., mostly 
unburned fuel, compared with similar diesel fuelled engines. The deterioration of the 
combustion reduces in-cylinder temperature and affects the local air-fuel ratio, thus, 
reduces NOX emissions; also CO emissions increased to 2.07 g/kWh when ethanol was 
used as fuel, compared with 0,58 g/kWh when diesel was used. Smaller differences were 
noticed between emitted HC emissions, 0.53 mg/kWh for the ethanol fuelled engine and 
0.72 g/kWh for the diesel fuelled engine; all according to the ESC test regulation.  

The fuel´s significance for emitted total aldehyde and total volatile hydrocarbon 
emissions analysed were going in different directions and individual compounds were 
affected differently as well. The total aldehyde emission increased when ethanol was used 
as fuel. This was as expected, and also in line with what has been reported in the 
literature, when using ethanol as fuel [17-70, 73-76]. In Figure 32, the specific engine-out 
                                                           
2 Engine-out emissions.
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emissions of aldehydes are shown. In the exhaust gas from the ethanol fuelled engine, the 
most frequently occurring single aldehyde was acetaldehyde, which, most likely, derives 
from oxidized ethanol. Formaldehyde emission was also higher for the ethanol fuelled 
engine, compared with the diesel fuelled engine. Contrary to formaldehyde and 
acetaldehyde, which showed the highest concentrations in the exhaust from the ethanol 
fuelled engine, acrolein showed the highest levels in the exhaust from the diesel fuelled 
engine.  

Figure 32. Aldehydes from the ethanol fuelled (E, w/o ) and diesel fuelled (D, w/o) engine. 
Weighted specific emissions in mg/kWh. 

The emission levels for analyzed individual hydrocarbons were generally higher, when 
using diesel as fuel, compared with the levels when ethanol was used as fuel. There were 
also some qualitative differences, as seen in Figure 33. Acetylene was the compound in 
the highest concentration, found in the exhaust from the ethanol fuelled engine. Propene 
was the compound present in the highest concentration in the exhaust from the diesel 
fuelled engine. Ethene and benzene were present in relatively high concentrations in the 
exhaust from both the ethanol fuelled and diesel fuelled engine. The remaining individual 
hydrocarbons were found in relatively low concentrations. When taking into 
consideration that the regulated HC value, unburned hydrocarbons, was in approx. the 
same concentration for both engines, the results might appear to be somewhat 
unexpected. This can, partly, be explained by the fact that there are still many compounds 
in the exhaust which have not been analyzed. As an example, an investigation performed 
on an 11-liter ethanol fuelled CI engine revealed that up to 70% of emitted HC emissions 
from an ethanol engine may consist of ethanol [98]. 
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Figure 33. Hydrocarbons from the ethanol fuelled (top) and diesel fuelled (bottom) engines. 
 Weighted specific emissions in mg/kWh. 

As a consequence of ethanol’s lower energy content, specific fuel consumption is higher 
for the ethanol fuelled engine, compared with the diesel fuelled engine. For example, the 
energy content of one kilogram of ethanol is approx. 63% of one kilogram of Swedish 
diesel oil, EC1, and the corresponding figure for volume basis is 61%. Due to the fact that 
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ethanol also contains some additives, such as denaturants and ignition improvers, the 
values are somewhat approximate, see Table 3, but they are still accurate enough to 
explain the large differences in specific fuel consumption seen in the contour plots for 
diesel fuel and ethanol fuel, Figure 34. If the specific fuel consumption is calculated 
according to ESC for the ethanol engine and diesel engine, and then translated into 
energy, see Paper II, more energy is needed for the same work when running the ethanol 
engine. 

Figure 34 Specific fuel consumption for the ethanol engine (left) and diesel engine (right). 

The reason for this is probably thermodynamic efficiency and friction losses. The higher 
compression ratio in the ethanol fuelled engine, 24:1, instead of 17:1 used for the diesel 
engine, promotes lower fuel consumption, due to improved thermodynamics. But since 
the engine friction and heat losses also increase, due to the higher compression ratio, the 
outcome was negative. Therefore, the amount of energy needed for the same work is 
somewhat higher for the ethanol fuelled engine.  
To sum up: Ethanol emits mainly ultrafine particles in approx. the same number and type 
as diesel. As a result, the particle mass emitted is only ~1/10 of the particle mass emitted 
from the diesel engine. Furthermore, NOX emissions and analyzed VOC emissions were 
lower, when comparing with emissions from the diesel fuelled engine. However, higher 
emissions of CO and aldehydes were noticed. Due to ethanol’s lower energy content, 
specific fuel consumption is higher for ethanol fuelled egines compared with diesel 
fuelled.  

Ethanol vs. Diesel with Emission Control 
Many objections have been raised against alternatively-fuelled CI engines, because 
modern exhaust gas aftertreatment is considered to be efficient enough to clean diesel 
fuelled CI engines to environmentally acceptable levels. Comparisons are often made 
between alternatively-fuelled CI engines and diesel engines equipped with state-of-the-art 
emission technology. Therefore, the ambition was to compare an ethanol fuelled and a 
diesel fuelled engine when both were equipped with state-of-the-art emission control 
technology, the DNOX

TM system. The most modern ethanol fuelled CI engine available 
was employed for the task. Still, the ethanol fuelled engine was not as advanced as the 
diesel fuelled engine that the DNOX

TM system originally was developed for. The ethanol 
fuelled engine’s original outfit, a standalone catalyst, was included in the investigation, 
together with a second ethanol fuel. The second ethanol fuel utilizes rapeseed methyl 
ester as ignition aid instead of Beraid, which is used otherwise.  
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When the ethanol engine was equipped with its original outfit, the standalone catalyst, 
only a minor influence was seen on particle size and distribution. In principle, only 
particles below ~25 nm were affected by the addition of the catalyst, consequently, the 
particle size distribution plot for particles emitted from the engine equipped with the 
standalone catalyst were close to identical with the plot for engine-out emissions seen in 
Figure 29, except that particles with sizes below ~ 25 nm decreased, see also Paper III.   

When the engines were equipped with the DNOX
TM system, consisting of a low pressure 

EGR loop and a DPF, large reductions in particle numbers were noticed for the respective 
engine. The reductions in particles can, most likely, be related to the particle filter 
employed, and not to EGR, which has been shown to increase particle emissions. An 
unexpected finding was that the ignition-improver properties seemed to have a large 
influence on the number of particles formed, either in the engine or by the emission 
control system, as seen in Figure 35. The figure also shows that the lowest number of 
particles was emitted from the diesel fuelled engine equipped with the DNOX system. 
This finding was not surprising, even though the system was actually developed for the 
diesel fuelled engine. In order to get an idea of how large the reductions were for each 
tested condition, i.e, fuel, standalone catalyst and DNOX system, estimated particle mass 
was calculated in accordance with the ESC test regulation. For more details, see Paper III. 
When running the ethanol fuelled engine on the ethanol fuel, with the ignition improver 
Beraid, and equipped with the DNOX system (E, DNOX), the reduction of particle mass 
was estimated to be approx. 67%, compared with engine-out emissions (E, w/o). When 
changing to the ethanol fuel containing RME as ignition improver, the reduction in 
particle mass was much higher, see (E-O, DNOX) in Figure 36. Particle emission from the 
ethanol fuelled engine running on ethanol fuel containing RME was estimated to be 
reduced by approx. 96%, compared with engine-out emissions. But, when running the 
diesel fuelled engine euqipped with the DNOX system (D, DNOX), more than 99% of 
estimated particles were reduced compared with engine-out emissions (D, w/o).  

When considering particle number emissions, instead of particle mass, it was found that 
emitted engine-out particle number emissions were approx. the same for both the ethanol 
fuelled engine (E, w/o) and the diesel fuelled engine (D, w/o). Particle number emissions 
were reduced by 19% when the ethanol engine was equipped with the stand alone catalyst 
(E, Cat). An even larger reduction of particle number emissions was obtained when the 
engines were equipped with the DNOxTM system (E, DNOX). Eightytwo percent of 
emitted particles were reduced when the ethanol engine was running on Etamax D, i.e., 
with Beraid as ignition improver, and equipped with the DNOX

TM system. When the 
ethanol engine was equipped with the DNOX

TM system and running on ethanol with RME 
as ignition aid instead, an additional reduction in emitted particle number emissions was 
seen. Ninetyeighth percent of the particle number emissions were reduced, compared with 
when the ethanol engine was running on Etamax D fuel and without emission control. 
The diesel fuelled engine equipped with the DNOX system (D, DNOx) showed the 
highest reduction of particle numbers, 99 %, compared with engine-out emissions (D, 
w/o).  
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Figure 36. Summarized weighted estimated particle mass emissions in accordance with ESC. 

The DNOX system also reduces NOX emissions. When the diesel fuelled engine was 
equipped with the DNOX system, a 33% reduction of NOX was obtained compared with 
an engine without the DNOX system. A smaller reduction, approx. 27%, was obtained 
when equipping the ethanol engine with the DNOX system. When checking the EGR 
settings during the various steps in the ESC test cycle, it was noticed that lower EGR 
ratios had been used by the DNOX

TM system, when it was connected to the ethanol fuelled 
engine, compared with the EGR ratios used, when connected to the diesel fuelled engine. 
Observed differences may be attributed to the measures taken, in order to provide 
necessary engine data to the electronic control unit in the DNOX system for the ethanol 
fuelled engine. 

Ethanol fuel should enable the use of higher EGR ratios than diesel fuel, due to the 
oxygen content in ethanol, which enables diffusion-controlled combustion with minor 
soot formation. The NOX reduction target was set to be 30% for the DNOx system, hence, 
none of the engines utilized the full potential of EGR. NOX reductions of 54% have been 

1.9E+116.3E+11
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reported for a similar, diesel fuelled CI engine, than the one used, equipped with the 
DNOx system [30]. Reductions of 60-70% of nitrogen oxides have been reported, when 
EGR was used on an 11-liter ethanol fuelled engine [161, 162]. Further, NOX reductions 
can, therefore, be anticipated when the DNOX system utilizes higher EGR ratios and the 
DNOX system is better adaptated to the ethanol engine. 

Both the standalone catalyst and the oxidative catalyst, compromised in the CR-DPF 
sytem, influenced HC and CO emissions. The emissions of HC, and CO decreased down 
to 0.15, and 0.04 g/kWh for the ethanol fuelled engine equipped with the DNOX system, 
corresponding to reductions of 72% and 98%, respectively, compared to engine-out 
emissions. When the standalone catalyst was used HC and CO levels of 0.14, and 0.02 
g/kWh were reached, i.e, approx. the same levels of reduction. Different levels of engine-
out emission have been noted for the diesel fuelled engine, compared with the ethanol 
fuelled engine. Almost the same levels of specific HC and CO emissions, 0,14 and 0,05 
g/kWh, respectively, were achieved for the diesel fuelled engine as for the ethanol fuelled 
engine equipped with the DNOX system. Because the emitted engine-out levels of HC and 
CO were higher for the diesel fuelled engine, also higher reductions, 81% and 91%, 
respectively, were noted. For further information, please refer to Paper II.  

The impact of fuel and emission control on individual aldehydes and hydrocarbons was 
investigated in Paper IV. As mentioned earlier, engine out emissions of aldehydes were 
higher for the ethanol fuelled engine, but the remedy for the high emissions was to 
connect an oxidative catalyst to the engine. When using the standalone catalyst in 
combination with the ethanol fuelled engine, the levels of acrolein, formaldehyde and 
acetaldehyde were reduced by 48%, 71% and 75%, respectively. However, by using the 
oxidative catalyst compromised in the DPF, i.e., in the DNOX system, even higher 
reductions were possible; the levels of acrolein, formaldehyde and acetaldehyde 
decreased by 56%, 87% and 95%, respectively. Remarkably, the emissions of aldehydes, 
when using the DNOX system on the diesel fuelled engine showed even higher reductions 
of the analyzed aldehydes. The decrease was 76%, 94% and 94% for acrolein, 
formaldehyde and acetaldehyde, respectively. When comparing the levels of aldehydes 
emitted from each engine equipped with the DNOX system and running on appropriate 
fuel, it became evident that analyzed aldhydes, originating from the ethanol fuels, were 
emitted in approx. twice the amount of the aldehyde levels emitted from the diesel fuelled 
engine equipped with the DNOX system, see Figure 37. The figure also shows that it is 
mainly acetaldehyde and formaldehyde that contribute to the higher levels of aldehydes 
emitted, when running on ethanol. The elevated levels of these compounds in the exhaust 
probably reflect oxidation of the ethanol, which the DNOX system is not able to reduce in 
full.  
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Figure 37 Aldehydes emitted from engines equipped with the  DNOx system. E, DNOX
ethanol engine fuelled with ethanol containing Beraid as ignition aid, E-oil, DNOX ethanol 
engine fuelled with ethanol containing RME as ignition aid, D, DNOx diesel fuelled engine. 

The impact on individual hydrocarbons was, generally, large reductions and the size of 
the reductions varied with the identity of the analyzed hydrocarbon. This was in line with 
what could be expected, considering that HC emissions were reduced, both for the 
ethanol and diesel fuelled engine equipped with the DNOX system. Some of the 
compounds emitted from the respective engine equipped with the DNOX system, ethane 
and propane, increased instead of decreased. If a consideration is taken only to 
hydrocarbons which have been analyzed with FID, it can be seen that the sum of analyzed 
hydrocarbons followed emitted HC emissions for the respective engine, see Table 8. That 
is where engine-out emissions were highest for the diesel fuelled engine.  

However, when equipping the respective engine with the DNOX system, an obvious 
difference between the reductions for the ethanol fuelled engine and the diesel fuelled 
engine was  noticed. While the analyzed summarized hydrocarbons were reduced by 47% 
for the ethanol fuelled engine equipped with the DNOX system, a 90% reduction was seen 
when the diesel fuelled engine was equipped with the DNOX system. When the 
standalone catalyst was used, a reduction of 59% of summarized individual HC emissions 
was noticed. Furthermore, when the ethanol fuelled engine equipped with the DNOX
system was running on ethanol fuel containing RME as ignition aid, summarized 
analyzed hydrocarbon emissions were reduced by 44%. The observed differences in 
reductions and amounts between various hydrocarbons for ethanol and diesel fuel may 
partly be associated with the high levels of ethanol that have been reported to constitute 
ethanol engine exhaust, see Table 8. Unidentified compound/compounds in the exhaust 
from the investigated fuels may cause the observed effect.  

The DNOX system had only minor effects on the engine performance. One was that 
specific fuel consumption was lowered for the ethanol fuelled engine when running with 
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the DNOX system, compared with without. The largest impact, a decrease of 5,6%, was 
observed when RME was used, instead of Beraid as ignition aid, probably because RME 
has a higher energy density than both ethanol and Beraid. 

Table 8. Weighted emission factors for individual analyzed hydrocarbons. 

 Diesel 
Engine out 

mg/kWh 

Diesel
+DNOx
mg/kWh 

Ethanol
Engine out

mg/kWh 

Ethanol  
Catalyst 
mg/kWh 

Ethanol 
+DNOx
mg/kWh 

Ethanol, 
RME+DNOx

mg/kWh 
Ethane 0,46 0,37 1,96 3,48 4,58 4,92 
Ethene 10,07 0,39 4,81 1,67 0,85 0,98 
Acetylene 1,62 0,05 5,48 0,02 0,07 0,20 
Propane 0,58 1,73 1,15 0,99 3,31 2,84 
Propene 16,63 0,47 2,43 0,09 0,25 0,37 
Propyne 0,46 0,04 0,28 0,00 n,d, 0,01 
Propadiene 0,25 0,04 0,12 0,00 0,01 0,01 
Isobutane 0,32 0,27 0,19 0,23 0,25 0,25 
1-butene 3,45 0,08 0,40 0,03 0,04 0,09 
Isobutene 0,91 0,54 2,83 0,25 0,29 n,d, 
Butadiene 0,40 0,00 0,01 n,d, n,d, n,d, 
Benzene 9,43 0,46 4,50 0,46 0,81 1,67 
Toluene 2,46 0,23 0,72 0,29 0,20 0,28 
0+m-xylen n.d. n.d. 2,87 4,05 4,16 3,95 
           
Sum of HC 47,05 4,67 27,75 11,56 14,82 15,57 

Utilizing Ethanol’s Potential for Emission Control  
It became evident during the performed investigations that the beneficial properties of 
ethanol as a CI engine fuel, in combination with the DNOX system, had not been fully 
utilized. Therefore, the DNOX system´s features for emission control were studied further. 
The same engine conditions as earlier were employed, but some other conditions were 
also investigated. Transient conditions, a second DPF and various EGR settings were 
tested. Particles were measured according to directives, i.e., sampled on a filter in a CVS 
tunnel and thereafter weighed. In one EGR scenario, particle size distributions were 
measured to more closely study the effects of EGR, catalyst and DPF, respectively. 
Besides particles, NOX emissions were very important in the investigation, or more 
precisely, the reduction of NOX emissions at various EGR settings. The investigation was 
preceded by first testing the engine without EGR. In the following step, a thorough EGR 
mapping was performed. From the EGR mapping, four different EGR-scenarios, with 
denotation of A, B C and Max, were chosen for further testing according to ESC and ETC 
conditions. The different levels gave approx. 40%, <50%, <60% and max reduction of 
NOX compared with obtained NOX levels without EGR. During these scenarios, the 
actual EGR ratios for the various running conditions are not given. Max EGR is defined 
as the highest EGR setting that can be used without risking an acceptable function of the 
engine. Criteria for an acceptable engine function were mainly that the air/fuel ratios were 
not allowed to fall below 12:1, together with malfunction of the engine. For additional 
information about EGR ratios and NOX reduction, please refer to Papers, II and V.  
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Figure 38. EGR and NOX emissions, ETC cycle (top), ESC cycle (Bottom). 

NOX emissions and particulate matter (PM) were measured according to both ESC and 
ETC test regulations. It became evident that considerable reductions of NOX emissions 
could be obtained by using EGR, see Figure 38. By using maximum EGR, the reductions 
were approx. 73 % (ESC 72%, ETC 73%), while more moderate reductions, between 
33%-56%, were obtained when using settings with lower EGR ratios, i.e., A, B and C. 
There is obviously a trend; higher EGR ratio results in a bigger NOX reduction. As a 
comparison with diesel, Chatterjee et al., tested the DNOX system on several diesel 
engines and found that the system was capable of NOX reductions of between 43%-60%, 
depending on circumstances, engine test bench, chassis dynamometer testing, test cycle 
used and type of engine [30]. This, despite the fact that all of the diesel fuelled engines 
tested, were more technically advanced compared with the ethanolfuelled engine, i.e., 
euqipped with electronically controlled fuel injection. 

When aftertreatment was used for emission control, i.e., standalone catalyst and catalyst 
combined with DPF, a minor reduction of NOX was seen, compared with when the engine 
was running without aftertreatment, see also Figure 38. Thus, the major impact on NOX
emission was obtained by EGR. Interestingly, the impact of EGR seemed almost 
unaffected by the cycle used; the emission levels emitted during the transient testing were 
somewhat higher, but the reduction was approx. of the same magnitude as when 
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stationary conditions were used, as seen in Figure 38. Due to the fact that a transient cycle 
is better of indicating shortcomings of the strategy used for emission control, and to 
facilitate understanding; a decision was made to omit the results obtained during the ESC 
cycle when discussing emissions of PM, HC and CO.  

It is known that EGR increases the emissions of particulates and that they, in the end, are 
decisive for which EGR ratios that can be allowed. Therefore, the effect of the DPF is 
very important. PM increased approx. 250 % when maximum EGR was applied, 
compared with when the engine was running without EGR. The observed increase was 
clearly related to the EGR ratios used, as seen in Figure 39. When using the lowest EGR 
ratios, scenario A, a 24% increase was observed ,while the other investigated EGR ratios, 
i.e., scenario B and C, resulted in increases of PM emissions by 44% and 64%, 
respectively. A catalyst connected to the system decreased the PM emissions by approx. 
30%, regardless of the EGR rartios used. Even bigger reductions of PM were seen when 
the catalyst was combined with the DPF; without EGR, the reduction was approx. 86%, 
with EGR applied the reductions were between 95%-97%.  

Figure 39. Influenceof EGR on NOX, HC and PM emissions together with stipulated 
standards limits for Environmentally Enhanced Vehicles, EEV. 
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Steady state conditions, conditions suitable for measurements with the SMPS instrument, 
were used for studying the EGR impact on particle size and distributions, as well as the 
impact of EGR with catalyst or from EGR combined with DPF. Particle number emission 
increased approx. 420%, when the EGR scenario A was used as emission control, 
compared with engine out emissions, see Figure 40. This effect was expected and has 
been observed by others [163]. Equipping the engine with the catalyst reduced the 
emitted particle number emissions, compared with using only EGR, but the particle 
number emission level was still considerably higher than from the engine without EGR 
and no catalyst/DPF. A reduction of 90%, compared to engine-out emissions without 
EGR, was observed when replacing the catalyst with a DPF and still using EGR. 
However, the increase in particle number was not the only particle property that was 
influenced.  

Particle size increased with EGR and particles became larger. A closer look at Figure 40 
reveals that there seems to be a shift towards larger particles when using EGR. It seems 
that particle sizes above 200 nm are more likely to occur when using EGR, as seen in 
Figure 40.  
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Figure 40 Particle size and distribution without EGR, with EGR, and EGR combined with 
aftertreatment. 

It seems plausible that the larger particles formed, when using EGR, are carbonaceous 
particles, because it is known that larger particles in diesel engine exhaust are made up of 
carbon and that there are only minor differences between particles formed in an ethanol 
fuelled CI engine, compared with the diesel fuelled counterpart, see Paper III, [1]. Particle 
sizes, as well as numbers, are important, because it is the larger particles that mainly 
make up particulate mass; the quantity that is used for regulatory purposes by the 
authorities. An illustrative example of this is the outcome of an experiment involving 
EGR and catalyst; when adding a catalyst after the EGR system, the particle number 
emissions decreased by 31%, but the reduction in emitted particle mass was only 21%. 
This means that the catalyst primarily removes smaller particles, as observed in Figure 
40. 
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The EGR also resulted in higher HC and CO emissions. Generally, the CO emission from 
diesel fuelled vehicles of today is at such low levels that CO is not regarded as a problem. 
But, when using maximum EGR, the CO emissions increased by more than 500%.
Fortunately, the high levels of CO could be removed in an easy way by adding an 
oxidation catalyst. The CO reduction was so efficient that it was difficult to get 
instrument readouts, when using the catalyst. For specific levels of CO, please refer to 
Paper V.

HC emissions were increasing with the ratio of EGR. The increase, when using max 
EGR, was approx. 250%. The lowest ratio of EGR resulted in only a slight increase in 
HC emissions, 6%, while the other investigated EGR ratios, B and C, increased the 
emission levels by 19% and 39%, respectively. An interesting effect was also observed 
when using the catalyst; when no EGR was used, the HC emission was decreased by 
94%, from 0,54 g/kWh down to 0,03 g/kWh. But when maximum EGR was applied, HC 
emissions decreased only 48%, from 1,99 g/kWh down to 0,99 g/kWh, and the effect of 
the catalyst was very modest. Thus, the catalyst reduction capability seemed insufficient 
when the EGR ratio increased. This may indicate that the catalyst became overloaded 
when too much EGR was used. To see if an additional device could lower the emissions 
further, a DPF was connected after the catalyst. The obtained effect was almost negligible 
and it was concluded that the investigated DPF has a low oxidation capability for 
hydrocarbons. The reduction of HC emissions were approx. the same when using the 
stand alone catalyst or the catalyst + DPF. It must be underlined that the primary function 
of the oxidation catalyst compromised in the diesel particulate filter is to oxidize NO to 
NO2, not to oxidize HC and CO.  

The summarized effect of emission control is displayed in Figure 39, together with the 
current, most stringent, on-road limit values, Enhanced Environmentally Friendly 
vehicles (EVV) standard limits. The influence of different levels of EGR, with and 
without the catalyst/DPF combination, on the emissions of NOX, HC and PM, is 
displayed in the figure, which clearly shows the state of opposition between low levels of 
HC and PM, and low emissions of NOX. The figure also shows that there is only one 
condition/emission that exceeds the EEV limits, namely HC emissions for max EGR. 
Thus, all the future on-road standards, which have already been established, i.e., Euro V 
or EEV were fulfilled during tested EGR scenarios A, B and C except for Max EGR [13]. 
In fact, the only emission level that was not passed, of the already established  standard 
limits was the NOX emission level for Stage IV nonroad level that will be in force as of 
2014, see also Table 4 and Table 5. 

Engine performance can be expressed as fuel penalty; the extra amount of fuel necessary 
for receiving the same power output as before introducing any change to the engine, or its 
outfit. Fuel penalty increased when the EGR ratio increased. Higher EGR ratios, B, C and 
max EGR, were followed by a concomitant increase in fuel penalty. Furthermore, to 
compensate for the increases in PM emissions from EGR, the DPF was necessary, as well 
as the catalyst for compensating HC and CO emissions. Scenario A, which has the lowest 
EGR ratios capable of passing future emission limits, resulted in the lowest fuel penalty ~ 
4,5% and, therefore, seemed to be the most suitable of the scenarios tested. 
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Emission Control by HAM 
Another technique, the Humid Air Motor, (HAM) which uses water for reduction of NOX
emissions, has also been studied. The technique introduces water by the inlet air into the 
engine for lowering of NOX. The energy needed for humidification of the inlet air is 
normally taken from the engine´s cooling system, which enables a possible yield in 
efficiency, due to increased mass flow through the engine. The HAM system replaces the 
intercooler and is, thus, suitable for retrofits to a diesel engine. The influence of the 
system on emissions of particles, aldehydes, NOX and essential engine parameters, was 
investigated. Particles were evaluated during six test conditions, specified in detail in 
Paper VI. It was found that the HAM system generally increased the particle number 
concentrations in the exhaust, see Figure 41. However, in one tested mode, a decrease 
was actually noticed, during idle conditions. The impact of the HAM system on particle 
number concentrations in the exhaust was mainly seen in the accumulation mode, even 
though minor differences could be observed in the nuclei mode, see Figure 42.  

Figure 41. Particle number concentration in the exhaust gas, with and without the HAM 
system. 

The actual effect on carbonaceous material, i.e, the ratio between wet and solid, particle 
number emissions, respectively, when using HAM, would have been most interesting to 
investigate. It is, theoretically, possible that the increase seen in particle number 
emissions derives from the humidification of the inlet air and, thus, the increase in 
particle number emissions could, theoretically, been made up by water. Unfortunately, the 
laboratory did not have access to a thermodenuder at the time when the investigation was 
performed.  
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Figure 42. Particle size distribution from engine with and without the HAM system, 1200 
rpm and 10% of maximum load. Notice the two modes, nuclei mode and accumulation mode. 

The high water content in the exhaust gas seemed to have a positive effect on aldehydes. 
When the engine was equipped with the HAM system, instead of the intercooler, 
reductions of the aldehydes in the range 78% to 100% were obtained. But it is also 
important to keep in mind the possibility that the high concentration of moisture in the 
exhaust gas sample affects the chemical reagent, 2,4-dinitrophenylhydrazine (DNPH), in 
such a way that the derivatization never occurred. This conclusion is partly contradicted 
by results obtained by Waters Corporation. Waters tested a new sampler cartridge for 
monitoring of formaldehydes. The cartridge looks like the cartridge that has been used in 
this study, i.e., DNPH coated on silica. At a temperature of 100OC and a relative air 
humidity of between 10% and 85%, the loss of formaldehyde was negligible: only about 
two weight percent of the sampled aldehyde was lost [164]. Others have used water for 
reducing the odor from aldehydes in exhaust emissions, underlining the potential to 
absorb aldehydes through water [165].  

