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Abstract
This paper deals with the emission optimization of a compression ignition (CI) engine during cold ambient operation. Hence, 
in the present study, the effect of different injector nozzle geometries and pilot injection strategies, but also the influence of 
intake swirl, rail pressure, exhaust gas recirculation (EGR) as well as EGR cooling on the emission behavior during cold 
run are investigated. Therefore, test bed experiments under steady-state cold conditions are conducted on a state-of-the-art 
CI single cylinder research engine (SCRE) with approximately 0.5 l swept volume representing the typical passenger car 
(PC) cylinder size. The cold charge air temperature of down to −8 ◦ C and a low engine coolant and lube oil temperature 
represent a cold run close to reality. For emulating the higher friction of a typical 4-cylinder PC engine during cold run, the 
indicated mean effective pressure (IMEP) is increased according to a specifically developed equation and the turbocharger 
main equation is solved permanently to adjust the gas exchange loss. To take account of a potential future tightening of 
emission legislation, in addition to limited exhaust gas emissions, non-limited emissions such as carbonyls are measured as 
well. Since alternative fuels are able to make a significant contribution to the defossilisation of transportation, an oxygen-
containing fuel, consisting of 100 % renewable blend components (HVO, ethers and alcohols) and fulfilling the EN 590 
legislation is investigated under the same cold conditions in addition to the research on conventional diesel fuel.

Keywords Cold emission behavior · CI engine · Combustion optimization · Injector nozzle geometry · Carbonyls · 
Alternative fuel

List of symbols
Δ�

GE
  Gas exchange loss

Δ�
IC

  Imperfect combustion loss
Δ�

M
  Friction loss

Δ�
RC

  Real combustion loss
Δ�

WH
  Wall heat loss

�  Efficiency
�  Excess air ratio
m  Mass
p  Pressure

t  Time
T  Temperature
�  Angle
�
CV

  Degree of constant volume
x
B
  Cumulative heat release

Abbreviations
AD  Acetaldehyde
BMEP  Break mean effective pressure
BTE  Break thermal efficiency
CA  Crank angle
CI  Compression ignition
CNL  Combustion noise level
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CO

2
  Carbon dioxide

EAR  Excess air ratio
EAS  Exhaust aftertreatment system
EGR  Exhaust gas recirculation
FA  Formaldehyde
FMEP  Friction mean effective pressure
HP  High pressure
HVO  Hydrated vegetable oil
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ID  Ignition delay
IMEP  Indicated mean effective pressure
MFB  Mass fraction burned
NO

x
  Nitrogen oxide

OME  Oxymethylenether
PC  Passenger car
RDE  Real driving emission
ROHR  Rate of heat release
SCRE  Single cylinder research engine
SN  Smoke number
SOI  Start of injection
TC  Turbocharger
TP  Tailpipe

Subscripts
20  Charge air
21  Intake manifold
31  Engine-out
32  Damping vessel
AFC  Air fuel cycle with real charge
Amb  Ambient
cum  Cumulated
CYL  Cylinder
e  Effective
i  Indicated
Veh  Vehicle

1 Introduction

The introduction of the real driving emission (RDE) leg-
islation, featuring city, extra-urban and highway driving 
[1], poses additional challenges for all car manufacturers—
besides the achievement of CO

2
 fleet target values [2]: the 

permitted option of starting an RDE test at cold ambient 
temperatures down to −7 ◦ C [1], demands higher efforts to 
comply with emission limits due to increased engine fric-
tion as well as higher pollutant emissions [3–5] caused by 
unfavorable ignition conditions. In the time between the 
cold start and the EAS reaching its operation temperature 
to achieve sufficient conversion efficiencies, low engine-out 
emissions are crucial for adhering to emission limits.

Figure 1 illustrates the NO
x
 tailpipe (TP) emissions of an 

RDE test recorded at moderate ambient temperature. As a 
result of the cold aftertreatment system and, therefore, non-
existent emission conversion, 17 % of all NO

x
 TP emissions 

of this test are emitted in only 100 s . Hence, this inter-
val, which is expected to become even more pronounced at 
lower ambient temperatures, defines the emission behavior 
of interest.

