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Preface 

The total number of vehicles on world roads today has surpassed 1 billion. The 
impact of this on the environment, our economies and societies is significant. With 
the predicted growth in population worldwide, increased density and congestion in 
urban environments, and with greater purchasing ability of individuals in the larg-
est populated countries such as China and India, the impact of personal mobility 
and road transport in general will reach new heights. 

Researchers and vehicle manufacturers have been exploring different technol-
ogy scenarios and vehicle concepts in order to meet the many challenges we are 
facing in the domain of personal mobility. While vehicle electrification based on 
hydrogen fuel cells and new generation battery technologies seems inevitable, 
there are many transitional technologies that offer immediate solutions for reduc-
tion of emissions and fuel consumption. These include alternative fuels such as 
biofuels and gaseous fuels, new optimised technology solutions for downsizing of 
internal combustion engines, vehicle lightweighting based on alternative materials 
and multifunctional structures, new design and manufacturing concepts that utilise 
digital design and digital manufacturing systems, and others. 

This book on Sustainable Automotive Technologies explores the wide range of 
transitional vehicle technologies that are emerging in response to the challenges 
and opportunities confronting personal mobility. The research reported in this 
book aims to provide a deeper insight into the technological solutions that have 
the capacity to facilitate the transition of the automotive industry and the market 
from now to the future. The book comprises of the following main chapters: (i) 
lightweight vehicle structures and materials; (ii) sustainable propulsion systems 
and fuels; (iii) systems solutions for sustainable mobility; and (iv) vehicle refine-
ment and new technology concepts. Papers selected for publication in this book 
have been presented at the 4th International Conference on Sustainable Automo-
tive Technologies ICSAT2012 held in Melbourne, Australia in March 2012. 

All contributions included in this book have been reviewed independently by 
international experts with experience in relevant fields and have been edited  
accordingly prior to publication. We wish to take this opportunity to thank all re-
searchers and reviewers for their respective contributions without which this book  
would not be possible. Also, we acknowledge in particular the continuing support 
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of Springer to this research field, which has enabled us to establish and publish  
an international book series on Sustainable Automotive Technologies that has  
attracted interest worldwide. 
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Joerg Wellnitz 

Martin Leary 
Lucien Koopmans 
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Abstract. Nowadays mostly austenitic stainless steels, which are alloyed with the 
element nickel, are used for applications with demanding requirements concerning 
the chemical properties and corrosion resistance. Therefore in current automobile 
systems in the mid-range and premium price segment the exhaust piping is nor-
mally made of nickel-alloyed stainless steels, see figure 1. With regard to modern 
mobile systems, such as automobiles powered by hydrogen fuel cells and alterna-
tive liquid propellants nearly all components for the storage, transportation and 
chemical reactions are made of nickel-alloyed stainless steels. These types of 
steels typically feature an excellent chemical and thermal performance, which is 
often not necessary for the whole system. Thus quite a huge amount of nickel is 
wasted at installation positions and area of operation not requiring that high chem-
ical persistency. For such installations with lower demands on the corrosion resis-
tance also nickel-free ferritic stainless steels could be used. In order enable a re-
duction of the nickel-alloyed materials by ferritic variants without a decrease of 
chemical performance in the connection an appropriate joining strategy has to be 
engineered. In this context the present article presents the latest results of a re-
search project dealing with austenitic-ferritic stainless steel connections performed 
by laser beam welding. By a reduction of nickel both economic as well as envi-
ronmental improvements can be reached: On the one hand the high and also fluc-
tuating market price of nickel leads to notably rising prices of nickel-alloyed 
steels, for which reason nickel-free variants offer cost savings up to 40%. On the 
other hand there is reasonable suspicion that the element nickel is carcinogen 
caused serious damage to the health of human beings, hence nickel should also be 
avoided as far as possible for this reason. 
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1   Introduction 

For many automobile applications with higher corrosive loads, such as exhaust 
pipes in current cars, see Figure 1, or components for the storage, transportation 
and processing of alternative liquid propellants in modern mobile systems, so-
called austenitic stainless steels are used. These materials generally feature excel-
lent forming and welding characteristics [2] and are resistant against diverse 
chemical substances [3]. In order to realize such an austenitic microstructure, 
steels are primarily alloyed with the element nickel. Besides the stabilization of 
the cubic-face-centred austenitic grain structure nickel increases the corrosion re-
sistance of a stainless steel in non-oxidizing acids. In contrast to the advantageous 
effect on the chemical stability, an alloying with the expensive element nickel 
leads to a significant price increase of the relevant steel type, see Figure 2.  

 

 

Fig. 1. Combinations of ferritic and austenitic stainless steels for exhaust systems of present 
mid-range and premium price segment automobiles. Left hand side: Ferritic steels, right 
hand side: austenitic steels [1]. 

 

 

Fig. 2. Market price of nickel: a) Current situation [4], b) forecast for the next years [5] 

According to Figure 2.a) nickel is on the one hand a comparatively expensive 
metal with a high average price of more than 18.000 € per ton and on the other 
hand its market price shows distinctive fluctuations. Both aspects are unfavourable 
for cost efficient fabrications, cost calculations of corresponding assemblies and 
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the sale of the final products. In view of the future conditions, figure 2.b) shows a 
forecast of the price trend for nickel within the next years by the London Metal 
Exchange (LME). Thus the average market price is supposed to increase further-
more, up to more than 19.000  € per ton at the end of 2012. Consequently a reduc-
tion of nickel-alloyed steels is a very promising approach for cost-effective and 
steady-price constructions in the automotive engineering. In addition to these eco-
nomic advantages, a downsized use of nickel-alloy steels also prevents the weld-
ing and cutting operators from perpetual and excessive exposition by nickel 
oxides, such as NiO, NiO2 and Ni2O3, which typically occur at laser deep welding 
of CrNi-steels. New medical studies demonstrate that a long-term contact of hu-
man beings with nickel oxides effectuates the generation and growth of tumour, 
cancer and further remote health damages [6]. Therefore less nickel in the produc-
tion of current and future automotives is also a sustainable practice to keep the 
welding personal’s health.  

For both implied reasons more and more industrial companies endeavour to in-
troduce nickel-free stainless steels in their production, wherever possible. As instal-
lations points with very high demands on corrosion resistance can only be realized 
with austenitic steels, so-called tailored constructions with adapted material proper-
ties integrated at the particular assembly-position are designed [7]. For an imple-
mentation tailored constructions austenitic and ferritic stainless steels have to bee 
joint by metallic continuity and especially welding. Laser welding offers fast 
processing and low heat input, which allows joining thin-walled steel parts at neg-
ligible thermal deformation. However laser-welded combinations of austenitic and 
ferritic stainless steels without any optimization arrangements often results in the 
formation of local corrosion under demanding chemical loads, compare Figure 3. 

 

 

Fig. 3. Local corrosion at laser-welded austenitic-ferritic steels after salt spray test of 16 
hours [Bavarian Laser Centre]. 

Local corrosions as seen in figure 3 are usually restricted to small areas of the 
weld zone, while the bigger part of the connection area is absolutely free of corro-
sion. However these comparatively small defective areas limit the implementation 
of such austenitic-ferritic joints up to now.  
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In order to prevent a local corrosion and enable a reduction of nickel-alloyed 
stainless steels, the possible causes for such punctual failures under chemical load 
have been analyzed at the Bavarian Laser Centre. The corresponding investiga-
tions highlighted, that local corrosion is particularly effectuated by non-uniform 
element intermixture in the melt pool, see Figure 4. 

 

 

Fig. 4. Non-uniform element intermixture in the weld zone of austenitic-ferritic connections 
[blz]: a) Lateral cross-section, b) Longitudinal cross-section in the middle of the weld zone 
[blz] 

While the external geometry of laser-welded austenitic-ferritic joints appears 
very constant, the welding process leads to a non-uniform distribution of the alloy-
ing elements of the relevant steels. Figure 4.a) shows a lateral cross-section of 
such a joint and demonstrates the irregular intermixture in the weld zoned. In addi-
tion Figure 4.b) reflects a longitudinal cross-section in the middle of a laser-
welded connection, evincing a considerable turbulence coming along with highly 
ferritic zones, that tend to form coarse grain areas. Coarse grains lead to a decrease 
of the chemical and also mechanical performance of the welds, especially when 
there are conglomerates extending from the top of the weld to the bottom, com-
pare Figure 4.b). 

In order to significantly enhance an intermixture at the molten state and thereby 
obviate the formation of spaciously coarse grain areas, the present article discusses 
the use of filler materials and their effect on the chemical performance of welded 
connections. Although the handling of filler wires complicates laser welding 
processes and increases the costs for the welding procedure to certain extend, this 
process variant seems to be adequate to clearly improve the chemical robustness 
of laser-welded austenitic-ferritic connections at stainless steels. If in this manner 
a large-scale replacement of nickel-alloyed steels could be realized without de-
creasing the corrosion performance, overall an economic and environmental bene-
fit is possible. 

Hence experimental welding trials have to be set up and performed, dealing 
with the reproducible production of laser-welded thin-sheet connections with filler 
wire at high feed rates. After developing a stable joining process, the metallo-
graphic, chemical and mechanical characteristics of the welds have to be analyzed. 
Finally the question, whether a formation of local corrosion can be prevented shall 
be clarified. 
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2   Experimental Setup 

For the experimental welding trials a continuous-wave disc laser from Trumpf is 
used. This Yb:YAG solid state lasers features a maximum output power of 4,0 kW 
at a wavelength of 1.030 nm and a focal diameter of 600 µm. Considering the 
stainless steels, samples with a dimension of 150 mm x 50 mm x 0.5 mm (length x 
depth x thickness) are cut out of metal sheets by means of laser cutting. The ma-
terial data of the considered austenitic and ferritic stainless steels is given in Ta-
ble 1. As austenitic chrome-nickel steel the 1.4301 is used, as this steel is the most 
prevalent applied austenite in Europe. On the ferritic side two materials, the 
1.4016 and the 1.4520 are contemplated. 1.4016 is only alloyed by chrome and 
features a market price of about 40% less than 1.4301. Because of the extensive 
formation of coarse grain of 1.4016 during thermal welding also the titanium-
stabilized 1.4520 is analysed. By means of stabilization, coarse grain zones within 
the weld can be prevented. 

Table 1. Material data for the considered austenitic and ferritic stainless steels.  

 

These types of stainless steels with the implied plate-thickness of 0.5 mm are 
connected in a butt-weld configuration. For this purpose a clamping device is  
designed, which allows a reproducible positioning of the samples in a zero-gap  
constellation. First the austenitic and ferritic sheet metal samples are locked into  
position by clamping plates, compare Figure 5. Then an adjustable screw can be  
operated to assure a zero-gap between the samples. The position of the joining area 
relative to the laser system is given by an appropriate dead stop of the base structure 
of the clamping device. 

For the supply of additional alloying elements and an enhancement of the in-
termixture in the molten state, a filler wire made of the austenitic steel 1.4576 
(ASTM: 318Si, X5CrNiMoNb19-12) is also inserted into the weld zone. Here the 
wire diameter is set to 0.8 mm, as this is a commonly used and goo available wire, 
which can be manipulated by all standard wire feeding systems. All the experi-
mental trials are performed under pure Argon shielding gas, which is injected as 
well from the top as the bottom side of the weld.  
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Fig. 5. Clamping device for the experimental welding trials [Bavarian Laser Centre]. 

3   Welding Test Results  

During the experimental trials it can been seen, that reproducible welds at 0.5 mm 
sheet metal samples with a 0.8 mm filler wire are achievable with adapted parame-
ters. Too slow process feed rates of less than 3 m/min lead to an immoderate heat 
input and thereby an excessive formation of coarse grains at both considered fer-
ritic materials. On the contrary, process feed rates of more than 7 m/min require 
immoderate high laser powers, so that a lot of splatters and melt emissions occur. 
For all analyzed materials a feed rate of both the process and the filler wire of 
about 5 m/min lead to the best results and can be recommended. In figure 6 an ex-
ample of a connection of 1.4016 and 1.4301 demonstrates the feasibility of the 
implied connections and shows a comparatively balanced element intermixture in 
the weld zone.  

In comparison of welds with the non-stabilized ferritic steel 1.4016 and Ti-
stabilized ferritic steel 1.4520, a distinctive formation of coarse grain in the heat 
affected zone of 1.4016 can be noticed, see Figure 7a). On the contrary an alloying 
with less than 1 mass-% titanium in case of 1.4520 inhibits an excessive grain 
growth, compare Figure 7b). As the price difference between materials stabilized 
and respectively not stabilized with titanium amounts less than 10%, this kind of 
alloying has to be recommended in order to prevent a mechanical and chemical 
degradation of the stainless steel connections after laser-welding. 
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Fig. 6. Lateral metallographic cross-section of a austenitic-ferritic weld of 1.4016 und 
1.4301, welded with continuous-wave solid-state laser and filler wire 1.4576 (laser power 
2.800 W, process feed rate 5 m/min, wire diameter 0,8 mm, wire feed rate 5 m/min). 

 

 

Fig. 7. Detailed view on the heat-affected-zones of connections with 1.4016 (a) and 1.4520 
(b), welded with continuous-wave solid-state laser and filler wire 1.4576. 

4   Characterization of the Welded Samples 

As assumed, laser-welds without filler material feature a high turbulence of the 
element intermixture in the weld zone. This can be ascertained by element map-
pings, which highlight element dispersions within weld in false-colour illustration. 
For example, Figure 8 shows the nickel intermixture in a laser weld of 1.4301 and 
1.4520. 
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Fig. 8. Microprobe mapping for the element nickel in a laser-welded austenitic-ferritic con-
nection: Left-hand side 1.4301, right-hand side 1.4016. 

 

 

Fig. 9. Vickers hardness measurements of laser-welded austenitic-ferritic connections, 
welded with filler wire 1.4576. 
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According to Figure 8, the intermixture of alloying elements and particularly of 
nickel is obviously irregular and leads to a variance of chemical and mechanical 
characteristics within the weld. In contrast to that, welds with filler wire 1.4576 
result in a quite harmonic element distribution. Measuring the hardness of welds 
with fillers, see Figure 9, it can be seen, that a more uniform element dispersion 
reduced the hardness fluctuation over the weld zone and limits the hardness tra-
verse to an acceptable band width around the base metal state. 

 

 

Fig. 10. SEM surface analysis of welds 1.4016 / 1.4301 (a) and 1.4520 / 1.4301 (b) with 
filler material 1.4576 after 16 hours of salt spray testing. 