In this particularly experimental setup, the NOX reduction capability was verified, , to be 
51,1 % on average during the different modes of ECE R-49. The NOX reduction was 
directly related to the humidity of the inlet air and a further reduction can be anticipated 
with higher humidity. A minor influence was seen on engine performance together with 
HC and CO emissions. The mass consumption of water was between 1-4,5 times the mass 
consumption of fuel, and with higher consumption at higher speed and load. 

The technique is very promising for stationary engines, nonroad equipment, boats, vessels 
or engines, which all can easily be provided with water. Water is cheap, non-toxic and 
can mostly be considered as chemical inert. The HAM system´s limitation is the need for 
big amounts of water, especially in mobile applications, where the water has to be carried 
along with the equipment/vehicle used. Ships, ferries and vessels may use surrounding 
sea water, because there is no need for high quality water supply. A real breakthrough for 
this technique would be if water could be recycled from the exhaust in some way. 
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Summary and Conclusions 
In this thesis have alternative fuel, alternative fuel blends and exhaust gas aftertreatments, 
such as HAM, EGR, catalysts and DPFs have been investigated regarding emission 
control. Regulated and unregulated compounds, as well as particle properties, have been 
evaluated. The thesis shows that there are several techniques suitable for exhaust gas 
aftertreatment, but also that there are some new promising fuels available. This is 
especially important, because it seems that environmental hazards, originating from 
particles and NOX can be reduced to a minimum in the future through exhaust gas 
aftertreatment. However, the issue regarding greenhouse gases still remains. 

An oxygenate, acetal, with interesting features, i.e., it can be made from biomass and 
reduces particle numbers considerably, was evaluated in Paper I. Only small changes in 
fuel properties and emitted emissions of individual aldehydes, hydrocarbons, CO, NOX
and total hydrocarbons were noticed. Acetaldehyde emissions were the only exception, 
the emissions were almost quadrupled.  

Because the emissions of particles, NOX and CO2, decreased when the engine was 
running on the acetal/diesel mixture, compared with neat diesel fuel, a cautious 
conclusion is that A-diesel can be more beneficial as an automotive fuel than EC-1 diesel. 
However, one has to keep in mind that the result is from a single engine, there were 
higher levels of acetaldehyde, and that many components in the exhaust gas still not have 
been analyzed. Furthermore, the increase in engine-out emissions of acetaldehyde may be 
reduced by exhaust gas aftertreatment, e.g., a catalyst. 

The effect on emissions, when ethanol and regular diesel were used as fuel, in 
combination with and without exhaust gas aftertreatment is described in Papers II-IV. For 
the task, two engines from the same engine family were employed, one dedicated for 
ethanol and one for diesel. For emission control, a DNOX emission control system, 
compromising a low pressure EGR loop, a catalyst and DPF, was connected to the 
respective engine. 

Ethanol, when used as a CI engine fuel has approx. the same or lower engine-out 
emissions than diesel fuel, except for CO and aldehydes. Mainly ultrafine particles in 
approx. the same numbers and carbon structure as diesel particles are emitted, when 
ethanol is used as CI engine fuel. Diesel particles are generally larger, which is reflected 
in particle mass. Exhaust from the ethanol engine contains ~ 1/10 of the particle mass 
emitted by the diesel engine. NOX emissions and the concentration of analyzed individual 
hydrocarbon emissions are lower for the ethanol fuelled engine.  

Despite the fact that the emission control system used was not fully adapted to the ethanol 
fuelled engine, large reductions of particle number emissions, and particle mass, could be 
seen for both engines, when they were equipped with the DNOX system. The reduction 
was somewhat higher for the diesel fuelled engine. Still, particle number emissions were 
reduced by 82% or 98%, depending on ethanol fuel used, when the DNOX system was 
connected to the ethanol engine. 

Aldehydes and individual hydrocarbons, NOX,CO, and HC were also reduced when the 
DNOX system was connected to the respective engine. Generally, smaller reductions of 
emissions were noticed from the ethanol fuelled CI engine, compared with the diesel 
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fuelled CI engine, when utilizing the DNOX emission control system. However, the 
overall impression was that the ethanol fuelled CI engine could turnout to be the best 
choice if the DNOX system was better adopted and tuned.  

Additional testing, performed and described in Paper V, showed that the ethanol fuelled 
CI engine equipped with the emission control system was capable of passing all of 
today’s stipulated on-road regulations, i.e., Euro V and EEV, for all tested EGR settings, 
except maximum EGR, which only failed on HC emissions. In fact, all stipulated nonroad 
regulation valid and to come in force, were met for scenario A, except for the NOX limit 
in Stage IV, which is schedueled to be in force by 2014.  

A humid air motor system (HAM) for reduction of NOX, was tested on an 11-liter diesel 
engine. NOX emissions decresed by approx 51%, when conneting the HAM system and 
running the engine/system according to ECE R-49 regulation. Particle sizes and 
distribution showed that the particle number concentration usually increased, at the most 
147%, when connecting the HAM system to the engine. Formaldehyde and acetaldehyde 
were reduced 78%-100%, when using HAM. Additional studies are recommended to 
fully clarify the observed effect with HAM. 

HAM seems to be a promising technique for stationary engines, nonroad equipment, 
boats, vessels or engines, due to the high water consumption, which typically was one to 
three times the mass consumption of fuel. Water is cheap, non-toxic and can mostly be 
considered as chemically inert. 

An overall impression is that neat ethanol has to be considered a future alternative CI 
fuel, because it has low engine-out emissions, which can be further improved with 
emission control. The fuel can be made from biomass, i.e., there is only a minor net 
contribution of greenhouse gases to the atmosphere. The ethanol engine design may also 
be improved, e.g., with a modern fuel injection system. 

Generally, particles emitted from CI engines will, most likely, be controlled with 
appropriate DPFs in the future. If oxygenates, e.g., acetal are added to diesel fuel, lower 
particle emissions from older engines, not equipped with DPFs may be possible.  

NOX emissions seem to be more difficult to control. EGR by itself is, probably not 
capable of achieving other than Euro IV NOX emission levels. However, in combination 
with another technique, e.g., SCR or NOx-traps and/or a low-emitting fuel, such as 
ethanol, future regulations may be met. 

Emissions of greenhouse gases to the atmosphere may be restricted by using fuels made 
entirely from biomass, e.g., ethanol or by blending with bio-based blend components, 
e.g., acetal or ethanol.  

A general feature through all conducted investigations is the insufficient information 
obtained by analysis of regulated compounds in the exhaust gas and the necessity for 
supplementary testing.  

Almost all major effects on diesel exhaust emission have been seen in the extra testing of 
particles and unregulated emissions. Therefore can it be concluded that it is of utmost 
importance to make additional analyses, besides regulated compounds, whenever actions 
are taken and the effect on emissions has to be evaluated.  
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ABSTRACT

Particles and high emissions of NOX are the main problems that are associated with diesel engines. 

Techniques and fuels promoting a reduction in these emissions are therefore highly interesting today. In 

this paper has a mixture of acetal and regular diesel fuel been tested in a heavy-duty diesel engine. The 

effect was a marked decrease in particle number and the estimated particle mass. A small reduction of 

the engine power was also observed but the net effect was nevertheless a reduction in the emission of 

carbon dioxide per ESC cycle. The emission of HC, CO, NOX, some aldehydes and hydrocarbons were 

just slightly affected by the new fuel composition. An exception was the emission of acetaldehyde, 

which was almost quadrupled, probably reflecting the decomposition and oxidation of acetal to 

acetaldehyde.
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Introduction

There is an increased interest in using oxygenates as additives in diesel fuel. The reason for this seems 

to be political; both EU and USA have declared their interest in promoting the use of bioenergy [1, 2]. 

Numerous studies have also shown that oxygen-containing compounds added to diesel fuel reduce the 

particulate matter, PM, [3-21]. Aldehydes, on the contrary, seem to be emitted in somewhat higher 

levels when oxygenates are added [3, 4, 5]. NOX emissions, on the other hand, have been reported to 

decrease when oxygenates are added. [3, 6]. Different organic compounds, for example alcohols, ethers, 

and esthers, have been studied as potential additives to diesel and the influence of the levels of particles 

as well as other components have been reported [3, 7, 8, 9, 10, 11, 12, 13]. A general finding is that the 

reduction of particles seems to be linearly dependent on the oxygen content and thus, the blend with the 

highest oxygen content results in the highest reduction of particles [14, 15, 16]. Most of the 

investigations also report that the effect of the chemical structure is negligible compared to the effect of 

the oxygen content [14, 15, 16, 17]. Cheng et al., for example, formulated fuels blends with up to 15 % 

wt. of oxygen and tested them in a Cummins B 5.9 direct injected diesel engine [14]. The reduction of 

particles was close to linearly dependent to the oxygen content and thus, the blend with the highest 

oxygen content resulted in the highest reduction of particles. The effect of oxygenate chemical structure 

on measured particulate emissions was small. The authors also suggested, from numerical modeling, a 

number of mechanisms in which oxygenates reduce the production of soot precursors and hence, soot 

and particles.

Four different oxygenates was tested in a four valve, three cylinder, 1.26 liter prototype engine 

equipped with common rail fuel injection by Hilden et al. [15]. The oxygenate compounds were chosen 

by the investigators so the impact from volatility, concentrations and chemical type, aromatic or 

aliphatic, on particulate emissions could be studied. In general, volatility had little effect on emitted 

particle emissions while increased oxygen content resulted in an increased reduction of particulate 

emissions. The highest reductions of particulate emissions were observed for tri propylene glycol 
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monometyl ether and di-isobutyl adipate followed by di propylene glycol monometyl ether. The 

aromatic oxygenate, di bytul phtalate was found to increase emitted particulate emission. 

The effect of 5 different oxygenates, added to a low sulfur diesel fuel and a Fisher-Tropsch fuel was 

studied by Hallgren and Heywood [16]. Particles were measured both as particulate matter, PM, i.e. on 

filter, and particle size and number emissions with a scanning mobility particle sizer, SMPS. The total 

number fraction of particles emitted was approximately the same for all fuels, while the volume fraction 

decreased when oxygenated fuel was used. The reductions of particles were related to the oxygen 

content and the oxygen containing functional group. Agreement was observed between the relative 

trends noticed on the integrated SMPS particle volume fraction and filter based mass measurement. 

Preliminary physical and chemical characterization of particulate matter from the reference fuel and 

oxygenated fuels did not reveal any significant morphological or compositional differences. 

In this study 1,1-diethoxyethane, an acetal, has been added to diesel fuel. This particular oxygenate 

has been a subject in several investigations but neither the emission performance nor combustion 

performance has been found reported for the actual compound neat or when blended into diesel [7, 18]. 

Other acetals have been more extensively studied. Bertola and Boulouchos found that butylal, an acetal 

compound, offers advantages over other oxygenates due to the fact that its physical properties are very 

close to those of common diesel fuel [7]. Some preliminary studies with this oxygenate on a single-

cylinder research engine showed that butylal substantially lowers the exhaust gas opacity but did not 

affects the NOX emissions [7]. Butylal was also included in a second investigation, in which one 

investigated the influence of injection parameters and fuel composition on particulate emissions [20]. 

Two different blends, containing approximately 15 % and 50% butylal, efficiently reduced both particle 

size and number concentrations. 

The aim of present study has been to investigate 1,1-diethoxyethane as an additive to diesel fuel. 

Particle number, particle size and the share of volatile particles have been studied as well as the 

emissions of some aldehydes and hydrocarbons. The tests have been performed with a heavy duty 
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engine mounted on an engine test bed and running on low sulphur Swedish diesel fuel. Engine 

performance and the emissions of NOX, CO and HC are also reported. 

Experimental

Engine and Fuels. A Scania 9 liter compression ignited diesel engine with electronic controlled fuel 

injection, have been used without any emission control. The engine type is in frequent use today and 

will probably be common for a long period. The emission performance can be improved with emission 

control i. e. exhaust gas recirculation, EGR, and diesel particulate filters, DPF [22, 23]. 

The engine technology is somewhat outdated compared to the most advanced engines on the market 

today. State-of-the art heavy-duty diesel engines use unit injectors or common-rail systems. It can also 

be noted that the engine has 2-valve in the cylinder head while modern engines normally has 4-valve. 

The design with 4-valves utilizes a central nozzle, which reduces emissions because of a more uniform 

fuel spray. 

Several factors are of greatest concern when new fuels or fuel compositions are introduced into the 

market. First, the fuel has to fulfill valid fuel specifications in order to give proper function to the 

engine. Secondly, there has not to be any disadvantages that disqualify compared to the fuel “ordinary“ 

used, such as, hazardous emissions, power losses, odor, major fuel penalties or else. The mixture of 

acetal and EC 1 fuel almost fulfill the specification for Swedish environmental class 1 fuel and only 

minor differences can be noticed between the acetal/diesel mixture and neat diesel, see Table 1. Larger 

differences are only observed for distillation and flashpoint, which shows lower values than specified. 

These lower values are probably results, because of the low flash point, -20o C and boiling point, 103.2o

C of the addition of acetal [18, 24]. Still, the mixture of diesel and acetal shows acceptable values for 

analyzed properties to be regarded as a suitable diesel fuel.
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Table 1 Fuel specification and test result for the EC-1 fuel and the mixture with acetal. 

Fuel property EC-1, diesel 
measured 

A-diesel
EC-1 +Acetal, 

measured 

Density (kg/m3) 815 810 

Cetane number 52 51 

Distillation, (°C) 
Initial b.p., 95% 
distilled b.p. 

180

285

109

286

Flash point (°C) >60 32* 

CFPP, Cold filter 
plugging point (°C)

-35 <-35 

Cloud Point (°C) -24 -40 

Viscosity, 40°C (mm2/s) 1.9 1.6 

Corrosivity, Copper 
corrosion

1A 1A 

Lubricity, HFRR (um) 350 367 

Thermal value (MJ/kg) 43,1 32 

*The same fire safety class as EC-1 diesel, in Sweden (limit 30oC).

Test equipment and test conditions. All tests have been performed with the engine mounted on an 

engine test bed and connected to a Schenk/LE630 dynamometer controlled by a Schenk and 

AVL/PUMA system. The AVL/PUMA system was used for programming the used test conditions, the 

13 modes of the European Stationary Cycle (ESC cycle). Obtained Engine/emission data was evaluated 

in accordance with the ESC test regulation [25]. 

A heated flame ionization detector model VE5 (HFID) from J.U.M. has been used for measurements 

of total hydrocarbons (HC). Carbon monoxide (CO) and carbon dioxide (CO2) were measured with two 

non-dispersive infrared instruments Maihak UNOR 6N. NO and the thermally converted NO2 were 

determined by a chemiluminescence instrument, TECAN CLD700 ELHT, to yield the emissions of the 

various nitrogen oxides and the summarized value of NOX. Sampling was carried out by pumping 

undiluted exhaust gas in heated sampling lines through the instrumentation. All instruments for 
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measurements of regulated emissions and CO2 were purchased from BOO Instrument AB, Saltsjö Boo, 

Sweden together with a personal computer and software for control and collection of measurement data. 

Measurements of NOX, HC and CO were performed in accordance with the ESC test cycles and 

repeated 9 times when the engine was running on EC-1 diesel and 5 times when the engine was running 

on A-diesel. 

The software from BOO-instrument was also used for control and collection of measurement data 

obtained from sensors measuring pressure, temperature and flow. Fuel consumption was registered by 

weighing, using a system constructed at Luleå university of technology, LTU. The fuel weighing system 

also includes a means of heating the fuel using a heat exchanger.  

Particles. Particles were sampled from the tailpipe with a commercial available mini-dilution system 

of ejector pump-diluter type from Dekati Oy, Helsinki, Finland. The exhaust gas was diluted 

approximately 44 times with filtered and tempered compressed air at ambient temperature (~20oC). A 

Scanning Mobility Particle Sizer, SMPS, model 3936L25, from TSI Incorporated, Shoreview, 

Minnesota, USA, have been used for measurements of particle size and distribution. Particle sizes 

between 9.65 nm and 422 nm were measured. Solid particles were measured two times with a model 

3065 Thermodenuder, from TSI Incorporated, Shoreview, Minnesota, USA, and total particles were 

measured two times without the Thermodenuder. The measurements of solid and total particles were 

made consecutively with and without the Thermodenuder. Particle mass was calculated by the Aerosol 

Instrument mangerTM software supplied with the SMPS instrument. 

Aldehydes. Formaldehyde, acetaldehyde, acrolein and benzaldehyde were sampled by forcing 

undiluted exhaust gas samples through 2,4-dinitrophenylhydrazine (DNPH) coated cartridges [26]. The 

connection between the tail pipe and the cartridges was heated to avoid condensation. The aldehydes 

were later analyzed as 2,4-dinitrophenylhydrazones with high pressure liquid chromatography, HPLC, 

and UV/VIS detection. The cartridges used were Sep-Pak DNPH silica, purchased from Waters.  

Hydrocarbons Analyses of hydrocarbons, ethane, ethene, etyne propane, propene, propyne, 

propadiene, isobutene, 1-butene, isobutene, toluene, and benzene were performed by directing exhaust 
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gas sampled in TedlarTM bags made by SKC Inc., Houston, Texas, USA in to a VOC-Air analyzer, a 

advanced gas chromatographic system, purchased from Chrompack, Netherlands, nowadays a part of 

Varian Inc., Palo Alto, California, USA. The hydrocarbons were sampled from the bag and concentrated 

cryogenically before injection onto the chromatographic column. The separated hydrocarbons were 

detected by the same technique as used for HC, i.e. by a heated flame ionization detector. Further 

information about the VOC-Air analyzer and the method used, can be found in [27]. Sampling was 

made in accordance to the procedure described by Lipari [28]. 

In order to minimize sample losses from stored Tedlar bags were all bags stored in dark and the time 

before analyze were kept as short as possible. These measures were taken to minimize the risk for 

reaction between exhaust gas components and minimize the risk of loss of sample [28, 29].  

Acetal. Sampling of acetal was performed by bubbling exhaust gas in hexane as an impinger fluid. 

The impingers were kept cold, by an ice bath. Acetal was later analyzed in a temperature programmed 

gas chromatograph, GC, Varian 3400, Varian Inc., Palo Alto, California, USA, equipped with a J&W 

Scientific capillary DB-1 column, 60 m and = 0,32 mm in diameter and a film thickness of 1,0 µm. 

Results and conclusion 

Particle size and distribution have been measured both as total particle size and distribution and as dry 

particle size and distribution. Wet particles, the volatile particles, are the share of particles that 

originates from the combustion, unburned fuel, partly combusted fuel, oil fumes, water and so forth 

[30]. These exhaust gas constituents is most likely formed during low load and low speed conditions 

[30, 31]. The low temperatures during these steps probably result in that the chemical constituents will 

not evaporate or react completely and will therefore condensate on the particles instead. As a 

consequence, the content of potentially cancer-causing pollutants, such as poly aromatic hydrocarbons, 

PAH, has been found to be higher in particulates formed at low temperatures than at higher 

temperatures [30]. 
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The solid particles, i.e. the particles in the combustion aerosol that not evaporate when they are 

exposed to higher temperatures are particles that mainly consist of carbon [30, 32]. The main part of all 

particles is carbonaceous and is formed under the combustion of the fuel in regions of the cylinder 

where the oxygen supply is insufficient [32].

Table 2 Particle emissions with and without wet particles. Estimated weighted mass and weighted 

number emissions in accordance to ESC. 

EC-1,
solid

number

EC-1,total

number

solid/total

(%) 

EC-1 1.14E+16 1.82E+16 62.6 

A-diesel 8.92E+15 1.40E+16 63.7 

Decrease 21.8 23.1 

EC-1,
solid

mg/kWh

EC-1,total

mg/kWh

solid/total

(%) 

EC-1 8.38 11.8 71.0 

A-diesel 5.53 7.73 71.5 

Decrease 34.0 34.6  

The particle size distribution plot for the EC-1 fuel with and without addition of acetal is showed in 

Figure 1. As expected, the emitted particle number emissions were largest when the engine was running 

on neat EC-1 fuel, see EC-1 plot in figure 1 and number in Table 2. The emitted total particle number 

emissions was reduced with 23.1%, when the engine was running on A-diesel instead of EC-1 diesel, 

see Table 2.
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Figure 1. Weighted calculated particle size distributions, total and solid, for the engine running in 

accordance with the ESC test regulation.

Measurements with the Thermodenuder coupled before the SMPS instrument showed that only 62.6 

% of the particle number were solid, see EC-1 in Table 2. This means that 62.6% of the particles are 

soot and the rest, 37.1%, are so called wet particles when running on neat diesel. The share of solid 

particles was found to be approximately the same, 63.7%, when A -diesel was employed. This indicates 

that the ratio, between wet and solid particles is approximately the same for EC-1 and A-diesel. 

To facilitate interpretation of particle data, two figures were constructed showing emitted particles 

when using EC-1 diesel or A-diesel. In the first figure, Figure 2, the logarithmic weighted particle size 

distribution is shown. It can easily be seen that the addition of acetal influence particle size throughout 

all measured particle sizes, but the influence appears to be somewhat higher on larger particle sizes, i. e. 

particles with mobility diameter larger than 130 nm. This effect on particle size when using oxygenated 

fuels has also been observed by others [16]. 
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Figure 2 Weighted calculated logarithmic total particle size distributions for the engine running in 

accordance to ESC.

A plot of dry and wet particles for A-diesel and EC-1, not shown here, revealed no major differences 

between the two fuels. Actually, the similarities were predominant; particulate emission was preferable 

formed during low load conditions with small differences between the ratio wet/solid that are formed 

during each running condition. A trend that could be noticed was also that the content of wet particles 

was high at low loads and low speeds. The observed trend agrees with known facts, that volatile 

particles are formed in a higher degree during low temperature conditions. To sum up: acetal seem to 

influence particle emissions by reducing the number of particles during all running conditions in all 

sizes with a somewhat higher reduction for the larger particles, i.e. larger than 130 nm, as seen in Figure 

2.

Particle mass was calculated from particle size and particle number data by the software provided. 

Particles larger than 422 nm were excluded even though they under real conditions have a substantial 

weight. The particle mass was calculated by assuming that the particle is a round sphere with density 

1.2 g/cm3, a value fetched from literature data [33]. It must be stressed that calculation of the particle 

mass by using SMPS measurements and the software provided, is not coherent with the accreditation 

procedure, which uses weighing. This part of the investigation mostly detects changes and variations in 

particle mass. 

A closer look at the estimated particle mass, see Table 2, supports the earlier finding that larger 

particles disappeared to a greater extent than smaller when adding acetal to diesel. The indication for 

this is that the reduction of particle mass was 34.6% while the reduction in particle number emissions 

was only 23 % for the same event.  

Measurements of NOX, HC and CO were performed in accordance with the ESC test cycles, Table 3 

Notice that there is a small decrease in emitted NOX emissions, approximately 3.2%, when the engine is 

running with A-diesel instead of neat EC-1 diesel. To confirm that the difference was statistically 
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significant a Student’s t test was performed [34]. The test confirmed that the different between 

measured set of emission values, for neat EC-1 diesel and A-diesel, was significant at 95 % confidence 

interval. Thus, the 3.2% decrease in emitted NOX emissions was statistically significant. 

Table 3 Emissions of NOX, CO and HC, when using EC-1 or A-Diesel. 

Emission 

(g/kWh) 
EC-1 A-diesel Standard-deviation:

EC-1/ A-diesel 

NOx *  6.78 6.56 0.1125/0.0442 

CO  0.5 0.48 0.0124/0.0124 

HC  0.58 0.55 0.0077/0.0093 

* The emissions of NOX from the DC 902 engine were surprisingly high. A thorough investigation did 

not reveal the reason why. 

The increases in HC emission and CO emission, 4.9% and 3.8%, respectively, were also statistically 

significant. An explanation for these figures can be the lower cetane number of A-diesel which maybe 

retarded the start of combustion an thus give rise to the higher emissions of HC and CO that were 

observed [35]. The lower cetane number may also explain the diminished NOX formation that was 

observed, see Table 3 [32].

It is well known that diesel exhaust gas is a complex mixture of hundreds of constituents in gas or 

particle form, of which many are hazardous to the environment and health [36]. Exposure to benzene is 

known to increase the risk of leukaemia, [37]. Alkenes such as ethene, and propene are converted by 

metabolism in the human body to their corresponding epoxides, which may react in the cells and thus 

initiate a mutagenic effect [38]. Formaldehyde and acetaldehyde, are classified as probably 
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carcinogenics by National Institute for Occupational Safety and Health (NIOSH), World Health 

Organization, (WHO) and European Union, A third aldehyde, acrolein, is listed as a possible human 

carcinogen by the Environmental Protection Agency, EPA [37]. Furthermore, the aldehydes, as a group, 

are, after nitrogen oxides, one of the most powerful agents for smog formation in reaction with 

hydrocarbons [39].

All hydrocarbons, except for methane, participate in the formation of ground level ozone [39]. The 

potential to form ozone can be estimated by the maximum incremental reactivity, MIR [40-42]. A small 

difference in molecular structure can influence these factors substantially. For example ethane have a 

MIR value of 0.35 mgO3/mgVOC, while ethene, which only differ from ethane with two fewer 

hydrogen’s, have a MIR value of 9.97 mgO3/mgVOC, and thus is a larger environmental threat. This 

further underlines the importance to evaluate individually compounds.  

All of the already mentioned compounds are selected for further investigation together with some 

additional compounds. Totally were four aldehydes, formaldehyde, acetaldehyde acrolein and 

benzaldehyde measured together with twelve hydrocarbons; ethane, ethene, acetylene propane, propene, 

propyne, propadiene, isobutene, 1-butene, isobutene, benzene and toluene. 

In order to facilitate a comparison between the emissions obtained with and without the addition of 

acetal, weighted emissions factors were calculated in accordance to the ESC test regulation, i.e. by 

multiplying emissions found in each of the steps in the ESC cycle by the weighting factors used in the 

ESC cycle. Thereby, one weighted value was obtained for each of the investigated compounds; 

representing the whole ESC cycle, see Figure 3 and Figure 5. 

It soon became evident during the analysis that in a majority of the steps in the ESC cycle was 

benzaldehyde undetected. Therefore, benzaldehyde was omitted from the following discussion.  

Generally, an increase in emitted aldehyde emissions was observed when the engine was running on 

A-diesel instead of neat EC-1 diesel. Formaldehyde, acetaldehyde and acroleine increased with 26%, 
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289% and 4.7% respectively. The moderate increase of formaldehyde, and acroleine, compared to 

acetaldehyde, is probably due to the somewhat more incomplete combustion, when the engine is 

running on A-diesel instead of neat EC-1 diesel. The increase in acetaldehyde emission is most likely 

connected to a decomposition of acetal from the fuel in some way. A indication for this is that 

acetaldehyde and ethanol are used for production of acetal [43]. Secondly, the molecule, see  

Figure 4, can form advantageous, low energy, transition states, and if an elimination reaction or 

alternatively, a radical reaction occurs with a following bond breakage, this yield acetaldehyde after 

rearrangement/oxidation [44]. Anyhow, if the acetal molecules easily decompose, the chance to find 

acetal in the exhaust gas would be low. Some additional tests were therefore performed by sampling gas 

through ice-cooled impinger bottles filled with hexane and thereafter analyzing the samples by GC-FID. 