Internal engine measures should, therefore, ensure 
both, low engine-out emissions and a fast EAS light-off. 
These conflicting demands require a precisely optimized 

combustion system and underline the need of a holistic 
approach. To achieve a rapid engine and EAS warm-up sev-
eral approaches can be applied: Internal measures such as 
valve train variabilities with an early exhaust valve opening 
[6] or an intake valve re-opening [7] help to increase the 
exhaust gas temperature during cold run. Furthermore, the 
use of thermal barrier coatings and dedicated combustion 
modes contribute to a faster engine warm-up [8, 9]. Ther-
mal measures as for instance a variable coolant flow, split 
cooling circuits, a lubricant flow diversion or a preheated 
coolant as well as external measures as an electrically heated 
catalyst shorten the time until the EAS reaches the light-off 
temperature and hence improve the cold emission behavior 
[8, 9]. In the present study, however, directly combustion 
related parameters, both on combustion hardware as well as 
calibration side are investigated.

2  Methodology

The comprehensive approach for the investigation of the 
cold emission behavior of the CI engine is shown in Fig. 3. 
Starting with the basics of cold engine operation, the opti-
mization of the pilot injection strategy and the influence 
of swirl and rail pressure were worked out. Subsequently, 
effects of different injector nozzle hole diameters and differ-
ent hole numbers were researched with the SCRE illustrated 
in Fig. 2.

As demonstrated by numerous studies [10–19], an alter-
native, non-fossil fuel in a CI engine can improve the emis-
sion behavior compared to diesel. Therefore, such a fuel 
blend was investigated under cold conditions with the opti-
mum injector design. The experimental results were ana-
lysed with a 0 d combustion analysis to gain a profound 
understanding of the emission behavior.

Fig. 1  Emission behavior of a cold-started RDE test
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2.1  Test engine

All the experimental work was carried out on a state-of-the-
art SCRE with about 0.5 l swept volume representing the 
typical PC cylinder size, which is illustrated in Fig. 2. The 
technical data of the engine, equipped with the latest fuel 
injectors, is stated in Table 1 (Fig.  3).

2.2  Test methodology

The test runs with the SCRE were carried out maintaining 
steady-state cold conditions, which offers the possibility of a 
stationary and reproducible measuring operation. The charge 
air temperature T

20
 was cooled down to -8 ◦ C with a refrig-

erating unit. The engine coolant and lube oil temperature 
were about 40 ◦ C . To emulate a full engine operation dur-
ing cold run as realistically as possible, on the basis of full 
engine measurements the dependence of the friction mean 
effective pressure (FMEP) on the lube oil temperature T

OIL
 

was studied. Figure 4 displays the measurement data from 
different PC engines and the derived formula for the FMEP-
T
OIL

 correlation, which was used.
To emulate the gas exchange of a full engine the turbo-

charger main equation was solved permanently. According 
to this equation, the exhaust pressure was adjusted by the 
use of an exhaust flap. To be prepared for future emission 
legislation, the carbonyls formaldehyde (FA) and acetalde-
hyde (AD) were measured as well. According to Merker 
et al. [20], these two components have the largest share of 
occurring carbonyls in diesel exhaust gas, shown in Fig. 5, 
and are not legally limited at the moment. In the following 
the trends of the FA emissions as major representative of the 
carbonyls are discussed.

2.3  Validation of methodology

Figs. 6, 7, 8, 9, 10 present the effects of the applied steady-
state cold conditioning methodology at the engine speed of 

2000 min−1 and a constant break mean effective pressure 
(BMEP) of 6 bar (2000/6bar).

CO2
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p31
T31
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Fig. 2  Schematic of the SCRE measurement setup and the refrigerating unit

Table 1  Characteristics of the SCRE

Type AVL 5402

Bore 85 mm
Stroke 90 mm
Displacement 511 cm3

Connecting rod 138 mm
Compression ratio 15.5
Number of valves 4
Max. cylinder pressure 200 bar
Max. speed 4200 min−1

Technology Common-rail injection system
Bosch CP4.1 fuel pump
Bosch CRI 2-25 injector
Stepped-lip piston bowl
HP-EGR (cooled, with bypass)
Variable swirl system

SCRE

Full 
engine

Simula

Basics
in cold run

Influence swirl, 
rail pressure

Pilot strategy

Influence injector 
nozzle hole numberInfluence injector 

nozzle hole diameter

Emission behavior 
alterna

0d engine 
analysis

TP emission 
behavior

Fig. 3  Methodological approach for cold emission optimization
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Starting at an engine operation at 90 ◦ C (➀), the coolant 
and lube oil temperatures are cooled down to about 40 ◦ C 
(➁) at constant charge air temperature, while the FMEP is 
increased according to the formula in Fig. 4 causing a lower 
break thermal efficiency (BTE). Then, while keeping the 
coolant and oil temperature constant, the temperature after 
the charge air cooler T 