With regard of the chemical characterization of the welded sample salt spray 
tests with durations of 16 hours are performed. After the chemicals loading SEM 
analysis are used to examine the surfaces of the welds. As it can be seen in Fig-
ure10a) austenitic-ferritic welds with non-stabilized materials, such as 1.4016, fea-
ture local corrosion on top of the heat-affected-zone. This is exactly the area, 
where an excessive formation of coarse grain could be detected according to Fig-
ure 7a). At a closer look to Figure 10b) no corrosion can be found at welds with 
Ti-stabilized stainless steels after the same duration of salt spray testing. Therefore 
a Ti-stabilization has also to be recommended for chemical aspects and leads to 
austenitic-ferritic connections with an adequate corrosion resistance. By this way a 
sustainable replacement of nickel-alloy stainless steels by stabilized nickel-free 
materials can be realized without decreasing the chemical performance of laser-
weld and therewith the whole assembly. 

5   Conclusions and Outlook 

The present article demonstrates the possibility to realized austenitic-ferritic stain-
less steel connections, by means of titanium-stabilized nickel-free ferritic mate-
rials. With appropriate welding process parameters and additional austenitic filler 
wires a regular intermixture in the molten state can be reached. By this way, ade-
quate mechanical and also chemical characteristics of the laser welded connec-
tions are achievable, so that a nickel reduction does not effectuate a degradation of 
the corrosion resistance and the long-term stability of the relevant assembly. 
Summarized the present work will help introducing more nickel-free steels for as 
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well stand of the art as future mobile systems with higher demands for chemical 
resistance. A limitation of nickel-alloys steels to mandatory installation points al-
lows cost-effective and steady-price constructions in the automotive engineering 
and prevents welding and cutting operators from perpetual and excessive exposi-
tion by nickel oxides. 
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Abstract. High pressure die casting (HPDC) is a widely used production tech-
nique for metal components that are required to have close dimensional tolerances 
and smooth surface finishes.  More than 50% of the aluminium castings produced 
globally are manufactured by HPDC from secondary alloy and these comprise the 
majority of aluminium components present in each vehicle manufactured. In the 
current work, the production of high pressure die-castings with superior levels of 
fracture resistance and damage tolerance is considered.  The ability to produce 
very high levels of damage tolerance may increase the potential applications for 
high pressure diecast parts. These new alloys allow applications to be realized that 
have previously not been possible. 

1   Fracture Resistance and Damage Tolerance 

Although heat treatment may improve both the strength and ductility of HPDC’s 
above the as-cast condition [1], it is also well known that tensile ductility is a poor 
indicator of fracture properties of any material [2].  This is because it is atypical 
for a part to fail in a tensile mode in service; instead, components usually fail fol 
lowing the initiation and propagation of a crack (e.g. Figure 1).   

Fracture resistance is therefore particularly important for HPDC’s where a) 
thinner walls and higher strengths lead to an increased susceptibility to brittle frac-
ture; b) where stressing of the HPDC part involves bending meaning crack initia-
tion and growth is the failure mode; c) fatigue crack growth rate is important; d) 
for safety critical components with an energy absorption requirement.  

The relationship between fracture resistance, design stress and critical flaw size 
may be represented by the Griffith equation: 

Kc≅σd√πa  (1) 

Where Kc is the fracture toughness of the material, σd is the design stress and a is 
the critical flaw size. 
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Fig. 1. An example of fracture of a HPDC component where tensile properties do not 
represent the resistance to “real” failures. Here, the crack runs between geometric stress 
raisers such as notches and changes in section thickness. 

 

 

Fig. 2. Tear test and tensile sample machined from plates with dimensions 60x70x2 mm. 
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Equation 1 highlights the important fact that if the critical flaw size is reached 
at stresses below the design stress, the part may fail rapidly. These considerations 
are well known for the design of other high strength aluminum parts, such as those 
used in aerospace, and the microstructural features known to adversely influence 
fracture resistance in aluminium alloys are discussed elsewhere [3]. 

It is therefore necessary to consider fracture characteristics as well as tensile 
properties when assessing the design of new lightweight HPDC components, es-
pecially if they are likely to be used in a safety critical application.  

The Kahn-type tear test specimen (ASTM B871) machined from a HPDC plate 
and the corresponding tensile sample (AS1391) are shown in Figure 2.  The tear 
test procedure is highly relevant to HPDC’s because it corresponds to typical wall 
thicknesses.  The (tear) specimen geometry is most suitable for sheet or plate of 
less than 6mm thickness and has an extremely sharp notch (root ra-
dius=25±12.7μm), which initiates fracture.  Of greatest importance from the re-
sults of the tear test procedure is the measure known as the unit propagation ener-
gy (UPE), determined from the area under the load-extension curve once cracking 
has begun.  Both the unit propagation energy (UPE) and unit total energy (UTE) 
are proportional to the critical strain energy release rate (Gc) through UPE = kGc 
and UTE = mGc where k and m are constants [2]. 

 Tear testing therefore provides a limited estimate of the critical stress intensity 
factor or fracture toughness, Kc.  In addition to the values of UPE and UTE gener-
ated, the tear strength of the material is also derived, which is: 

Tear Strength = 4P/bt                                                 (2) 

Where P is the maximum load reached, usually at the onset of cracking, b is 
breadth and t is thickness. 

The tear strength of an alloy is also used to calculate the notch sensitivity ratio, 
defined as the ratio of tear strength to yield stress (tear-to-yield ratio, TYR).  As 
may be appreciated, when the TYR<1, the material has very high sensitivity to the 
presence of a crack, notch, or geometric stress raiser. When TYR>1, the material 
displays low notch sensitivity.  A material with TYR ≥1.5 often displays yielding 
before cracking begins and hence low notch sensitivity.  The notch sensitivity ra-
tio also provides important information related to machining of the casting.  In 
particular, a casting with a high value of TYR may tolerate machined in stress 
raisers far more effectively than one with a low value of TYR.   

Detailed studies of the tear test behavior of the alloys A360, A380 and C380 
have shown that T4 and underaged (UA) T6 tempers can produce excellent com-
binations of UPE, UTE, and tear strength [4].  Usually, the fracture properties of 
UA treated material are between those of the T4 and T6 material, with values de-
pending on the exact heat treatment procedures used. 
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An experimental program was undertaken directed at developing Al-Si-Cu al-
loys that showed significantly improved fracture resistance when compared with 
existing commercial alloys.  Eleven experimental compositions were compared 
against four commercial alloy compositions, (Table 1).  

The tensile properties, tear strength, UPE and UTE for the 15 alloys in as-cast, 
T4 and T6 tempers are provided in Figure 3.  Respective values of tensile elonga-
tion, tensile strength, tear strength, UPE and UTE are plotted as a function of yield 
strength in Figures 3(a) to (e) respectively. Each alloy is identified individually by 
number in Figure 3(a).  Figure 3(a) shows the relationship between yield strength 
and tensile elongation for samples machined from the castings.  These trends were 
similar to those observed for cast test-bar samples, described elsewhere [1].   

Table 1. Compositions of Alloys Tested [5]. 

Alloy type Number Composition 
AK9M2 1 Al-8.6Si-0.70Fe-1.36Cu-0.3Mn - 0.56Mg-0.44Zn 
ADC12 2 Al-10.8Si-0.8Fe-1.74Cu-0.17Mn-0.27Mg-0.51Zn-0.1Ni 
A380 3 Al-9.0Si-0.86Fe-3.1 Cu-0.16Mn- 0.1Mg - 0.53Zn-0.11Ni 
C380 4 Al-9.3Si-0.92Fe-3.2 Cu-0.21Mn- 0.26Mg-0.61Zn 
Experimental 5  Al-7.1Si-0.21Fe-1.60Cu-0.5Mn - 0.01Mg 
Experimental 6 Al-8.0Si-0.28Fe-1.84Cu-0.5Mn - 0.12Mg-0.2Zn 
Experimental 7 Al-7.4Si-0.24Fe-1.82Cu-0.45Mn-0.1Mg - 0.25Zn 
Experimental 8 Al-7.8Si-0.29Fe-1.78Cu-0.52Mn-0.18Mg-0.2Zn 
Experimental 9 Al-7.5Si-0.27Fe-1.74Cu-0.48Mn-0.23Mg-0.2Zn 
Experimental 10 Al-7.2Si-0.23Fe-2.0 Cu- 0.45Mn-0.1Mg - 0.26Zn 
Experimental 11 Al-7.4Si-0.24Fe-2.35Cu-0.45Mn-0.11Mg-0.26Zn 
Experimental 12 Al-7.4Si-0.24Fe-2.59Cu-0.45Mn-0.11Mg-0.27Zn 
Experimental 13 Al-7.5Si-0.24Fe-2.82Cu-0.46Mn-0.11Mg-0.26Zn 
Experimental 14 Al-7.2Si-0.24Fe-2.91Cu-0.45Mn-0.1Mg - 0.26Zn  
Experimental 15 Al-7.2Si-0.24Fe-3.21Cu-0.44Mn-0.1Mg - 0.26Zn 

 
For each of the respective tempers, several experimental compositions dis-

played the capacity to develop elevated tensile ductility.  However, for composi-
tions with similar levels of yield strength, the tensile ductility and tensile strength 
were generally similar for commercial or experimental compositions (Figure 3 
(a&b) respectively).   

The tear strength is plotted against the yield strength in Figure 3(c), and it will 
be seen that the experimental composition now notably outperform the commer-
cial alloys.  In Figure 3(c), the notch sensitivity is indicated by lines describing 
values of TYR=1, 1.5 or 2.  For the as-cast conditions, the commercial alloys dis-
play TYR values of between 1 and 1.5.   
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Fig. 3. Tensile and tear test results for the 15 alloys examined [5].  See text for details. 
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The as-cast experimental compositions however display TYR values of be-
tween 1.5 and 2.  For T4 treated alloys, the commercial compositions display TYR 
values approaching (but less than) 1.5, whereas the experimental compositions all 
display TYR values of greater than 1.5.  Alloys 5,6&7 all displayed TYR values 
of greater than 2.  For the T6 conditions, the commercial alloys all displayed TYR 
values of less than 1, whereas the experimental compositions displayed values 
which mostly ranged between 1 and 1.5.  Alloys 5,14&15 were notable excep-
tions, with Alloys 14 and 15 displaying values less than 1 and alloy 5 displaying 
TYR> 2.  In most cases, at specific levels of yield stress, the tear strength values 
were higher for the experimental compositions than for the commercial composi-
tions tested.   

Figure 3(d) and (e) show the results for UPE and UTE, respectively, for the al-
loys.  In summary, the experimental compositions typically outperform the com-
mercial compositions at yield stress values below 300 MPa.  At intermediate yield 
stress values, (e.g. 190 MPa), the experimental compositions displayed close to 
double the values of UPE and more than 50% higher UTE.  Compared to conven-
tional alloy compositions in the as-cast condition, some experimental composi-
tions when heat treated displayed four times or more greater values of UPE and 
UTE for the same level of yield stress.  Figure 3 therefore shows that the experi-
mental compositions significantly outperformed the existing HPDC compositions 
in damage tolerance and energy absorption, especially when heat treated [5].   

2   Summary and Conclusions 

In summary, the consequences of improvements to the damage tolerance of auto-
motive components suggested by the current results are significant.  It is now 
possible to specify combinations of high pressure diecast alloy plus heat treatment 
that offer major improvements to the damage tolerance and fracture resistance of 
HPDC components.  Apart from the potential to significantly reduce mass due to 
the higher usable design stress, components which are designed around high levels 
of UPE and UTE also have a much greater capacity to absorb energy and therefore 
now may be considered viable materials to be used in safety critical applications.   
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Abstract. This paper investigates some of the opportunities for magnesium alloys 
based on magnesium’s attributes, such as excellent die castability and high 
strength to weight ratio. Barriers to the uptake of magnesium alloys are considered 
and recent technical advancements outlined including the development of creep 
resistant alloys, high extrudibility alloys, joining technologies and corrosion per-
formance.  Finally issues to do with the life-cycle performance of magnesium al-
loys are discussed. 

1   Introduction 

Light weighting of transport is a very effective way of improving energy efficien-
cy, with a 5-10% reduction in fuel usage for every 10% decrease in weight [1].  
Magnesium alloys have been attracted a lot of attention for such applications be-
cause magnesium is the lowest density structural metal (~1.8g/cm3) which sug-
gests that substantial weight reductions can be achieved by the replacement of 
steel and cast iron (~7.2g/cm3) and aluminium alloys (~2.7g/cm3), which are cur-
rently more commonly used in transport applications [1, 2]. 

The applications of magnesium alloys in automotive applications are limited to a 
few components, such as steering wheels and instrument panels although there are 
some engine components, closures, and caps, covers and housings are also made out 
of magnesium alloys [1].  Whilst the stability of the price of magnesium contributes 
to this, to realize weight savings a number of technical challenges need to be consi-
dered.  The properties are important, which requires alloy development. Cost is also 
particularly important, both the cost of magnesium itself but also the efficiency of 
the manufacturing process.  Longevity in service is also an important consideration.  
Furthermore, of increasing importance are the life-cycle environmental benefits, 
which are particularly important for light metals where a high-embodied energy can 
be off-set by use-phase energy reductions.  This paper aims to provide information 
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on the inherent properties of magnesium alloys, what their advantages are and some 
of the barriers to use, including technological developments that aim to overcome 
some of these barriers. 

2   Strengths of Magnesium Alloys 

As already noted, magnesium alloys have a density approximately a quarter of that 
of steel, but this does not necessarily mean that they will automatically reduce the 
weight of a car by 75% by replacing steel.  It is the combination of material prop-
erties, loading configuration and density that are important.  A comparison of the 
modulus to density, as would be the case for stiffness limited applications in un-
iaxial tension or compression suggests that the lower density is counteracted by its 
lower elastic modulus.  However, for constant rigidity, i.e. under bending loads, 
where stiffness in bending of a beam or a plate is considered, magnesium becomes 
more attractive. The optimal material for a beam in bending has a high value of 
E1/2/ρ. For a plate, the relevant index is E1/3/ ρ.  For a constant rigidity of a plate, 
magnesium is 37% of the weight of steel and 74% of the weight of Al (Table 1).  
Hence in the best situations, e.g. bending of sheet or plate, substantial weight re-
ductions can be achieved [2, 3]. 