The limit of detection was approximately 0.5 ppm and acetal was only detected in 1 out of 13 modes, 

idle mode, supporting the view that acetal is easily decomposed. However, the subject should be further 

studied in order to establish the suggested conclusion. 
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Figure 3 Aldehyde emissions with A-diesel and net EC-1 diesel. 
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Ethene, propene, benzene and toluene belonged to the individual hydrocarbons that were most 

abundant in the exhaust gas. Unfortunately were also these the most hazardous hydrocarbons of the 

investigated. The trend was that the polyunsaturated hydrocarbons, i.e. aromatic and alkynes, decreased 

while the unsaturated, alkenes increased when using A-diesel. Investigated alkenes, ethane, propene, 1-

butene and isobutene increased with 13.7%, 6.4%, 10.7% and 58.5%, respectively, when the engine was 

running on A-diesel instead of neat EC-1 diesel. The 58.5%, increase of isobutene was from low levels, 

hence the increase in real numbers was 0.5 mg/kWh. The figures for the reduction of polyunsaturated 

compounds, etyne, benzene and toluene were 44.3%, 25.3%, and 24.4%, when the engine was running 

on a-diesel instead of EC-1 diesel. Propyne was only occasionally detected, and that in low levels, when 

the engine was running on A-diesel. The only exception from the observation that polyunsaturated 

compounds decreased when using A-diesel, was propadiene, which increased with over 200%. 

However, the increase was from small figures, see Table 4.  
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Figure 5 Hydrocarbon emissions with A-diesel and net EC-1 diesel. 

The observation that compounds like ethyne and propyn, benzene and toluene decreased when adding 

acetal to diesel was interesting and in-line with the idea that these compounds play a roll in the early 

stages of soot formation [32]. The finding may indicate a possible association between the decrease in 

particle number emissions observed, when using A-diesel instead of neat EC-1 diesel, and the lower 

levels of presumed soot precursors. 
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A class of hydrocarbons that have not yet been mentioned is saturated hydrocarbons. The observed 

effect, when exchanging EC-1 diesel for A-diesel, was a small increase. Ethane emission increased from 

0.24 mg/kWh to 0.32 mg/kWh, propane level increased from 1.70 mg/kWh to 1.97 mg/kWh and 

isobutane levels increased from 0.07 mg/kWh to 0.08 mg/kWh. 

Table 4 Emissions and Maximum incremental reactivity, MIR, values for investigated compounds. 

Compound EC-1 

mg/kWh 

A-

Diesel

mg/kWh 

MIR Value 

mgO3/mgVOC

Formaldehyde 35.2 44.3 9.12 

Acetaledhyde 14.2 55.3 7.57 

Acroleine 17.4 18.2 8.09 

Ethane 0.24 0.32 0.35 

Ethene 14.44 16.42 9.97 

Acetylene 1.32 0.73 1.23 

Propane 1.70 1.97 0.64 

Propene 12.06 12.83 12.44 

Propyne 0.49 ~0 6.70 

Propadiene 0.22 0.69 10.89 

Isobutane 0.07 0.08 1.56 

1-butene 1.94 2.15 10.80 
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Isobutene 0.85 1.34 6.81 

Benzene 6.61 4.93 1.0 

Toluene 3.16 2.39 4.19 

In order to summarize the effect of aldehydes and hydrocarbons on the environment, the accumulated 

MIR effect was calculated from the figures in Table 4. The conclusion is that the ground level ozone 

will increase with 46%, when A-diesel is used instead of EC-1 diesel. However, if acetaldehyde is 

excluded from the calculations, the change is just 13.1%. Thus, acetaldehyde is the compound 

responsible for the major part of the change that these investigated compounds can be accounted for.  

Engine performance was also compared when using the two different fuels, Figure 6. The power 

output was higher when the engine was running on EC-1 diesel instead of A-diesel. This was what 

could be expected as A-diesel has lower energy content than EC-1 diesel,

Table 1. Yet, this cannot explain the whole difference obtained, when comparing the average power 

loss, 6.7% with the 3% lower heat value.

Figure 6 Power maps obtained when the engine is running on neat EC-1 diesel and A-diesel. 
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The largest losses of power, in percentage, were seen at low speeds. Between 800 rpm and 1700 rpm 

were the power losses between 7.5 % and 6.5%, while higher speeds, i.e. above 2000 rpm has losses of 

power about 5.5 %. Still, there is a gap between the energy content and losses of power, even though the 

gap decreases when the speed increases. A possible explanation for the observed trend between 

expected and observed loss of power, is that the oxygen in the fuel is not fully utilized at low speed. 

When the speed increases, the oxygen in the fuel is more utilized. The remaining difference may be 

attributed to engine specific influences, from the engine design, which strongly influences fuel 

consumption and efficiency [32]. However, efficiency may be compensated for with engine tuning that 

better fits the A-diesel.  

A consequence of the lower energy content of A-diesel was also 4 % higher specific fuel 

consumption. Specific fuel consumption was 223.6 g/kWh for A-diesel and 215.0 g/kWh for EC-1 

diesel when running according to the steps in the ESC cycle. However, if one consider the fact that 10% 

of A-diesel consisted of acetal, originating from biomass, the net contribution of CO2 to the atmosphere 

actually diminished approximately 6.4% despite the higher fuel consumption observed. 

Summary

The investigation has shown that acetetal is suitable as a blending component to diesel fuel. Acetal 

can be made from biobased ethanol and when blended into diesel, the fuel mixture receives qualities 

similar to the diesel fuel that it is blended into. Furthermore, A-diesel has beneficial effects on some of 

the emission components. Particle number emission decreased with 23 %, estimated particulate mass 

emissions with 34.6 % and NOX emissions with 3.2 %. Unfortunately, CO and HC emission increased 

with 3.8% and 4.9%, respectively. Minor changes were seen in the levels of the investigated aldehydes 

and hydrocarbons, when running the engine with and without the addition of acetal. One exception to 

this was the acetaldehyde emissions that increased as much as 289% when using A-diesel. There was a 

small power loss and a small fuel penalty was noticed, when the engine was running on A-diesel. Still, a 

reduction of 6.4 % of the net contribution of CO2 emissions to the atmosphere was achieved, when 
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considering that the acetal was made from biomass. Because that the emissions of particles, NOX and 

CO2 decreased when the engine was running on the acetal mixture compared to EC-1 fuel, a cautious 

conclusion is that A-diesel can be more beneficial as an automotive fuel than EC-1 diesel. However, one 

has to keep in mind that the result is from a single engine, there were higher levels of acetaldehyde and 

that many components yet are unanalyzed in the exhaust gas. But, the increase in engine out emissions 

of acetaldehyde can probably be reduced by exhaust gas after treatment, e.g. a catalyst, which most 

likely will be a necessity to achieve future coming regulations.  
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ABSTRACT

Experiments were performed to investigate the potential 
to achieve low emissions from a diesel engine fueled by 
ethanol and equipped with a commercially available 
exhaust after-treatment device, DNOX

TM from STT 
Emtec. The DNOX

TM system includes exhaust gas 
recirculation (EGR) catalysts and a continuously 
regenerating diesel particulate filter (DPF). Two Euro III 
classified 9-liter turbocharged, after-cooled diesel 
engines from Scania were used for the task. One engine 
was fueled by ethanol and the other by Swedish diesel 
fuel, EC1. Engine operating conditions of a 22-mode test 
cycle, including the 13 modes of the European 
Stationary Cycle (ESC cycle), were used for the tests.

The emissions of NOX and HC were small for the 
ethanol-fueled engine, 3.48 and 0.53 g/kWh, 
respectively, while the emission of CO was higher, 2.07 
g/kWh. Estimations of emitted particle mass were 
calculated by using the software supplied in the 
Scanning Mobility Particle Sizer (SMPS). The 
estimations showed that the ethanol engine emitted only 
~1/10 of the particle mass emitted by the diesel-fueled 
engine.

A powerful reduction of the regulated emissions was 
obtained when equipping the ethanol engine with EGR, 
catalyst and DPF. The emissions of HC, CO and NOX

decreased down to 0.15, 0.04 and 2.54 g/kWh, 
respectively, while the estimated particle mass was 
reduced by 67%. Actually, by using the aftertreatment 
system, the engine became a Euro IV engine regarding 

the emissions of HC, CO and NOx. The system worked 
even better with the diesel-fueled engine. The NOx 
emission was reduced by approximately 33% and the 
estimated particle mass by more than 99%.

Calculations showed that the EGR ratio was higher for 
the diesel engine than for the ethanol engine. 
Consequently, by applying a higher EGR ratio for the 
ethanol engine an additional reduction of the NOX

emissions should be obtained.

The results indicate that very low NOX and particle 
emissions could be obtained for an ethanol-fueled diesel 
engine by using the right after treatment equipment. 
Future studies should investigate the possibility to 
increase the EGR ratio further. The investigations also 
underline the need for development of a special 
particulate filter for ethanol engines. 

INTRODUCTION

According to a recent directive in the EU, there are 
several reasons to promote the use of renewable fuels 
within the transport sector: sustainable development: 
CO2 reduction, security of supply and positive influence 
on rural development and agriculture policy [1].

Another question, of utmost importance and closely 
related to the introduction of new fuels, is which health 
and environmental effects that can be anticipated when 
using the fuel in the engine. The new fuel should at least 
satisfy the emission standards requirement, but 
hopefully also give “cleaner” emissions than the 
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ordinarily used fossil fuel. These demands are not easy 
to comply with; in fact, the modern diesel engine is 
cleaner than ever and has reached emission levels that 
were unthinkable only a couple of years ago. Of course, 
this fact can be an obstacle for introduction of new 
alternative fuels.

Ethanol is regarded as nontoxic and is usually produced 
from biomass at a relatively low cost. Ethanol-fueled 
diesel engines have also, in some investigations, been 
shown to emit1 less NOx and particulates than similar 
diesel fueled engines [2, 3]. Unfortunately, other 
investigations have shown that more acetaldehyde, 
ethanol and acetic acid can be expected when using 
ethanol in diesel engines [4]. A report from Luleå 
University of Technology (LTU) showed that the major 
part of hydrocarbons, detected as HC by a heated flame 
ionization detector (HFID), is actually ethanol [5].

Today we are discussing after-treatment devices that 
can reduce the “high” emissions of NOX and particles 
from diesel engines and thus meet forthcoming 
legislations. Particles seem to be the smaller problem. 
Particulate filters have been used as an aftermarket 
solution since the mid-1990’s and with the introduction of 
the “continuously regenerating particle filter”(CRT™) 
patented by Johnson Matthey, the problem seems to be 
possible to control in the future. One prerequisite for the 
CRT™ filter is low sulphur diesel [6-7]. Experiences 
regarding the emission performance and durability of 
CRT™ particulate filters used in Sweden have been 
summarized in a SAE paper [8]. 

Since the particulate matter (PM) emissions seem 
possible to control in the future, NOX emissions remain 
the big hurdle. One remedy for the high NOX emissions 
can be to use selective catalysis (SCR) with ammonia or 
urea as reducing agent. By combining this technique 
with a particulate filter Searles et al. [9] and Andersson 
et al [10] obtained very good results. Another technique, 
NOX adsorbing catalysts, NAC or NOX traps, appear to 
be the preferred solution in the USA. Even for this 
technique is a low, < 15 ppm, sulphur diesel a 
prerequisite. EPA [11] and an independent review 
committee [12] have evaluated the technology. Another 
interesting alternative to reduce NOX further can be to 
use exhaust gas recirculation (EGR). The EGR potential 
has previously been shown by many researchers, e.g. in 
a study by Verbeek et al. [13]. 

In this project, DNOX
TM ,a system consisting of EGR, 

diesel particulate filter and catalyst, has been used. An 
overview of the performance of the system and its 
impact on emissions are presented in a report published 
by STT Emtec [14]. Some data on the calibration of this 
system [10] and emission test results [15] have also 
been published.

1 Direct from the engine, i.e. without emission control 
equipment such as catalyst etc.

The aim of this study has been to investigate the 
emission levels of NOX, HC, CO and fuel consumption
from an ethanol-fueled diesel engine equipped with a 
modern emission control device. The results obtained 
are discussed and compared with the results obtained 
from another engine, run on diesel, and equipped with 
the same emission control devices. 

EXPERIMENTAL

ENGINES AND FUELS

A diesel-fueled Scania DC902 and an ethanol-fueled 
Scania DSI9E01 have been used for the tests. Both 
engines are after-cooled and turbocharged, see Table 1. 
DSI9E01 has compression ratio 24:1, while the 
compression ratio in DC9 02 is 17:1. DC9 02 is 
equipped with an electronic control unit, but the 
DSI9E01 engine is not. Different cylinder heads are also 
used in the two

Table 1. Parameters of the Engine.  

Parameter Value Unit

Engine model Scania DC9 04 230 

Certification Euro III 

Combustion system DI, swirl supported 

Aspiration Turbocharger & after cooler 

Engine type In-line 6-cylinder 

Displacement 8 974 cm3

Cylinder diameter 115 mm

Stroke 144 mm

Valves per cylinder 2 -

Compression ratio 17:1 -

Max power 169 (230) kW (hp) 

Max torque 1 100 Nm

Rated speed 1 900 r/min

Rated torque speed 1 100 – 1 200 r/min

Mean piston speed 
at rated power 

8.87 m/s

BMEP at max. torque 15.4 bar

Min. specific fuel 
consumption

201 g/kWh

engines; DSI9E01 has injectors with an angle of 
inclination of 18°, while the DC902 has injectors with an 
angle of inclination of 8°. A reduction of the injector 
inclination means a more uniform distribution between 
the fuel sprays from each nozzle hole and, thus, 
decreases the emissions in general and particulate 
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emissions specifically. A list of some of DC 902´s 
parameters is shown in Table 1.

When ethanol is used in diesel engines, the volumetric 
capacity of the injection system must be increased 
because the energy content is lower in ethanol than in 
diesel. The obvious solution is to increase the capacity 
of the fuel pump and the nozzle hole area. The 
enlargement of the nozzle hole area is necessary; 
otherwise, the increase in mass flow would produce 
pressure levels

Table 2. Fuel specification.

Fuel specifications 

Fuel property EC1
CEC reference 

RF-03-A-84 

Density (kg/m3) 800  820 835  845 

Cetane number >50 49  53 

Distillation, (°C) 
Initial boiling point 
5% boiling point 
10% boiling point 
50% boiling point 
90% boiling point 
95% boiling point 
Final boiling point 

180

285

>245
320  340 

370

Flash point (°C) >56 >55

Cold filter 
plugging point 
(°C)

 Summer  <-10

 Winter  <-26 <-5

Viscosity, 40°C 
(mm2/s)

1.4  4.0 2.5  3.5 

Sulphur content 
(ppm mass) 

<10 <300a

Copper corrosion <1 <1

Conradson
carbon residue 
(% mass (10% 
DR))

<0.2 <0.2

Ash content (% 
mass)

<0.01 <0.01

Water content (% 
mass)

<0.05 <0.05

Neutralisation
number,

<0.20 <0.20

Oxidation stability 
(mg/100 ml) 

<2.5 <2.5

Aromatics (% vol.) <5 n.l.b

PAH, tri+ (% vol.) <0.022 n.l.b

Notes:
a  Sulphur level to be reported 
b n.l.: not limited
beyond the capacity of contemporary injection systems. 
However, this solution has a drawback; the increase in 
nozzle hole area increases the so-called “wall-wetting” 
phenomenon and, accordingly, also the fraction of fuel 

that is not burned. NOX formation, on the other hand, is 
usually significantly lower in ethanol engines than in their 
diesel-fueled counterparts. This is partly due to the 
cooling effect from a fuel with an increased latent heat of 
evaporation and the increase in fuel flow. The mentioned 
“deterioration” of the air-fuel preparation could also, 
partly, contribute to the lower NOX level. The 
accompanying deterioration of the combustion reduces 
in-cylinder temperature and affects the local air-fuel 
ratio, thus, also reducing NOX emissions.

Table3. Etamax D 

Method
Appearance clear without 

particle
ASTM D 
2090

pH min 5.2 max 9.0 AMSE 1131 
Water  max 6.20 by 

weight
SS -ISO 760 

Density (D 20/4) 0.820-0.840 g/ml SS-ISO 758 
Ethanol 95% 90.2 weight-% 
Ignition improver 7.0 by weight 
MTBE 2.3 by weight 
Isobutanol 0.5 by weight 
Corrosions
inhibitor

90 ppm 

Color red

Low sulphur diesel fuel, Swedish environmental class 1, 
EC1, was used for the DC 902 engine. Table 2 shows 
the EC1 fuel specification. Two different ethanol fuels 
were tested for the Scania DSI9E01 engine, namely 
Etamax D and Ethyloil. The main difference between the 
two ethanol-based fuels is that they use different ignition 
improvers. In Etamax D, purchased from SEKAB AB, 
Örnsköldsvik, Sweden, a synthetic polyethylene glycol 
(PEG) called BeraidTM is used. The specification of 
Etamax D is shown in Table 3. The other ethanol fuel, 
Ethyloil, is a mixture of ethanol and rapeseed methyl 
esther (RME), where RME functions as an ignition 
improver. Additional information about rapeseed methyl 
ester as ignition improver can be found in the literature 
[16-18].

DNOX
TM - LOW PRESSURE LOOP EGR SYSTEM 

STT Emtec, Sundsvall, Sweden, has provided the EGR 
system that was used in this investigation. The system is 
of the low pressure loop type and built up around a 
patented EGR Throttle, see Figure 1, which controls the 
amount of cooled recirculated exhaust gas that is 
returned to the engine. Exhaust gases are collected 
downstream of a catalyst and a DPF, see Figure 2. The 
combined catalyst and DPF reduce most of the CO, 
particles and hydrocarbons. The catalyst converts a 
portion of NO into NO2. Some of the produced NO2 is 



used for oxidation of the collected carbon particles in the 
DPF [15].

Figure 1. The patented EGR valve by STT Emtec (courtesy of STT 

Emtec)

The system has to be connected and be able to
communicate with the engine in order to collect
necessary engine parameters. With the diesel engine, 
DC9 02, this is not a problem; the electronic control unit
used in the STT Emtec system uses data from the 
sensors in the injection system through the CAN data 
bus.

Table 4. Abbreviations and test configurations

4

Abbreviations Engine Fuel Exhaust

aftertreatment

D, w/o DC902 EC1, D without , w/o

D, DNOx DC902 EC1, D EGR + Particle 
filter +Catalyst,

E, w/o DSI9E01 Etamax, E Without, w/o

E, Cat DSI9E01 Etamax, E Catalyst, cat

E, DNOx DSI9E01 Ethanol, E EGR + Particle 
filter +Catalyst,

E-oil, DNOx DSI9E01 Etyloil, E-oil EGR + Particle 
filter +Catalyst,

The pump that was used in the ethanol-fueled diesel 
engine was not equipped with electronic control. 
Therefore, some measures had to be taken to provide 
necessary data to the electronic control unit. The EGR
calibration used was the result of engine 
characterization work on a similar engine. The NOx
reduction target was 30%. 

In addition to the earlier mentioned aftertreatment
system, some other engine configurations were also 
investigated. A summary of the different test
configurations is shown in Table 4. 

Figure 2. DNOX
TM

 system by STT Emtec. 1. Recirculation system,

2. EGR cooler, 3. EGR valve, 4. Turbo charger, 5. Intercooler, 6. 

Engine (combustion chamber), 7. Particulate trap, 8. Secondary

filter, 9. ECU, 10. Dynamic pickup. 

TEST EQUIPMENT AND TEST CONDITIONS 

A heated flame ionization detector model VE5 (HFID) 
from J.U.M. was used for measurements of total 
hydrocarbons (HC). Carbon monoxide (CO) and carbon
dioxide (CO2) were measured with two non-dispersive
infrared instruments Maihak UNOR 6N. NO and the 
thermally converted NO2 were determined by a 
chemiluminescence instrument, TECAN CLD700 ELHT. 
The instruments for measurements of regulated 
emissions and CO2 were purchased from BOO 
Instrument AB, Saltsjö Boo, Sweden. A software from
BOO Instrument AB was used for control and collection
of measurement data from the above-mentioned 
instrument as well as from sensors indicating pressure,
temperature and flow. 

A Scanning Mobility Particle Sizer (SMPS) model
3936L25, from TSI Incorporated, Minneapolis, U.S.A. 
was used for characterization of particle size and
distribution. Particle mass was calculated by the Aerosol
Instrument ManagerTM software supplied with the SMPS 
instrument.

Fuel consumption was measured and fuel temperature
was controlled by a system constructed at LTU. The 



system includes a heat exchanger to controlling the 
temperature and a scale to measure the fuel
consumption. All tests were carried out with the engine 
mounted on a test bed, and connected to a 
Schenk/LE630 dynamometer controlled by a Schenk 
and AVL/PUMA system, respectively. The AVL/PUMA
system was used to program the test conditions and to 
register the engine parameters. The different engine
configurations were tested according to a 22-mode test
cycle that included the 13 modes of the European
Stationary Cycle (ESC cycle). Regulated emission data 
was then evaluated in accordance with, and with the 
weight factors that are valid for, the ESC cycle.

CONTOUR PLOTS 

In order to provide better overviews of the results some 
contour plots were made. The contour plots were made 
in MATLAB ver 6.5. Only 19 out of the 22 modes were
used to create the contour plots; idle modes were
excluded. The interpolation method that has been used
is called ‘v4’ and is further described in Matlab 4. Some
explanations may be necessary at this point:

The contour plots show an approximation of a real 
condition. Not the real condition itself.

The results at low loads should be interpreted with 
cautiousness. Normally, specific fuel consumption 
and emissions should increase to infinity at very low 
loads. This is due to the fact that the power output, 
measured at the dynamometer, is approaching zero 
while the engine still consumes fuel and emits 
exhaust. However, in the ESC test cycle, the lowest 
load test points are at as high load as 25% of full 
load. Consequently, expected trends at very low
load have not been observed.

RESULTS AND DISCUSSION 

The diesel-fueled engine’s power output was adjusted to 
give approximately the same torque map as the ethanol- 
fueled engine. The result of the adjustment is that the 
tested diesel engine has somewhat lower power output
than an ordinary DC902, but equal power/torque to the 
DSI9E01 engine. Power/torque maps for the
investigated engines are shown in Figure 3.
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The different steps in the 22-step mode cycle were 
calculated by using the torque maps. Engine tests were 
performed and the specific emissions were calculated
according to the ESC regulation. In order to facilitate 
direct comparison even CO2, NO, NO2 and fuel 
consumption were calculated according to the rules and
weight factors used in the ESC cycle.

Figure 3. Torque maps for investigated engines and an original 

tuned engine. 

Comparisons showed that the NOx emission levels were 
considerably lower for the ethanol-fueled engine than for 
the diesel-fueled engine2, cf. E, w/o and D, w/o in Figure
4. This is in line with what has been discussed earlier;
NOX formation is usually significantly lower in ethanol-
fueled engines than in their diesel-fueled counterparts. 

The expected effect of an oxidative catalyst is oxidation 
of one or several compounds, whereas the effect of 
EGR is a more or less dramatic reduction of the NOX

emission [19]. Accordingly, one can expect that the
aftertreatment system, including both EGR and an 
oxidative catalyst, decreases the total NOX emission 
and, at the same time, increases the share of NO2 in the 
NOX emission or the NO2/NOX ratio.

The aftertreatment system decreased the NOX emission 
for the ethanol-fueled engine from 3.4 to 2.5 g/kWh; 
while the NO2/NOX ratio increased from 11% to 34%,
see Figure 4. The NOX emissions were decreased from 
6.3 to 4.5 g/kWh when coupling the aftertreatment 
system to the diesel-fueled engine. At the same time,
the NO2/NOX ratio increased from 6.9 to 32%.

The “stand alone” catalyst had the same effect on the 
ethanol-fueled engine: the NO2/NOX ratio increased from 

2 The emissions of NOX and HC from the DC902 engine 
were surprisingly high. A thorough investigation did not 
reveal the reason why. Interestingly, the engine 
performed as expected in other aspects. One example is 
the reduction obtained by the DNOX system.



Figure 4. The emissions of NOx,NO and NO2 according to ESC cycle in g/kWh 

11.3% to 30.6%. It should be observed that the NO2/NOX

ratio is less for the engine configuration E-oil, DNOX than 
for the other configurations. The decrease in total NOX

was 33% for the diesel engine and 27% for the ethanol 
engine. This is in line with what can be expected from
the system according to the manufacturer: the system is 
adjusted for a 30% reduction of NOX. In general, higher 
EGR ratios can be used for ethanol-fueled engines and 
this leads to lower levels of NOX. Some examples are 
reported in the literature. Chatterjee et al. used EGR and
a continuous regenerating filter, DPF, on a 9 liter Scania
diesel engine and reduced the NOX emission by 57% in 
an ESC cycle [15]. Tingvall et al. obtained a 36% 
reduction of NOX (ECE R49 cycle) when testing EGR on
an 11-liter ethanol-fueled Scania engine [20]. The EGR 
ratio used caused only a small increase in the HC and
CO emissions. Some additional tests showed that the 
NOx reduction can be as high as 60% to 70% if the right 
EGR ratio is selected [20]. Another project investigated if 
it was possible to decrease the NOx levels for the same
11 liters ethanol engine from 4.17 g/kWh down to below
2 g/kWh (European Stationary cycle) [21]. In the 
investigation the NOX level was lowered down to 1.89 
g/kWh by but at the same time the emissions of HC, CO 
and particulates were increased [21]. These are facts
that the manufacturer is aware of: higher EGR ratio will 
result in higher particulate emissions. The use of very
high EGR ratios can also be restrained to gain durability
of the engine and the system used.
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A rough estimate of the EGR ratio was calculated for E,
DNOx and D, DNOX. Speeds below 1000 rpm were
omitted as only very small EGR ratios were detected 
and, subsequently, only small reductions of NOX were 
observed. The relation between EGR ratio and NOx
reduction for the diesel engine can be seen in Figures 5
and 7.
It is obvious, when looking at the figures, that the use of 
EGR reduces the emission of NOx to a considerable 

extent. A similar, but smaller, effect is observed for the 
ethanol-fueled engine, cf. Figures 6 and 8. The reason
for the lower NOx reduction can be seen in Figures 7 
and 8 – a smaller EGR ratio is used for the ethanol 
engine and, consequently, a smaller NOX reduction is 
obtained.

Figure 5. NOx reduction for the diesel engine at different speeds 

and torques 

A closer look at Figures 7 and 8 reveals that the EGR 
ratio used depends on the engine speed and is highest
at 1500 rpm and lowest at 1000 rpm. The EGR strategy
seems to be better developed for the diesel engine than
for the ethanol engine. One example is that there is 
almost no EGR for the ethanol engine at 1000 rpm and
thus only very small NOX reductions are obtained. 
It is also interesting to compare the correlation between 
the EGR ratio and NOX-reduction obtained. For the 
diesel engine the shape of the curve showing the NOx-
reduction at 1000 rpm indicates that the EGR-ratio could 
be somewhat higher at 500 Nm torque, cf. Figures 5 and 
7.