20
 was decreased down to −8 ◦ C (➂) 

by regulating the coolant power of the refrigerating unit. 
The temperatures are lowered whilst maintaining the single 
pilot injection strategy of the hot engine without adaption 

Fig. 4  Oil temperature dependency of FMEP

73.4% Formaldehyde 2.2% Propionaldehyde

15.2% Acetaldehyde

4.4% Acrolein
2.0% Aceton

2.8% Further carbonyls

Carbonyls

Fig. 5  Distribution of carbonyls in a diesel exhaust gas [20]

Fig. 6  Combustion behavior of the temperature variation at constant 
NOx emissions (with EGR)

Fig. 7  Emission behavior of the temperature variation at constant 
NOx emissions (with EGR)

Fig. 8  Adjustment of the EGR rate and the SOI of the temperature 
variation at constant NOx emissions (with EGR)
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(the injection strategy is indicated right above the diagram). 
Keeping the center of mass fraction burned (MFB

50
 ) and 

the nitrogen oxide (NO
x
 ) emissions constant by adjusting 

the start of injection (SOI) and the EGR rate results in a 
longer ignition delay (ID), which leads in combination with 
a higher maximum rate of heat release (ROHR) to decreas-
ing smoke, a rising combustion noise level (CNL) and a 
shorter combustion duration (MFB

90-5
 ). It is assumed, that 

the lower maximum in-cylinder gas temperature causes a 
more incomplete combustion, resulting in higher carbon 
monoxide (CO) and FA emissions. The longer ID in cold 
operation supports the FA production due to the longer resi-
dence time for FA in low temperature [23].

The validation of the methodology shows the major chal-
lenges of emission optimization during cold run. The chosen 

methodology allows a steady state emission optimization, 
especially with respect to the products of the incomplete 
combustion, which increase in cold engine operation.

Figure 9 illustrates the cause of the increasing CNL with 
decreasing temperature. With the pilot injection strategy 
being not adapted and optimized, the longer ID leads to a 
combustion with a higher premixed combustion rate, result-
ing in a higher pressure gradient.

The efficiency difference between warm and cold engine 
operation based on a loss analysis according to Pischinger 
et al. [21] is depicted in Fig. 10. The higher charge air den-
sity in cold operation leads to a slight increase of the effi-
ciency of the air fuel cycle with real cylinder charge. Higher 
unburned emissions result in a higher incomplete combus-
tion loss. As a consequence of the shorter combustion dura-
tion, the real combustion loss is decreased. In cold opera-
tion, the wall heat loss is not increased due to the higher 
engine load, caused by the increase in FMEP. The lower 
exhaust gas temperature in cold operation results in a higher 
gas exchange loss. The mechanical loss shows the biggest 
change in cold run caused by the higher FMEP.

3  Results

In this section, the experimental results of the steady-state 
cold condition operation of the SCRE are pres-ented with 
an emphasis on the emission behavior.

3.1  Pilot injection strategy optimization

In cold operation, the pilot injection strategy becomes par-
ticularly important due to the longer ID resulting in a higher 
CNL, which can be counteracted by optimizing the pilot 
injection strategy.

As can be seen in Fig. 11, with single pilot injection a 
much higher pilot quantity is necessary in cold operation 
to achieve approximately the same pilot conversion than in 
warm operation. Nonetheless, due to the unfavorable igni-
tion conditions in cold operation, the ROHR of the main 
injection rises sharply and causes a much higher CNL as 
in warm operation. A double pilot injection strategy with 
quite moderate injection quantities enables a combustion 
with a much lower CNL compared to single pilot injec-
tion, as also stated in [22]. The longer combustion duration 
with double pilot injection deteriorates the indicated engine 
efficiency compared to single pilot injection. Since CNL is 
given higher priority in the short period of cold operation 
than engine efficiency, the optimum double pilot injection 
strategy is discussed in the following.