Other natural advantages that magnesium alloys have are excellent high pres-
sure die castability [4] where the lower heat capacity compared to Al allows for 
reduced cycle times; the high fluidity of magnesium alloys allows thinner, larger 
and more detailed components to be cast compared with Al alloys; and the lower 
soluability of Fe in Mg melts compared with Al alloys decreases soldering and ex-
tends die life.  Magnesium alloys are therefore excellent candidates for parts con-
solidation, where a large thin-walled casting can replace parts fabricated from 
many components such as instrument panels and door inners. 

Magnesium alloys are also easily machinable compared to competitor alloys, 
have high damping resistance when the alloy content remains relatively low and 
have good electromagnetic shielding properties.  These factors, combined with the 
high castability and low weight, mean that many of the casings and other structur-
al components in electronics are made out of magnesium. 

Table 1. A comparison of key properties of magnesium, aluminium and iron/steel including 
performance in uniaxial loading and for constant rigidity of a plate. 

 Density (ρ) 
(g/cm3) 

Modulus 
(E) (Gpa) 

E/ρ E1/2/ρ E1/3/ρ Weight for constant  
rigidity in bending 

      beam plate 

Mg 1.74 45   26  3.86     2.04 48% 37% 

Al 2.70 70   26  3.10     1.53 60% 50% 

Fe 7.87     211   27  1.85     0.76 100% 100% 
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3   Challenges for Magnesium  

There are a number of technical challenges that have limited the further uptake of 
magnesium alloys, particularly in automotive applications.  This section seeks to 
highlight recent progress to address these issues. 

3.1   Creep Resistance–Powertrain Applications 

The common magnesium alloys such as AZ91 (Mg-9wt.%Al-1wt.%Zn) and 
AM60 (Mg-6wt.%Al-0.3wt.%Mn), have limited strength and creep resistance at 
temperatures above 125°C.  Recently, there have been substantial improvements 
in the creep resistance of high pressure die cast Mg-based alloys.  One approach 
has been to alloy Mg-Al based alloys with elements that improve the creep resis-
tance, such and Sr, Ca, Sn and rare earth based elements [5, 6].  This has lead to 
the development of AJ62 (6wt.%Al-2wt.%Sr), which has been used in the BMW 
Al/Mg hybrid engine block, and AE42/4 [7], which contain 4wt.%Al and 2-4wt.% 
rare earths which has been used as an engine cradle [6].  AE44 combines very 
good castability, excellent ductility and very good creep resistance.  For alloys that 
require high temperature creep resistance, alloys that do not contain Al are re-
quired.  AM-HP2plus [8] is a magnesium rare earth based alloy with creep resis-
tance superior to the incumbent Al based alloy, A380 (Fig. 1.). 

3.2   Extrusion and Joining – Automotive Structures [9] 

Since magnesium has a hexagonal close packed crystal structure it has generally 
been considered to be difficult to form at low temperatures.  One of the side ef-
fects of this is that wrought alloys have generally had very low productivity com-
pared to Al-based alloys and steels during forming processes.  An alloy with high 
extrudability and good mechanical properties similar to that found in 6000 series 
aluminium alloys has been developed and called AM-EX1 (Fig. 2.).  It is based on 
the M1 (1wt.%Mn) alloy but contains further micro-alloying additions that refine 
the grain size without significantly affecting extrudability.  The alloy is also less 
strongly textured than AZ31, which means that as well as being much more ex-
trudable its tension-compression anisotropy is reduced.  

A further challenge for magnesium alloy sections is that whilst they absorb a lot 
of energy during deformation in bending [2, 10] and uniaxial compression, they 
fracture instead of folding uniformly like aluminium and steel sections during 
compression [11].  This loss of structural integrity is likely to limit the application 
of magnesium in applications such as crash boxes and front rails.  However, they 
could be very suitable for bumper beams and other applications where bending is 
the primary deformation mode. 

A further challenge is how to join magnesium to dissimilar metals.  There are 
two important considerations here.  One issue is how to join the metals.  Welding 
is not an option as brittle intermetallics form.  Hence a mechanical join is required.  
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One of the most common mechanical joining techniques for aluminium and steel 
is self-piercing riveting SPR.  However, SPR of magnesium leads to extensive 
cracking due to its relatively low room temperature ductility.   

 
 

Fig. 1. A comparison of a range of creep resis-
tant magnesium alloys at 177oC and 90MPa 
with the aluminium alloy, A380.  Data from 
Reference [9]. 

 

 Fig. 2. A comparison of the extrudability
and strength for a range of magnesium
alloys compared with the aluminium al-
loy 6063 in the T6 heat treated condition. 
 

There have been a number of approaches to heat the magnesium pieces to make 
them more ductile and allow for self-piercing riveting to be done successfully.  
However, one of the major issues has been the problem of heating the magnesium 
fast enough that productivity is retained.  CAST has added a laser to the SPR 
process to locally heat the magnesium ply to temperatures where the magnesium 
becomes more formable before riveting creating crack-free joints (Fig. 3. ). This 
technique has demonstrated that satisfactory joining by SPR, with or without ad-
hesive bonding, can be done within a cycle time of less than 5 seconds [9, 12], and 
the technology has already been implemented up to a pre-production level by 
CAST CRC and their partner for SPR, Henrob. 

 

  
Fig. 3. A comparison of a self-piercing rivet in a two-ply magnesium alloy stack (a) without 
laser pre-heating and (b) with laser pre-heating.  After [9]. 
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3.3   Corrosion Resistance 

Magnesium is one of the most electrochemically active elements.  Hence corrosion 
resistance is a major issue.  Cathodic impurity elements such as Fe, Ni and Cu are 
particularly detrimental [13].  Careful control of these elements has lead to the de-
velopment of alloys relatively tolerant to general corrosion, with high pressure die 
cast AZ91D having comparable corrosion resistance to aluminium alloy A380. 

More challenging is corrosion related to galvanic couples, especially with steel.  
Magnesium alloys need to be electrically insulated from steel, which can be done, 
however, at an expense.  Furthermore, for example, in riveting or other mechani-
cal fastening operations, steel is often used which provide a substantial driving 
force for corrosion.  This can restrict magnesium alloys to internal applications. 

Coating systems are an important part of the corrosion prevention strategy for 
magnesium alloys and there are a number of different commercial products.  An 
evaluation of these in a variety of environments has shown that their effectiveness 
can vary widely.  In a ZE41 (4wt.%Zn and 1wt.%REs) alloy, used for helicopter 
gearbox housings it was found that Tagnite is superior to other new coating devel-
opments and a substantial improvement on the incumbent technology.  Recently a 
technology solution for an e-coating a body-in-white containing magnesium com-
ponents has been proposed [14], which promises to allow magnesium parts to be 
used in body structures.  

Hence whilst magnesium based alloys will always be susceptible to corrosion, a 
combination of improved alloy compositions, engineered galvanic solutions and 
protective coatings enable magnesium alloys to be used even in challenging  
environments. 

3.4   Life Cycle Analysis 

Magnesium alloys, even more so than aluminium alloys, have a very high embo-
died energy. Typically, the initial higher energy consumption and CO2 emissions 
are more than saved over the life-cycle of an automobile due to the reduced energy 
usage during the use-phase [15-17].  The initial environmental cost associated 
with magnesium usage has been exacerbated by the closing down of state of the 
art western electrolytic magnesium production facilities often powered by hydroe-
lectricity.  Most of the world’s magnesium is now produced in China using the 
Pigeon process leading to a more than doubling of the CO2 emissions required to 
produce a unit of magnesium.  A consequence of this is that whilst significant 
benefits are still associated with replacing steel with magnesium, there is little 
benefit in using magnesium over aluminium or even steel in some cases [16-18] or 
against composites [19].  The use of magnesium in castings is still one of the best 
choices.  It is important to note, however, that the Chinese magnesium industry is 
working hard to reduce their emissions and it is likely that improvements have al-
ready substantially reduced the emissions related to magnesium production.  Fur-
thermore, re-entry into the market by an electrolytic magnesium producer would 
help the situation substantially, particularly if the electricity comes from green 
sources such as hydropower. 
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Another challenge for magnesium environmentally is that a cover gas is re-
quired during casting as most magnesium alloys burn in the molten state.  The 
most commonly used cover gas has been SF6, which is the worst greenhouse gas 
known with a greenhouse warming potential 23,900 times that of CO2.  AM-
Cover, based on HFC-134A is an alternative that saves at least 95% of the green-
house gas emissions [20].  Recent technology improvements such as eco-Mg may 
further reduce the need for cover gases that are harmful to the environment. 

4   Conclusions 

Magnesium alloys are an important part of the light-weighting strategy for auto-
motive applications.  Many of the technical challenges associated with magnesium 
usage have been at least partially overcome.  There are new alloys with good 
creep resistance for powertrain applications, new high rate extrusion alloys with 
good properties and new techniques for joining magnesium to other metals.  Con-
trolling the corrosion resistance, particularly in galvanic situations, is still a chal-
lenge but with improved engineering solutions and coatings substantial progress 
has been made.  A final challenge for magnesium alloys is that the current domi-
nant magnesium production process has a large environmental footprint.  This will 
reduce as the Chinese magnesium industry improves its practices and hopefully 
electrolytic production of magnesium will soon return. 
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Abstract. In this study, quasi-static and dynamic three-point bending tests were 
carried out to evaluate the performance of tubes made of different materials for 
their application in side impact protection. The load carrying capacity, total and 
specific energy absorption, and fracture characteristics were determined for cylin-
drical welded tubes of an advanced high strength steel (AHSS) and cylindrical ex-
truded tubes of aluminium alloys 6061T6 and 7075T6. The results showed that the 
peak bending load and energy absorption best correlate to the tube’s yield strength 
and wall thickness. In addition, finite element analysis was performed using the 
commercial software package LS-DYNA®. The simulation outputs showed good 
agreement with experimental data. The finite element model will be used in the fu-
ture parametric studies. 

1   Introduction 

Fuel economy, greenhouse gas emissions, carbon regulation and crashworthiness 
are most important issues being addressed in the research and development of new 
generation of vehicles. One solution to these issues is by reducing vehicle weight. 
Active research is being dedicated to innovative designs that involve advanced 
high strength steels (AHSS), lightweight materials such as aluminium, magnesium 
and engineering plastics in order to bring down the weight of vehicles while main-
taining or improving safety. 

Hollow tubes (~ wall thickness of 1-5 mm) are widely used in automotive indus-
try to improve the crashworthiness of vehicle by increasing the specific energy ab-
sorption in crash event. In a vehicle crash, vehicle structure is subjected to a variety 
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of loading conditions. The current work focuses on the case of bending especially 
under side impact loads. There has been considerable research [1-5] into the bending 
deformation of tubes experimentally and numerically. They found that the bending 
deformation of tubes runs through three phases: pure crumpling, bending and crim-
pling and structural collapse. In addition, the bending behavior varies with the tube 
dimensions and experimental conditions. However, most of these studies have used 
the tubes made of conventional aluminium alloys and steel, very less work has been 
published on the behavior of emerging metals AHSS [6, 7] and high strength alumi-
nium alloys [8]. Besides, no comparison study was found between AHSS and high 
strength aluminium alloys. 

The objective of this study was to investigate the performance of cylindrical 
tubes made of AHSS and high strength aluminium alloys in quasi-static and dy-
namic three-point bending for their application in vehicle side-impact protection. 

2   Materials 

Welded cylindrical tubes of advanced high strength steel (AHSS) and extruded cy-
lindrical tubes of two aluminium alloys 6061T6 and 7075T6 were used in the cur-
rent study. Details of the tube’s materials and dimensions are given in Table 1. 

Table 1. Tubes materials and dimensions 

Material Outer diameter(mm) Wall thickness(mm)

AHSS 35.25 2.0 

6061T6 35 3.0 

7075T6 36 4.1 

3   Experimental Procedure 

Three-point bending experiments were performed on tubes specimens cut to 340 mm 
lengths. The support span in the three-point bending rig was set to 260 mm, and the 
diameter of the indenter and supports was 19.05 mm (3/4’), as shown in Figure 1. 
The tubes were evaluated through quasi-static and dynamic experiments. Two dupli-
cate tests were conducted for all tubes and conditions to ensure the reproducibility of 
the results. The energy absorption (EA) of the tubes was determined from the area 
under the force-displacement curve. The energy absorption was divided by the weight 
of the tube to calculate the specific energy absorption (SEA). 

Quasi-static experiments were carried out using 250 kN mechanical testing ma-
chine MTS (Model 819). Testing was executed up to a maximum displacement of 
60 mm at a constant speed of 0.35 mm/s. Reaction force and indenter displace-
ment were recorded at 20 Hz sampling rate. 
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Fig. 1. Support rig and indenter used for quasi-static and dynamic three-point bending tests 
(dimensions are in mm). 

Dynamic experiments were carried out using a drop hammer. The combined 
weight (23.2 kg) of the drop-carriage with the indenter was dropped from 3.5 m 
height, which gave an impact speed of 29.84 km/h. The indenter’s displacement 
was measured using a laser triangulation displacement sensor LD1627-200 from 
MICRO-EPSILON. The load at the support base was measured using a Kistler’s 
quartz load cell, model 9081A, with a charge meter type 5015. The data from the 
charge meter and the laser displacement sensor were acquired on Tektronix’s digi-
tal oscilloscope (model TDS2024B) at a sampling rate of 50 kHz.  

4   Finite Element Modeling 

Finite element analysis (FEA) of three-point bending was performed using LS-
DYNA® [9]. Due to the symmetry of the tube, only a quarter of the tube was mod-
eled. The tubes were modeled with fully integrated solid elements and IHQ=6 in 
hourglass control. A power law isotropic plasticity material model, MAT_018, 
was used for the tube material. The indenter and support were modeled as rigid 
bodies with default Belytschko_tsay shell elements and MAT_020 due to their 
high modulus of elasticity and negligible elastic deflections compared to the tube. 
SURFACE_TO_SURFACE contact was utilized for tube-indenter and tube-
support contacts. Static friction coefficient FS and dynamic friction coefficient FD 
were defined as 0.5 for both tube-support and tube-indenter contacts. Quasi-static 
indenter displacement was modeled using the PRESCRIBED_MOTION_RIGID 
command in implicit analysis, and dynamic indenter displacement was modeled 
by introducing INITIAL VELOCITY in explicit analysis.  

The material properties of the tubes were derived from inverse finite element 
analysis of lateral compression tests [10]. The material parameters (density (ρ), 
modulus of elasticity (E), yield stress (σy), work hardening coefficient (k) and ex-
ponent (n)) used in the present study are given in Table 2. The analysis was con-
ducted on a HP Z400 workstation with 64-bit Windows 7 operating system. 

 



28 G. Rathnaweera et al.
 

Table 2. The material parameters derived from [10]. 