Figure 6. NOx reduction for the ethanol engine at different speed

Figure 7. EGR ratio for the diesel engine at different speeds and 

Figure 8. EGR ratio for the ethanol engine at different speeds and 

torques

For the ethanol engine the NOX-reduction curve 
indicates that EGR-ratio may have been set too low,
compare Figures 6 and 8.

Figure 9. Specific NOX emissions, D w/ o 

Figure10. Specific NOX emissions, D, DNOX.

In order to further elucidate the aftertreatment system, 
some contour plots were made according to the 
guidelines presented earlier. The specific NOX emission 
for D, w/o is shown in Figure 9 and for D, DNOX in 
Figure 10. 

If the aftertreatment system, is coupled to the diesel 
engine a general reduction in NOX is obtained, cf. 
Figures 9 and 10. The area given the lowest level of
NOX, with the system, below 4 down to below 3 g/kWh,
is much larger and, thus, covers much more of the 
engines working area than for the D, w/o. In comparison
to the engine without EGR, the relative difference
between high and low speed is greater.

The NOX emissions for E, w/o can be seen in Figure 11
and for E, DNOx in Figure 12. This engine has no 
electronic control of the injection timing and this has as a 
result that the dynamic injection timing is retarded if the 
speed increases due to hydraulic effects. This explains
the observed small decrease in NOX level when the 
engine speed increases. The NOX emissions for E, 
DNOx, are shown in Figure12. In this case, a very large

7

torques



area with NOX emissions around 2 to 2.5 g/kWh can be
found and the area given “low” emission is extended. 
However, in a low speed region, i.e. below 1000 rpm, no 
impact of EGR could be 

Figure 11.Specific NOX emissions, E w/ o. 

detected, see also Figure 6. It is very likely that even 
lower NOX emissions can be produced by this system by
applying another strategy.

A plot of the NOX emissions for E-oil, DNOX, looks 
roughly similar to the previous graph, even if the levels 
are higher, cf. Figure 12 and 13. Etyloil, has slightly 
higher energy content, per volume unit, than Etamax.
This should lead to a somewhat lower EGR rate. 
However, the difference in ignition improver properties 
might also advance the combustion phasing, leading to 
increased NOX emissions, accompanied by decreased
fuel consumption. These are exactly the observed
trends. As the introduction of EGR has a very small 
impact on the fuel consumption of Etyloil or Etamax, it
can be concluded that a slight shift in EGR rate cannot 
be the cause of the higher NOX emission for Etyloil, 
DNOx compared with that for E, DNOx. It is, therefore,
clear that an optimization of the injection system and 
EGR control would be necessary to utilize the full 
potential of the Ethyloil fuel. On the other hand, if such 
optimization is not carried out, the impact on NOX

emissions is relatively small. As this is accompanied with

a decrease in (volumetric) fuel consumption, the trade-
off should be acceptable.
Some other pollutants have also been analyzed, see
Figure 14. An anticipated result, that also has been 
verified, was the high level of CO emitted from the 

X X

ethanol engine, E, w/o. The result can be explained by 
the fact that the increase in nozzle hole area, necessary 
in ethanol-fueled diesel engines, increases the so-called
“wall-wetting” phenomenon, i.e. the amount of fuel spray 
that hits the walls of the combustion chamber before 
being fully evaporated. This fraction of fuel will not be
burned as intended and higher levels of CO and VOC 
emissions are, therefore, usually observed for the 
ethanol-fueled diesel engine. The results may also
indicate that the ethanol engine is running somewhat 
rich on fuel. However, the remedy for the high emission 
of CO is simple. A “stand alone” oxidation catalyst
removed 99% of CO, while over 95% is removed by the 
catalyst comprised in the E, DNOX system, see Figure 
14. Generally speaking, CO emitted from diesel engines
is not considered a problem: regulations until 2008 are 
easily complied with. The oxidation catalysts also 
reduced the emissions of HC efficiently. The 
approximate reduction was 81% for the diesel-fueled 
engine and 72% for the ethanol-fueled engine. 
Interestingly, the same level of HC-emissions was
obtained for all engine configurations when the DNOX

TM

system was coupled to the engines, namely 0.14-0.15 
g/kWh. The different engine configurations seem to have 
only a small impact on CO2 emissions, i.e. fuel 
consumption, but there was a small tendency that the 
installation of the aftertreatment system increased the
fuel consumption. There is also a tendency of lower level
of CO2 when using ethanol when compared with the use
of diesel oil. 

An estimation of particle mass emitted from the different 
engine configurations in mg/kWh was also made, see 
Figure 15 and Table 5. The emissions were calculated
by using the weight factors in the ESC cycle and data
obtained from the particle size and distribution 
measurements with the SMPS instrument. Some 
assumptions were made in order to calculate the
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Figure 13. Specific NO  emissions, E-oil, DNO

Figure 12. Specific NO   x     emissions, E DNO   x    .  



Figure 14. Emissions of HC, CO and CO2 at test according to ESC 

particle mass, for example that the density of the 
particles is 1.2 g/cm3. The results revealed that E, w/o 
emitted only ~ 1/10 of the particle mass emitted by D, 
w/o, see Table 5. When the ethanol engine was 
equipped with the aftertreatment system and running on 
Etamax, E, DNOx, the particulate mass was reduced by 
67%. A much more dramatic effect was seen for the D,
DNOx configuration, over 99 % of the emitted mass was
removed, Table 5. The results are more thoroughly 
discussed in another paper [22].

A key feature for emission control is the fuel 
consumption; the fuel economy penalty for exhaust gas
after-treatment cannot be allowed to get to high. When
comparing specific fuel consumption, one has to bear in
mind that the energy content of the various fuels is 
different. For example, the energy content of one kilo of 
ethanol is approximately 63% of one kilo of Swedish
diesel oil, EC1, or the corresponding figure for volume 
basis is 61 %. Due to the fact that ethanol also contains 
some additives, such as denaturants and ignition 
improvers, the values are somewhat approximate, see 
Table 3, but they are accurate enough to explain the
large difference in specific fuel consumption seen in the 
contour plots for diesel fuel, Figure 16, and ethanol fuel,
Figure 17. 

The specific fuel consumption for diesel and ethanol
engines are presented in Figures 16 and 17. The two 
figures clearly show that the amount of ethanol needed, 
in g/kWh, is much higher for the ethanol-fueled engine. 
There are also other differences, cf. Figures 16 and 17.
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Figure 15. Particle emissions in mg/kWh calculated by data 

obtained from SMPS instrument.

The diesel engine seems to have two “lowest” regions 
while the ethanol engine only got one. These patterns
reflect the different types of the engines. 

Figure 16. Specific fuel consumption, D, w/o



Figure 17 Specific fuel consumption, E, w/o

The ethanol engine has minimum fuel consumption at
medium speed (1400 rpm) and high load, Figure 17, 
which is typical for older types of diesel engines. In 
contrast, the diesel-fueled engine, which is equipped 
with full electronic control, can produce a more
sophisticated strategy; the minimum

Figure 18. Specific fuel consumption, D, DNOx 

Figure 19. Specific fuel consumption, E, DNOx 

level of fuel consumption is considerably lower and
somewhat surprisingly, the lowest level was seen at
such low speed as 900 rpm  and a torque of ca 625-750
Nm, see Figure 16. After equipping the diesel engine
with the aftertreatment system m, an increase in specific 

fuel consumption is seen for the lowest level, see Figure
18. The effect is expected and can be explained by the 
backpressure produced by the DPF and the impact from 
the EGR. 

The impact of EGR on fuel consumption for E, DNOx
can be seen in Figure 19. A visual estimation reveals
that there are no dramatic changes in the fuel 
consumption. This observation is supported by the ESC 
value for the fuel consumption, which is actually lower 
for E, DNOX than for E, w/o, see Table 5. However, a 
small shift in minimum fuel consumption towards low
speed is noticed. This might be expected, since the EGR 
control most likely is optimized for higher EGR at higher
speed. However, a somewhat surprising effect is that the 
absolute level at low speed (1000 rpm) is actually lower
for the configuration without after-treatment. The reason 
has to be further investigated in future work. It is also 
interesting to note that the area for fuel consumption in 
the interval of 340 to 345 g/kWh is actually larger with
EGR than without.

The fuel consumption for E-oil, DNOX, is shown in Figure
20. In comparison with E, DNOx, the fuel consumption is
significantly lower, cf. Figures 13 and 14. The main 
reason for this is probably that Etyloil has slightly higher 
energy content 

Figure 20 Specific fuel consumption, E-oil, DNOx 

than Etamax. However, it cannot be excluded that other 
fuel properties, such as ignition propensity, can have an
impact on the fuel consumption by changing the phasing 
of the combustion and thereby alter the thermodynamic 
course [23, 24].

If the specific fuel consumption is calculated according 
to ESC for E, w/o and D, w/o, more energy is needed for 
the same work when using the ethanol engine, see
Table 5. The reason for this is probably thermodynamic
efficiency and friction losses. The higher compression 
ratio in the ethanol-fueled engine, 24:1 instead of 17:1 
18:1, promotes lower fuel consumption due to improved 
thermodynamics but since the engine friction and heat 
losses also increases due to the higher compression 
ratio, the outcome was negative. Therefore, the amount 
of energy needed for the same work is somewhat higher

10
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Table 5. ESC test data for regulated emission including CO2, fuel consumption and used energy per kWh engine output. 

ENGINE
CONFIGURATION 

HC
[g/kWh]

NOx
[g/kWh]

CO
[g/kWh]

PM
[mg/kWh]

CO2
[kg/kWh]

FC
g/kWh

FC
MJ/kWh*

D, w/o 0.72 6.72 0.58 12.58 0.750 211.6 9.14

D, DNOx 0.14 4.52 0.05 0.08 0.774 217.5 9.40

E, w/o 0.53 3.48 2.07 1.35 0.726 358.3 9.71

E, cat 0.14 3.40 0.02 1.04 0.729 359.9 9.75

E, DNOx 0.15 2.54 0.04 0.45 0.748 353.6 9.58

E-O, DNOx 0.14 2.85 0.09 0.05 0.760 339.7 No data 

for the ethanol engine, see Table 5. The figures shown 
in Table 5 have to be regarded as approximate values 
because “Etamax” contains some additives and an 
ignition improver, Beraid™, which influence the energy 
value. A small variation in water content of the fuel can 
also influence the energy value. A small impairment of 
the fuel economy was observed when connecting the 
aftertreatment system to the diesel engine but for the 
ethanol engine the opposite was true, see Table 5 and 
cf. D,DNOX and E,DNOX . 

To sum up: an effective reduction of HC, CO and NOX

can be obtained by using EGR, catalyst and a diesel 
particulate filter. After the installation of the 
aftertreatment system the levels of HC, CO and NOX

emitted from the ethanol engine were 0.15, 0.04 and 
2.54 g/kWh, respectively. The outcome of this is that the 
engine has become a Euro IV engine.

CONCLUSIONS

An absolute comparison between an ethanol-fueled 
diesel engine and a diesel-fueled engine equipped with 
the best after-treatment equipment has not been 
possible to perform. One reason is that the after 
treatment system used has not been finally optimized for 
this type of ethanol engine. Another reason is that the 
diesel engine showed unexpectedly high emissions of 
NOX and HC, which is indicative of a sub optimized 
engine. However, the performance of the DNOX system 
was not diminished in any way by the suboptimal 
functioning diesel engine.

Some general conclusions are: 

It is possible to obtain an efficient reduction of 
the regulated emissions from an ethanol-fueled 
diesel engine by equipping it with low pressure 
EGR, DPF and an oxidation catalyst. The 
reduction in HC-, CO- and NOx emissions was 

72%, 98% and 27%, respectively. The estimated 
particle mass was reduced by 67%.

The potential to decrease the emissions of NOX

and particles with the DNOX system is probably 
much higher than this investigation has shown. 
By using a higher EGR ratio a much higher 
reduction of NOX from the ethanol-fueled engine 
should be obtainable. Of course, the NOX

reduction has to be balanced against the 
durability of the system.

The overall impression is that ethanol-fueled diesel 
engines have a potential to become even cleaner. The 
emissions of particles and NOX are relatively low even 
without any emission control. By using the right 
equipment even lower emissions levels should be 
attainable, but if the environmental potential with the fuel 
are to be fully exploited, other measures have to be 
taken. One such measure can be to equip the engine 
with a modern fuel injection system.
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ABSTRACT

Ethanol-fueled engines are considered to be low 
particulate emitting engines. This study was performed 
to investigate the potential to achieve even lower 
particulate emission if a 9-liter Scania diesel engine, 
running on ethanol fuel is equipped with emission 
control. State-of-the art technology in emission control 
was applied, e.g., exhaust gas recirculation, EGR, 
catalysts and a continuous regenerating particle filter, 
DPF. Particulate emissions were compared with 
emissions from a 9-liter Scania diesel engine from the 
same engine family, running on Swedish environmental 
class 1 diesel fuel. Tailpipe measurements of particle 
size and distribution were performed with a scanning 
mobility particle sizer, SMPS, instrument together with 
filter sampling.

An evaluation of SMPS measurements was performed 
for test conditions specified according to a 22-mode test 
cycle, which included the test modes in the European 
Stationary Cycle, ESC.

Calculated weighted particle mass from SMPS-data, and 
in accordance with ESC, showed that the ethanol engine 
without emission control emitted approx. 1/12 of particle 
mass compared to the diesel engine. Weighted 
particulate emissions were reduced by approx. 96%, 
when the engine was fitted with EGR and DPF. The 
reduction of weighted particulate emissions was even 
higher when the diesel engine was fitted with EGR and 
DPF, as high as 99%. Particle size and distribution 
measurements revealed that particles emitted from the 
ethanol engine mainly consisted of ultrafine particles 
(<100nm), usually had a mean diameter of about 30 nm, 
while particles emitted from the diesel engine usually 
had mean diameters of about 60-70 nm and sizes going 
up to approx. 300 nm. Filter samples analyzed by 

Scanning electron microscopy and energy dispersive x-
ray analysis SEM/EDX showed that the particles, both 
from the ethanol-fueled engine and the diesel fueled 
engine mainly consisted of carbon and that they 
agglomerated, dependent upon running conditions, 
chainlike or clot-wise. Raman spectroscopy confirmed 
that the same elemental carbon was present in particles 
emitted from diesel and ethanol-fueled engines. 

The investigations showed that the system used, with 
EGR and DPF combined, is highly effective in reducing 
particulate emissions from ethanol and diesel-fueled 
diesel engines. A general conclusion is also that the 
ethanol-fueled engine, equipped with emission control 
system or not, emitted lower particle mass, smaller 
particle sizes and approx. the same or a greater number 
of particles in the emissions than the diesel fueled 
engine.

INTRODUCTION

Combustion engines account for a considerable part of 
the atmospheric content of particulate matter, PM. 
Furthermore, particles are believed to cause various 
problems to human health, such as heart problems, 
asthma, mutations, cancer and elevated blood pressures 
with following complications [1-5]. Many investigations of 
the health effects of vehicle emissions have shown 
statistically that there is a connection between the 
exposure to especially small particles and problems 
related to daily morbidity and mortality [6]. This strongly 
underlines the importance of new ways to reduce 
particle matter related to air pollution in densely 
populated areas. 

New regulations and increasing demands on diesel 
engine manufacturers from governments around the 
world have significantly increased the interest in 
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emission control systems, alternative fuels and new fuel 
formulations for diesel engines. Diesel particulate filters, 
DPF, of various designs have been identified as means 
to meet contemporary and future regulations regarding 
particulate emissions. However, the particulate matter is 
not the only threat originating from diesel engine 
emissions. Carbon dioxide and nitrogen oxide are other 
potential threats, both to the health and to the 
environment. Carbon dioxide is a greenhouse gas that 
contributes to global warming. Nitrogen oxides, NOx, 
can be accounted for effects such as acid precipitation, 
ground-level ozone and eutrophication [7]. A common 
approach to minimize emission of greenhouse gases is 
to use fuel that is bio-based and, therefore, has low net 
contribution of greenhouse gases to the atmosphere [8, 
9]. Nitrogen oxides can be reduced with exhaust gas 
recirculation EGR, which seems sufficient to meet 
contemporary and future regulations, 2004-2005 [10, 
11]. However, some actions have to be taken in order to 
meet future regulations for nitrogen oxides. Among the 
identified means to achieve emissions below future 
regulation selective catalytic reduction, SCR, and 
nitrogen oxide traps/catalysts can be mentioned [12]. 
These techniques have their advantages and 
disadvantages and also have that in common, that they 
do not address the carbon dioxide issue.

An alternative approach to meet future regulations is to 
use a low-emitting fuel, like the one used in this project – 
ethanol, which can be made from biomass and that is 
generally found to emit1 less NOx and particles [13]. It is 
possible that future regulations can be met with minor 
net contribution of greenhouse gases to the atmosphere 
if fuel of this kind is used together with emission control 
devices such as EGR and DPF. EGR has been reported 
to increase the particle emission from ethanol-fueled 
engines and it is, therefore, interesting to investigate if 
the DPF´s are capable of reducing ethanol particulate 
matter to the same extent as with diesel oil [14]. 
Concerning the emission of particles, it has been unclear 
as to whether an ethanol-fueled engine emits smaller, 
larger or particles of the same size range as when diesel 
oil is used. Neither has it been clarified if there are any 
other differences in particle properties that may be 
influenced.

The aim of this project was to find an answer to the 
effect that can be expected on particulate matter if an 
engine dedicated for ethanol use is equipped with state 
of the art emission control technique, such as EGR and 
DPF. In order to evaluate the effect, some properties of 
ethanol particulate matter has to be analyzed and 
understood, therefore, particulate emission was 
investigated according to particle size and distribution, 
mass, composition, particle shape and morphology. 
Obtained results were compared with results from a 
diesel engine running on Swedish City diesel according 
to similar conditions as for the ethanol engine.

                                                     
1 Direct from the engine, i.e., without emission control equipment, such 
as catalyst etc.

EXPERIMENTAL

ENGINES AND FUELS 

Table 1. Some engine parameters. 

Parameter Value Unit 

Engine model Scania DC9 04 230 

Certification Euro III 

Combustion system DI, swirl supported 

Aspiration Turbocharger & aftercooler 

Engine type In-line 6-cylinder 

Displacement 8 974 cm3

Cyl. dia.  115 mm 

Stroke 144 mm 

Valves per cylinder 2 - 

Compression ratio 17:1 - 

Max power 169 (230) kW (hp) 

Max torque 1 100 Nm 

Rated speed 1 900 r/min 

Rated torque speed 1 100 – 1 200 r/min 

Mean piston speed 
at rated power 8,87 m/s 

BMEP at max. torque 15,4 bar 

Min. specific fuel 
consumption 201 g/kWh 

Scania AB, Södertälje, Sweden, provided engines 
suitable for the project: one ethanol-fueled and one 
diesel-fueled Scania engine from the same engine 
family. The Scania ethanol engine is intercooled and 
turbocharged in conformity with the diesel-fueled version 
of the engine. The main difference between the two 
engine versions, besides the fuel used, is the 
combustion system, which also is of great importance for 
the particulate emissions. Data and main specifications 
for the baseline engine are shown in Table 1. To be able 
to use ethanol as automotive fuel has the ignition 
propensities for ethanol have to be improved, e. g, an 
ignition improver has to be added. The reason for this is 
that the cetane number has to be boosted for ethanol, 
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which otherwise is too low, approx. 8 [9]. Furthermore, 
due to the generally high cost of the ignition improver 
additive used in the fuel, its use must be limited to as 
low a level as possible. An increase in the compression 
ratio enables a reduction in additive concentration. Thus, 
the compression ratio is increased from the normal level 
in the diesel-fueled versions 17:1  to 24:1. Besides, the 
effects of various ignition-improvers are not fully 
understood, [15], therefore, ethanol fuel with two 
different ignition improvers was included in the project to 
find out if the ignition improvers made a difference, when 
EGR, catalyst and DPF are employed.

The ethanol fuels used in the project are Etamax D and 
Ethyl-Oil. Etamax D is probably the most frequently used 
ethanol fuel in Sweden. It contains a synthetic improver, 
BeriadTM 540, which is based on polyethylene glycol 
(PEG) and was developed by Akzo Nobel. The other 
ethanol fuel in the project, Ethyl-Oil, is an entirely bio-
based renewable fuel, which is going through patent 
pending. The ignition-improver that makes up the fuel 
together with ethanol is rapeseed methyl ester, RME 
Specified information can not be given, however some 
information about the performance can be obtained in, 
[17-19]. Specifications for Etamax D are shown in Table 
2. Ethyl-Oil is much the same fuel with a somewhat 
higher admixture of the ignition improver RME. The 
consultant company ELAB Engineering & development 
AB, Nyköping, Sweden provided the Ethyl-Oil fuel, while 
the Etamax D was supplied by SEKAB, Örnsköldsvik, 
Sweden. Low sulphur diesel fuel, Swedish 
environmental class 1, EC1 was used for comparison 
between formed particles in the ethanol engine and in 
the diesel engine. Specifications of the diesel fuel 
employed together with Swedish environmental class 2, 
EC2, diesel fuel and a test fuel used for certification 
purposes are shown in Table 3. 

EMISSION CONTROL 

An overview of engine configurations, fuel and emission 
control systems investigated in the project is shown in 
table 4, along with abbreviations used throughout the 
project. The DPF used in the project is a Scania 
1448427 filter which compromises an oxidation catalyst 
in front of the active particle filter. Its function is primarily 
to convert engine-out nitrogen oxide to nitrogen dioxide, 
which is used for continuous regeneration of the actual 
filter [10, 19, 21]. In addition, the oxidation catalyst, 
compromised in the DPF, also reduces hydrocarbons 
and carbon oxide in the exhaust gas. The DPF is also an 
essential part of the used DNOxTM system, which 
basically is a low pressure EGR system including a DPF. 
The EGR throttle that builds up the DNOxTM system, 
together with the electronic control unit and the DFP, 
control the amount of cooled recirculated exhaust gas 
and is patented by the Swedish consulting company 
STT Emtec, Sundsvall, Sweden, which also provided the 
system for this project. A schematic picture of the 
DNOxTM system is shown in Figure 1. 

Table 2. Fuel specifications, ethanol fuel. Etamax D. 

  Method
Appearance clear without 

particle
ASTM D 2090 

pH min 5,2 max 9,0 AMSE 1131 
Water  max 6,20 by weight SS -ISO 760 
Density (D 20/4) 0,820-0,840 g/ml SS-ISO 758 
Ethanol 95% 90,2 weight-%  
Ignition improver 7,0 by weight  
MTBE 2,3 by weight  
Isobutanol 0,5 by weight  
Corrosioninhibitor 90 ppm  
Color red  

Table 3. Fuel specifications, diesel fuel.

Fuel specifications 

Fuel property EC1 EC2
CEC reference

RF-03-A-84 

Density (kg/m3) 800  820 800  820 835  845 

Cetane number >50 >47 49  53 

Distillation, (°C) 
Initial boiling point 
5% boiling point 
10% boiling point 
50% boiling point 
90% boiling point 
95% boiling point 
Final boiling point 

180

285

180

295

>245
320  340 

370

Flash point (°C) >56 >56 >55 

Cold filter plugging 
point (°C) 

   

 Summer  <-10 <-10  

 Winter  <-26 <-26 <-5 

Viscosity, 40°C 
(mm2/s)

1.4  4.0 1.4  4.0 2.5  3.5 

Sulphur content 
(ppm mass) 

<10 <50 <300a

Copper corrosion <1 <1 <1 

Conradson carbon 
residue
(% mass (10% DR)) 

<0.2 <0.2 <0.2 

Ash content (% 
mass)

<0.01 <0.01 <0.01 

Water content (% 
mass)

<0.05 <0.05 <0.05 

Neutralisation
number,

 strong acid (mg 
KOH/g)

<0.20 <0.20 <0.20 

Oxidation stability 
(mg/100 ml) 

<2.5 <2.5 <2.5 

Aromatics (% vol.) <5 <20 n.l.b

PAH, tri+ (% vol.) <0.022 <0.1 n.l.b

Notes:
a

 Sulphur level to be reported 
b n.l.: not limited 
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Table 4. Type of engine, fuel and emission control 

investigated in the project. 

Type of 

Engine

Abbrevia-

tions

Fuel Emission

control

Scania
DSI9E01

E, w/o Ethanol 
(Etamax) 

w/o 

Scania
DSI9E01

E, Cat Ethanol 
(Etamax) 

Catalyst –  
XM 85t 

Scania
DSI9E01

E, DNOx Ethanol 
(Etamax)

DNOx - EGR + 
Particle filter + 
Catalyst 

Scania
DSI9E01

E-Oil,
DNOx

Ethanol
(Etyloil) 

DNOx - EGR + 
Particle filter + 
Catalyst 

Scania
DC904

D, w/o Diesel oil 
(EC1)

w/o  

Scania
DC904

D, DNOx Diesel oil 
(EC1)

DNOx - EGR + 
Particle filter + 
Catalyst 

Figure 1. Schematic presentation of the EGR system by 

STT Emtec (courtesy of STT Emtec). 

The ethanol-fueled version of the Scania engine tested 
in this project was not equipped with any electronic 
control of the injection pump. The electronic control unit 
in the STT Emtec DNOxTM system ordinarily uses data 
from sensors in the fuel injection system. Because the 
ethanol engine did not have any electronic control, some 
additional measures had to be taken to provide 
necessary data to the electronic control unit in the STT 
Emtec system. Consequently, the ultimate potential of 

this concept has probably not yet been fully utilized in 
the case for the ethanol engine tested in this project due 
to the lack of electronic control of the fuel pump. A more 
thorough description of the DNOxTM system can be 
found in [11].

When ethanol engines are employed in vehicles today, 
they are usually equipped with an oxidation catalyst for 
removal of hydrocarbons and carbon oxide. Therefore, 
this “original outfit” was also included in the project, 
together with the other configurations, and engines with 
and without EGR and DPF. The oxidation catalyst used 
was one previously tested at Luleå University of 
Technology [16] and was the preferred choice among 
the catalysts tested for equipping an 11-liter ethanol 
engine.

SAMPLING OF PARTICULATE EMISSIONS

The subject of correct sampling of particulates is an 
issue for discussions. It has been demonstrated that the 
formation of particles is dependent upon temperature, 
resident time humidity and dilution [26-33]. Although the 
dilution issue is not the subject in this project, some 
features have to be emphasized. The possibilities to 
make accurate particle number distributions in dilution 
tunnel measurements appear to be limited as Marrique 
et. al and Kaspar pointed out. [26, 32]. Dilution tunnel 
measurements are sensitive to hydrocarbon storage, 
and, accordingly, have a profound influence on the 
number and character of the measured particles. 
Especially ultrafine and nanoparticle emissions are 
affected in dilution tunnel measurements. Marrique et. al 
[26] found that the ejector pump-diluters showed god 
correlation with dilution tunnel measurements for 
particles with sizes approx. above 100 nm and 
differences were mainly seen at ultrafine and 
nanoparticle sizes. Furthermore, dilution air temperature 
had only minor influence on particle formation, when 
particles were sampled with ejector pump diluters [26].