For all results presented hereafter an uncooled EGR was 
applied bypassing the EGR cooler on the SCRE. Fig. 12 
illustrates a pilot quantity sweep of a double pilot injection 

Fig. 9  Combustion analysis of different operation temperatures at 
constant NOx emissions (with EGR)

Fig. 10  Loss analysis of different operation temperatures at constant 
NOx emissions (with EGR)
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strategy without EGR, at a constant MFB
50

 , at a constant 
interval between the injection events and at constant total 
amount of fuel injected. The pilot injection quantity next to 
the main injection (pilot 1) is shown on the x-axis and the 
further advanced pilot quantity (pilot 2) on the y-axis. The 

illustrated pilot amounts on the axes are the set values in the 
engine control unit. It can be observed, that a small pilot 1 
in combination with a high pilot 2 quantity is favorable for a 
smooth cylinder pressure curve and thus low NO

x
 and noise 

emissions. In contrast, this pilot strategy leads to the high-
est CO and FA emissions. Based on these meas-urements 
a trade-off between products of the incomplete combus-
tion such as the FA emissions and the NO

x
 emissions can 

be stated, as shown in Fig. 13. Since high NO
x
 emissions 

are related to high local peak temperatures in the combus-
tion chamber, this trade-off shows the thermal impact on 
unburned exhaust gas emissions. It can be concluded, that 
low local temperatures favour the generation of CO and FA. 
Chung et al. [23] stated for a DME flame that the low-tem-
perature reaction previous to the diffusion flame promotes 
the FA formation.

Fig. 11  Comparison of different pilot injection strategies without 
EGR in warm and in cold operation

Fig. 12  Pilot injection quantity sweep without EGR in cold operation

Fig. 13  Trade-off between FA and NOx emissions in cold operation

Fig. 14  Pilot injection quantity sweep at constant NOx emissions 
(with EGR) in cold operation
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As depicted in Fig. 14, the double pilot injection quanti-
ties were also varied with EGR at constant target NO

x
 emis-

sions as well. A higher pilot 2 quantity leads to a shorter 
ID of the pilot 1 injection and higher rate of heat release of 
pilot 1. Consequently, the ID of the main injection decreases 
and the partly premixed combustion gets more pronounced. 
As can be seen in Fig. 14, the quantity of pilot 2 only has 
a slight influence on the smoke emissions. To achieve the 
same NO

x
 emissions with a higher pilot 2 quantity, a lower 

EGR rate is necessary due to the decreasing maximum rate 
of heat release. As a consequence, the smoke emissions do 
not increase despite the shorter ID of the main injection and 
the higher total pilot fuel amount. In contrast to that a higher 
pilot 1 quantity, where nearly no decrease in maximum heat 
release rate is observed, leads to a shorter ID of the main 
injection and to higher smoke emissions. An early rise of 
the heat release, which can be caused by higher pilot 1 as 
well as too high pilot 2 quantities, leads to an increase of 
the combustion noise. Similar to the measurements without 
EGR a small pilot 1 quantity in combination with in this case 
3.5-4.5 mg of pilot 2 quantity results in the lowest noise, but 
quite high unburned emissions. From this conflicting emis-
sion trend behavior the FA-CNL trade-off can be derived, 
which is illustrated in Fig. 15. For the reasons of clarity 
only measurement points with medium pilot 1 quantities (2 
and 3 mg) are used for generating the shown trade-off. It is 
assumed, that a high cylinder pressure rise, caused by a high 
initial combustion rate, leads to a more complete combus-
tion. In addition, the FA-CNL-trade-off can be improved by 
an injector nozzle with an increased number of spray holes 
at a constant hydraulic flow rate due to the improved fuel 
atomization caused by the smaller nozzle hole diameter and 
hence improved mixture preparation.

3.2  Influence of swirl and rail pressure

Both, swirl and rail pressure, have a large influence on 
the combustion process. Therefore, the influence of these 
two parameters in cold operation are compared to warm 
operation.

Figure 16 demonstrates a swirl sweep at a constant injec-
tion quantity and constant NO

x
 emissions. In cold operation 

the lower charge air temperature leads to a higher indicated 
efficiency as a result of a shorter combustion duration and a 
higher excess air ratio (EAR). A higher swirl motion short-
ens the combustion duration and increases the wall heat and 
the pumping losses, as also reported by Olmeda et al. [24]. 
A maximum engine efficiency in this operation point can be 
found at a swirl number of 2.5.

The double pilot injection strategy optimized for low 
smoke emissions in cold operation results in a slight increase 
in smoke emissions caused by the higher pilot quantities 
and less favorable ignition conditions compared to the warm 
operation with single pilot injection. With increasing swirl 
the smoke emissions get reduced due to a higher in-cylinder 
turbulence until a slight effect of over-swirling increases the 
smoke emissions again. However, the key-outcome shown 
in the diagram is that the trend as well as the optimum swirl 
level is the same for both operating conditions.