Material ρ (g/cm3) E (GPa) σy (MPa) k (MPa) n 

AHSS 7.8 207 1460 1534.15 0.01 

6061T6 2.7 67.5 313 410.00 0.05 

7075T6 2.7 70 400 491.79 0.04 

5   Results and Discussion 

Lu and Yu [11] have derived an empirical formula to calculate reaction force of a 
tube in three-point bending (equation 1) 

P = 3.78 σy δ0.47 t1.6 D-0.07                                                                (1) 

The formula was given for L/D=10, where, L is support length and D is tube outer 
diameter. However, for the current study L/D was 7.2, hence the numerical con-
stant for current study was calculated ((3.78/10) ×7.2). 

P = 2.72 σy δ0.47 t1.6 D-0.07                                           (2) 

Where, P, σy, δ, t and D are force, yield stress, indenter displacement, wall thick-
ness and outer diameter of the tube respectively. Theoretical peak forces obtained 
from equation 2 have shown good accuracy for all tubes as shown in Figure 2. 
Since the tube diameter and indenter displacement at peak force were approx-
imately constant for all tubes, it can be concluded that the peak force of the tubes 
under quasi-static three-point bending was proportional to the yield stress and tube 
thickness. Typical force-displacement curves in both quasi-static and dynamic 
tests for tubes are shown in Figure 2.  

AHSS tubes showed the highest total energy absorption in both quasi-static and 
dynamic test followed by 7075T6 and 6061T6 tubes. However, the specific energy 
absorption of 7075T6 tube was slightly higher than AHSS and 6061T6 tubes. In 
addition, AHSS tubes showed the lowest indenter displacement (δ) in dynamic 
test. Results are summarized in Table 3. 

 

 

Fig. 2. Typical force-displacement curves of tubes in quasi-static and dynamic three-point 
bending tests. 
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Table 3. Summary of quasi-static and dynamic three-point bending results. 

Material 

Quasi-static Dynamic 

Peak 

force (kN) 
EA (J) SEA (J/kg)

Peak 

force (kN)
EA (J) SEA (J/kg) δ (mm) 

AHSS 30.7 ± 0.5 1444.8 ± 17 2520.6 ± 20 47 ± 0.5 1235.5 ± 14 2148.7 ± 15 40.2 ± 0.3 

6061T6 12.64 ± 0.1 639.4 ± 7 2275.4 ± 30 18 ± 0.3 704.04 ± 15 2503.7 ± 50 61.1 ± 0.3 

7075T6 24.25 ± 0.1 1022 ± 40 2666.3± 50 33.92± 0.4 994.5± 20 2591.9± 50 47.4± 0.3 
δ: Indenter displacement in three-point bending tests. 

 
7075T6 tubes fractured (Figure 3) underneath the indenter during both quasi-

static and dynamic tests. An instantaneous drop in load was observed immediately 
after the fracture, which occurred at about 12.9 mm indenter displacement in qua-
si-static tests (Figure 2). AHSS and 6061T6 tubes did not fracture in any of the 
tests, which were conducted up to a maximum indenter displacement of 60 mm. 
However, the rate of load decrease after reaching the peak force was similar for 
AHSS and 7075T6 tubes, while the 6061T6 tubes showed a much lower rate of 
load decrease. Higher rate of load decrease in AHSS tube could be due to thinner 
wall thickness compared to other tubes while fracture was the cause for 7075T6 
tube’s load decrease. 

 

 

Fig. 3. Fracture underneath the indenter for the 7075T6 tube in quasi-static three-point 
bending test. 

A slight increase in energy absorption was observed for dynamic experiments 
for similar indenter displacements (Figure 4). This could be due to inertia effects 
since aluminium and high strength steel are not strain rate sensitive materials. 

A good correlation between FEA simulations and experimental data was ob-
served (Figure 5 & 6). No failure criterion was applied in the current FEA study. 
Therefore, the FEA simulation for 7075T6 tubes was not able to predict accurately 
the load-displacement behavior from the initiation of fracture. 

A failure criterion will be used in future studies to improve the FEA model and 
carry out parametric modeling to optimize the tube dimensions for performance as 
vehicle side door intrusion beams. 
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Fig. 4. The total energy absorption of tubes in quasi-static and dynamic three-point bending 
tests. 

In addition, material properties of 7075T6 given by Hilditch et al. [8] were used 
to model quasi-static three-point bending of 7075T6 tubes of current study( Fig. 
5). Predicted peak force and energy absorption were considerably higher than all 
tubes used in current study. This result further explains the proportionality of yield 
stress to peak force and energy absorption. 

 

Fig. 5. Comparison of FEA and experimental force-displacement curves of tubes in quasi-
static three-point bending test. 

 

Fig. 6. Comparison of FEA and experimental force-displacement curves of tubes in dynam-
ic three-point bending test. 
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6   Summary/Conclusions 

The performance of welded AHSS and extruded aluminium alloys 7075T6 and 
6061T6 tubes were studied in quasi-static and dynamic three-point bending. 

 

• The peak force of the tubes was proportional to yield stress and tube thickness. 
• Among the studied tubes, AHSS showed the highest total energy absorption 

while 7075T6 showed the highest specific energy absorption in both static and 
dynamic tests.  

• 7075T6 tubes fractured during both quasi-static and dynamic tests and their 
load carrying capacity and energy absorption decreased, while other tubes did 
not fracture in either test.  

• A slight increase in energy absorption was observed in dynamic tests and it 
could be due to inertia effects since high strength steel and aluminium are not 
strain rate sensitive materials.  

• A good correlation between FEA and experiments was observed except for 
7075T6 tubes after the onset of fracture. A failure criterion needs to be applied 
to improve the current model and determine the tube dimensions for optimum 
performance as vehicle side door intrusion beams. 

• 7075T6 tubes with higher yield stress and optimized tube dimensions, could ob-
tain considerable weight savings in their application in side impact protection. 
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Abstract. This paper presents a dynamical model that assists in understanding the influence 
of lightweight materials on the development trajectory of fuel efficient cars. Preliminary re-
sults suggest that car mass and powertrain energy consumption may become significantly 
non-linear and may generally decrease in the coming decades due to the emergence of new 
technologies. 

1   Introduction 

In response to consumer demand for economical and fuel efficient cars, many au-
tomakers are developing various new powertrain technologies, such as advanced 
internal combustion engine (ICE) and battery-electric (BE) powertrains. Some au-
tomakers are reducing the capacity and capital cost of their BE powertrains by ag-
gressively lightweighting the body-in-white (BIW). Most of these automakers are 
downsizing their steel BIW, while a few are switching to higher-cost lightweight 
materials. Estimates of the life-cycle resource (energy and materials) consumption 
of these new technologies for a single car often show that the high resource costs of 
production are recovered during use (e.g. Puri et al. 2009). Although the new tech-
nologies may be more resource efficient than conventional technologies, they also 
take a long time come into use due to slow processes such as technology adoption 
and car fleet turnover. Accounting for these processes requires methods that enable 
computation parameters to vary dynamically (Stasinopoulos et al. 2011). 

The emergence of new options for powertrains and BIW materials will intensi-
fy competition amongst automakers and technology producers. Competition is a 
dynamic process and, in the presence of persistent consumer demand for fuel effi-
cient cars, will likely cause automakers to continually invest in lightweighting and 
fuel efficiency.  

This paper addresses the question: how might the adoption of a lightweight 
BIW influence (1) car mass and (2) powertrain energy consumption, over time? 
This investigation takes a System Dynamics approach. Such an approach enables 
larger investigations, such as Life Cycle Assessments, to account for changes over 
time in resource flows (e.g. Stasinopoulos et al. 2011). 

In this paper, a model is presented, including the dynamic processes, assumptions, 
and one set of likely input conditions. The model output under those conditions is 
then analysed, with the significance of the results discussed, leading to suggestions 
for potential refinements to the model. 
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2   Model 

The model considers two cars, a ‘steel car’ with a steel BIW and a ‘lightweight 
car’ with a lightweight-material BIW. The cars may retain their ICE powertrain or 
adopt a BE powertrain. Each car represents the average large car of its type in the 
fleet. Figure 1 presents a causal loop diagram of the two hypothetical dynamic 
processes in the model. 
 

• The upper two loops describe mass decompounding using the lightweight car 
(LW). The same process occurs for the steel car. Since a lightweight BIW  
requires less energy to move, powertrain and chassis technologies are downsized, 
leading to further BIW lightweighting. Decompounding is ultimately balanced as 
producers approach the cost effective limits of downsizing their technologies. 
Furthermore, BE powertrain technologies with high costs per unit of energy ca-
pacity become cost effective sooner. 

• The lower three loops describe market competition using the ICE and BE power-
trains. The same process occurs for the lightweight and steel cars. Producers of 
steel BIWs invest in lightweighting to protect their market share. In response, 
producers of lightweight BIWs further invest in lightweighting to expand their 
market share. Escalating competition is ultimately balanced as producers  
approach the technological limits of lightweighting. Similarly, when BE  
powertrains are adopted, producers of ICE powertrains and producers of BE  
powertrains begin to compete. Escalating competition is balanced either as  
producers approach the technological limits of conversion efficiency or when  
automakers abandon ICEs. 
 

 

Fig. 1. A causal loop diagram representing the hypothetical dynamic processes of mass de-
compounding and market competition. The text elements represent system state variables 
and the arrows represent influence links. The plus (+) and minus (-) signs on the arrows in-
dicate link polarity. The encircled R indicates a reinforcing feedback loop, and the encircled 
B indicates a balancing feedback loop. 
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For the purpose of computation, a stock-and-flow model was constructed using the 
software STELLA™ (version 9.1.2). It performs dynamical computations by al-
lowing parameters to influence their own values. It consists of two sub-models. 
 

• The BIW sub-model simultaneously adjusts the masses of the steel car and the 
lightweight car. Initially, the lightweight BIW (including exterior panels) is 
made of aluminium but can switch to a fibre-reinforced polymer composite 
when the technology becomes cost effective, while the steel BIW is made of 
conventional steel but can increase its proportion of high-strength steel. The 
mass of each car decreases over time via mass decompounding in response to 
competition.  

• The powertrain sub-model simultaneously adjusts the fuel consumption of ICE 
powertrains and the electricity consumption of BE powertrains. Initially, each 
car has a 150kW, ICE powertrain but can switch to a BE powertrain when the 
technology becomes cost effective for its mass at a range of 300km. The con-
version efficiency of each powertrain increases over time in response to compe-
tition while both technologies are in use. 
 

The purpose of the stock-and-flow model is to assist in understanding the complex 
behaviour of the system arising from accumulations, feedback loops, and non-
linear relationships between parameters (Sterman 2000). The model is used to un-
derstand the influence of key variables on a particular problem, rather than as a 
purely computational tool. Such a model is typically run under various scenarios 
with a concurrent sensitivity analysis of its parameters and structure, especially at 
its boundary, where feedback loops have been broken. In this paper, as a prelimi-
nary demonstration, the model is run under one possible scenario, which assumes 
the following input conditions: 
 
• Prior to any mass decompounding, both cars begin with a 470kg powertrain, 

300kg of chassis components, and 600kg of other components (Lovins and 
Cramer 2004). Steel BIWs have an initial mass of 430kg and a minimum mass 
of 280kg, aluminium BIWs have an initial mass of 340kg and a minimum mass 
of 210kg, and composite BIWs have an initial mass of 230kg and a minimum 
mass of 150kg (FutureSteelVehicle 2011; Kelkar et al. 2001; Lovins & Cramer 
2004). BE powertrains do not introduce a mass penalty. 

• When the petrol price is high (>$2/L), each iteration of mass decompounding 
causes, per 1kg of car mass removed, the removal of 0.09kg of powertrain 
mass, 0.13kg of chassis mass, and 0.09kg of BIW mass (Bjelkengren 2008). 
When the petrol price is low (<$1/L), no mass decompounding occurs. The 
rates of mass decompounding vary linearly within this range of petrol price. 

• ICE powertrains consume petrol at an initial rate of 2000J/km/kg of car mass 
(@ 20% conversion efficiency) and at a minimum rate of 1400J/km/kg of car 
mass (@ 30% conversion efficiency). BE powertrains consume electricity at an 
initial rate of 470J/km/kg of car mass (@ 70% conversion efficiency) and at a 
minimum rate of 410J/km/kg of car mass (@ 80% conversion efficiency). 
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• When the petrol price is high (>$2/L), producers take 15 years to develop their 
technologies to within 90% of the technological limit under the most competitive 
conditions. When the petrol price is low (<$1/L), producers take 45 years for the 
same task. This response time varies linearly within this range of petrol price. 

• Compared to the percentage variation in petrol price, steel price varies by 
100%, aluminium price varies by 50%, and composite price varies by 100%—
roughly the same proportions in which these prices varied around the 2008 oil 
price peak. Composite price also decreases with increasing production expe-
rience. The minimum price of any material is $0.1/kg. Figure 2 shows the as-
sumed prices of petrol and BIW materials. 

• The ICE powertrain price is $5000 plus $120/kW; the BE powertrain price is 
$5000 plus $500-1200/kWh (Mock et al. 2007). Figure 2 shows the assumed 
energy-dependent component of price of the BE powertrain.  

• A car with a steel BIW and an ICE powertrain has a price of $35,000; an alu-
minum BIW adds a 5% premium, a composite BIW adds 20%, and a BE po-
wertrains adds 10% (Mock et al. 2007). These premiums recover the higher 
price of the lightweight materials and BE powertrain. All other production costs 
of the steel car and the lightweight car are equal at any production volume, re-
gardless of the BIW or powertrain. 

 

Fig. 2. The assumed price of petrol, prices of body-in-white materials, and the energy-
dependent component of price of battery electric powertrains. These values are fixed. 

3   Results and Discussion 

Figure 3 presents the outputs of the model under the conditions described above. It 
shows that car mass and powertrain energy consumption vary nonlinearly over 
time. Given the purpose of the model, described above, it is the shapes of the out-
puts in Figure 3, rather than the values on the axes, that are significant. The out-
puts have the following characteristics: 
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• Car mass: Initially, the lightweight car adopts the aluminium BIW, resulting in 
a step change in mass (1). Only a small amount of mass decompounding occurs 
because the petrol price is moderately low (2). The gap between the masses of 
the cars creates competition, with the steel car aiming to recover the gap and 
the lightweight car aiming to retain the gap. The mass of the steel car decreases 
moderately quickly with strong initial competition (large gap to recover) and a 
moderately low petrol price, and then more slowly as competition weakens (3). 
Conversely, the mass of the lightweight car decreases very slowly with weak 
initial competition (large gap as a buffer) and a moderately low petrol price, 
and then more quickly as competition strengthens (4). Some years later, the 
composite BIW becomes cost effective for the lightweight car, resulting in 
another step change in mass (5). A moderate amount of mass decompounding 
occurs because the petrol price is moderately high (6). The new gap re-
establishes strong competition for the steel car (7) and weak competition for the 
lightweight car (8). Eventually, the masses of both cars decrease very slowly as 
their BIWs approach the technological limits of lightweighting (9). 