The tailpipe measurement was performed with ejector 
pump-diluters, which use filtered air with no or minor 
background levels of particles, proved to be of great 
importance when measurements of particle emissions 
from engines equipped with a DNOxTM system was 
performed. Initial testing revealed that in order to 
perform measurements of particle emissions from 
engines equipped with DNOxTM system, compromising a 
DPF, the dilution ratio has to be lowered due to the low 
particle number emissions. Even though the dilution ratio 
was lowered, the sensitivity limit for the SMPS was 
almost reached for some test modes when the DNOxTM

system was employed [30].

In this project tailpipe sampling has been performed by a 
commercially available mini-dilution system of ejector 
pump-diluter type from Dekati Oy, Helsinki, Finland. The 
system has the option to use preheated dilution air in 
order to prevent nucleation and condensation of volatile 
components by suppressing the vapor pressures. The 
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exhaust gas has been diluted approx. 1:43,6 with air in a 
double diluter setup and approx. 1:6.6 in a single diluter 
setup, prior to analysis of the particles. A jacket heated 
to 180oC was used for the first of the cascaded diluters 
in the double diluter setup, or for the single setup diluter 
to avoid condensation of water in the dilution equipment. 
The compressed air used for dilution is filtered and 
tempered at ambient temperature (~20oC).

MEASUREMENT OF PARTICLE SIZE, DISTRIBUTION 
AND MASS 

Exhaust gas samples have to be diluted before they are 
analyzed regarding particle size and distribution thus 
avoiding the possibility of overloading the system and 
also to avoid problems due to temperature and the 
relatively high water content in the exhaust gas. A 
Scanning Mobility Particle Sizer, SMPS, model 3936L25, 
from TSI Incorporated, Shoreview, Minnesota, USA, was 
used for characterization of particle size and distribution. 
Particle mass was calculated by the Aerosol Instrument 
mangerTM software supplied with the SMPS instrument. 
Engine configurations, including DPF, were measured 
with the single diluter setup, while the remaining 
configurations were measured with the double diluter 
setup. The only exception was the configuration 
including the stand-alone catalyst, see Table 4, (E, Cat), 
which was analyzed with both the single and double 
diluter setup.

Particle mass was also measured by using a single 
diluter setup and by collecting particles on a 47 mm 
glass fiber filter, Pallflex fiber film T60A20, Pall Norden 
AB, Lund, Sweden. This mass was later compared with 
calculated, estimated, mass according to particle size 
and distribution measurements.

DETERMINATION OF PARTICLE SHAPE, 
MORPHOLOGY AND COMPOSITION

Particles for shape, morphology and elemental 
composition analysis were sampled from exhaust gas on 
47 mm polycarbonate filter with 100 nm pore size 
acquired from Millipore Corporation, Bedford, MA, USA, 
by using a single mini diluter setup described earlier, 
and then coated with gold sputtering, BAL-TEC MED 
020, BAL-TEC AG, Balzers, Principality of Liechtenstein. 
Coating is necessary to make the samples conductive 
and suitable for electron microscopy [38]. A scanning 
electron microscope, SEM, Philips XL 30 with LaB6

emission source, FEI/Philips Electron Optics, Hillsboro, 
Oregon, USA was used for analysis of particle shape 
and morphology. An Oxford Instruments Isis Ge energy 
dispersive X-ray detector, EDX, equipped with an ultra 
thin window, was used for determination of elemental 
composition. The X-ray analyze system was supplied by 
Oxford Instruments analytical, Abingdon, Oxon, UK. 

An SEM-image contains a lot of information. To make 
information easier to interpret software for image 

analysis was used, Scion Image, Scion corporation, 
Frederick, Maryland, USA, supplied the used software.

Some additional analyses of the carbon in the particles 
were performed by Raman spectroscopy, which has the 
feature that it can provide information about the 
crystallite form of the carbon, graphite, in the particles. 
Measurements were performed on particles collected 
upon 47 mm glass fiber filters, Pallflex fiber film T60A20, 
Pall Norden AB, Lund, Sweden. In order to demonstrate 
the difference in Raman spectra from various carbon 
containing particles six different carbon types were 
acquired: five from Alfa Aesar, Johnson Matthey 
(Deutschland), Management GmbH & Co.KG, Karlsruhe, 
Germany, namely briquette graphite, synthetic graphite, 
microcrystalline graphite, glassy carbon and activated 
carbon. The sixth carbon type, graphite powder, was 
purchased from Sigma-Aldrich Sweden AB, Stockholm, 
Sweden.

All carbon-containing particles were analyzed with a 
Renishaw ® Raman system 1000, Reinshaw PLC, 
Wotton-under-Edge, Gloucestershire, UK, which consist 
of an Olympus BHSM microscope, monochromator, filter 
system and CCD detector. The laser source was a low 
energy (< 25mW), air-cooled Spectra Physics model 127 
HeNe laser working at 633 nm. Raman spectra were 
acquired at a resolution of 2 cm-1, the cosmic rays 
contribution was subtracted and acquisitions were 
accumulated to improve signal-to-noise ratio. 

ENGINE TEST FACITILITIES 

All tests were carried out twice with the respective 
engine mounted on an engine test bed and connected to 
a Schenk/LE630 dynamometer controlled by a Schenk 
and AVL/PUMA system. The AVL/PUMA system was 
used for programming the used test conditions and for 
registering the engine parameters. Software from BOO-
instrument AB, Saltsjö Boo, Sweden, was used for the 
control and collection of measurement data from the 
pressure sensors, temperature and flow measuring 
equipment. Fuel consumption was registered by 
weighing, using a system constructed at Luleå University 
of Technology. The fuel weighing system also includes a 
means of heating the fuel using a heat exchanger. 
Twenty two test conditions, which included the 13 
modes of the European Stationary Cycle (ESC cycle), 
were used in the project. Obtained engine/ particle 
emission data were partly evaluated in accordance with 
the ESC cycle, but also by the complementary test 
results from the 22 specified test conditions.
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RESULTS AND DISCUSSION

Concerning the emission of particles, it has until now 
been unclear as to whether an ethanol-fueled engine 
emits smaller particles, or particles of the same range as 
when diesel oil is used. Therefore, it was of great 
interest to more closely study the size and distribution of 
the various investigated fuels/engine configurations. It is 
rather unpractical to show all of the 22 measured particle 
size distribution plots for each test configuration.

Therefore, weighted particle size distribution was 
calculated for respective configuration in accordance 
with ESC, with weight factors, and these plots are 
displayed in Figure 2, as a kind of summary of particle 
size and distribution. As seen in the figure, the majority 
of particles are below 100 nm, so called ultrafine 
particles, and has mean sizes around 30 nm, when 
ethanol is used as fuel. The running condition, 75% of 
maximum load at 1000 rpm, contained the lowest 
content of ultrafine particles for the ethanol engine 
without emission control. The share of ultrafine particles 
was still as high as 98.3 %. Otherwise, as a rule, the 
shares of ultrafine particles were 99% or more when the 
engine was running on ethanol fuel without emission 
control. For comparison, lowest share of ultrafine 
particles for the diesel engine without emission control 
was 72.1 % at 50% of maximum load at 1200 rpm. For 
the other investigated diesel engine running conditions, 
the figures for the share of ultrafine particles were 
usually around 85%. Emitted diesel particles usually had 
mean particle sizes around 60-70 nm and particle sizes 
going up to approx. 300 nm. 
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Figure 2. Weighted particle size and distribution for 

the various configurations in accordance to ESC 

Another classification of particle sizes is derived from the 
particle formation process [28]. Nuclei mode particles 
are usually denoted to particles below 50 nm, which 
typically are composed mainly of volatile organic 
compounds, but may also contain solid carbon and 
inorganic compound, such as sulphur and various 
metals. Accumulation mode particles are usually defined 
as particles to be in the range of 100 nm to 300 nm, but 
no exact definition is agreed upon. They are made up of 
carbonaceous agglomerates, and may also contain 

adsorbed compounds. This is the particle mode that can 
be accountable for building up most of the particle mass. 
In Figure 2 both nuclei (below 20 nm) and accumulation 
mode (around ~50-60nm) particles can be seen for the 
weighted particle size distributions, in accordance to 
ESC, emitted from the diesel engine. However, no 
distinct modes could be seen for the particles emitted 
from the ethanol engine. This weighted particle size 
distribution seem to build up one single large 
“accumulation mode”, in spite of the fact that the majority 
of particles are emitted at ”nuclei mode” sizes. 

At two running conditions, 50% of maximum load at 
1000 rpm and idle, two particle modes could be noticed 
for the ethanol engine running without emission control, 
see also Figure 3. A closer study of all of the individual 
particle size distribution plots confirmed what can be 
suspected from the summarized distribution plots in 
Figure 2, namely that the emitted particle agglomerates 
that build up accumulation mode generally are smaller 
for the ethanol-fueled engine than for the diesel-fueled 
engine.
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Figure 3. Ethanol engine at 50% of maximum load at 

1000 rpm.

As expected, the effect from the investigated emission 
control devices was considerable. When the ethanol 
engine was equipped with the stand-alone catalyst, (E, 
Cat), a reduction of emitted particles was seen mainly in 
nuclei mode, at particles below 25 nm, see also Figure 
2. In the same figure, it can also be seen that the effect 
upon particle number is even more pronounced when 
respective engines are equipped with DNOxTM system. 
The effect is so large that the particle size distribution 
plots can hardly be seen in some cases, (D, DNOx) and 
(E-O, DNOx). Therefore a new figure was made, Figure 
4, which only compromises weighted particle size 
distribution plots from the engine/fuel configurations with 
DNOxTM system. By comparing Figure 2 and Figure 4 
some remarks can be made. First of all, the DNOxTM

system affected particle number emissions greatly. 
There appears to be a shift toward´s larger particles 
emitted, when the ethanol-fueled engine is running on 
Etamax D fuel and with DNOxTM system. 
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Figure 5. Summarized weighted particle number emissions 
in accordance with ESC.

In order to get a summary of the total particle number 
emissions from the various engine configurations/fuels, 
total emitted particle numbers according to ESC in #/ 
kWh were calculated. The result is displayed in Figure 5. 

As noticed in Figure 5, emitted particle number 
emissions are approx. the same for both the ethanol 
engine and the diesel engine without emission control. 
The particle number emission was reduced by 19 % 
when the ethanol engine was equipped with the stand-
alone catalyst, (E, Cat). An even larger reduction of 
particle number emissions was obtained when the 
engines was equipped with the DNOxTM system. Eighty 
two percent of emitted particles were reduced when the 
ethanol engine was running on Etamax D and equipped 
with DNOxTM system, (E, DNOx). When the ethanol 
engine equipped with DNOxTM system was running on 
Ethyl-Oil instead of Etamax D fuel an additional 
reduction in emitted particle number emissions was 
seen, compared to when the ethanol engine was running 
on Etamax D fuel and without emission control. Totally 
98% of the particle number emissions were reduced. 
The reduction was probably even larger, because it has 
been shown in an investigation on an 11-liter ethanol-
fueled engine, that ethanol fuel containing RME has 
exhaust gas that have higher opacity and ,therefore, 
likely higher particle emissions, than exhaust gas from 
ethanol fuel containing the ignition improver Beraid [19]. 
The reduction may have been of the same magnitude as 
for the diesel engine, i.e., as high as 99%.

Figure 6 medium particle size depending upon load and speed. 

Figures, medium size of particles (nm) depending upon percentage of maximum load at 1200 rpm, below at 1800rpm  
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It is remarkable that there seems to be a difference in 
particle reduction when the engine is equipped with the 
DNOxTM system depending on ethanol fuel used. The 
differences probable originate from the different ignition 
improvers, because they make the crucial difference 
between the ethanol fuels. 

Neither was it surprising that the largest reduction in 
particle number was seen for the diesel engine running 
on diesel oil. This was in line with what could be 
expected, due the fact that the DNOxTM system originally 
was developed and tuned to outfit the diesel engine. 
However, the ethanol engine equipped with the DNOxTM

system performed well, especially when taking into 
consideration that the DNOxTM system was not so well 
adapted and that no optimization, of any kind, was 
performed.

By comparing mean particle size of emitted particles 
during the conditions stated by ESC, it was seen that 
when the ethanol engine was running on Etamax D an 
increase was seen from a mean of 33.1 nm without 
DNOxTM system, to 44.2 nm, when the ethanol engine 
was equipped with the DNOxTM system. Evaluation of 
mean particle sizes for the diesel engine during 
comparable conditions, ESC, showed that the diesel 
engine without the DNOxTM system emitted particles with 
a mean of 57.2 nm, while particles with a mean of 55.1 
nm were emitted when the engine was equipped with 
the DNOxTM system. The difference might seem to be 
small, however, when comparing measurements of 
particle size and distributions, the largest difference 
between calculated ESC values, in mg/kWh or #/kWh 
was approx. 2%. The largest difference in average 
particle size between two SMPS measurements, among 
all 22 modes, were 1,1 nm, which correspond to a 
maxim difference about approx 4%. Corresponding 
figures for particle number was 6%, and for particle 
mass, which contain both particle size and number, was 
11%.

The finding that the average particle size increased with 
the DNOxTM system connected was more thoroughly 
studied for particles obtained from the various 
investigated running conditions. A closer study showed 
that there seems to be a connection between mean size, 
speed and load for the ethanol engine, both with and 
without the DNOxTM system see Figure 6, while the 
results for the diesel engine were more inconclusive. 
However, a trend that emitted particle sizes usually 
seems to decrease with increasing load was noticed for 
the diesel engine without emission control. The opposite 
was fond for the ethanol engine without emission 
control, which showed an increase in particle size upon 
increasing load. Also particles emitted from the ethanol 
engine with the DNOxTM system showed an increase in 
particle size upon increasing load. A difference between 
particles emitted from the ethanol engine equipped with 
and without the DNOxTM system, at similar speed and 
load, was the actually mean particle sizes which 
generally were higher for the engine with DNOxTM

system during investigated conditions. Altogether, it 
seems that there was a preference for emitting larger 
mean particles when the ethanol engine is equipped with 
the DNOxTM system.

The actual cause for this is still uncertain. It could be due 
to the oxidation catalyst compromised in the DPF that 
reduces smaller particles, as in case with the stand-
alone catalyst, or it could be an effect of EGR, resulting 
in larger particles [14, 36-37]. It could also be a 
combination of causes, EGR and the effect seen from 
the oxidation catalyst. 

The summarized effect upon particle size and 
distribution can be displayed, either by comparing the 
total area/volume of emitted particles, or by the emitted 
particle mass. Particle mass has the disadvantage that it 
includes an additional measure, particle density, which is 
not needed for determination of total emitted particle 
area/volume. Instead, particle mass is more convenient 
to use as it is the measure used for regulations and is 
familiar to the majority of people. Determination of 
effective density can easily be performed by 
measurements of particle sizes [34]. Both the mobility 
equivalent size and aerodynamic size have to be 
determined, e.g. measurements with instruments like the 
SMPS and the Electric Low Pressure Impactor, ELPI, or 
similar, has to be performed. Unfortunately the 
laboratory had no access to any instruments suitable for 
determination of aerodynamic particle size. Therefore, 
an assumption was made, based upon earlier 
investigations, namely that the particle density was 
approx. 1.2 g/cm3 [34]. The estimated particle mass was 
compared with actual measured particle mass on 
weighted glass fiber filter. First off all, it has to be pointed 
out that this mass is not sampled in accordance with 
regulations. It is true that the same type of filter is used. 
It is also true that the exhaust gas temperature was kept 
below 52o C, in accordance with the test regulation. 
However, the dilution equipment used was the single 
mini-diluter setup, which not meets the conditions stated 
by the regulations, e.g., it was not a full flow, or a partial 
flow tunnel [35]. Particle masses were measured at the 
running condition that gave the highest mass according 
to performed SMPS measurements, the diesel engine 
running at 50 % load of maximum load at 1000 rpm. 
Obtained masses are shown in Table 5. 

Table 5. Comparison of estimated particle mass and actual 
weight.  

Particulate mass (mg) 

Test/method

Estimated,

According

To SMPS

Weighing

1000 rpm and 50 

% load, 1 h 
0.172 0.18 

1000 rpm and 

50 % load, 5 h 

1.12 1.29 
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The estimated particle mass by SMPS is generally lower 
than the mass of collected particles. The difference is 
4.2% after one hour and 13.1 % after 5 hours. It can also 
be discussed if the result can be applied to other running 
conditions or not, due to the fact that particle properties 
may vary, e.g., particle size distribution and the content 
of volatile particles. The main intention was not to 
evaluate SMPS measurements during different running 
conditions and the Aerosol Instrument manager TM 
software’s ability to estimate particle mass during 
different running conditions, but to see if the collected 
particles mass was somewhat correct and not out of 
bounds. As seen in Table 5, the estimated particle mass 
is somewhat lower than the actual measured mass. This 
is probably due to the fact that the SMPS measurements 
don’t include particles with sizes above 422 nm, which 
probably are few, but make a significant contribution to 
particle mass. On the contrary, the smallest particles are 
only partly being disposed on the filter, which 
underestimates their influence on particle mass. To sum 
up, if the actual particle mass is somewhat 
underestimated with the SMPS, as indicated between 
4% and 13 %, it is still acceptable for giving a hint of the 
actual mass that can be obtained and above all, enough 
for comparing the summarized effect upon particle size 
and distributions.

Weighted estimated calculated particle mass from the 
accomplished SMPS particle size distributions 
measurements, in accordance with ESC, is shown in 
Figure 7. By comparing results in Figure 7 with results 
shown in Figure 5, the summarized weighted particle 
number, the influence from particle size can easily be 
seen. Approx. the same number of particles were 
emitted from the ethanol engine and the diesel-fueled 
engine without emission control, but due to smaller 
particle mean of the particles emitted from the ethanol 
engine without emission control roughly 1/10 of particle 
mass was emitted from the ethanol engine compared to 
the diesel ethanol without emission control.

When the ethanol engine was equipped with the stand-
alone catalyst, the result on particle emission was in the 
same neighborhood for particle mass as for particle 
number. A reduction, 23 % of particle mass, could be 
noticed when the ethanol engine was equipped with the 
stand-alone catalyst. There was an additional reduction 
in particle mass when the ethanol engine was equipped 
with the DNOxTM system. When the engine was running 
on Etamax D and equipped with the DNOxTM system, (E, 
DNOx) emitted particulate mass was reduced by 67%, 
compared to the enginewithout emission control. 
Corresponding figure for reduction of emitted particulate 
mass was 96%, when the engine was running on Ethyl-
Oil and equipped with the DNOxTM system, compared to 
when the ethanol engine was running on Etamax D fuel 
and without emission control. However, the largest 
reduction of particle mass was seen for the diesel 
engine equipped with the DNOxTM system. More than 
99% of obtained estimated emitted particle mass, in 
accordance with ESC, was reduced when the diesel 

engine was running on EC1 fuel and with the DNOxTM

system.

A diesel engine usually has higher emission of NOx 
compared to an ethanol engine. NOx emissions, or more 
specifically, NO2 emissions, are used for regeneration of 
the DPF. It may be possible that the generally higher 
NOx emission could play a role in higher reduction of 
particle emissions [19, 21]. But, the ethanol engine 
equipped with the DNOxTM system performed well, 
especially taking into consideration that it was not so 
well adapted as pointed out earlier and particularly, 
when running the ethanol fueled engine with Ethyl-Oil 
fuel. The relatively large difference between the two 
different ethanol fuels in particle reduction indicates that 
the ignition improver properties have a large influence 
on particle reduction ability, and/or, that the engine has 
to be tuned and optimized differently depending on 
ignition improver.

Remember, that no optimization, of any kind, was 
performed to the ethanol engine when it was equipped 
with the DNOxTM system and that the ethanol-fueled 
version of the Scania engine tested in this project was 
not equipped with any electronic control of the injection 
pump, which usually supplies data to the electronic 
control unit in the STT Emtec DNOxTM system. 
Therefore, additional measures were taken in order to 
be able to supply data to the electronic control unit in the 
STT Emtec DNOxTM system. This implies that the 
DNOxTM system was not so well adapted for the ethanol 
engine. Therefore, is it also plausible to believe that the 
potential to reduce particulate emissions even further is 
high for this system, based upon previously mentioned 
circumstances, namely that it is not optimized for ethanol 
fuel. It has to be emphasized that even though no efforts 
have been made to adapt the DNOxTM system, it is likely 
that the ethanol engine with the DNOxTM system and 
running on Ethyl-Oil will pass future regulations for 
particulate matter (0.02g/kWh ) without adjustments.
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Figure 7. Summarized weighted estimated particle mass 
emissions in accordance with ESC. 

Scanning electron microscopy is a powerful tool for 
receiving information of single particles. A short basic 
description how it works is given as follows; a thin beam 
of electrons is focused and swept over the area chosen 
for examination. The area is then divided into smaller 
areas dependent upon the area of the electron beam 
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and the magnification. The electrons are reflected in 
varying degree dependent upon the properties of the 
small area that the electrons are reflected from. 
Dependent upon the amount of electrons reflected, a 
grayscale can be assigned to the various levels, and 
amounts of electrons, reflected from the respective area. 
These smaller areas are then used to build up a black-
and-white image as the one shown in Figure 8, which 
displays an image at high magnification and at high 
contrast level.

The difficulties were so large, that when the engines 
were equipped with the DNOxTM system, which included 
a DPF among others, only a few particles, estimated to 
between approx. 10-100 were detected on the whole 
filter area after sampling of 300 liters of exhaust gas 
from the respective engine configuration. The low 
number of particles made it impossible to make particle 
shape analysis of the engine configurations that included 
the DNOxTM system. Two means have been identified for 
improvement of the particulate sampling, either to use 
filters with smaller pore sizes, or increase the flow rate. 
The preferred choice has to be a filter with smaller pore 
size, because a larger fraction of the particles are 
sampled and, therefore, the particle shapes analyzed 

correspond to a larger proportion of the particles and not 
only to the largest ones. Furthermore, high flow rate 
would probably yield a higher degree of particle 
deformation when particles hit the filter, with somewhat 
greater uncertainty in the particle shape analysis, as a 
consequent.

Figure 10. Diesel engine at 50% of maximum load1500 
rpm, particles after sampling of 20 liters of diluted exhaust 
gas (compare with figure 9). 

Suitable modes for SEM/particle shape analysis were 
chosen for sampling from the performed SMPS 
measurements. The sampling of particles for SEM 
analysis, and subsequently particle shape analysis, was 
not without difficulties. First of all due to the large 
pressure drop over the filter used, caused by the small 
pore size, high flow rates could not be applied. Figure 9 
and Figure 10 are shown as examples of the 
experienced difficulties. In the figures, the same running 
condition is seen for the respective engine without 
emission control. Despite the fact that the ethanol 
engine´s exhausts have been sampled in an amount 
approx. five times larger, hardly any particles are seen, 
see Figure 9, while there are numerous particles on the 
filter sampled from the diesel engine, see Figure 10.

The image in Figure 8 shows chainlike agglomerates of 
particles emitted from the diesel engine without emission 
control and sampled on polycarbonate filter with pores 
with a diameter of 100 nm. The high contrast is chosen 
in order to enhance the appearance of the chainlike 
agglomerates. It is known from earlier investigations that 
diesel engines usually emit chainlike agglomerates at 
low load and low speed [40, 41]. Obviously is this also 
valid in this project, for some particles emitted from the 
diesel engine without emission control, running on EC1 
at 1000 rpm and 50% of maximum load at current 
speed, see Figure 8. However, a question that comes up 
is to what extent this is valid also for the other particles 
emitted at this particular speed and load. In order to get 
an estimate of this, statistically, a large number of 
particles have been analyzed by a software for image 
analysis. The particle shapes are partly dependent upon 
particle size and partly on magnification. Too low 
magnification provides insufficient particle shape 

Figure 8. The diesel fueled engine at 1000 rpm and 50%
load, emitting agglomerates of particles in chains.

Figure 9. Ethanol engine at 1500 rpm and 50% load, almost
no particles can be seen after sampling of 100 liter of
diluted exhaust

Single Particles 
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information, but a good statistical base, because more 
particles are included in the image due to the larger filter 
area analyzed.

On the contrary, if too high magnification, as in Figure 8 
is used, more than sufficient particle shape information 
is provided, but the statistical background is poor. Initial 
investigations showed that a magnification of 20 000x 
was sufficient to provide both good particle shape 
information and a satisfactory statistical base. 

Numerous kinds of image analysis software are 
available on the market. They perform image analysis 
somewhat differently, but what they all have that in 
common, is that they usually give some kind of measure 
of shape. The image analysis software used in this 
project was performed particle analysis by adjusting an 
ellipse to the particles, which are being analyzed. 
Lengths of the major and minor axes of the ellipse best 
fitting respective particle were displayed. The ratio 
between minor and major axis gives a measure of the 
particle shape, a shape factor. If the shape factor is 
close to one, the particle/particle agglomerates are 
spherical or close to spherical, and if it is close to 0.1, 
the particle/particle agglomerates are more prolonged. 
Achieved particle shape factors were rounded off to one 
decimal and the distribution was calculated in 
percentages. Differences in figure 11, 13 and 14 may 
seem to be small, which they are, but they are still 
differences that ca be accounted for, though each figure 
is one of three randomly performed image analyses, and 
each analysis is based on, depending on analysis, 
between 1000-2000 particles.

In Figure 11 a comparison of particle shapes from 
particles emitted from the ethanol and diesel fueled 
engines without emission control is shown. The ethanol 
engine running on ethanol fuel showed a tendency to 
emit more single particles/clotted agglomerates than the 
prolonged, more chainlike particle agglomerates emitted 
by the diesel engine without emission control. To show 
the difference between particles that agglomerates more 
chain-like, see Figure 8, and those which are emitted as 
single and more clotted agglomerates of particles, an 
image of the particles emitted from the ethanol engine 
without emission control at high magnification was 
acquired, see Figure 12. The black circular areas, 
beside the particles in the image, are pores in the filter 
with a diameter of approx. 100 nm.

A comparison was also made between particles from the 
ethanol engine without emission control and equipped 
with the stand-alone catalyst, see Figure 13, The 
agglomerated particles shapes appear to be less 
prolonged for particles emitted when the engine is 
equipped with the stand alone-catalyst, compared to 
particles emitted from the engine without catalyst.
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Figure 11. Particle shapes for particles emitted at 

low speed 1000 rpm and almost the same load for 

both the diesel engine and the ethanol engine 

without emission control.

Figure 12. The ethanol fueled engine at 1000 rpm and 75% 
load, emitting single and agglomerates of clotted particles. 
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Figure 13. Particle shapes for particles emitted at 

low speed 1000 rpm and similar load for the ethanol 

engine with and without the stand-alone catalyst.
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A third particle shape investigation was performed on 
the particle shapes from particles emitted by the diesel 
engine without emission control running at 50% of 
maximum load at 1000 rpm and at 50% of maximum 
load at 1500 rpm. Particles emitted at 1500 rpm proved 
to be less prolonged than particles emitted at 1000 rpm, 
according to Figure 14. An explanation to why 
agglomerated particles are more prolonged at low load 
and low speed, has been proposed by Argonne National 
Laboratory's Transportation Technology R&D Center 
[40]. They found, based upon chemical analysis, that 
emitted chainlike particles, contain more chemical 
components because they are formed at lower speeds 
and loads. They suggested that it was primarily due to 
the low temperatures involved, which cause several of 
the chemical constituents of diesel fuel not to evaporate 
or react completely. As a consequence, also the content 
of potentially cancer-causing pollutants, such as poly 
aromatic hydrocarbons, PAH, were found to be higher 
for the investigated chainlike particle agglomerates. 