The rail pressure sweep in Fig. 17 displays also a simi-
lar rail pressure behavior for warm and cold operation. 
As a result of a higher rail pressure, the combustion noise 
increases due to a higher cylinder pressure gradient. The 
improved fuel atomization leads to lower smoke emissions.

3.3  Influence of the injector nozzle hole number

In addition to the discussed engine calibration effects, the 
injection equipment hardware for optimizing the cold emis-
sion behavior was investigated as well. The MFB

50
 of each 

Fig. 15  Trade-off between FA und noise emissions at constant NOx 
emissions (with EGR) in cold operation

Fig. 16  Swirl sweep at constant NOx emissions (with EGR) in warm 
and in cold operation
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following measurement changes by about the same amount 
along the EGR sweep, so the measurements can be com-
pared at the same NO

x
 emissions at approximately the same 

MFB
50

 . For better comparability hereafter also for the warm 
engine operation a double pilot injection was developed. All 
following results were achieved with the for each nozzle 
design separately optimized double pilot injection strategy.

Figures 18 and 19 represent an EGR sweep in warm and 
in cold operation with double pilot injection strategy indi-
vidually optimized for low smoke emissions.

Similar to the findings in Sect. 2.3, in Fig. 18 a lower 
BTE in cold operation due to the higher FMEP and a lower 
exhaust gas temperature caused by the low charge air tem-
perature can be seen. An injector with an increased number 
of nozzle holes does not affect the BTE significantly. Only 
a slight deterioration of the indicated efficiency was found, 
which may be caused by the lower jet momentum resulting 
in a less deep penetration of the injection jets. The exhaust 

gas temperature (T
31

 ) rises as a result of the lower efficiency 
at approximately the same combustion duration.

Figure 19 shows that with double pilot strategy a simi-lar 
combustion noise can be realized in cold operation, but using 
the same nozzle hole number, the NO

x
-smoke trade-off at high 

EGR rates is slightly deteriorated in cold operation despite 
lower NO

x
 emissions without EGR. The higher IMEP and thus 

higher fuel injected may cause the increase of smoke emission. 
Furthermore it is assumed, that the lower in-cylinder tempera-
tures in cold operation lead to a more incomplete combustion, 
which manifests itself in higher CO and FA emissions.

The better fuel atomization and an improved mixture prepa-
ration with a higher number of smaller nozzle holes cause an 
improved NO

x
-smoke trade-off and lower FA emissions. Addi-

tionally, the less steep rise of the ROHR results in an improved 
combustion noise. Consequently, this nozzle improves both, the 
FA-NO

x
 and the FA-CNL trade-off in cold operation.

3.4  Influence of the injector nozzle hole diameter

Since the previous measure that having been researched lead 
to an improvement of the cold emissions, the influence of a 
larger hole diameter and, therefore, a higher jet momentum 
at a constant number of nozzle holes was investigated.

Figure 20 depicts the results with the larger nozzle hole 
diameter for which also an individually optimized double 
pilot strategy for low smoke emissions was used. The higher 
hydraulic injector flow rate leads to a higher maximum 

Fig. 17  Rail pressure sweep at constant NOx emissions (with EGR) 
in warm and in cold operation

Fig. 18  Combustion parameters for different injector nozzle hole 
numbers in warm and in cold operation

Fig. 19  Emission behavior for different injector nozzle hole numbers 
in warm and in cold operation
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ROHR and a later rise of the cylinder pressure at the same 
MFB

50
 , which results in lower NO

x
 emissions without EGR. 

Consequently, the lower EGR rates required for lowering 
NO

x
 emissions may contribute to improve BTE. The exhaust 

gas temperature is slightly increased because of a longer 
burn-out phase, which may be a result of a deteriorated ini-
tial fuel preparation as well as wall impingement. The ROHR 
shows a delayed combustion during the burn-out phase, 
which supports the assumption of a different flame–wall 
interaction with a larger hole diameter as well as a worse fuel 
atomization which also leads to higher unburned exhaust gas 
emissions, as can be seen in Fig. 21. On the one hand the 
higher maximum ROHR improves the NO

x
-smoke trade off, 

but on the other hand the higher pressure gradient increases 
the CNL. As this nozzle design deteriorates, the FA-NO

x
 

and the FA-CNL trade-off, it does not represent an improve-
ment of the cold emission behavior. Moreover, normally this 
measure is also known to be detrimental to the emission 
behavior at standard operating conditions.