• Powertrain energy consumption: Initially, both cars have an ICE powertrain, 
and there is no competition (10). Many years later, the BE powertrain becomes 
cost effective for the lightweight car, resulting in both powertrains being used. 
The gap between the energy consumption of the powertrains now creates com-
petition, with the ICE powertrain aiming to recover the gap and the BE power-
train aiming to retain the gap. The energy consumption of the ICE powertrain 
decreases quickly with strong initial competition and a high petrol price, and 
then more slowly as competition weakens (11). Conversely, the energy con-
sumption of the BE powertrain decreases slowly with weak initial competition 
and a high petrol price, and then more quickly as competition strengthens (12). 
Eventually, the energy consumptions of both powertrains decrease very slowly 
as they approach the technological limits of conversion efficiency (13). Some 
years later, the BE powertrain becomes cost effective for the steel car, resulting 
in both cars having a BE powertrain and competition ceasing. 

 

 

Fig. 3. The computed masses of the steel car and lightweight car, and computed energy 
consumptions of ICE powertrains and BE powertrains. 
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The first run of the model provides a foundation for simplifying the model with-
out affecting its characteristic behaviour. For example, since the mass decompound-
ing process occurs so quickly, it could be modelled more simply as an instantaneous 
change in a parameter. By contrast, since the market competition process has a sig-
nificant influence over the timeframe of the problem, it should be retained (Mea-
dows 2009). A sensitivity analysis would suggest other parameters and structures 
that should be further investigated. One such parameter is the price premium for cars 
with composite BIWs. Increasing its value by 40% makes composite BIWs imme-
diately cost effective. Since it is on the system boundary, it could also form new 
feedback structures with other parameters, such as petrol price. 

4   Conclusion 

This investigation takes a System Dynamics approach to understanding the influ-
ence of the adoption of a lightweight BIW on the development of fuel efficient 
cars. Preliminary results suggest that the values of key computation parameters 
may become significantly non-linear in the coming decades due to the emergence 
of new technologies. An understanding of how conditions influence such variables 
can help to reduce the uncertainty in studies of future scenarios. 
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Abstract. Shape Memory Alloys (SMAs) provide an exceptional opportunity for 
the design of novel actuators, however their application is limited by the fatigue 
mode of failure. Fatigue prediction is relatively well defined for traditional materi-
als, however, shape memory alloys display two distinct fatigue failure modes. 
These are structural fatigue (fracture in traditional materials) and functional fa-
tigue (loss of shape memory effect). Functional fatigue of shape memory alloys 
are not well defined in literature. This work provides a novel method of analysing 
SMA functional fatigue data, especially when comparing a large range of potential 
operating conditions. 

1   Introduction 

Shape Memory Alloys (SMAs) are a unique group of materials which can undergo 
a solid phase, reversible, phase transformation. This phase transformation is in-
duced by temperature or stress changes during which they can recover “seemingly 
permanent strains” (Hartl and Lagoudas 2007). Shape memory alloys convert 
temperature variation (a non-mechanical input) into a mechanical output, such as 
shape recovery, which can be used to actuate mechanical devices. This shape re-
covery can occur even under high applied loads, resulting in high actuation energy 
densities (Kumar and Lagoudas 2008). Due to these and other advantages, SMAs 
are often preferable to other active materials, and are ideal for applications where 
high actuation forces and displacements are required in the range of low to me-
dium frequencies. However, much systematic research is still required, especially 
within the area of fatigue failure (Karhu and Lindroos 2010). The authors have 
identified opportunities to contribute to this important research field by a novel 
method of analysing SMA functional fatigue data.  

1.1   Introduction to Fatigue 

The fatigue failure mode is difficult to predict in comparison to the static failure 
mode. Several methods to predict fatigue failure are presented in literature: 
 

• Stress versus number of cycles (σ-N)  
• Strain versus number of cycles (ε-N) 
• Linear Elastic Fracture Mechanics (LEFM) 
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Traditional fatigue failure involves the accumulation of microstructural damage 
and progressive crack growth leading to the physical separation of a component 
(Eggeler, Hornbogen et al. 2004). This structural failure mode is relevant to SMA 
design, and is the typical focus of SMA fatigue testing. However, SMA actuators 
are also prone to functional fatigue, whereby the available SMA actuation force is 
progressively diminished to the point that an SMA actuator is not able to function 
as required. This failure mode has not been fully addressed in the literature (Karhu 
and Lindroos 2010; Mammano and Dragoni 2011). This work presents a novel 
method of reporting fatigue data that allows insight into the functional fatigue 
failure mode of relevance to shape memory alloys. 

1.2   Shape Memory Alloy Fatigue 

SMA fatigue data presented in the literature can typically be divided into high cycle 
and low cycle fatigue performance; a result of cyclic loading with constant stress 
(McNichols, Brookes et al. 1981; Eggeler, Hornbogen et al. 2004) or constant strain 
amplitudes (Miyazaki, Mizukoshi et al. 1999). There are also factors of relevance to 
the fatigue life of SMAs such as stress amplitude (Eggeler, Hornbogen et al. 2004), 
and whether the SMA is subjected to a full or partial transformation.  

Although much work has been completed regarding structural fatigue behav-
iour of SMAs, the available literature lacks much data of importance to functional 
fatigue. For example, the available fatigue data typically provides either constant 
stress or constant strain conditions. However, the commercial applicability of 
SMAs would be greater in many different fields if the available functional fatigue 
data was more complete.  

This work provides novel experimental data to investigate the effect of varying 
input cyclic loading on fatigue performance using stress delta to represent the ef-
fect of functional fatigue. The stress delta is the difference between the maximum 
and the minimum stress observed within a loading cycle. The fatigue life of SMAs 
is directly related to the stress induced martensitic transformation and its interac-
tion with cyclic strain accumulation. Therefore this investigation of the effect of 
stress delta is essential to achieve consistent SMA actuation. 

2   Experimental Setup 

The investigations were completed using commercially available shape memory alloy 
wires. NiTi SMA of 0.254mm (0.01 inch) diameter were purchased from a commer-
cial supplier (Dynalloy 2007), manufactured in lengths of 100mm and pre-crimped to 
enable connection to other elements on the experimental rig. Integral connection leads 
were provided to allow connection to a control system and power source.  

A custom experimental apparatus was developed to record the following  
parameters: 

 
• Actuation force of each SMA actuator  
• Stroke of each SMA actuator 
• SMA fatigue life based on functional and structural fatigue conditions 
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The SMA wires were cycled under constant voltage and variable current condi-
tions to obtain fatigue endurance data. The cycle duration was 1 second on (heat-
ing) and 31 seconds off (cooling). The experimental data enables the optimisation 
of loading conditions for stable and long life operation of SMA actuators for a 
range of scenarios of interest. The investigation was conducted for 3.5V, 4.0V, 
4.5V, 5.0V, 5.5V, 6.0V and 6.5V. The spring rate was held constant at 1.15N/mm. 

3   Preliminary Results   

In the early stage of this project several experiments were completed to develop an 
efficient Design Of Experiments (DOE). Physical fatigue endurance tests were 
carried out to investigate the effect of resistive heating on SMA alloy wires. The 
maximum and minimum stresses for each loading cycle were recorded and the 
stress delta was calculated. The stress delta was then graphed against the number 
of cycles to achieve a realistic representation of the fatigue life of SMA wires. 

The preliminary results indicate that increasing the electrical load applied to an 
SMA wire can dramatically influence fatigue life, for example 6.5V test (Figure 1) 
compared to 3.5V test (Figure 2).  

 

Highly variable load amplitude 

 
Fig. 1. 6.5 Volt S-N curves. 

�

Consistent load amplitude 

 

Fig. 2. 3.5 Volt S-N curves. 
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It was found shape memory alloy wire life decreased with increasing voltage. 
Furthermore, it is evident from the particular combinations of actuation voltage 
investigated that the stress delta results are highly variable (Figure 3). This ex-
perimental observation indicates opportunities to achieve a significant number of 
cycles while maintaining a consistent stress level. For example, it is evident from 
Figure 3 that the 3.5V scenario has the highest average stress delta of 106MPa and 
also the longest life of nearly 45,000 cycles. These outcomes are essential for the 
design of shape memory alloy actuators, however a close comparison of the be-
haviour under a range of cyclic loads is very difficult to achieve since the life can 
range between 20 cycles (6.5V) to 45,000 cycles (3.5V). This limitation provides 
an opportunity to develop a new analysis method of fatigue data. 

 

 

Fig. 3. Combined data for all tests. 

 

Fig. 4. Normalised functional stress curve. 

3.5 V (Fig.2) 

6.5 V (Fig. 1) 
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4   Normalised Functional Fatigue Curve 

The authors present a novel method of analysing fatigue data by normalising the 
axes of the functional stress chart. By normalising the observed stress delta to the 
maximum observed stress delta, and the observed number of cycles to the maxi-
mum number of cycles, results in a normalised functional fatigue curve (Figure 4). 
It is evident from the normalised functional stress curve (Figure 4) that each set of 
operating conditions has a distinct trend. These trends are clear and useful repre-
sentations of shape memory alloy behaviour under different operating conditions.     

5   Conclusion 

A series of commercial SMA were assessed in terms of functional fatigue failure 
under a range of cyclic loads, 3.5V, 4.0V, 4.5V, 5.0V, 5.5V, 6.0V, 6.5V. The shape 
memory alloy wires were tested and essential fatigue data was plotted on an S-N 
curve. It was found that the life of the shape memory alloy wires decreased with in-
creasing voltage. Also at 3.5V the wires seemed to reach an “infinite” lifetime and 
an apparent endurance limit was observed compared to the other stress levels. 

A novel method of normalising the fatigue data was then used to show trends 
and represent the different operating conditions of interest. Future work can in-
clude additional scenarios to cover a larger range of data and obtain a better un-
derstanding of the behaviour of shape memory alloys.  
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Abstract. The outstanding fatigue tolerance features of composite structures were 
the reason for introducing composite rotor blades in the helicopter design. One 
goal was to eliminate dynamically loaded metallic hinges. In 1967, the BO 105, a 
product of the former helicopter division of MBB, now Eurocopter Deutschland 
GmbH, flew for the first time. Its hingeless rotor was the first serial design with 
composite blades. Later in 1996, the EC 135 was certified according to the latest 
damage tolerance and fatigue certification rules. As a consequent design im-
provement this helicopter has a sophisticated modern rotor without any hinges and 
bearings. The EC 135 with the “Flexbeam-Rotor” including the bending and tor-
sion element is shown in Fig. 1. More than 1000 helicopters have been produced 
until today. [Bansemir, Müller: The EC 135…].  

The new American and European certification rules concerning fatigue and 
damage tolerance of composite structure include the establishment of replacement 
times and inspection intervals [“Damage Tolerance and Fatigue Evaluation…”]:  

Replacement times must be demonstrated by tests or by analysis supported by 
tests, to ensure that the structure is able to withstand the repeated loads of variable 
magnitude expected in service. In establishing replacement times, the following 
items must be considered: Damage identified by threats, Maximum acceptable 
manufacturing defects and service damages, Ultimate load strength capability 
must be shown after application of repeated loads. 

Inspection intervals must be established to ensure that any damage identified 
that may occur from fatigue and/or other in-service causes will be detected before 
it has grown to the extent that the required residual strength capability cannot be 
achieved. The minimum required residual strength is limit load. 

[Emmerling: New Fatigue and Damage Tolerance Evaluation Rules…]. The resi-
dual strength capability must include the ability to resist the influence of temperature 
and moisture as well as impacts. The Wöhler curves (SN curves) of composites are 
usually relatively flat and the influence of notches on high cycle-fatigue is not im-
portant. There is no influence of corrosion fretting.  
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1   Introduction 

Outstanding designs are possible with the introduction of fiber composites. The 
developments of the 60’s in the helicopter industry at MBB, now Eurocopter 
Germany, used composite structures, especially for dynamically high loaded rotor 
systems, composite structures. In 1967, the BO 105 flew for the first time. This 
innovative helicopter was equipped with the first serial “hingeless” rotor system. 
The fibre composite blades were attached to the head with the help of “lug” ele-
ments. This allowed the simple design of the rotor having an extremely long life-
time due to the outstanding fatigue strength of the simple design of the rotor hav-
ing an extremely long lifetime due to the outstanding fatigue strength of 
composites.  

 

 

Fig. 1. The commercial EC 135 helicopter with the “flexbeam” main rotor blade structure 
and the cross section of the torsional element 

The hingeless BO 105 rotor concept was also used for the design of the heli-
copters BK 117 and EC 145. The possibility additionally to eliminate bearings re-
sulted in the development of the innovative bearingless and hingeless EC 135 ro-
tor system with the bending and torsion loaded “flexbeam” (Fig. 1). This 
successful helicopter was certified in 1996 and more than 1000 helicopters have 
been delivered to the customers until now. Parallel to the development of the heli-
copter design in the early 60s the methodology of fatigue test and analysis was 
improved. The material strength was determined in such a way that the data could 
be used for the establishment of the four-parametric Weibull-curve. Thus the life-
time of a structure can be calculated with test data from fewer specimens (Fig. 2). 
Using the standard test pyramid the results of small coupon specimens, structural 
components and structures can be correlated [Och: “Fatigue..”]. In the 90s the 
certification authorities and the helicopter industry developed a new fatigue and 
damage tolerance approach, including the determination of replacement time and 
inspection intervals. Both certification possibilities demand a residual strength test 
(or analysis supported by test results) after applying dynamic loads. 
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2   Fatigue Tests of Glass Fibre Specimens with Shear  
and Bending Loads at Various Stress Ratios 

The design of the “flexbeam” includes several fundamental functions such as the 
attachment area, the flap bending section and the torsion structure. The flap bend-
ing section has the function of a hinge, having a low flapping bending stiffness 
and high strength. The torsion section was optimized with respect to many pa-
rameters, such as high torsion strength and low torsion stiffness. Transverse shear 
loads, centrifugal loads, bending and torsion moments are transferred by the ele-
ment. The design certification includes elements of the new rules. The new rule 
for the helicopter design considering fatigue and damage tolerance (“Damage To-
lerance and Fatigue Evaluation of Composite Rotorcraft Structures”, FAR 27/29 
§573) was introduced in 2010.  