Remember that the results from the particle size 
distributions for the ethanol engine with and without the 
stand-alone catalyst. It was seen, in Figure 2 that it was 
primarily particles below 25 nm that were reduced when 
the ethanol engine was equipped with the stand-alone 
catalyst. Kittelson with co-workers found that [33] 97% of 
particles with sizes below 30 nm was volatile particles. 
Further, when the ethanol engine is equipped with a 
catalyst, a reduction in total emissions of hydrocarbons 
is seen, compared to when the engine is running without 
emission control [42]. This also indicates that the 
suggested explanation, that a higher content of volatile 
constituents in the exhaust gas promotes prolonged 
agglomerates of particles, or as in this case, are reduced 
when the volatile constituents decrease. 

It is plausible to suspect that there is a somewhat lower 
content of volatile constituents in the exhaust gas 
emitted from the ethanol engine, due to the fact that the 
ethanol engine without emission control has lower 
emission of total hydrocarbons than the diesel fueled 
engine without emission control [42]. Consequently, the 
suggested explanation seem to be valid even in this 
case: the tendency that the volatile constituents in the 
exhaust gas influence particle shape formation and that 
diesel fuel, therefore, emits more prolonged particles at 
low speed.
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Figure 14. Particle shapes for particles emitted at low 
speed, 1000 rpm and high speed, 1500 rpm with average 
load at respective speed for the diesel engine without 
emission control. 

When SEM analysis is performed for determination of 
particle properties, information about the size and shape 
is not the only information that can be obtained. The 
majority of electrons that were sent out are reflected and 
detected as image information. Still, there are some 
electrons originating from the electron beam that 
penetrate into the material, which causes secondary 
electrons (mainly originating from the area before it was 
hit by the electron beam) or X-rays to be sent out instead 
[38]. The energy level of radiated X-rays reveals 
compound from which the X-ray radiated. Approx. ten 
particles from each engine configuration without 
emission control were analyzed by energy dispersive X-
ray analysis. The result showed conformity in that all 
analyzed particles contained carbon and gold. Carbon 
likely from the agglomerated particles, and gold from the 
thin layer sputtered and covering the particles. The X-ray 
analysis confirms what has already been suspected, 
namely that both ethanol and diesel particles are mainly 
composed of carbon. In order to see if there was any 
difference in the crystallite form of carbon Raman 
spectroscopy was employed. Raman spectroscopy has 
the feature that its spectra gives information about the 
order and size of the graphite crystallite [43, 44]. To 
demonstrate the difference among different graphites 
and to evaluate the Renishaw ® Raman system 1000, 
was six different carbon containing particles were 
acquired.

Spectra of the various carbon containing particles are 
shown in Figure 15, where it also can be seen that their 
is large difference among the investigated carbon-
containing particles. However, the most interesting 
spectra are shown on the bottom row, i.e., the results 
from the sampled exhaust gas particles. The first 
spectrum on at the bottom row displays the whole 
spectra from the particles sampled from the diesel 
engine without emission control running on EC1 diesel 
oil. The spectra in the middle and to the left on the 
bottom row show an enlargement of spectra obtained 
from particles emitted from a diesel engine without 
emission control and an ethanol engine without emission 
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control running on Etamax D. The spectra are amazingly 
similiar. A closer study shows only minor differences that 
can be assigned to the measurement itself, noise and 
experimental differences. Results show that there were 
insignificant differences in the crystallite form between 
carbon particles emitted from the ethanol-fueled engine 
without emission control, running on Etamax D and the 
diesel-fueled engine without emission control, running 
on EC1 diesel oil. 

A comment has to be made about the various recorded 
spectra. In this investigation the same laser-source was 
not used as in earlier investigations concerning Raman 
spectroscopy of carbon-containing particles, simply 
because the project had no access to the same type of 
laser. Escribano and Kee with co-workers used an Ar-
laser working at wavelength ~514,5, while the spectra 
recorded in this project were obtained with a HeNe laser 
working at 632.8 nm. This resulted in small differences 
between the spectra seen in Figure 15 and in [43, 44]. 

Figure 15. Normalized Raman spectra from various carbon-containing particles, see also [43, 44]. 

CONCLUSION

Concerning the emission of particles, it has been unclear 
as to whether an ethanol-fueled engine emits smaller 
particles, or particles of the same range as when diesel 
oil is used. This project has shown that an ethanol-
fueled engine generally emits lower particle mass, 
smaller particle sizes and approx. the same or a greater 
number emissions than the diesel-fueled engine. The 
project also revealed that the solid particles emitted from 
ethanol engines are composed mainly of carbon and 
that the carbon has the same crystallite form as carbon 
particles emitted from diesel oil. Agglomerated particles´ 
shape has been shown to be dependent upon speed, 
fuel and emission control. 

The project also showed that emission control is an 
efficient way to reduce particulate emissions emitted 
from ethanol engines. The emission control technique is 
decisive for the effect upon emissions. Catalysts reduce 
particulate emissions to a lesser extent than the DPF,

but the primary function for a catalyst is not to reduce 
particulates, as in the case of the DPF.

Despite the fact that the used DNOxTM system, 
compromises EGR; DPF and an oxidation catalyst (in 
the DPF) were not very well adapted to the ethanol 
fueled engine, large reductions particle number 
emissions, and particle mass, could be seen for the 
respective engine when they were equipped with 
DNOxTM system, compared to when the engines were 
running without emission control. Surprisingly, it seemed 
that the ignition-improver properties had an influence on 
the DPF reduction ability. The importance of the ignition-
improver will be a subject for further investigations. The 
overall impression was that DPF seems to work well for 
reduction of particles from ethanol fuels, even though 
the long-run function has not been investigated.
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DEFINITIONS

Ar= Argon 
BeraidTM= Poly ethylene based ignition improver 
DPF= Diesel particulate filter 
DNOxTM=  Emission control system from STT Emtec that 
includes both EGR and DPF. 
EGR=Exhaust Gas recirculation 
Etamax D= Ethanol fuel containing Beraid among others
Ethyl-Oil= Etanol fuel with ignition improver RME 
Ge=Germanium
LaB6=Lantan hexa borid 
LTU= Luleå University of Technology 
RME= Rapeseed methyl ester 
SEM= Scanning Electron Microscope
SMPS= Scanning mobility particle size

http://www.transportation.anl.gov




PAPER IV 
Reprinted with permission from SAE Paper 2001-01-1882 © 2004 SAE International 





1

2004-01-1882

Dan Haupt and Kent Nord 
Luleå University of Technology 

Karl-Erik Egebäck
Autoemission K-E E Consultant

Peter Ahlvik 
Ecotraffic ERD3

Copyright © 2004 SAE International

ABSTRACT

A commercially available exhaust aftertreatment system, 
DNOX

TM, comprising exhaust gas recirculation (EGR), an 
oxidative catalyst and a continuously regenerating diesel 
particulate filter (DPF) were tested. The test object was 
a 9-litre ethanol-fueled diesel engine from Scania 
equipped with turbocharger and aftercooler. A similar 
diesel engine from Scania, but running on ordinary 
Swedish diesel fuel, was used as a reference and a 
reminder of “the state of the art”. The tests involved two 
different ethanol fuels containing various ignition 
improvers, Beraid 3540 and rapeseed methyl ester. Test 
conditions for the engines were those specified in the 
European Stationary Cycle (ESC).

The aftertreatment system reduced the emissions of HC, 
CO and NOX, down to 0.15, 0.04 and 2.54 g/kWh, 
respectively, while the estimated particle mass was 
reduced by 67%. Actually, by using the DNOX

TM system, 
the engines became Euro IV engines regarding the 
emissions of HC, CO and NOx. 

The ethanol-fueled engine without EGR, catalyst or DPF 
emitted approximately 1.6 times more formaldehyde and 
9.8 times more acetaldehyde than the diesel engine.  
However, the emission of acrolein was only 0.47 times 
the emission of acrolein from the diesel engine. When 
the ethanol-fueled engine was equipped with DNOX

TM, a 
significant reduction of the emissions of aldehydes was 
obtained. The emissions of acrolein, formaldehyde and 
acetaldehyde were reduced by 56%, 87% and 95%, 
respectively. An even higher reduction was observed 
when the system was connected to the diesel engine. 

Fifteen different hydrocarbons (alkanes, olefins and 
monoaromates) were also identified. The diesel-fueled 
engine, without any exhaust aftertreatment devices, 
emitted approximately twice as much hydrocarbon than 
the ethanol-fueled engine, also without any exhaust 
aftertreatment devices. However, there were also 
qualitative differences. Three hydrocarbons, namely 
propene, ethene and benzene, accounted for 77 % of 
the hydrocarbons emitted from the diesel-fueled engine, 
while acetylene, ethene and benzene, made up only 
53% of the hydrocarbons emitted from the ethanol-
fueled engine. When connecting the system to the 
engines, a difference was observed; the reduction of 
analyzed hydrocarbon emissions was approximately 
90% for the diesel-fueled engine, but only 47% for the 
ethanol-fueled engine.

The studied aftertreatment system has been developed 
and optimized for the diesel-fueled engine. This fact is 
reflected in the powerful reduction of hydrocarbons, 
aldehydes, particles and NOX that is obtained when 
connecting the system to the diesel-fueled engine. 
Nevertheless, a significant reduction is also obtained 
when connecting the system to the ethanol-fueled 
engine. Test results indicate that it should be possible to 
better optimize the system for the ethanol engine. It is 
also, probably, necessary to exchange the catalyst in the 
system. Thereby, an even higher reduction of 
unregulated and regulated emissions should be 
obtained.

INTRODUCTION

When a new fuel is introduced on the market a pre-
requisite is that emissions are not more toxic than the 
emissions obtained when running on the standard 
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market fuels. The same way of thinking should also be 
applied when new after treatment devices are examined. 
This means that not only the regulated emission, i.e. HC, 
CO, NOX and particulate matter, but also some of the 
components belonging to the group of unregulated 
emissions, should be quantified. The components of 
interest depend on the fuel used and are selected due to 
their impact on the environment and health. 

In this study ethanol has been used as automotive fuel. 
Ethanol is considered to be an excellent fuel for spark 
ignition (SI) engines, having a high octane number and 
can be used without major engine modifications [1,2]. 
One example of the successful introduction of ethanol as 
a fuel for SI engines is that, since 2001, all gasoline sold 
in eastern Sweden contains approximately 5% ethanol 
[3]. Unfortunately, the use of ethanol in compression 
ignition (CI) engines is more complicated. The 
complications originate from the low energy content and 
the low cetane number of ethanol [2]. In order to raise 
the cetane number and enable the ignition of the fuel in 
the CI engine, an ignition improver is added. Due to the 
low energy content in ethanol, some engine 
modifications are also necessary to maintain engine 
performance; the compression ratio, as well as the fuel 
volumetric flow have to be increased. 

The emissions of ethanol-fueled engines have been 
rather extensively studied [4]. The arguments for using 
ethanol as a fuel are: low emissions of NOX, particulate 
matter and greenhouse gas. The arguments against are: 
higher emissions of formaldehyde and acetaldehyde [5]. 
The remedy of the high emissions of formaldehyde and 
acetaldehyde is usually an efficient catalyst. However, 
the introduction of a catalyst should be carefully 
investigated due to the fact that an inappropriate catalyst 
converts ethanol to acetaldehyde, not CO2. Besides, the 
oxidation of NO to NO2 should also be monitored, as this 
is often an undesired side-reaction [6]. In the present 
study, a recently developed system comprising EGR, 
catalyst and DPF has been connected to an ethanol-
fueled diesel engine. The system is commercialized as 
the DNOX

TM system and has demonstrated its capacity 
to reduce the emissions of NOX and particulate matter 
from diesel-fueled engines [7].

The aim of the present study has been to analyze some 
of the aldehydes and hydrocarbons that are emitted from 
an ethanol-fueled diesel engine equipped with the 
aftertreatment system. The emissions have been 
compared with the emissions from a diesel-fueled 
engine running on the ordinary, environmental classified 
diesel fuel in Sweden.

EXPERIMENTAL

ENGINES AND FUELS

Two different 9 liters Scania engines were used for the 
experiments: a diesel-fueled DC902 and an ethanol-

fueled DSI9E01. Even though they differ in some details 
they are similar in most respects. Both engines are Euro 
III certified, aftercooled and turbocharged. The DSI9E01 
has a compression ratio of 24:1, while the compression 
ratio for the DC9 02 is 17:1. The DC9 02 is equipped 
with an electronic control unit, but not the DSI9E01 
engine. Different cylinder heads are used in the two 
engines; the DSI9E01 has injectors with an angle of 
inclination of 18°, while the DC902 has injectors with an 
angle of inclination of 8°. A reduction of the injector 
inclination gives a more uniform distribution between the 
fuel sprays from each nozzle hole and, thus, decreases 
the emissions in general and particulate emissions 
specifically.

Table 1. Etamax D

When ethanol is used in diesel engines, the volumetric 
capacity of the injection system needs to be increased 
because energy content is lower in ethanol than in 
diesel. The obvious solution is to increase the capacity 
of the fuel pump and the nozzle hole area. The 
enlargement of the nozzle hole area is necessary; 
otherwise, the increase in mass flow would produce 
pressure levels beyond the capacity of contemporary 
injection systems. However, the solution has a 
drawback; the increase in nozzle hole area increases 
the so-called “wall-wetting” phenomenon and, thus, also 
the fraction of fuel that is not burnt. NOX formation, on 
the other hand, is usually significantly lower in ethanol 
engines than it is in their diesel- fueled counterparts. 
This is partly due to the cooling effect from a fuel with an 
increased latent heat of evaporation and the increase in 
fuel flow. The earlier mentioned “deterioration” of the air-
fuel preparation could also, partly, contribute to the lower 
NOX level. The accompanying deterioration of the 
combustion reduces in-cylinder temperature and affects 
the local air-fuel ratio, thus also reducing NOX

emissions.

Low sulphur diesel fuel, Swedish environmental class 1, 
EC1, was used for the DC 902 engine, while two 

Method
Appearance clear without 

particle
ASTM D 
2090

pH min 5.2 max 
9.0

AMSE 1131 

Water max 6.20 by 
weight  

SS -ISO 760 

Density (D 20/4) 0.820-0.840
g/ml

SS-ISO 758 

Ethanol 95% 90.2 weight-% 
Ignititon improver 7.0 by weight 
MTBE 2.3 by weight 
Isobutanol 0.5 by weight 
Corrosions inhibitor 90 ppm 
Colour red



different ethanol fuels, Etamax D and Ethyloil, were 
tested on the Scania DSI9E01 engine. The main
difference between these two ethanol-based fuels is that 
they have different ignition improvers. Etamax D, 
purchased from SEKAB AB, Örnsköldsvik, Sweden, 
contains a synthetic polyethyleneglycol (PEG) called 
BeraidTM, the specification for which is shown in Table 1.
The other ethanol fuel, Ethyloil, contains rapeseed 
methyl ester as ignition improver. As a patent is pending
for this product, the information about the exact
composition of this fuel is unavailable. Additional 
information about rapeseed methyl ester as ignition
improver can be found in the literature [8-9].

DNOX
TM- LOW PRESSURE LOOP EGR SYSTEM 
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Figure 1. DNOX
TM

system by STT Emtec. 1. Recirculation system,

2. EGR cooler, 3. EGR valve, 4. Turbo charger, 5. Intercooler, 6.

Engine (combustion chamber), 7. Particulate trap, 8. Secondary

filter, 9. ECU, 10. Dynamic pickup. 

The low-pressure loop EGR system has been provided 
by STT Emtec, Sundsvall, Sweden, see Figure 1. The
system is built up around a patented EGR throttle, which
controls the amount of cooled, recirculated exhaust gas 
that is returned to the engine. Before the exhaust gas is
recirculated it is passing an oxidation catalyst and a 
particle filter. The oxidation catalyst reduces most of the 
CO and hydrocarbons. The catalyst also converts a 
portion of the engine-out NO into NO2, which is used for 
removal of the collected carbon particles in the DPF [10]. 

The system has to be connected and be able to
communicate with the engine in order to collect
necessary engine parameters. With the diesel engine, 

DC9 02, this is no problem; the electronic control unit 
used in the STT Emtec system uses data from the 
sensors in the injection system through the CAN data 
bus. The pump that was used in the ethanol-fueled 
diesel engine was not equipped with electronic control.
Therefore, some measures had to be taken to provide 
necessary data to the electronic control unit. The EGR
calibration used was the result of engine 
characterization work on a similar engine. The NOx
reduction target was 30% according to STT Emtec [11]. 
In addition to the earlier mentioned aftertreatment
system, some other engine configurations have also
been investigated. A summary of the different test 
configurations and abbreviations used in this report, are 
shown in Table 2. 

Table 2. Abbreviations and test configurations used in the 

investigations

Abbrevia-

tions
Engine Fuel Exhaust

aftertreatment

D, w/o DC902 EC1, D without , w/o

D, DNOx DC902 EC1, D EGR + Particle 

filter +Catalyst,

E, w/o DSI9E01 Etamax, E Without, w/o

E, Cat DSI9E01 Etamax,

E

Catalyst, cat

E, DNOx DSI9E01 Ethanol,

E

EGR + Particle 

filter +Catalyst,

E-oil, DNOx DSI9E01 Etyloil,

E-oil

EGR + Particle 

filter +Catalyst,

TEST EQUIPMENT AND TEST CONDITIONS 

A heated flame ionization detector (HFID), model VE5 
from J.U.M., was used for measurements of total
hydrocarbons (HC). Carbon monoxide (CO) and carbon
dioxide (CO2) were measured with two non-dispersive
infrared instruments, Maihak UNOR 6N. NO and the
thermally converted NO2 were determined by a 
chemiluminescence instrument, TECAN CLD700 ELHT. 
The instruments for measurements of regulated 
emissions and CO2 were purchased from BOO 
Instrument AB, Saltsjö Boo, Sweden. A software from
BOO Instrument AB was used for control and collection
of measurement data from the above-mentioned 
instrument as well as from sensors indicating pressure,
temperature and flow. 

Fuel consumption and fuel temperature were 
measured//controlled by a system constructed at LTU. 
The system includes a heat exchanger to control the 
temperature and a scale to measure the fuel
consumption. All tests were carried out with the engine 
mounted on an test bed, and connected to a
Schenk/LE630 dynamometer controlled by a Schenk 



and AVL/PUMA system, respectively. The AVL/PUMA
system was used to program the test conditions and to 
register the engine parameters. The different engine
configurations were tested according to a 22-mode test
cycle that included the 13 modes of the European
Stationary Cycle (ESC cycle). Regulated emission data 
was thereafter evaluated in accordance with, and with 
the weight factors that are valid for, the ESC cycle.

ALDEHYDES

Sampling of formaldehyde, acetaldehyde, acrolein and 
benzaldehyde were performed by forcing undiluted
exhaust gas samples in a heated sampling line through
2,4-dinitrophenylhydrazine (DNPH) coated cartridges 
[12]. The cartridges used were Sep-Pak DNPH silica,
purchased from Waters. When the exhaust gas flows 
through the sample cartridge, a derivatization reaction 
takes place, see reaction formula in Figure 2. This 
reaction results in the corresponding 2,4-dinitrophenyl- 

-H2O
O2N

N
NH R

H

NO2

O
H

R

O2N

N
NH2H

NO2

Figure 2. Derivatization reaction of aldehydes with DNPH to 

corresponding 2,4-dinitrohydrazones of the aldehydes

hydrazone of the aldehyde which is easy to detect by
UV-detection. The derivatized 2,4-dinitrophenyl-
hydrazone is also stable unlike the aldehyde which can
be both unstable and reactive. The aldehydes were
extracted from the plugs by acetonitrile and thereafter 
analyzed by a Waters 600E HPLC chromatographic 
system connected to a Waters 715 Ultra Wisper Sample 
Processor, Waters, Sweden. The detector used was a 
variable wavelength UV-detector, Kontron HPLC 
Detector 430, monitoring at 360 nm, from Metric Analytic 
Division, Solna, Sweden. The stationary phase used for 
the analysis of the aldehydes was a Nucleosil C-18, 
5um, (150 x 4.0 mm) purchased from Scantec Lab, 
Sweden. The mobile phase used for the elution was a 
mixture of acetonitrile, tetrahydrofuran and deionized 
water

HYDROCARBONS ANALYZED 

The hydrocarbons that were analyzed are ethane,
ethane, propane, propene, propyne, propadiene, 
isobutene, 1-butene, isobutene, 1,3-butadiene, toluene, 
meta-xylene, ortho-xylene and benzene. The exhaust 
gas  were sampled in TedlarTM bags made by SKC Inc., 
Houston, Texas, USA according to the procedure 
described by Lipari, 1990.  In order to minimize losses of 
the samples stored in the Tedlar bags some

precautionary measures were taken. All the Tedlar bags 
were stored in dark and the time before analyze were 
kept as short as possible. These measures were taken
to minimize the risk for reaction between exhaust gas 
components and minimize the risk of loss of sample
[13,14].

The bags were thereafter connected to an auto sampler
that directed the gas to the VOC-Air analyzer. The VOC-
Air, purchased from Chrompack, is basically a gas 
chromatograph equipped with an auto-TCT injector
(TCT= Thermal Desorption Cold Trap system). The 
working principle is that a Nafion dryer removes water 
from the exhaust gas sample, which is concentrated on
an adsorbent at submerged temperature. The trapped 
compounds are then thermally desorbed and
cryogenically focused on a cold fused silica trap prior to
injection. When desorption is completed, the
components are injected into the analytical columns by
flash heating of the cold trap. The components are
separated by gas chromatography and the detection 
technique, flame ionization, is the same as for total
hydrocarbons.

RESULTS AND DISCUSSION 

Regulated emissions 

Figure 3. NOX emission and estimated particle mass, ESC. 

Even though it is not the purpose of this paper to discuss 
regulated emissions from the different engine
configurations, some basic data is provided in order to
provide a background regarding the interest in this 
system. More details can be found in the literature 
[15,16].
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Figure 4. CO and HC emissions according to ESC 

The emissions of NOX and HC were very small for the 
ethanol-fueled engine, E, w/o, 3.48 and 0.63 g/kWh, 
while the emission of CO was fairly high, 2.7 g/kWh, see 
Figures 3 and 4. The levels of NOX and HC, thus, are 
lower than the levels obtained by an “ordinary” DC 902.
An absolute comparison has not been possible to
perform between these two engines because data
indicates that this specimen of DC 902 seemed to be 
somewhat sub optimized. This did not affect the 
aftertreatment system in any way.

A significant reduction of the regulated emissions was 
obtained, when connecting the aftertreatment system to
the ethanol engine, see Figures 3 and 4. The reduction
was 72%, 98% and 27% for HC, CO and NOx,
respectively. By using the system, the engine became a 
Euro IV engine regarding the emissions of HC, CO and
NOx. A comparison between the two engines showed
that the EGR ratio was higher for the diesel-fueled 
engine, explaining the more efficient NOX reduction 
obtained in this case. Some data suggest that it should 
be possible to increase the EGR ratio for the ethanol-
fueled engineand, thus, obtain even lower levels of NOX

Figure 5. NO2 in percent of total NOX.

An estimation of particle mass, PM, emitted from the
different engine configurations in mg/kWh was made,
see Figure 3. The calculation was performed using the 
weight factors in the ESC cycle and the raw data 
obtained from measurements with the SMPS instrument,
scanning range between 10 nm and 400 nm. A particle
density of 1.2 g/cm3 has been assumed. The estimations 
revealed that E, w/o emitted only ~ 1/10 of the particle
mass emitted by D, w/o, see Figure 3. When the ethanol 
engine was equipped with the aftertreatment system and 
running on Etamax, the particulate mass was reduced 
by 67%, down to 0.45 mg/kWh. An even higher 
reduction was obtained when using the other ethanol 
fuel, E-oil, DNOX. In this case the particle mass was 
reduced down to 0.05 mg/kWh. However, the largest 
effect was seen when equipping the diesel engine with 
the aftertreatment system. The estimated particle mass 
was reduced from 12.6 mg/kWh down to 0.08
mg/kWh.D, i.e. over 99 % of the emitted mass was 
removed.
The ethanol engine fitted with catalyst gave the lowest 
CO-emissions, 0.02 g/kWh (ESC), while the lowest NOx-
emissions, 2.54 g/kWh (ESC) were observed for the
ethanol engine fitted with EGR and DPF. A significant 
increase in the NO2 /NO ratio was observed after 
installation of the aftertreatment system, regardless of 
type of engine, see Fig. 5

Aldehydes

Figure 6. Aldehyde emissions from the two engines, g/kWh.

Exhaust gas emitted from diesel engines, whether fueled
by diesel, ethanol or rapeseed methyl ester, is a
complex mixture of constituents in either gas or particle
form. Among the gaseous components, aldehydes are
regarded as important. Individually, they are found in
relatively large abundance in the exhaust gases. Some
of them are known to be potential or probably 
carcinogen that also produce noncancer health effects, 
see Table 3. Furthermore, the aldehydes, as a group,
are, after nitrogen oxides, one of the most powerful 
agents for smog formation in reaction with hydrocarbons
[17]. In this study, four aldehydes, namely formaldehyde,
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acetaldehyde, acrolein and benzaldehyde were
analyzed. Two of them, formaldehyde and acetaldehyde, 
are classified as probably carcinogen. The third,
acrolein, is listed as a possible human carcinogen by the 
Environmental Protection Agency (EPA).

Table 3 The health hazards associated with exposure to the 

aldehydes studied

Emittent Long term or repeated exposure 

Formaldehyde EPA classified formaldehyde as 
a probable human carcinogen, 
(Group B1)

Acetaldehyde EPA lists acetaldehyde as a 
probable human carcinogen
(Group 2b)

Acrolein EPA lists Acrolein as a possible
human carcinogen (Group C)

6

During the analysis, it soon became evident, that the 
amount of benzaldehyde emitted was very small. In 
most cases, no benzaldehyde could be detected. Due to 
this fact it was decided to omit benzaldehyde from the 
following discussion.

In order to facilitate a comparison between the different
combinations of engines and fuels/exhaust
aftertreatment devices, emission factors were
calculated. The emission factors were calculated by
multiplying the emissions found in each of the steps in 
the ESC cycle by the weighting factors used in the ESC 
cycle.  Thereby, one weighted value was obtained; 
representing the whole ESC cycle, see Figure 6. 

The highest emissions of acetaldehyde and 
formaldehyde were found when using ethanol fuel
without any exhaust aftertreatment devices, E, w/o, see
Figure 6. The emissions of acetaldehyde and
formaldehyde were 198.7 and 79.4 mg/kWh,
respectively. These figures are in line with results earlier 
reported in the literature [4] and reflect the oxidation of 
ethanol to acetaldehyde. For the diesel engine, the 
emission of formaldehyde dominates and is
approximately two times higher than the emissions of 
acetaldehyde, c.f. 48.4 and 20.2 mg/kWh and Figure 6. 
These figures are in line with the levels reported by 
others [18]. 