3.5  Emissions of an alternative fuel

With the best nozzle design found in the afore shown 
research, the cold emissions of the alternative fuel called 
Blend-3, which could be a possible replacement of diesel in 
the future, was investigated. The double pilot injection strat-
egy was optimized for a low CNL with diesel and adjusted 
for Blend-3 to compare the fuels at approximately the same 
CNL. The fuel properties of the tertiary blend (58 %

v/v
 HVO, 

30 %
v/v

 1-Octanol and 12 %
v/v

 OME
2-5

 ) are stated in Table 3.
As shown in Fig.  22, the efficiency decreases with 

Blend-3 due to higher wall heat losses, which was found 
by the loss analysis. It is assumed, that the oxygen content 
in the fuel leads to a higher combustion temperature due to 

a higher oxygen to inert gas ratio, resulting in higher NO
x
 

emissions without EGR but also in higher thermal losses. 
Despite the lower efficiency the tertiary blend reduces the 
CO

2
 engine-out emissions due to the lower CO

2
 factor of the 

fuel. The slightly shorter combustion duration leads to the 
decrease of the exhaust gas temperature.

Figure 23 displays the great advantage of this alternative 
fuel: At about the same noise emissions the NO

x
-smoke 

Fig. 20  Combustion parameters for different injector nozzle hole 
diameters in cold operation

Fig. 21  Emission behavior for different injector nozzle hole diameters 
in cold operation

Fig. 22  Combustion parameters for commercial diesel and an alterna-
tive fuel in cold operation
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trade-off is significantly improved. The oxygen content of 
the fuel and consequently higher EAR reduce smoke emis-
sions. This also enables the application of higher EGR rates 
to reduce NO

x
 emissions despite the higher NO

x
 emissions 

generated at the starting point without EGR. Furthermore, 
the more complete combustion with Blend-3 causes a 
reduction of the CO and FA emissions as well. These find-
ings prove, that an oxygen-containing fuel significantly 
improves the NO

x
-smoke trade-off as well as the other 

trade-offs being important in cold operation. Therefore, 
this blend has a great potential for raw and CO

2
 emission 

reduction.

4  Conclusion and outlook

The present study investigates potential engine meas-ures to 
optimize the emission behavior during cold engine operation 
of a CI engine with diesel and an alternative fuel. The moti-
vation for this experimental work is the raw emission reduc-
tion in the time between the engine start and the exhaust 
aftertreatment system reaching the light-off temperature. To 
investigate this research topic, a large number of test runs on 

an SCRE were carried out under steady-state cold conditions 
with a charge air temperature of down to −8 ◦ C and a cool-
ant and lube oil temperature of about 38 ◦ C . For emulating 
a full engine behavior, higher friction in cold operation was 
taken into account and the exhaust pressure was adjusted 
according to the turbocharger equation. Special attention was 
paid to some currently still non-regulated pollutant emis-
sions like carbonyls.

As the results show, without application optimization in 
cold engine operation, the lower in-cylinder temperatures 
cause a longer ID, thus a higher CNL, higher unburned 
emissions like CO and FA and a decreased BTE. An opti-
mized double pilot injection strategy allows to achieve the 
same combustion noise in warm and in cold operation. In 
cold operation FA-NO

x
 and FA-CNL trade-offs exist, which 

can be improved using a nozzle with an increased number 
of nozzle holes at the same flow rate. A larger hole diameter 
and therefore higher hydraulic flow rate deteriorates these 
cold operation trade-offs. The swirl and the rail pressure 
behavior are the same for both operating conditions. Inves-
tigations of an alternative, oxygen-containing fuel resulted, 
besides the improvement of the cold trade-offs, in a remark-
able smoke reduction, which enables higher EGR rates and 
thus lower NO

x
 engine-out emissions during the early driv-

ing phases when the EAS is not yet warmed-up and thus 
working efficiently.

This work shows the existence of further engine optimiza-
tion potential in cold operation. Especially alternative fuels 
which might play an important role in the defossilization of 
transportation should be further investigated.

The research work was complemented with tests on a 
4-cylinder engine to confirm the proper behavior of an EU7 
capable EAS under these cold conditions. These results con-
firmed the emission trends investigated and optimized on 
the SCRE.

Appendix

See Tables 2, 3.

Fig. 23  Emission behavior for commercial diesel and an alternative 
fuel in cold operation

Table 2  Diesel injector nozzle designs

Abbrevation Hole number × diameter Flow rate

8×108 8×108 μm 620 ml/min
10×96 10×96 μm 620 ml/min
8×130 8×130 μm 900 ml/min
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