After the dynamic test, the residual strength including the influence of higher 
temperature and moisture was demonstrated. The complicate design of the com-
plete rotor blade is described in [Bansemir H. and Emmerling S.: Fatigue Substan-
tiation and Damage Tolerance Evaluation of Fibre Composite Helicopter Compo-
nents]. Depending on the substantiation possibilities, replacement times or 
inspection intervals including the respective residual strengths can be used for cer-
tification. In Fig. 3 the bended and torsion loaded “flexbeam” of the EC 135 is 
shown. In both cases a centrifugal force of more than 150 kN is additionally ap-
plied. Long beam three point bending specimens are used for the establishment of 
the bending strength SN curves of the used fibre composite, whereas short beam 
three point bending specimens are used for the determination of the shear strength. 

 

 

 

Fig. 2. The four parametric Weibull mean (SN curve) and working curve with the relevant  
parameters 
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Fig. 3. The bended and torsion loaded “flexbeam” including centrifugal force of the EC 135 

Fig. 4. SN curves for shear and bending amplitude strength for E-glass-epoxy unidirec-
tional composites for R=-1 (alternating stresses) 

Fig. 5. Results for shear- (R=0,111) and bending- (R=0,05) amplitude strength for E-glass 
epoxy unidirectional composites  
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Bending and shear strength SN curves of unidirectional glass fibre composites 
are shown in Fig. 4 and 5 for the different ratios R=0,111, R=0,05 and R=-1, R de-
scribes the ratio of lower stress divided by upper stress. The amplitude stresses 
and the load cycles are given on the axes of the diagrams [Weinert: “Fatigue 
Strength Surface.”]. 

3   Fatigue Test Results for Quasiisotropic Glass and Carbon 
Composites under Shear and Bending Loads Compared  
to Aluminium and Titanium Results 

The fibre composite family with a quasiisotropic lay up has an isotropic stiffness 
property but marginal anisotropic strength behavior. The interlaminar shear 
strength is usually lower than for unidirectional lay up (Fig. 4). In Fig. 6 SN 
curves for transverse shear and bending strength for glass- and carbon composites 
are shown. The SN curves of carbon composites show higher shear and bending 
strengths than those of glass composites. In Fig. 6 reduced working SN curves 
also are given. The reduction of the mean curves corresponds to a survival prob-
ability of 99.9%. The diminution due to statistics is higher for carbon composites. 
The specific weight of carbon composite is about 1.5, for glass it is 1.9, for alu-
minium 2.7, for titanium 4.5 and for steel 7.8 (kp/dm3). Therefore the specific 
strength of carbon composites is superior to glass composites. The specific 
strengths of Alu 2024 T3 and Ti-6Al-4V shown in Fig.7 are low compared to fibre 
composites. 

 

 

Fig. 6. Results for shear- and bending (R=0.111) amplitude strengthfor E-glass- and carbon 
composites with a quasiisotropic lay up [Properties of Glass- and Carbon Fibre Fabrics…] 
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Fig. 7. Amplitude SN curves for Aluminium Alu 2024 T3 Kt=1 and Titanium Ti-6Al-4V 
Kt=1 for R=0 [Handbuch Strukturberechn.] 
 

4   The Determination of the Replacement Time and Inspection 
Interval 

The coupon and component test results are used, together with the mission profiles 
and flight loads, for the calculation of the component life time according to the 
methodology of Palmgren-Miner (Fig. 8). 

The described Weibull curves (SN curves) are mean curves with a survivability 
of 50%. Often a survivability 99.9% is used for the “working curves”, thus a re-
duction of the mean curve has to be performed. The deviations of the test results to  
 

 

 

Fig. 8. The methodology of Palmgren-Miner for calculating the replacement time. 



Fatigue and Damage Tolerance Behavior of Fiber Composites 51
 

 

Fig. 9. Calculation of the inspection intervals with the help of the “Detectable Damage 
Size” and the “Residual Strength”. 

the mean curve are transmitted to the static level of the curve. The static level of 
the test data can be used in a form of a logarithmic distribution for the establish-
ment of the reduction for the working curve. The constant reduction factor is used 
for the working curves. 

The determination of the inspection intervals can be performed with the meth-
odology described in Fig. 9. The damage size versus lifetime is shown together 
with the “Detectable Damage Size” and the “Residual Strength for Limit Load 
Capacity”. Two possible inspection intervals can be calculated with the difference 
between those two points and the difference between “Detectable Damage Size” 
and begin of life divided by n intervals (i.e. 3). The lower inspection interval has 
to be taken for the maintenance. 

5   The Sensitivity to Notches in Multi-directional Composites 

As shown in Fig. 10, where the dynamic behaviour of the strain versus load cycles 
for 3 configurations of Carbon fibre (T300) composites is presented, the static- 
and low cycle strength is drastically reduced for notched composites. But the high 
cycle fatigue strength is not reduced due to notches. The slope of curve 1 is very 
flat compared to curve 3 and therefore the fatigue strength of notched carbon 
composites is not relevant, having comparable lay ups. Chopped fibre composites 
recycled from carbon composites have a good ability to resist dynamic loads but 
are sensitive to static loads. This behavior is different to the attitude of metal 
structures. 
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1.  Carbon Short Fi-
bre Composite 
 
2.  Notched Carbon 
Fibre Composite 

k= 2 
3.  Unnotched  
Carbon Composite 
 
R= -1 

Fig. 10. Wöhler curves for alternating strain (R=-1) for a special symmetrical carbon com-
posite lay-up (47,5% 0°; 47,5% ±45°; 5,0% 90°) with and without notches (2 and 3) com-
pared with a carbon short fibre composite. 

6   Summary 

Light weight components are essential for the design of helicopters. In 1967, the 
BO 105 flew for the first time using composite blades for a “hingeless” rotor de-
sign. Later the “hingeless” and additionally “bearingless” rotor of the EC 135 was 
manufactured. Only the outstanding properties of fibre composites enabled such a 
progressivedesign. The specific dynamic strength of fibre composites is high 
compared to metals. Composites are sensitive to static loading but insensitive to 
dynamic loads. Established rules for fatigue and damage tolerance allow the sub-
stantiation and certification of new developments. 
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Abstract. An innovative pultrusion process makes it possible to produce fiber rein-
forced polyurethane composites with superior mechanical properties compared to 
most traditional lightweight materials. The outstanding mechanical properties can be 
achieved, due to a very high fibre volume fraction. Moreover in the highly auto-
mated manufacturing process, lineal profiles with highly complex cross-section can 
be realized with minimal production cost. As a technology demonstrator, in this 
study, the new pultruded composite will be implemented in a car body of a hydrogen 
powered vehicle. While the prototype testing’s of the materials performance are 
planned in a DTM (DTM: Deutsche Tourenwagen-Meisterschaft) racing car, the 
long term vision focuses on an urban car concept, designed completely with this in-
novative material. The pultruded composite, as an attractive automotive design ma-
terial, reduces weight and consequently cuts emissions and environmental damages. 
It can be a promising step towards increased sustainability. 

1   Introduction 

The automotive industry is facing a rapidly increasing population with a growing 
demand on mobility and, at the same time, the problem of declining energy re-
sources. In response to this development, the automotive manufacturers are gear-
ing towards more sustainable mobility concepts.  

This sustainability trend includes the further development and improvement of 
vehicles powered by alternative energy resources such as environmentally friendly 
hydrogen production. But also utlising the available energy as efficiently as possi-
ble is an important development. 

A contribution to the latter aspect can be realized by applying lightweight materi-
al technologies. The pultrusion technology presented allows manufacturing 
lightweight profiles with a very high content of reinforcing fibers. The initial results 
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of feasibility studies and on-going experimental tests have indicated the great poten-
tial of the composited as a structural component in vehicles.  

2   Manufacturing Process 

Pultrusion is a continuous method of manufacturing various reinforced plastic 
shapes of complex cross sections. The unidirectional roving’s are drawn through a 
liquid specially formulated thermosetting resin bath to thoroughly wet every fiber. 
A forming-shaping guide assembles the coated fibers. While the fibers are pulled 
through a die the resin is cured under pressure and heat. Figure 2 shows the class-
cal pultrusion process with two component system of polyol and isocyanate [3, 4]. 

 

Fig. 1. Schematic of a typical polyurethane pultrusion set up [4] 

3   Core Benefits  

The innovative material provides a fiberglass content of up to 72 percent fiber vo-
lume fraction. Hence the composite exhibits improved strengths, stiffness and im-
pact resistances. Also specimens of unidirectional E-glass with polyurethane, 
epoxy, polyester resins have been tested in long term tests. The long term creeping 
tests, which are usually a critical issue among plastic resins, indicate promising re-
sults concerning the polyurethane composite [1]. Besides the glass fiber, other fi-
bres like carbon or basalt can be considered as reinforcement material in the pul-
trusion process.  

In the Figure below lineal pultruded composites are shown. The variety of cross 
sections, which can be created, offers a wide range of design flexibility to meet 
specific engineering requirements. 
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Fig. 2. Fiber reinforced beams/bars produced by an innovative pultrusion process [4]. 

All in all these attractive properties in combination with a low density of 2.0 
kg/dm3, qualifies the material for a profile intensive frame design as structural 
components in car bodies.  

So far the greater usage of composites in the automotive section has been main-
ly restricted by the material and manufacturing cost particular with regard to the 
automotive mass production. In contrast, the manufacturing process of the pultru-
sion composites allows high-speed and automated production. The short optimized 
hardening cycles provide parts in an industrial scale with low labor costs. Moreo-
ver the availability of the commercialized polyurethane resin is almost unlimited 
with a particularly favorable purchase price.  

Applying a material to a vehicle, the functionality over time is an important is-
sue. The initial results of environmental expose tests confirmed the chemical and 
the stability resistance to weathering [4].  

Plus excellent resin-to-fiber bonding and transverse properties have been 
achieved so far. The pultrusion process can be assessed as an environmental 
friendly process without styrene. [3, 4]. 

4   Application in a Hydrogen Racing Car 

In the current study the application of the pultruded composite as a structural part 
in a racing car powered by hydrogen is investigated. The racing car is used as 
technology demonstrator and the first prototype for a profile intensive car body 
design. The long term objective is manufacturing a whole car body of the new 
composite especially to meet the demands and needs of the increasing urban mass 
industry.  

The car body and its initial material distribution are shown in figure 2. As a 
first approach the cross member of the alumni space frame vehicle will be re-
placed by a pultruded bar reinforced with fiberglass in combination with a two 
component polyurethane resin.  
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Fig. 3. Material distribution of the hydrogen racing car 

The lower material stiffness in fibre direction of the pultrusion profile com-
pared the aluminum profile will be compensated by a higher geometrical moment 

of inertia GPURI according to (analogous for the torsion stiffness): 
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GPUR
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E
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IIEIE 4,1≈=→=   

Adjustments regarding the material properties can be obtained by using different 
fibers like basalt or carbon fibers as reinforcing components alternatively. Note 
that the availability of the costly carbon fiber is restricted. 

The tremendous flexibility regarding the cross section design allows not only an 
optimized geometrical optimization but provides also huge potential for the connec-
tion assembly. Herein the hybrid construction of the car body requires a safe connec-
tion of the composite to the aluminum frame structures. This can be realized by in-
stalling the composite with positive locking (bolts, special connection assembly or 
inserts) and conventional adhesive bonding connections in addition.  

Besides the elementary bending and torsion stiffness optimization and joining 
technique other functional requirements will have a major impact on the 
lightweight part design. This involves the crashworthiness, seat connection solu-
tion, noise and vibration, reparability and the robustness in particular with respect 
to fatigue failure.  

5   Conclusion   

Introducing a new sustainable material and manufacturing process in the automo-
tive industry is a long lasting complex process. For the holistic qualification the 
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experimental program has to be expanded and numerical models have to be inte-
grated in the design progress.  

Basic experiments and on-going feasibility studies have given promise that the 
pultruded PUR profile can be a competitive substitution or supplement to the alu-
minum space frame design.  

The key benefits of weight saving, wide availability and high performance in 
combination with a highly automated mass process makes it a promising structural 
component for sustainable mobility. 
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Abstract. In situ consolidation of thermoplastic composites opens the possibility 
of fully automated composite production when coupled with fibre placement tech-
nologies such as automated fibre placement (AFP) and automated tape placement 
(ATP). These approaches show much potential for flexible and efficient manufac-
ture of lightweight and high performance automotive structures, including high 
pressure storage vessels for gaseous fuels. The placement rate of such systems 
must be maximised for production, however maintaining composite quality is non-
trivial due to the highly dynamic behaviours at the nip point. Bonding is governed 
by intimate contact, autohesion and degradation processes. The quality is a func-
tion of the level of bonding, crystallinity, void dynamics and residual stress gen-
eration. The behaviour of these processes is dictated by the temperature and/or 
pressure distributions at the interface. In order to analyse the welding process it is 
therefore necessary to have models for each of the processes combined with robust 
pressure and temperature analysis. Process optimisation is a trade-off between the 
different aspects of quality. This paper will investigate the limitations of the work 
to date and identify improvements for future work.   

1   Introduction 

The high specific strength and stiffness of fibre-reinforced polymer composites 
makes them an attractive choice of material for use in lightweight and high per-
formance automotive structures. Additional benefits include the ability to produce 
complex geometries which result in lower part counts with fewer assembly and 
joining operations. One area of particular interest is high pressure gas storage ves-
sels for alternative fuels such as compressed natural gas (CNG), where the cost-
benefit of using composite materials is favourable compared to metals. 

There are two major hurdles when considering composites for automotive use: 
 

1. Manufacturing process 
The manufacturing process for composite materials is normally associated with 
being slow due to labour intensive layup processes followed by long cure cycles 
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due to the use of thermoset resins. The additional costs associated with prepreg 
materials and autoclave cure need to be considered for the processing of high per-
formance composites. Technologies such as filament winding, automated tape or 
fibre placement (ATP/AFP) have the ability to eliminate most of the labour inten-
sive layup process, however the long cure cycles still remain. 

2. Environmental impact/Recyclability 
Automotive manufacturers are under pressure to use materials and manufactur-
ing processes with minimal environmental impact. Composites are traditionally 
made using thermoset resins which produce a significant amount of volatile or-
ganic compound emissions during the manufacturing process. Recycling of 
thermoset composites is difficult and commercially viable solutions are still 
under development [1]. 
 