The remedy for the high emissions of aldehydes from 
ethanol-fueled engines is to attach a catalyst to the 
engine. The configurations using different exhaust after
treatment devices clearly underline this fact. An ordinary,
aged, catalyst could reduce the levels of acrolein,
formaldehyde and acetaldehyde by 48%, 71% and 75%, 
respectively, see Figure 7. By using the DNOX

TM system,

also comprising an oxidative catalyst, an even further 
reduction was possible; the levels of acrolein, 
formaldehyde and acetaldehyde decreased by 56%, 87 
% and 95%, respectively. Petterson et al noted that the 
levels of formaldehydes and acetaldehydes increased 
with higher ratios of EGR [19]. If that is true or not could
not be confirmed in this investigation as the system 
studied incorporates a catalyst, as well as the EGR
system. However, the results suggest that the 
decreased emissions of aldehydes are mainly due to a 
more effective catalyst in the aftertreatment system than
in the stand-alone catalyst. Almost the same emissions 
of the different aldehydes was observed when using
Etyloil instead of Etamax, see Figure 7. 

Figure 7. The effect of different catalysts

A comparison of the emission of aldehydes when using
the aftertreatment system on the diesel-fuelled engine 
showed the same trend as earlier observed, i.e. the 
emissions of all aldehydes decreased markedly. The 
decrease was 76%, 94% and 94% for acrolein, 
formaldehyde and acetaldehyde, respectively, see Table
4.

Table 4. Emissions of aldehydes from the diesel engine , with and 

without the aftertreatment system.

D, w/o D, DNOx 
ACROLEIN 13.1 3.2
FORMALDEHYDE 48.4 2.9
ACETALDEHYDE 20.2 1.2

Even with the aftertreatment system the emissions of
formaldehyde and acetaldehyde are approximately 3 
and 5 times higher from the ethanol-fueled engine than 
from the diesel-fueled engine, see Figure 7. The 



emissions of acrolein seems to be unaffected by the fuel
used, see Figure 8. The emissions of aldehydes were
approximately the same for Etyloil and Etamax, see 
Figure 8. However, the alternative that emitted lowest
“total aldehyde emission” was the diesel-fuelled engine 
equipped with the aftertreatment system, see Figure 8. 
This configuration showed lowest emissions of
acetaldehyde and formaldehyde, only the configuration
E,DNOx resulted in smaller emissions of acrolein.
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Figure 8. Aldehyde emissions from engines with the 

aftertreatment system

Hydrocarbons

The emissions of ethane, ethene, propane, propene, 
propyne, propadiene, isobutene, 1-butene, 1,3-
butadiene, toluene, meta-xylene, ortho-xylene, benzene 

were all analyzed. Alkenes such as ethene, propene and 
1.3-butadiene are converted by metabolism in the 
human body to their corresponding epoxides which may
react in the cells and thus initiate a mutagenic effect
[20]. Exposure to benzene is known to increase the risk
of leukaemia [21]. A list of some of the health hazards 
associated with some of the mentioned hydrocarbons 
can be found in Table 5. 

Table 5 Some of the health hazards associated with exposure to

some of the hydrocarbons studied according to the information

given in International chemical safety cards published by National

Institute for Occupational Safety and Health (NIOSH), U.S.A.

Emittent Long term or repeated exposure 

1,3-butadiene May have effects on the bone marrow , 
resulting in leukemia. This substance is 
probably carcinogenic to humans. May
cause heritable genetic damage in humans.

Benzene May have effects on the blood forming 
organs, liver and immune system. This
substance is carcinogenic to humans. 

Toluene May have effects on the central nervous 
system , resulting in decreased learning 
ability and psychological disorders.

m-xylene May have effects on the central nervous 
system. Animal tests show that this 
substance possibly causes toxicity to human 
reproduction or development. 

o-xylene May have effects on the central nervous 
system. Exposure to the substance may
enhance hearing damage caused by
exposure to noise.

Table 6. Emission factors for the analyzed hydrocarbons.

D, w/o 
mg/kWh

D, DNOx 
mg/kWh

E, w/o 
mg/kWh

E, cat 
mg/kWh

E, DNOx 
mg/kWh

E-Oil, DNOx 
mg/kWh

Ethane 0.46 0.37 1.96 3.48 4.58 4.92 
Ethene 10.07 0.39 4.81 1.67 0.85 0.98 
Acetylene 1.62 0.05 5.48 0.02 0.07 0.20 
Propane 0.58 1.73 1.15 0.99 3.31 2.84 
Propene 16.63 0.47 2.43 0.09 0.25 0.37 
Propyne 0.46 0.04 0.28 0.00 n.d. 0.01 
Propadiene 0.25 0.04 0.12 0.00 0.01 0.01 
Isobutane 0.32 0.27 0.19 0.23 0.25 0.25 
1-butene 3.45 0.08 0.40 0.03 0.04 0.09 
Isobutene 0.91 0.54 2.83 0.25 0.29 n.d. 
Butadiene 0.40 0.00 0.01 n.d. n.d. n.d. 
Benzene 9.43 0.46 4.50 0.46 0.81 1.67 
Toluene 2.46 0.23 0.72 0.29 0.20 0.28 
0+m-xylen n.d. n.d. 2.87 4.05 4.16 3.95 

Sum of HC 47.05 4.67 27.75 11.56 14.82 15.57 



Emission factors, for the different combinations of 
engines and after treatment devices, were calculated for 
the individual hydrocarbons. The results showed that D, 
w/o, emitted approximately 70% as much hydrocarbons 
as the ethanol-fueled engine, E, w/o, cf. 47.05 mg/kWh 
and 27.75, respectively. A 90% reduction of the “sum of 
hydrocarbons” was obtained by coupling the 
aftertreatment system to the diesel engine: from 47.05
mg/kWh down to 4.67 mg/kWh, see Table 6. The
reduction obtained by using the aftertreatment system 
was not

Figure 9. Hydrocarbons from D,w/o, specific emissions

Figure 10. Hydrocarbons from D, DNOX
TM, specific emissions

as big for the ethanol engine, only about 47 %. A hint of
the powerful reduction obtained by the aftertreatment 
system for the diesel engine can be seen if comparing 
Figures 9 and 10. An interesting effect was also noticed:
the amount of ethane, propane, isobutane and m+o-
xylene actually increased when connecting the 
aftertreatment system to the ethanol engine, cf. in
Figures 11 and 12. Almost the same effect was 
observed when using the catalyst, i.e. the emissions of 
ethane, isobutane and m+o-xylene increased, see Table

6. The only increase observed, when connecting the 
aftertreatment system to the diesel engine, was an 
increase in propane emission, cf. in Figures 9 and 10. 
Some of the observed effects

Figure 11. Hydrocarbons from E, w/o. specific emissions

can probable be related to the fuel itself and the catalyst. 
In the catalyst the conditions for necessary 
transformation are probably satisfied for several 
chemical reactions. However, the increase in propane 
can hardly be related to the fuel used, since the same
effect is observed for the diesel fuel as well, see Table 6. 
The far better reduction obtained when coupling the
system to the diesel engine may indicate the need to
find another catalyst for the ethanol-fueled engine.

Figure 12. Hydrocarbons from E, DNOX
TM. specific emissions

A closer look at the individual hydrocarbons that were 
found in the exhaust gas showed that not only was there 
a quantitative difference between the emissions during 
the different configurations, but also a qualitative 
difference. Three of the hydrocarbons, namely propene, 
ethane and benzene were the principal compounds 
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found when using diesel, D, w/o, see Figure 9. These 
three constituents explained almost 77% of the total sum 
of HC found in the diesel exhaust. When using ethanol 
the pattern was different: ethene and benzene were still 
found in high concentrations but the amount of propene 
was not as dominating now, see Figures 11 and 12. 
Instead the emission of acetylene was dominating and a 
relatively high percentage of ethane was found. This is 
in line with earlier reported data [22]. 

CONCLUSIONS

Tests performed by others have shown that the studied 
aftertreatment system effectively reduces particles and 
NOX -emissions from diesel-fueled engines. This 
investigation shows that the system works even for 
ethanol-fueled engines. A significant reduction of all 
aldehydes and nearly all analyzed hydrocarbons is 
obtained when connecting the aftertreatment system to 
the ethanol-fueled engine. Experiments also showed 
that the system worked more effectively when coupled to 
the diesel engine. A general conclusion is therefore that 
it should be possible to adjust this system better to reach 
very low emissions levels. It is, probably, also necessary 
to exchange the catalyst in the system. 
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ABSTRACT

The effect of exhaust gas recirculation (EGR) has been investigated, with and without exhaust gas after-

treatment in an ethanol-fuelled compression ignited engine. The engine was mounted in an engine test 

bed and driven according to the European Transient Cycle (ETC) and the European Stationary Cycle 

(ESC) while nitrogen oxides (NOX), hydrocarbons (HC) carbon monoxide (CO) and particulate matter

(PM) were measured. Four different levels of EGR were tested with and without exhaust gas after-

treatment. An efficient reduction of NOX emission levels was obtained by applying EGR; depending on 

exhaust gas after-treatment and test cycle used, the reductions of NOX were between 73% and 33 %. 

Unfortunately, the high reduction of NOX was followed by higher emissions of CO, HC and PM and 

fuel penalties. The remedy for the higher emission levels of HC, CO and PM was an oxidation catalyst 

and a diesel particle filter (DPF), the fuel penalties were reduced down to 4.5% by using a careful 

selection of the EGR settings. With the right set-up the engine passed the Euro 5 regulation as well as 

the Environmental Enhanced Vehicle (EEV) standard. A conclusion is that ethanol must be regarded as 

one of the primary alternatives when replacement of diesel fuel is discussed.
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INTRODUCTION

There are several studies that have investigated the human health hazards associated with exposure to 

diesel exhaust [1-7]. Epidemiological studies suggest that the risk for cancer is increased in humans

with long-term occupational exposure to diesel exhaust [1]. An estimation of increased mortality due to 

cancer showed that somewhat in between 6 to 60 deaths per 100 000 individuals is caused by air 

pollution in densely populated areas [3]. A study by Vincent et al of cardiovascular effects in rats found 

that there was an increase in the concentration of endothelins when the rats was exposed to diesel 

particles and urban particulate matter (PM) [4]. The endothelins are compounds known to regulate the 

constriction and dilation of blood vessels. They can also indicates heart failure, and maybe even predict 

hearth death. It has also been shown that, short-term exposure of diesel particles to rats resulted in DNA 

damage and that the rats, during longer exposure with concomitant higher dosage, obtained lung cancer 

[5]. In human lung cells have similar short-term reactions been observed, i.e. DNA damage [6]. The 

American Environmental Protection Agency, EPA, has concluded that diesel exhaust is “likely to be 

carcinogenic to humans by inhalation” [1]. EPA also noticed that there was an increased lung cancer 

risk among workers in occupations where diesel engines historically have been frequently used. But the 

possibility to get rid of the reason for the emissions of these human health hazards, i.e. the diesel engine, 

seems to be small.

Compression ignited (CI) engines, diesel engine, is a better power source for heavy-duty machines than 

spark-ignited (SI) engines. They have better fuel economy, are more reliable, and also emit lower 

emissions of greenhouse gas than its gasoline-fuelled counterpart. Still, diesel engines has two major

problems that have to be solved before it can be regarded as environmentally friendly, namely high 

emissions of NOX and small particles. Nowadays, the exhaust after treatment for diesel engines involves 

using different particulate filters and NOX reducing devices. Particulate filters of various kinds have

been used as an aftermarket solution since the mid-1990. One, commercially successful example, is the

“continuously regenerating particle filter”, CRT™, that efficiently removes the particles but 
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unfortunately also requires sulfur-free diesel [7-9]. Due to the fact that particulate matter (PM) 

emissions seem possible to control in the future, NOX emissions remain as the big obstacle. 

Selective catalysis (SCR), with ammonia or urea as reducing agents, has been used to reduce, NOX

emissions. Searles et al. [10] and Andersson et al [11] used this technique in combination with a 

particulate filter and obtained promising results. The technique has also been used successfully for 

engines in stationary applications, vessels and ferries [12]. The reducing agent ammonia, or urea 

converted to ammonia, is injected to a catalytic converter for reaction with NOX to yield nitrogen. The 

converter efficiency depends on the ammonia supply. Unfortunately, there is a risk of ammonia slip if 

the saturation concentration is exceeded [13]. Proper function requires refilling of reducing agent and, 

consequently, an infrastructure for supplying it. 

Another technique, NOX adsorbing catalysts, NAC or NOX traps, appear to be the preferred solution 

in the USA. NOX, which is adsorbed in the trap, catalyst, during lean conditions, is converted to 

nitrogen by periodic excursions in rich conditions by reductants like carbon monoxide, hydrocarbons or 

hydrogen. Conversion efficiencies above 90% have been reported for trapped NOX emissions [16]. 

Promising results have also been demonstrated when the technique was used in combination with 

exhaust gas recirculation (EGR) and a particulate filter [17]. There are still several issues that have to be 

addressed before establishing the technique; sulfur sensitivity, mechanical durability, space claim,

catalysts reliability, and control during transient condition. EPA and an independent review committee

have evaluated this technology [14, 15] 

The possibility to lower emissions of NOX in diesel fuelled and gasoline-fuelled engines by using 

EGR are well known and have been explored in several papers [18-22]. But the idea of using EGR with 

a low emitting fuel as ethanol, well known to emit low levels of NOX and particles, in a CI engine, in 

order to reach even lower emissions levels, is new and only a few investigations have been presented

[23,24]. Ethanol, well known to emit low levels of NOX and particles, is nontoxic, produced from

biomass and is also sulfur free and thus compatible with, for example the CRT filter. Besides, the 

authorities have recently taken legal actions to promote the introduction of biofuels [25, 26]. Some
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studies in the area can be found. In a Swedish report Tingvall et al. [27] studied EGR on an 11-liter 

ethanol fuelled CI engine and obtained a NOx reduction of approximately 60 to 70 % during an ECE 

R49 test cycle. Another Swedish institute confirmed the efficiency of EGR on the same CI engine by 

reducing the NOX levels for a transient cycle below 2.0 g/kWh, unfortunately followed by a 

concomitant increase in the emissions of CO, HC and particulates [28].

In an earlier investigation the authors have equipped an ethanol-fuelled CI engine with DPF and a low 

pressure EGR [29]. They found that the system could reduce the emission levels of NOX by 27 % and 

HC, particles and CO by even higher numbers, but there were also evidences that the system worked 

much better with an ordinary CI engine. A conclusion was therefore that a much higher reduction of 

NOX would be obtained by an adjustment of the software that controls the EGR ratio. The investigation 

also demonstrated a need for a better DPF suited for ethanol fuelled diesel engines.

The aim of present study has been to verify and to demonstrate the potential to obtain low emissions

levels from a CI engine by using ethanol instead of diesel. This time, the EGR system has been adjusted 

to the ethanol engine used. A new kind of diesel particulate filter has also been tested. Finally, in order 

to test the system thoroughly a transient cycle has been used for the tests. A transient cycle is better to 

indicate shortcomings of the strategy used by the emission control system.
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EXPERIMENTAL

Engine. A Scania 9-liter CI diesel engine dedicated for ethanol fuel has been used. The engine was 

Euro III certified, equipped with turbo, after cooler and had a maximum power output of 169 kW at 

1900 rpm. More information and details about the engine can be found elsewhere [29]. 

Fuel.  Etamax, the ethanol fuel used, is the most frequently used ethanol fuel in Sweden. The fuel has an 

ignition improver, Beraid, which is a long polyethylene glycol that improves the auto ignition properties 

of ethanol [30]. The cetane number for ethanol is otherwise too low, < 15, making the fuel useless [31]. 

A more detailed fuel specification can be found in [29]. 

Emission control 

The EGR-system is composed of a patented EGR valve and a low pressure EGR loop [22]. Exhaust gas 

is taken from the tail pipe. Then the gas is introduced between the intake air filter and the turbo 

compressor, see Figure 1. A diesel particle filter is placed in the tail pipe. The DPF compromises an 

oxidation catalyst in front of the active particle filter. The catalyst converts engine-out nitrogen oxide to 

nitrogen dioxide, which is used for continuous regeneration of the actual filter, i.e. burning of the 

particles [7, 8], reaction formulas below:

NO2 + C NO+ CO and 2 NO2 + C 2NO+ CO2

The redirected exhaust gas is also cooled before returned to the engine. In addition, the oxidation 

catalyst, compromised in the DPF, also reduces hydrocarbons and carbon oxide in the exhaust gas. An 

electronic control unit (ECU) decides which amount of the filtered exhaust that should be redirected to 

the inlet valve. The amount of filtered exhaust gas that should be returned is carefully decided. 

Generally speaking; too low ratio EGR gives no or very small NOX reduction. Too high EGR ratio gives 

high engine wear, which could be expensive. Even higher amount of EGR results in malfunction of the 

engine. A more thorough description the EGR system and compromised parts can be found elsewhere 

[20].
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Figure 1. DNOX
TM system by STT Emtec. 1. Recirculation system, 2. EGR cooler, 3. EGR valve, 4. 

Turbo charger, 5. Intercooler, 6. Engine (combustion chamber), 7. Particulate trap, 8. Secondary filter, 

9. ECU, 10. Dynamic pickup.

Engine test cell. The test cell is equipped with an AVL asynchronous dynamometer, 660 kW. Software 

from AVL was used for the control and collection of measurement data from instruments, and 

complementary test equipment such as pressure, temperature and flow measuring devices. Total emitted

hydrocarbons, HC, was measured with a heated flame ionization detector (HFID), Hartmann & Braun 

Multi FID 14 Analyzer. Carbon monoxide, CO, and carbon dioxide, CO2, was measured with separate 

nondispersive infrared spectrophotometers, URAS 14 EGA. Nitrogen oxides were measured by a 

chemiluminescence’s instrument, ECO Physics CLD 700 RE ht. Particles were sampled on filter by an 

AVL Heavy duty CVS system, CECU-T140-D. The system included a particulate holder with filter 

switcht. Pallflex D = 70mm EMFAB TX40HI 20-WW was the filters used. The test cell equipments are 

together with used procedures, accredited by SWEDAC, the Swedish Board for Accreditation and 

Conformity Assessment.
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Additional evaluation of particulate emissions, particle size and distribution, was performed with a 

Scanning Mobility Particle Sizer, SMPS, model 3936L25, TSI Inc. A mini-dilution system of ejector 

pump-diluter type from Dekati Oy, was used for sampling, when performing particle size and 

distribution measurements, also described in more detail elsewhere [32].

RESULT AND DISCUSSION 

There are mainly two modifications that distinguish the ethanol-fuelled CI engine from the diesel-

fuelled CI engine. First, the ethanol-fuelled engine has a higher volumetric fuel flow in order to 

maintain the power output when running on a fuel with lower energy content. Second, the compression

ratio is higher in order to compensate for ethanol’s low cetane number. Despite the higher compression

ratio, an ignition improver, or cetane enhancer are also added to the fuel. But the outcome of the 

modifications is beneficial: we actually get an engine that runs on a bio-based fuel and has lower 

emissions. NOX formation, for example, is usually significantly lower in ethanol engines than in their 

diesel-fuelled counterparts. This is partly due to the cooling effect from a fuel with a higher latent heat 

of evaporation and higher fuel flow. The “wall-wetting” phenomenon, i.e. the fuel spray that hits the 

walls of the combustion chamber before being fully evaporated, could also contribute. The associated 

deterioration of the air-fuel preparation usually leads to higher levels of CO and VOC emissions, but 

also to lower NOX levels. The oxygen concentration in the fuel also enables diffusion-controlled 

combustion with low soot formation. A comparison between the CI engine employed in this 

investigation with a diesel fuelled CI engine from the same engine family is illustrative: the diesel 

fuelled engine emitted approximately 4.7 g/kWh NOX while the ethanol engine emitted approximately

2.7 g/kWh NOX, when running according to the ESC cycle.

Exhaust gas recirculation has been used as a mean for NOX control on gasoline engines, before the 

introduction of three-way catalyst [32]. But the system can also be used for heavy-duty CI engines if 

some measures are taken. One of them is to remove the particles before redirecting the exhaust gas, 

another, is to cool the exhaust gas before recirculation. Exhaust gas can be rerouted into the intake air 

and will reduce the amount of oxygen available for combustion as well as increasing the intake airs 
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specific heat. Both factors results in lower combustion temperatures and thus reduce the NOX

production [32]. 

The investigation was preceded by first testing the engine without EGR. In the next step was a thorough 

EGR mapping performed, i.e. the effects of various EGR ratios on emissions and other parameters was 

examined for all loads and speeds covered by the engine. From the EGR mapping, four different EGR-

scenarios, with denotation A, B C and Max, were chosen for further testing. The different levels give 

approximately 40%, <50%, <60% and max reduction of NOX compared to obtained NOX levels without 

EGR. During these scenarios, the actual EGR ratios for the various running conditions are not given. 

Max EGR is defined as the ratio when the EGR ratio to maintain an acceptable function of the engine. 

Criteria’s for an acceptable engine function was mainly that the air/fuel ratios were not allowed to fall 

below 12:1 together with malfunction of the engine. Previous published papers have more in detail 

demonstrated the relation between EGR ratio and NOX reduction [29]. 
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Figure 2. EGR and NOX emissions, ETC cycle (left), ESC cycle (right). 

NOX, PM, CO, and HC were measured according to ESC and ETC test regulations for the engine 

without EGR, and with different levels of EGR. Soon it became evident that considerable reductions of 

the NOX levels can be obtained by using the system, see Figure 2. By using Maximum EGR, the 

reductions were approx. 73 % (ESC, 72%, ETC 73%) while more moderate reductions, between 33%- 

56%, were obtained when using settings with smaller EGR ratio, i.e. A, B and C. A trend is obvious, 

higher EGR ratio gives higher NOX reduction. When after-treatment was used, catalyst and catalyst 

combined with DPF, a minor reduction was seen compared to when the engine was running without 

after-treatment. Thus, the decisive reductions of NOX were obtained by EGR. Interestingly, the system
8



seemed almost unaffected by the cycle used; the emission levels emitted during the transient testing 

were somewhat higher, but the reduction was approximately in the same magnitude regardless of cycle 

used, see Figure 2. In order to facilitate the understanding of the system used and the results obtained, a 

decision was taken to omit the results obtained during the ESC cycle when discussing the emissions of 

HC, CO and NOX. The decision was justified by the fact that the transient cycle is more complicated

and will earlier indicate shortcomings and defects of the tested system.
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Figure 3. EGR and HC emissions (top), PM emissions (bottom) and CO emissions (right). 

Unfortunately, the large NOX reductions were followed by higher emissions of PM, HC and CO. 

Generally the emission of carbon monoxide (CO) from diesel-fuelled vehicles of today is at such low 

levels that CO is not regarded as a problem. But when using maximum EGR, the CO emissions

increased with more than 500 %, see Figure 3. A trend was observed, namely that the levels of CO 

increased with the ratio of EGR. Fortunately the high levels of CO could be removed in an easy way by 

adding an oxidation catalyst. The CO reduction was so efficient that not even readouts were possible 

when using the catalyst.
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The HC emissions were also increasing with the ratio of EGR. The increase, when using Max EGR was 

approximately 250%. The lowest ratio of EGR gave just a slight increase in HC emissions, 6%, while 

the other investigated EGR ratios, B and C, increased the emissions levels with 19% and 39%, 

respectively. An interesting effect was also observed when using the catalyst; when no EGR was used 

the HC emission was decreased by 94 %, from 0,54 g/kWh down to 0,03 g/kWh. But when maximum

EGR was applied, HC emissions decreased just 48%, from 1,99 down to 0,99 g/kWh and the effect of 

the catalyst was very modest. Thus, the catalyst reduction capability seemed insufficient when the EGR 

ratio increased, see figure 3. This may indicate that the catalyst become overloaded when to much EGR 

is used. In order to see if an additional device could lower the emissions further a DPF was connected 

after the catalyst. The obtained effect was almost negligible and it be concluded that the DPF has a low 

oxidation capability for hydrocarbons, see Figure 3. The reduction of HC is approximately the same

when using the stand-alone catalyst or the catalyst + DPF. It must be underlined that the primary

function of the oxidation catalyst situated in the diesel particulate filter is to oxidize NO to NO2 not to 

oxidize HC and CO.

It is well known that EGR increases the emissions of particulates and hence are decisive for which 

EGR settings that can be allowed. The effect of the DPF is therefore very important; Particulate matter,

PM, increased approximately 250 % when maximum EGR was applied compared to when the engine 

was running without EGR. The observed increase was clearly related to the EGR settings used. When

using the lowest EGR settings, A, a 24% increase was observed while the other investigated EGR 

settings, i.e. B and C, resulted in increases of PM emissions with 44% and 64%, respectively. A catalyst 

connected to the system decreased the PM emissions by approximately 30 %, regardless of the EGR 

setting used. Even higher reductions of the PM was seen when the catalyst was combined with the DPF; 

without EGR the reduction was approximately 86%, with EGR applied the reductions were between 95-

97%.

An SMPS instrument was used for measurement of particle size and distribution. The measurements

were performed during steady state conditions, conditions suitable for measurements with the SMPS 
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instrument. The particle number emission increased approximately 420 %, when EGR was used as the 

only after treatment device, see Figure 4. This effect was expected and has been observed by others 

[21]. Equipping the engine with the catalyst reduced the emitted particle number emissions compared to 

when using only EGR, but the particle number emissions level was still 260 % higher than from the 

engine without EGR and no catalyst/DPF.

A reduction of 90% was observed when replacing the catalyst with a DPF and still using EGR, 

compared to when the engine was unequipped and without EGR. However, the increase in particle 

number was not the only particle property that was influenced. Particle size increased with EGR and 

particles became larger.

A closer look at Figure 4, especially the figure to the right, reveals that there seems to be a shift 

against larger particles when using EGR. It seems that particle sizes above 200 nm are more likely to 

occur when using EGR, see Figure 4. It seems plausible that the larger particles that are formed, when 

using EGR, are carbonaceous particles, because it is known that larger particles in diesel engine exhaust 

is made up by carbon [34] and that there is only minor differences between particles formed in a ethanol 

fuelled CI engine compared to the diesel fuelled counterpart [32]. Smaller particles, approximately 25 

nm and there under, were the particles that were reduced in the greatest quantity, expressed as a percent, 

when the catalyst was connected after the EGR system. When the catalyst was exchanged for the DPF, 

the particles with sizes around and smaller than 60 nm were the one that were mostly reduced in 

numbers, see Figure 4. The largest particles, with size approximately over 200 nm also tend to be more

frequently occurring when the engine was equipped with the DPF and showed the highest levels of the 

analysed conditions, i.e. higher than with only EGR and with the standalone catalyst. The particle size is 

important, because it is larger particles that mainly build up particulate mass, the quantity that are used 

for regulatory purposes by the authorities. An illustrative example of this is the outcome of an 

experiment involving EGR and catalyst; when adding a catalyst after the EGR system, the particle 

number emissions decreased with 31%, but the reductions in emitted particle mass was only 21%! This 

means that the catalyst primary removes smaller particles see Figure 4.
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Figure 4. Particle size and distribution under different conditions, abbreviations can be found in the text. 

Normal scale (left), logarithmic scale (right). 

There is also a need to pay attention to the fuel penalty, i.e. the amount of extra fuel that is necessary 

due to the increased backpressure obtained from the exhaust gas after treatment used.

ETC-European Transient Cycle
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Figure 5 Fuel penalties in percentage, with and without exhaust after-treatment.