Thermoplastic composites have the ability to address both of these issues. Thermo-
plastic materials are processed by fusion bonding: heat and pressure are applied to 
the interface being joined, and the polymer molecules diffuse across the interface 
forming a bond. As no solvents are involved, negligible emissions are produced 
making it a very clean process. Furthermore, when coupled with a placement tech-
nology such as ATP or AFP, the composite can be bonded in situ as it is placed. 
This means that once the placement has finished the component is ready for use- the 
cure cycle is eliminated making the process time much shorter. Thermoplastic com-
posites are more easily recycled as they can be re-melted. 

The in situ thermoplastic ATP process is an attractive manufacturing process 
for the automotive industry as it is fast, clean, automated and uses sustainable ma-
terials. While extensive research has been conducted in the area, the process has 
not yet reached maturity. A complete understanding of the process and ability to 
accurately predict material quality in real processes is required in order for indus-
try to adopt the technology. This paper will investigate the limitations of the work 
to date, identify improvements for future work and discuss the developments re-
quired for the commercialisation of the process. 

2   The In Situ Thermoplastic ATP Process   

The in situ thermoplastic ATP process is described by Figure 1. Unidirectional 
pre-impregnated material is fed into the placement head. As the material ap-
proaches the consolidation device it is heated along with the substrate. The melted 
surfaces of the tape and the substrate and are pushed together as pressure is ap-
plied by the consolidation device, resulting in a bond. Parts are made by building 
up laminates layer-by-layer. 
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Fig. 1. Diagram showing the in situ thermoplastic AFP process 

The majority of the literature for in situ thermoplastic placement processes is 
based around systems using hot gas torches as the heat source due to their low 
capital cost. Hot gas torches have high ongoing costs as nitrogen must be used to 
prevent oxidation of the surface at elevated temperatures. Gas torches can only de-
liver heat at a limited rate due to the convective mode of heat transfer. They are 
also known to suffer from gas stagnation at the nip point. Process control can be 
difficult as the torches have a delayed response. In more recent times diode lasers 
have been used as they are able to deliver more heat, are more efficient and have a 
near instantaneous response which is ideal for process control [2,3]. 

The most common consolidation device is a simple roller. Other variations 
have appeared such as conformable rollers which allows for placement on curved 
surfaces. One group used a series of conformable line and area compactors which 
are used to apply pressure, heat and cooling over large curved areas [4]. 

3   Modelling of the Process   

The in situ thermoplastic process is highly nonlinear due to the rapid temperature 
and pressure cycles experienced around the nip point. It involves a number of physi-
cal processes that occur simultaneously and each have a substantial effect on the fi-
nal quality of the composite, therefore robust models for each element of quality are 
imperative for complete material quality prediction. The modelling work to date for 
each of these aspects of quality is discussed in the following sections.   

3.1   Bonding Model   

The bonding process is the source of strength development and is based on the dif-
fusion of molecules across the interface, a process known as autohesion. In order 
for diffusion to occur, the surfaces must first be in intimate contact. 
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3.1.1   Intimate Contact   

Intimate contact models are used to determine the degree of physical contact  
between two surfaces when pushed together. As no surface is perfectly flat, the 
initial amount of physical contact is limited to asperities. Thermoplastics have vis-
cous behaviour at elevated temperatures, so if pressure is applied, the surfaces will 
deform over time achieving full contact. The amount of intimate contact is there-
fore dependent on the initial geometry of the surface, temperature and pressure. 
Dara and Loos [5] developed a complex an intimate model which used a series of 
viscoelastic rectangles with varying heights based on statistical distributions. Lee 
and Springer [6] simplified this model by assuming a series of uniform rectangles. 
The geometric parameters of the rectangles are determined by adjusting them so as 
the model fits the experimental data. Mantell and Springer [7] adapted this model 
to account for time varying temperature, pressure and viscosity. While this model 
has been shown to predict intimate contact, there is a fundamental problem that 
the geometric parameters are determined by fitting the model to experimental  
data. Yang and Pitchumani [8] developed a fractal model for intimate contact de-
velopment which uses parameters that are determined through surface profile 
measurements. Extensive experimental validations were performed, confirming 
the accuracy of the model [8,9].    

3.1.2  Autohesion 

Autohesion is the process of interdiffusion of the polymer molecules across the in-
terface. It is the process that develops the bond strength. The reptation theory de-
veloped by de Gennes [10] was extended by Wool and co-workers [11-13] to 
model the motion of the polymer chains across a polymer-polymer interface. 
These models have been widely used to describe this strength development proc-
ess under isothermal conditions. The in situ thermoplastic ATP process is highly 
non-isothermal therefore a nonisothermal approximation is required. Based on  
approximate extensions of the reptation theory, Bastien and Gillespie [14] and 
Sonmez and Hahn [15] presented various nonisothermal models. Yang and 
Pitchumani [16] formulated a nonisothermal model from first principles of the 
reptation theory. These models have been compared with results from noniso-
thermal experiments and it has been found that the Yang and Pitchumani model 
best correlates with the experimental data [16-18].  

3.2   Void Growth and Reduction 

Thermoplastic composite tapes contain a certain percentage of voids. The void 
content cannot be zero due to the high viscosity of the polymer melt. As the tape is 
heated and the matrix softens, the internal pressure of the voids can cause them to 
grow. When significant pressure is applied at the nip point, the voids will be com-
pressed. If the matrix is cooled sufficiently before the consolidation pressure is re-
leased, the voids will remain in this small compressed state. Ranganathan et al. 
[19] developed a void dynamics model. It included a macroscopic void transport 
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model that was used to determine the pressure distribution within the tape. A  
microscopic void consolidation model was used to determine the growth and re-
duction of the voids. This model was subsequently implemented by [20] and [21]. 
Results confirmed this model to give reliable predictions of void content for a 
range of processing conditions.    

3.3   Thermal Degradation   

High temperatures are required in order to achieve bonding in situ at a reasonable 
rate. The temperatures are sufficiently high to cause decomposition and cross link-
ing. Sonmez and Hahn [15,22] adopted a degradation weight loss model. They as-
sumed crosslinking to be negligible due to the short period of time at elevated 
temperatures. Nicodeau [23] considered degradation due to crosslinking which can 
be observed by an increase in viscosity. Both of the degradation methods are time 
and temperature dependent, and a fixed limit of acceptable degradation assumed. 
These studies have not determined the effect of degradation on material strength. 

3.4   Residual Stress   

Due to the large thermal gradients experienced during in situ thermoplastic ATP 
and the mismatch of thermal properties between the fibre and the matrix, residual 
stress will always develop. Residual stress can cause delamination, matrix crack-
ing and distortion of the finished part. Sonmez et al. [24] developed a residual 
stress model for in situ thermoplastic APT. Due to a lack of available experimental 
data, the model was confirmed using data from two press moulding experiments. 
The model was shown to agree with the experimental data.  

4   Process Studies and Optimisation 

Many parametric studies have been performed to analyse the process using vari-
ous combinations of the models for each aspect of quality. The majority of these 
studies have used simplified 2D thermal models and consider head a head placing 
PEEK with a single rigid roller and a hot gas gun. These studies provide a better 
understanding of the effects of the process parameters on quality, however they do 
not present a set of optimal process parameters. 

The highly non-linear behaviour and the number of aspects of quality to con-
sider make optimisation of the process difficult. Few studies have appeared in lit-
erature. Two optimisation studies [25,26] have been performed using the response 
surface method, however these are based purely on basic measurements of manu-
factured samples and do not consider process models. An artificial neural network 
was implemented for online process optimisation [27] which employed bonding 
and void dynamics models. Sonmez and Akbulut [28] used a Nelder-Mead zeroth-
order approach for optimisation which considered bonding, degradation and resid-
ual stress. A simulation tool has been developed [2,29] that simulates a roller and 
hot gas torch and incorporates models for all but residual stress.  
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5   Conclusions and Future Directions 

Although imperative for complete quality prediction, to date there has not been a 
single study or simulation tool that has encompassed all of the aspects of quality 
as described in this paper. Appropriate models exist in the literature to create a 
process model capable of full material quality prediction, however this is yet to be 
implemented. 

In order for the technology to be accepted, the understanding of the process 
needs to have matured to the point where full quality predictions can be made for 
real components in real manufacturing processes. Due to the complexity of the 
process and its strong dependence on thermal history, it is anticipated that process 
optimisation should be integrated with the path placement planning software. This 
way the full thermal history of the tape and tooling is captured, and the thermal ef-
fects of recently placed tape are taken into consideration.  

Future directions include the development of a simulation tool that incorporates 
all of the models for the different aspects of quality. Ideally this tool would inte-
grate with an FE package where different head designs (heat sources and consoli-
dation devices) could be investigated and optimised for speed and quality. Such a 
tool could then be used for online process control e.g. use the tool to train an arti-
ficial neural network based control system. Demonstration of this level of under-
standing and predictive capability would bring the confidence in the process to a 
level that is required for industry acceptance. 
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Abstract. Light-weight structure is one of the keys to improve the fuel efficiency 
and reduce the environmental burden of transport vehicles (automotive and rail). 
While fibreglass composites have been increasingly used to replace steel in auto-
motive industry, the adoption rate for carbon fibre composites which are much 
lighter, stronger and stiffer than glass fibre composites, remains low. The main 
reason is the high cost of carbon fibres. To further reduce vehicle weight without 
excessive cost increase, one technique is to incorporate carbon fibre reinforcement 
into glass fibre composites and innovative design by selectively reinforcing along 
the main load path. Glass/carbon woven fabrics with epoxy resin matrix were util-
ised for preparing hybrid composite laminates. The in-plane mechanical properties 
such as tensile and three-point-bending flexural properties were investigated for 
laminates with different carbon fibre volume and lay-up scheme. It is shown that 
hybrid composite laminates with 50 % carbon fibre reinforcement provide the best 
flexural properties when the carbon layers are at the exterior, while the alternating 
carbon/glass lay-up provides the highest compressive strength. 

1   Introduction 

Fibre reinforced polymer matrix (FRP) composites offer great advantages in re-
ducing the weight of a vehicle, improving the damage, corrosion resistance and in-
ternal damping, consolidating the parts required by traditional manufacture of 
metal components. However, issues such as high material costs, slow production 
rates, low recyclability and automotive industry’s lack of experience with compos-
ite materials limit the wider adoption of composites in primary vehicle structures 
[1-3]. The most popular reinforcements for polymer matrix composites are carbon 
and glass fibres. It has been estimated that the use of glass fibre reinforced poly-
mer matrix (GFRP) composites as structural components could yield a 20 - 35 % 
reduction in vehicle weight; more significantly, the use of carbon fibre reinforced 
polymer matrix (CFRP) composites could yield a 40 – 60 % weight reduction [4].  

                                                           
* Corresponding author. 
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Cost reduction continuously to be the paramount challenge facing automobile 
manufacturers while fuel economy and technology transformation are becoming 
more important [5].  To reduce vehicle weight without excessive cost increase, 
one technique is to incorporate carbon fibre reinforcement into glass fibre com-
posites and innovatively design by selectively reinforcing along the main load 
path [6-8]. Hybrid composites are composed of more than one type of reinforce-
ment and they can be classified into interply or laminated hybrid, intraply or tow-
by-tow hybrid, intimately mixed hybrid, and other types of mixtures [9]. Glass and 
carbon fibres are the most popular reinforcements for structural polymer matrix 
composites; in the current work, E-glass and carbon fibre woven fabrics with ep-
oxy resin matrix have been used for fabricating hybrid composite laminates. Dif-
ferent glass/carbon fibre ratios and stacking sequences were investigated against 
the tensile, compressive and flexural responses of hybrid composite laminates. 

2   Experimental 

ColanTM E-glass plain weave fabric and SigmatexTM carbon 2/2 twill weave fabric 
(T300, 3K Tow, 199 GSM) were used to reinforce the West system epoxy 105 
cured with slow hardener 206. Wet lay-up was applied to fabricate laminates with 
five different lay-up schemes: [C]8, [C2G2]s, [CG3]s, [CGCG]s and [G]8, where C 
and G denote carbon fibre and glass fibre respectively. The composite laminates 
were cured at ambient temperature for 24 hours before cut into specimens for me-
chanical tests. The overall fibre weight fraction of the composites was approxi-
mately 45%. ASTM D3039 and ASTM D970 standards were used for tension and 
three-point-bending tests; the compression tests were performed using a NASA 
short block compression fixture. The specimen dimensions were 250 mm × 25 
mm for tensile, 100 mm × 25 mm for three-point-bending and 52 mm × 25 mm for 
compression tests.  

3   Results and Discussion 

3.1   Hybrid Composites under Tensile and Compressive Loading 

The addition of carbon fibre reinforcement lead to reduced density of composites, 
varying from  1.508 g/cm3 for the plain glass fibre composite [G]8 to 1.460 g/cm3, 
1.327 g/cm3, 1.316 g/cm3 and 1.237 g/cm3 for the [CG3]s, [C2G2]s, [CGCG]s and 
[C]8 composites, respectively. Fig. 1 shows the tensile and compressive stress-
strain curves for all five types of composite laminates. As it can be seen from the 
graphs, the [C]8 composite had the highest tensile and compressive strength and 
the [G]8 composite had the lowest tensile and compressive strength, where the av-
erage tensile and compressive strength of plain glass fibre composites account for 
almost 50 % of the plain carbon fibre composites for both tension and compres-
sion loading cases. At the same glass/carbon fibre ratio (50:50), [C2G2]s and 
[C/G/C/G]s showed similar tensile strength, which accounts for 60 % of the plain 
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carbon composite; however, higher compressive strength and strain were found 
for the [C/G/C/G]s than the [C2G2]s. With the addition of 25 % of carbon fibres in 
the exterior layers, [CG3]s exhibited only slight improvement in both tensile and 
compressive strength than plain glass composite [G]8. The compressive strain re-
sulted from the alternating lay-up scheme ([CGCG]s) showed the highest value 
above all other composites.  