The fuel penalty increases when the EGR ratio increases, see Figure 5. The fuel penalties were 1,2%, 

2,7%, 3,4% and 7,9%, for conditions A, B C and maxim EGR without after-treatment. Fuel penalties 

increased to between 3,9% and 12,7%, when a catalyst was added. Addition of a DPF, increased the fuel 
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penalties to 4,5%, 6,1%, 7,6% and 16,4% for scenarios A, B, C and max EGR, respectively. A closer 

look at Figure 5 reveals that EGR accounts for the main part of the fuel penalty, between 44-48% at 

higher EGR ratios, scenario B, C and max EGR, while the exhaust gas after-treatment i.e. the catalyst 

and DPF, were responsible for the major part of the fuel penalty, 73%, at low EGR, scenario A. 

Through all scenarios, the DPF was responsible for about 20 % of the fuel penalty. The only exception 

was scenario A, when a 36% fuel penalty was observed. When considering the influence on fuel penalty 

from EGR and exhaust gas after-treatment, the most favorable alternative has to be the conditions when 

stipulated emission standards are passed with the lowest EGR setting, scenario A. It may also be 

possible to use a particulate filter with strong oxidative power, a system generating low backpressure 

and thus, giving lower fuel penalty. The influence of different levels of EGR on the emissions of NOX,

HC and PM are summarized in Figure 6. The figure clearly shows the state of opposition between low 

levels of HC and PM and low emissions of NOX. CO emission is not incorporated in the figure because 

CO emissions are not detectable, when the catalyst was applied. Without catalyst the emission levels of 

CO follows the same pattern as the emissions of HC and PM; increasing EGR gives higher levels of 

CO, HC and PM. Figure 6 shows that the EEV level for NOX is passed for conditions A; B C and max

EGR. Some conditions with low EGR pass the EEV standard for HC emission without exhaust gas 

after-treatment, but when the EGR settings increases, exhaust gas after-treatment becomes a necessity 

for passing the EEV standard. At max EGR the HC emissions became too large for the used exhaust 

after-treatments. The standalone catalyst alone and in combination with the DPF, was incapable of

reducing the HC to EEV standards and therefore, the EEV-standard for HC were not obtained at Max 

EGR. The DPF was a necessity when the EEV standard for particulate emissions ought to be passed. All 

conditions that included the DPF passed. To further exploit the result and to relate obtained emissions to 

future coming legislation, a new figure was composed for all EGR scenarios when the engine was 

equipped with catalyst in combination with the DPF, see Figure 7.
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14



Euro 4 will, next year, 2005 replace the emission standard valid today, Euro3. Euro 5 will thereafter 

replace Euro4 in 2008. The NOX emissions and particles have to be reduced by 60% and 70 %, 

respectively, when the Euro 5 standard is implemented. Another class of vehicles is also regulated. 

These vehicles are designed to reduce the contribution to atmospheric pollution in cities. They are 

known as enhanced environmentally friendly vehicles, EEVs, and have their own standard, see Figure 7. 

Remarkably, all but one investigated EGR settings resulted in lower emissions than stipulated by the 

EEV standards when the engine was equipped with catalyst and DPF.  The exception occurred when 

using max EGR together with a DPF and catalyst; that gives HC emissions above the one accepted by 

the EEV standard.

EGR setting according to scenario A in combination with catalyst and DPF was recognized as the 

most favorable alternative; passing EEV standard and giving the lowest fuel penalty. The NOX emission

level for scenario A is approximately 50 % of the Euro 4 NOX limit and emitted PM is approximately

10% of the Euro 4 PM standard. Other investigated scenarios, B, C and max are beneficial if lower NOX

emission levels are requested. The potential of using ethanol in a CI engine together with EGR can thus 

be regarded as demonstrated in this paper. However, even lower levels of pollutant can probably be 

reached if the engine manufacturers are involved. One has to know that the ethanol fuelled CI engine 

used in this investigation is the best one today available. But the diesel-fuelled engine is far more

advanced, using an in-line injection pump with electronic control, while the ethanol engine used a 

mechanically controlled in-line injection pump [20]. Characteristic for in-line injection pumps with 

electronic control is that the time of fuel injection and the amount of fuel injected are better controlled 

and adjusted [36]. The ethanol engine in this investigation has 2-valve design, modern CI engines 

normally uses 4-valve designs. 4-valve designs utilise a central nozzle, which reduces emissions

because of a more uniform fuel spray. Maybe an improved ethanol fuelled CI engine could fulfill future 

coming regulations, Euro 5 or EEV, without DPF?

The investigation has showed the advantages of using ethanol as fuel in a CI engine. The fuel is 

nontoxic, biobased, has low emission of CO2 and is compatible with the exhaust after treatment systems
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that have been developed for the diesel engines. Much lower levels of the regulated emissions were 

obtained with this fuel than would have been obtained if using diesel in a CI engine. It must be 

underlined that the results have been obtained with a technically outdated engine, an improved ethanol 

engine would probably have demonstrated the advantages even better.

A general conclusion is therefore, that the investigation has shown that there is a great technical and 

environmental potential in the development of engines running on bio-based neat ethanol with 

complementary exhaust gas after-treatment.
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ABSTRACT

A humid air motor system (HAM) for NOX reduction has 
been connected to an eleven liters diesel engine. Earlier 
studies have demonstrated that the system has capacity 
to lower NOX emissions from diesel engines. The 
present study is directed to investigate the influence of 
the system on the emissions of particles and aldehydes, 
to monitor essential engine parameters, water 
consumption, and to verify the NOX reducing ability. The 
system has been tested under the various speed and 
load conditions stated in the 13-mode ECE R-49 test 
procedure. Additional tests have been carried out for 
sampling and measurements of particles. The results 
showed that the particle number concentration usually 
increased when HAM was coupled to the engine. The 
increase in particle number concentration, observed in 
five out of six running modes, varied between 46 % and 
148 %. There was no observed trend indicating a shift in 
mean particle diameter when using HAM. Engine 
performance was almost unaffected, while the HAM 
system caused a large reduction of the NOX emissions. 
Even without optimization of the experimental conditions 
the average reduction of NOX during the different modes 
of ECE R-49 was over 51 %. The reduction was directly 
related to the humidity of the inlet air and a further 
reduction can be anticipated with higher humidity. The 
influence of the system on the emissions of 
hydrocarbons (HC) was negligible while a moderate 
increase in the emission of carbon monoxide (CO) was 
noticed. No confident relationship between air humidity 
and the observed effects (i.e. on HC and CO) could be 
detected. Samples were also taken for acetaldehyde 
and formaldehyde. The results are indicating a reduction 
of aldehydes in the range 78 % to 100 %, when using 
HAM. Unfortunately these large reductions may be false, 
since it cannot be excluded that they are a result of a 
combination of high air humidity and the sampling 
technique used.

INTRODUCTION

The diesel engine is a widely used power source with 
large benefits in efficiency, performance, reliability and 
economy. It still has two major problems that have to be 
solved before it can be regarded as environmental 
friendly, namely high emissions of NOx and particles [1]. 
Various techniques have therefore been developed in 
order to lower the emissions of particles and NOX. While 
the problem with high emissions of particulate is usually 
addressed with particulate traps/catalyst, NOX reduction 
is usually done by several different techniques such as 
engine tuning, exhaust gas re-circulation or injection of 
ammonia, urea or diesel fuel in the exhaust system 
ahead of an appropriate catalytic converter [1-9].

Another way to suppress the formation of NOX is by 
using water, supplied into the air before or into the 
cylinder, alternatively mixed with the fuel as a 
water/diesel emulsion [10]. Although some of the 
advantages with the last mentioned techniques are 
obvious i.e. water is cheap, non-toxic and can mostly be 
considered as chemical inert, some disadvantages must 
also be mentioned. Undesired or extensive cooling of 
the charge air or in different cylinder zones can for 
example result in energy losses due to incomplete 
combustion [11]. An emulsion of water and diesel is not 
stable more than a short time and must therefore be 
stabilized by the addition of an emulsifier. Unfortunately, 
emulsifiers can both be expensive and can furthermore 
alter the fuel properties. Besides, an introduction of 
water into the engine can always enhance the risk of 
corrosion.  

In this study a recently developed technique for reducing 
NOX, the humid air motor system (HAM), has been 
investigated. The study has been focused to investigate 
the influence of the system on the emissions of particles 
and aldehydes in addition to emissions of NOx, while at 
the same time monitoring essential engine parameters, 
water consumption and regulated emissions. An eleven 
liters diesel engine from Scania has been used for the 
investigations.



EXPERIMENTAL

ENGINE AND FUEL  

The experimental set-up is divided into two engine set-
ups. The first engine set-up includes a Scania diesel 
engine, model DSC11-24, with electronic injection, turbo 
and intercooler, technical data see Table 1.

Table 1. Data on the engine used. 

Type DSC11-24 

No. of cylinders  6 cylinders in line 

Compression ratio 17:1 

Displacement 11 liter 

Fuel pump Bosch EDC  

Turbocharger Yes  

Effect (ISO net) 180 kW 

Intercooler  Yes, Not with HAM  

The second engine set-up has the same engine and 
turbo but the intercooler was exchanged and replaced 
with a HAM system, see Figure 1. All tests have been 
carried out with the engine mounted on a test bench and 
connected to a Schenk/LE630 dynamometer controlled 
by a Schenk and AVL/PUMA system. The AVL/PUMA 
system was used for programming the driving cycles 
and for registering the engine parameters. A PC with 
software from BOO-instrument was used for the control 
and collection of measurement data from the pressure, 
temperature and flow measuring instruments. Fuel 
consumption was registered by weighing, using a 
system constructed at the Department for Environment 
Technology, Luleå Technical University (LTU). The fuel 
weighing system also includes a means of heating the 
fuel using a heat exchanger. All tests have been done 
with the same fuel, i.e. Swedish environmental class 1 
(mk1), specification in Table 2. 

THE HAM- SYSTEM 

HAM is a system that has been developed by Munthers 
Europe AB, Sweden [12]. The principle of HAM is that

Table 2, Specification of Swedish environmental diesel 
class 1 

PROPERTY SPEC.  

Initial boiling point,
min.

180 º C 

Temp. at 95 %
recovery, max. 

285 º C 

Sulphur
 (mass content), max. 

0,001%

Aromatics
(volume content), max. 

5%

PAH
(volume content), max. 

0,02 % 

Density at 15 °C 800-820 kg/cm3

Ignition quality
(cetanindex), min. 

50

compressed air from the turbo is lead through the 
humidification tower, see Figure 1. Inside the 
humidification tower, the compressed air is exposed to 
heated water in a counter flow mode. Some of the 
circulating heated water in the HAM system is vaporized 
and increase the air humidity to near saturation. A heat 
exchanger is used to heat the circulating water in the 
HAM system. The amount of energy necessary for 
heating is taken from the engine cooling system. 
Normally, no additional heat is needed. In order to be 
able to measure the water consumption a calibrated 
level sensor was submerged in the catch tank. Cold 
water is added to the catch tank when the water level is 
low and stopped at high level. More details about the 
HAM system can be find in the literature [10, 13,14]. 
�
SAMPLING AND ANALYTICAL EQUIPMENT- 
PARTICLES

The subject of correct sampling is an issue of 
discussions. It has been demonstrated that the formation 
of particles is dependent upon temperature, humidity 
and dilution [15-18]. In this study a commercial available 
mini-dilution system of ejector pump-diluter type from 
Dekati Oy, Helsinki, Finland has been used for sampling. 
The system is using preheated dilution air in order to 
avoid artificial formation of particles and avoid inaccurate 
sampling. The exhaust gas is diluted 1:43,6 with heated 
air in a system prior to analysis of the particles. The 
compressed air used for dilution is filtered and 
conditioned to the same temperature as the exhaust 
gases. Before sampling the system was allowed to 
stabilize until steady conditions were obtained, which 
took approximately 20 minutes. This procedure can be 
justified by earlier investigations that have shown that 
stored hydrocarbon in the sampling system can be 
released when changing test modes [18,19]. 



Figure 1. Sketch of the HAM system.

Size and distribution were characterized with a Scanning 
Mobility Particle Sizer, SMPS, model 3936, from TSI 
Incorporated, Minnesota, U.S.A. Particles were sampled 
under six different conditions, see Table 3. All results 
presented are based on six repeatedly measurements 
with the SMPS-instrument.  

Table 3. Driving conditions during particle sampling.
1 % of maximum load at the specified speed. 

Step Speed (rpm) Load1

Idle,
unloaded

Approx 550 approx. 0 

Low speed,
low load 

1200 10 

Low speed, 
high load 

1200 100 

High speed,
low load 

2000 10 

High speed, High
load

2000 100 

Medium speed, 
average load 

1600 50 

SAMPLING AND ANALYTICAL EQUIPMENT- 
REGULATED EMISSIONS 

Two non-dispersive infrared instruments, Maihak UNOR 
6N, were used for the measurements of carbon 
monoxide (CO) and carbon dioxide (CO2). Hydrocarbons 
(HC) were measured using a heated flame ionisation 
detector (HFID) from J.U.M.V 5. Emissions of nitrogen 
oxide (NO) and the sum of NO and NO2 (NOX) were
determined by a chemiluminescence instrument, TECAN 
CLD700 ELHT. All instruments for measurements of 
regulated emissions and CO2 were purchased from BOO 
Instrument AB, Saltsjö Boo, Sweden. �����with software 
from BOO-instrument� ���� 	�
�� ��� ��
� ������ ����
���
����� �� �
��	�
�
��� ����� ���� ��
� 
���	��� ����
������
��� All sampling has been carried out in the 
undiluted exhaust gas with heated sampling lines except 
for sampling of particles (see above). All tests have been 
repeated three times in order to get a correct mean 
value and a satisfactory accuracy of the measurements 
during the13-mode ECE R-49 cycle. The used cycle, 
ECE R-49 cycle is a 13-mode steady state cycle, divided 
into three idle steps, five steps at intermediate speeds 
and five at rated speed. This cycle has recently been 
substituted by other cycles, ESC and ETC. The final test 
result is a weighted value of the emissions during the 13 
different modes.



SAMPLING AND ANALYTICAL EQUIPMENT- 
ALDEHYDES

Aldehydes were sampled during the different modes in 
the 13-mode ECE R-49 cycle. Undiluted exhaust gas 
was pumped in heated sample lines through the 
sampling equipment. Aldehydes were collected on 2,4-
dinitrophenylhydrazine plugs, Sep-Pak DNPH silica, 
from Waters. The aldehydes were extracted from the 
plugs by acetonitrile and thereafter analyzed by a 
Waters 600E HPLC chromatographic system connected 
to a Waters 715 Ultra Wisper Sample Processor, 
Waters, Sweden. The detector used was a variable 
wavelength UV-detector, Kontron HPLC Detector 430, 
monitoring at 360 nm, from Metric Analytic Division, 
Solna, Sweden. The stationary phase used for the 
analysis of the aldehydes was a Nucleosil C-18, 5um, 
(150 x 4.0 mm) purchased from Scantec Lab, Sweden. 
The mobile phase used for the elution was a mixture of 
acetonitrile, tetrahydrofuran and deionized water. 

RESULTS AND DISCUSSION

Currently, exhaust particle number concentrations and 
size distributions are an issue of great concern. Many 
studies suggest that nanometer size particles are more 
dangerous than micron size particles. In diesel exhaust 
the number size distribution are usually found in three 
different modes, nuclei mode, accumulation mode and 
coarse mode [15]. Two of these modes can be detected 
with the used instrument, accumulation mode with 
particles in the 0.1 – 0.3 μm diameter range and nuclei 
mode with particles in the 0.005 to 0.05 μm diameter 
range. Initial investigations were therefore made in order 
to locate the size distribution of the particles emitted 
from the engine with and without HAM. As expected, the 
investigation revealed that the major part of particles 
found in the exhaust gas were between 10 to 500 
nanometers in diameter. For that reason, the scanning 
range of the used SMPS-instrument was set to 10 to 450 
nm, requiring a scanning time of about three minutes.

Figure 2. Particle size distribution from engine with or 
without the HAM system, 1200 rpm and 10% of 
maximum load.

The size distribution shown in Figure 2 showed a typical 
particle size distribution found during the investigation. 
Most of the particles are in ultrafine or nanoparticle 
range, i.e. diameter < 100 nm. The nuclei mode, 
diameter < 50 nm, is also visible in the Figure 2. The 
figure also shows that the number concentration of 
particles usually increases when connecting the HAM 
system to the engine. A plot showing the different engine 
modes versus the particle number concentration showed 
that an increase in particle number concentration can be 
expected when using HAM, see Figure 3. One mode 
behaved differently, idle mode, where the particle 
number actually decreased when using HAM, Figure 4.

Figure 3. Particle number concentration in the exhaust 
gas.

Figure 4. Particle size distribution in the exhaust gas 
during idle conditions

The raise in particle number concentration that was 
observed during five out of six running modes varied 
between 46 % and 148 %, Figure 3. The top emission of 
particles was observed in another mode, 2000 rpm and 
10 % of maximum load, probably reflecting a weak point 
in the engine tuning. Shi observed that conditions of high 
dilution ratio and high relative humidity can favor the 
production of nanoparticles especially within the range 
below 50 nm [16]. In order to investigate if there was any 
trend between load, speed and the particle number 
concentration a new plot was made. 



Figure 5. Engine exhaust particle number measured with 
SMPS instrument for engine with HAM or with 
intercooler (IC). Particles measured were between 10 
and 450 nanometer in diameter. 

Particle number concentration were plotted against fuel-
air equivalence ratio, ��, the ratio of the engine fuel-air 
ratio to the stoichiometric fuel-air ratio, see Figure 5. For 
diesel engines the load is roughly proportional to the 
equivalence ratio. The increase noticed under the five 
running modes seems to be related, to a great extent, to 
formation of more particles detected in accumulation 
mode, see Figure 2. To see if there was any shift in the
particle median size diameter when using HAM another 
plot was made, where mean particle diameter was 
plotted versus fuel-air equivalence ratio, Figure 6. The 
results obtained, se Figure 6, showed no trend indicating 
any shift in mean particle diameter when using HAM, 
see Figure 6. 

Figure 6. Mean particle diameter versus Fuel-Air 
equivalence ratio 

REGULATED EMISSIONS 

Water can be introduced into the cylinders in different 
ways; by injection through separate nozzles in the 
cylinder head or by altering fuel and water injection

through the fuel injection valve [10]. In the humid air 
motor, water vapor is added to the inlet air. The main 
difference between HAM, diesel/water emulsions and 
water injections is that more water can be introduced 
into the engine with the HAM system. Typical ranges are 
1-3 times the amount of fuel [14]. This is possible 
because energy of vaporization is taken from the 
exhaust gas, rather than the charge air. 

In order to be able to carry out the different 
investigations and also to check the function of the 
engine and the HAM system a full load test was 
performed, Figure 7. As showed in Figure 7 the torque of 
the engine was almost unaffected by the HAM and 
similar power output was achieved with the HAM system 
connected to the engine as without HAM. 

Figure 7. Full load test for engine with or without HAM 
system.  

NOX is formed in the engine by reactions between the 
oxygen and nitrogen in the air during combustion. Two 
mechanisms are mainly involved [4-5]. The dominant 
one, “thermal NOX”, is highly dependent on temperature, 
oxygen atom concentration and residence time. The 
second mechanism, “prompt NOX”, is favored by 
deficiency of oxygen. A third mechanism is also, 
theoretically, possible assuming nitrogen atoms in the 
fuel.

The main mechanism by which the HAM system 
suppresses the formation of NOX is probably by 
changing the thermodynamic properties of the inlet air 
and causing a decrease in the peak temperature [14]. 
This is an effect of the increased specific heat of the inlet 
air obtained by exchanging “ordinary” air with steam 
from the HAM system [14]. The emissions of NOX during 
the 13 different steps in the ECE-R49 cycle were 
measured for the diesel engine equipped with the HAM 
system and thereafter compared with the emissions 
obtained with an ordinary engine configuration, Figure 8. 
The average reduction of NOX obtained with the HAM 
system during the thirteen different steps was 51.1 %. 



Figure 8. NOX emission reduction obtained using the 
humid air motor system. 

Highest reduction, 66.9 %, was obtained in the last step, 
idle mode, while the lowest reduction, 38.9 %, was 
obtained for the first step, idle mode as well. These 
results imply an increasing engine cooling water 
temperature during the cycle and therefore, more water 
evaporated in the last steps than the steps before. In
order to visualize the influence of different water content 
in the inlet air, the water content during the different 
steps were calculated and plotted versus the NOX

reduction obtained, see Figure 9.

Figure 9. “Normalized” NOx emission versus the amount 
of g H2O/kg dry air. 

Even if the conditions were not exemplary for obtaining a 
precise fit (an ideal experimental setup involves constant 
load and speed, i.e. constant air/fuel ratio), an 
acceptable curve fit was obtained. The plot gives a good 
picture of the relationship between the water content in 
the inlet air and the NOX reduction capacity. 
Furthermore, the plot also confirms the assumption that 
the engine temperature and thus also the engine cooling 
water temperature increased during the cycle. The dots 
marked A, B and C was replicates of idle mode and 
represent step no 1,7 and 13 in the ECE R-49 cycle. As 
the temperature of the cooling water increased a 
concomitant increase in evaporation takes place and a 
higher reduction of NOX is obtained, see Figure 9. At 
least one conclusion can be made at this point; a high 
input of water is necessary in order to obtain a high 
reduction of NOx by the system. In this study the water 
consumption was usually between 1-4.5 times the fuel 
consumption during the test cycle, the only exception 
was the idle condition). By adjusting the amount of heat 
energy transferred from the engine cooling system to 

HAM the NOX reduction capacity can be easily adjusted. 
Unfortunately, the decrease in NOX emissions is often 
paid by a concomitant increase in hydrocarbon and 
monoxide emission. The conditions that give low 
emissions of NOX 	�	����� �	��
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A plot of air humidity against the increase/decrease of 
HC and CO emission was made, see Figure 10. A 
general conclusion seems to be that the beneficial 
effects of the humid air motor system are partly 
counteracted by a slight increase in HC emission and a 
larger increase in CO emission. But a closer 
examination reveals that the trend is not so easily 
interpreted. The plot showed no significant relationship 
between air humidity on one hand and increase or 
decrease of HC/CO emission on the other hand, see 
Figure 10. Interestingly, the only mode showing a 
reduction in both components are the last idle mode. 
Due to the limited amount of experiments performed so 
far the question whether a high concentration of air 
humidity can be combined with a good combustion by 
this system still remains unanswered. 

Figure 10. The emissions of HC and CO from the engine 
with HAM compared with emission obtained without the 
HAM system. The emissions of the components usually 
increased when using the HAM system. However, no 
simple relationship with the air humidity was discerned. 

Samples were also taken for aldehydes, see Table 
4.Two different aldehydes were measured in the exhaust 
emissions, namely formaldehyde and acetaldehyde. The 
results suggest a large reduction of aldehydes when 



using HAM, the reduction obtained varied between 
approx. 78 % to 100 %, cf. with Table 4. However, the 
results are a little bit surprising, previous results in this 
paper suggest that the combustion and thus also the 
oxidation of the fuel to carbon dioxide and water is at 
least partially hampered by the supposed lower 
combustion temperature obtained with HAM. Following 
this line of thought an increase in aldehyde 
concentration or at least steady state level can be 
expected. In order to see if the obtained results can be 
related to the air humidity a new plot was made, see 
Figure 11.

Table 4 The percent of acetaldehyde and formaldehyde 
found in the exhaust gas from engine equipped with 
HAM compared to emissions found in exhaust gas from 
engine without the HAM system. 

MODE F-ALDEHYDE A-ALDEHYDE 

IDLE 21,80 10,65 

1200/10 5,05 0,00 

1200/25 9,66 15,46 

1200/50 3,32 10,55 

1200/75 21,09 0,00 

1200/100 12,06 10,00 

2000/10 3,60 13,50 

2000/25 1,59 19,59 

2000/50 2,05 0,00 

2000/75 3,80 2,74 

2000/100 4,36 0,00 

Interestingly, no such trend was discerned suggesting 
other reasons for the observed effect. Plausible 
explanations for the observed results are adsorption 
phenomena in the tail pipe or inappropriate sampling 
technique. The technique used for ordinary diesel 
exhaust gas may in this special case be inadequate; 
aldehydes are well-known to be highly reactive and 
easily trapped in water and may in this case perhaps 
have been trapped in moisture condensed anywhere 
between the engine and the sampling probe. Another 
reasonable explanation is that the high concentration of 
moisture in the exhaust gas sample affects the chemical 
reagent, 2,4-dinitrophenylhydrazine (DNPH), in such 
way that the derivatization never occurred. This 
conclusion is partly contradicted by results obtained by 
Waters Corporation. Waters tested a new sampler 
cartridge for monitoring of formaldehydes. The cartridge 
looks like the cartridge that has been used in this study, 
i.e. DNPH coated on silica. At a temperature of 100 
degrees Celsius and a relative air humidity between 10 
% and 85 % the loss of formaldehyde was negligible: 

only about two weight percent of the sampled aldehyde 
was lost [20]. Other have also used water for reducing 
the odor from aldehydes in exhaust emissions, 
underlining the potential to absorb aldehydes by water 
[21]. The obtained results in this investigation cannot be 
verified or rejected without further investigations. 

Figure 11. The percent of acetaldehyde and 
formaldehyde found in the exhaust gas from engine 
equipped with HAM compared to emissions found in 
exhaust gas from engine without the HAM system. 

CONCLUSION

A humid air motor system (HAM), for reduction of NOX,

has successfully been connected to an eleven liters 
diesel engine from Scania. The system has been tested 
under the various speed and load conditions stated in 
the 13-mode cycle, ECE R-49. 
Measurements showed that the particle number 
concentration usually increased when connecting the 
HAM system to the engine. The increase in particle 
number concentration that was observed in five out of 
six running modes varied between 46 % and 148 %. 
There was no trend indicating a shift in mean particle 
diameter when using HAM. As boundary conditions, 
especially those associated with the dilution process, 
e.g. dilution ratio and dilution temperature, play such a 
decisive role in the results obtained when sampling 
particles of ultrafine and nanoparticle size, a common 
international standard for sampling is of immediate 
urgency.

Average reduction of NOX during the different modes of 
ECE R-49 was 51.1%. This reduction was directly 
related to the humidity of the inlet air and a further 
reduction can be anticipated with higher humidity. See 
for example Figure 12, showing a much higher NOx 
reduction when using the system at higher air humidity.

The influence of the system on the emissions of 
hydrocarbons was negligible while a moderate increase 
in the emission of carbon monoxide was noticed. No 
confident relationship between air humidity and the 
observed effects on HC and CO could be detected. 



Figure 12. NOX reduction obtained by using the humid 
air motor system on a Scania DSI14 liters engine. Speed 
1800 rpm, load as stated. Air humidity approximately 80 
g/kg air. Information kindly supplied by Munthers 
Euroform.

Samples were also taken for acetaldehyde as well as 
formaldehyde. The results suggest a large reduction of 
aldehydes, in the range 78 % to 100 %. However the 
results are so uncertain that further investigations with 
other methods or development of other sampling 
methods must be recommended. 

Further research and development on this interesting 
technique are necessary in order to find other 
applications for the diesels equipped with HAM than the 
obvious i.e. as marine engines and as power plant 
sources. 
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