 

 

Fig. 1. Stress-strain curves for composites under a) tensile and b) compressive loading 

The linear rule of mixture (ROM) was used for calculating the tensile and com-
pressive strength. Denoting the carbon fibre ratio of all fibre reinforcement is α, 
the Young’s modulus can be expressed using the simple rule of mixtures as: 

 

 Gc EEE )1( αα −+=                                                     (1) 

 

Where E  denotes the modulus of hybrid composite, Ec, denotes the modulus of 
carbon fibre composite and EG, denotes the modulus of glass fibre composite. So 
the stress, σ, of the hybrid composite can be expressed as  

 

  
)/()( GccGGcc tttEtE ++= εσ                                   (2) 

 

Assuming α equals to the percentage of the thickness of carbon layers (tc) in the 
whole laminate (tc 

+ tG) and the composite fails when the elongation of laminates 
reaches εc. However, in real case, the glass fibres can still carry load until the ul-
timate strain of glass fibre composite is reached. Therefore the maximum stress of 
hybrid composites is  

 

)]/(),/()(max[max GcGGGGcGGccc tttEtttEtE +++= εεσ    (3)          
 

As it can be seen from Fig. 2, the tensile strength results agreed well with analytical 
results; however, the compressive strength exhibited a negative hybridization effect, 
where the hybridization effect is shown by the deviation from the ROM behaviour.  
The ROM could not demonstrate the difference in the compressive strength of 
[C2G2]s and [CGCG]s composites, due to the same carbon/glass fibre ratio.  
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Fig. 2. Strength predictions of tensile and compressive composite specimens 

3.2   Hybrid Composites under Flexural Loading 

The flexural stress-strain curves for all five types of composite laminates are 
shown in Fig. 3. The flexural strength increased significantly by placing two car-
bon layers at the exterior, which accounts for 89 % of the plain carbon fibre lami-
nate [C]8. Based on the plane section assumption, the strain distribution in the 
laminate can be expressed in terms of the curvatureκ, with the origin of the coor-
dinate being at the mid plane of the composite laminate 
 

zz κε −=)(                                                 (4)                                                
 

Where z denotes the coordinate along the thickness direction. Different fibre rein-
forced composite plies can exhibit significantly different failure strains. For a hy-
brid composite laminate under pure bending load, the maximum bending moment 
it can carry corresponds to the load when a certain ply in the laminate reaches its 
failure strain. The maximum curvature at failure of the laminate is  
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Where εc(zi) denotes the strain of the i-th ply under compression and εt(zi) denotes 
the stress of the i -th ply under tension. It is clear that maximum deformation 
(curvature) occurs when plies with the highest failure strain are placed close to the 
surface, far removed from the neutral axis. The bending moment of a beam with 
rectangular section is given by, 
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4   Conclusions 

Five types of composite laminates, i.e. [C]8, [C2G2]s , [CG3]s, [CGCG]s and [G]8 

composites, were investigated under static loading under tension, compression and 
three-point-bending. To effectively improve the tensile, compressive and flexural 
strength of the plain glass fibre composite, glass/carbon (50:50) fibre reinforce-
ment was used either by placing the carbon layers at the exterior or by placing dif-
ferent fibre types alternatively. With the same hybrid composition, the stacking 
sequence did not show noticeable influence on the tensile properties but affected 
the flexural and compressive properties significantly.  
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Abstract. The trend towards smaller and lighter, more environmentally friendly 
vehicles is accelerating, as the petrol price rises and the CO2 reduction target  
becomes more strict. As a key enabling technology, light-weight but low-cost 
structure plays an important role in promoting the use of fibre reinforced polymer 
matrix composites in automotive applications. In this work an experimental inves-
tigation is carried out to design, manufacture and analyse a stiffened composite 
structure, aiming at achieving required bending and torsional strength and stiffness 
at the minimum weight. One major application of this new lightweight structure is 
the load-bearing floor component. Some initial results from this work are pre-
sented in this paper.  

1   Introduction 

Reduced CO2 emissions and increased vehicle fuel economy is a critical matter for 
automotive technology development. Automobile manufacturers are now using 
more composite materials due to their lightweighting benefits, despite of the cur-
rent higher material cost of carbon fibre composites versus steel and aluminium 
[1]. Fibre reinforced polymer matrix (FRP) composites are materials that have 
high specific strength and energy absorption as well as offer other benefits such as 
part consolidation, styling flexibility, good noise/vibration/harshness characteris-
tics and good corrosion resistance, which are well suited for future lighter, sus-
tainable and more energy-efficient automotive vehicles [2,3]. For example, when 
advanced composites are used, instead of incremental part-by-part substitutions of 
metals, they can be applied in a whole-platform approach to solve system-wide is-
sues. The 'Revolution' fuel cell vehicle developed internally by Hypercar had 77% 
fewer parts in primary structure than in the equivalent portion of a conventional 
stamped steel BIW [4]. However, there remain great challenges to expand the use 
of FRP composites from decorative or semi-structural parts to primary  
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load-bearing structural components, aiming at taking advantage of these remark-
able benefits. Issues such as lack of experience and knowledge in design with 
composite materials, high material cost of composites, and difficulty with afford-
able processes for producing composite components in high volume to automotive 
production standards are main limitations to overcome [4]. 

Sandwich panels consisting of face sheets and cores are widely used in transpor-
tation vehicles and civil infrastructure due to their high flexural and torsional stiff-
ness/strength-to-weight ratio. In particular, sandwich structures are increasingly 
applied for giving combinational bending and torsional rigidity[5, 6] to compo-
nents such as body panels, floor pans and aircraft wings [7, 8]. The core keeps the 
face sheets apart and stabilizes them by resisting vertical deformations and enables 
the whole structure to act as a single thick plate. Unlike honeycomb cores, a cor-
rugated-core resists bending and twisting in addition to vertical shear [9]. As a re-
sult, sandwich structures with corrugated cores have exceptional high flexural 
stiffness-to-weight ratio and are suitable for constructing structural components 
which require high level of stiffness characteristics while lightweight is a also an 
important design consideration.  

Electrical and hybrid vehicles are becoming increasingly popular as the petrol 
price rises. Comparing to other locations, the vehicle floor is the safest place for 
storing batteries, as it is located outside of the body’s impact and deformation 
zones. In this context, the corrugated sandwich structure provides spaces between 
the core and face sheets, which is suitable for integrating package of energy re-
sources. When the sandwich structure is used as a vehicle floor, the housed batter-
ies are therefore stored in a safe and secure location [10].  

In the current work, composite sandwich panels were fabricated with chopped 
strand glass reinforcement and polyester resin matrix, due to the low cost of both 
the reinforcement and matrix resin. The three-point-bending tests were performed 
both experimentally and numerically on the composite sandwich coupons. 

2   Experimental 

Chopped strand glass fibre mat was used as reinforcement and enydyne dicy-
clopentadiene modified polyester resin 1735 cured with the methylethyl ketone 
peroxide (MEKP) catalyst was used as matrix. An aluminium tool was fabricated 
for making the corrugated core; both the composite core and face sheets were pre-
pared using wet lay-up. Both the composite core and face sheets were cured at 
room temperature overnight before they were joined together using epoxy adhe-
sive Techniglue CA.  

Three-point-bending tests were performed using an Instron 5569 universal 
tester at a crosshead speed of 2 mm/min. The dimension of the sandwich coupon 
was 325 mm × 245 mm × 63 mm. The thickness of the face sheet was 4 mm and 
the core thickness was 3.5 mm. The rollers with diameter of 50 mm were exerted 
along different directions (Scheme 1 and 2) as shown in Fig. 1a and Fig. 1b,  
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respectively. The span length was 160 mm for Scheme 1 (roller parallel to the core 
length direction) and was 220 mm for Scheme 2 (loading in the cross-direction).  
Finite element models were created with the solid element (C3D8I) in Abaqus 
6.10. The sandwich specimen was supported by two rigid bodies at the lower sur-
face; another rigid body was moved down to apply the bending. To establish the 
contact relationship, an initial displacement was applied to the model. The reac-
tion force and displacement were output to compare with the experiment result.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Three-point-bending tests on the corrugated sandwich composite coupon. a) and b) 
show the set-up for coupons loaded in the machine-direction and the cross-direction,  
respectively. 

3   Results and Discussion 

Fig. 2 presents the experimental load-displacement curves under loading in the 
machine- direction and the cross-direction. In the parallel-direction, the downfall 
load reached 50 kN, which is the limit of the testing machine, after the adhesion 
between facesheet and core failed. In the case of the cross-direction, the sudden 
load drop became less significant and the loss of linearity was more progressive. 
The first load-drop occurred at 41 kN and the second at 33 kN, which correspond 
to the failure between face sheet and core and the failure in the up facesheet, re-
spectively. The bonding moduli of the corrugated sandwich coupon were calcu-
lated by using the following function: 

 
33 4/ HblE ⋅⋅⋅Δ=  

 
Where Δ denotes the slope of the load-displacement curve, l is the span length, b 
is the specimen width and H the specimen thickness. The Bending Moduli was 
calculated to be 232 MPa for the coupon in the parallel-direction and was 333 
MPa for the coupon in the cross-direction.  
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Fig. 2. Experimental load-displacement curves of corrugated composite sandwich coupons 
under bending conditions of: a) Scheme 1 and b) Scheme 2. 

 

Fig. 3. Stress distributions of composite sandwich coupons loaded in both a) the machine-
direction and b) the cross-direction 
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Fig. 4. Comparison between experimental and numerical results from load-displacement 
curves. a). loading in the machine-direction; b) loading in the cross-direction 

In order to simulate the mechanical behaviour of corrugated sandwich structure, 
a FE model was created using Abaqus (Figure 3). The FE simulation will reduce 
the development costs and accelerate the development of the optimised structure 
in the early stage of design. At this stage, the adhesion between the core and the 
face sheets was ignored. As it can be seen from Figure 3 that the stress concentra-
tion occured on the corrugation core part and the region where the core and the 
face sheet meet. The model was able to simulate the load-displacement curves at 
the initial loading stage. The comparisons between the experimental and the nu-
merical results are shown in Figure 4. It can be seen that at the initial loading 
stage, the FE models could simulate the experimental results reasonably well. 

4   Conclusion 

A lightweight glass fibre composite structure has been fabricated for applications 
where high bending strength and stiffness are needed. The sandwich structure with 
corrugations as core has demonstrated good bending properties. Three-point-
bending tests have been performed in both the parallel-direction and the cross-
direction of the corrugated sandwich coupons. The FE simulation results simu-
lated the load-displacement curves reasonably well at the initial loading stage. The 
spaces between core and face sheets provide opportunities for integrating energy 
resources into the vehicle floor that is a safe and secure location for this purpose.  

In the next stage, optimisation of the sandwich structure will be conducted. Fac-
tors such as corrugation angle, thickness of core and face sheets, fibre alignment 
and hybridisation will be considered for maximizing the bending performance 
with minimum weight. 
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project of Australian Cooperative Research Centre for Advanced Automotive Technology 
(Auto CRC). The authors would like to acknowledge the lab assistance provided by Mr 
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Abstract. The aim of this research is to explore the application of bio-
polysaccharide chitosan for the purpose of incorporating fragrance oil into auto-
motive fabrics and its antimicrobial properties relevant to automotive interior  
textiles. Chitosan was selected for this study for its film forming ability and inher-
ent antimicrobial attributes. 100% polyester automotive fabrics were used in this 
study, as 100% polyester is predominant fibre used for automotive interior tex-
tiles. The application of microencapsulated strawberry fragrance oil was studied to 
overcome the low durability issue. The microencapsulated fragrance oil was ap-
plied to the finished commercial 100% polyester automotive woven and knitted 
fabrics, in combination with chitosan. The treated fabrics were then assessed for 
smell retention. A new qualitative sensorial evaluation method was specifically 
developed for this study. It was concluded that application of the microencapsu-
lated fragrance oil to the 100% polyester fabrics in combination with chitosan 
produced durable fragrance finish. The treated fabrics were also assessed for their 
antimicrobial properties. The assessment of the results indicated that the fabrics 
treated with microencapsulated fragrance oil in combination with chitosan dis-
played excellent antimicrobial property. The study concluded that the use of chito-
san as a binder for the application of microencapsulated fragrance oil results in 
high fragrance retention in 100% polyester automotive fabrics and also produces 
excellent antimicrobial attributes in these fabrics.  

1   Introduction 

Recent years have seen vast evidence of research [1] in the area of finishing of 
textiles to impart functional properties such as antiodour or fragrance finishing, 
antimicrobial finishing, cosmeto-textiles for skin care and so on. The finishing 
process of textiles is one of the main factors which determine the desired effects 
for the ultimate consumer product. For automotive interiors malodour may be 
generated from smoking, spillages of food items and many other external reasons 
along with the microbial growth on textiles. Because automotive interior under-
goes minimal cleaning in its life span, malodour and hygiene is of great concern. 
The application of fragrance in the interior fabrics will not only neutralize these 
kinds of malodour but also restrict the occurring of microbial growth. It will also 
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give desired aromatic effects to the finished textiles. Until now limited research 
has been conducted on automotive interiors for antiodour/antimicrobial or fra-
grance finishing. The present study investigates the development of 100% polyes-
ter automotive fabrics with antiodour and antimicrobial properties. To achieve this 
chitosan, a biopolymer, was evaluated as a binder and also as an antimicrobial 
agent. This study also evaluates the gradual or delayed fragrance release properties 
of the chitosan finished fabrics and their application to automotive textiles.  
Figure 1 shows the scheme of the proposed finishing of automotive textile  
substrates.  

 

 

Fig. 1. Schematic diagram of the finished fabric 

1.1   Antiodour and Fragrance Finishing 

Antiodour and fragrance finishing is a process where the substrate is subjected to 
inclusion of fragrance/essential oils which gives effects such as sedation, hypno-
genesis, curing hypertension and many more.  The term ‘Aromachology’ [2] was 
coined in 1982 to denote the science that is dedicated to the study of the interrela-
tionship between psychology and fragrance technology to elicit a variety of spe-
cific feelings and emotions such as relaxation, exhilaration, sensuality, happiness 
and well-being through odours via the stimulation of olfactory pathways in the 
brain, especially the limbic system [3].A new branch of textiles called “Aro-
matherapy textiles[2,4]” involves the incorporation of these essential oils onto tex-
tile substrate for daily use.  

Spraying of perfumes and airing or washing is not a permanent solution for fra-
grance incorporation, as these are temporary treatments for removal of the malo-
dour. However, incorporation of cyclodextrin or antimicrobial agents to the fabric 
has been the focus of research in the past decade and is becoming more popular.  

The major problem using the cage compounds such as cyclodextrin is when it 
involves incorporation of fragrance compounds into textiles, because of the vola-
tile nature of the fragrances the smell dissipates after a certain time period. The 
second option is the enclosure of the fragrances into micro-bubbles and release by 
bursting the bubbles by external action such as abrasion or rubbing. This method 
is also referred to as microencapsulation; and this technique is very popular for its 
versatility in terms of application. The volatile nature of the fragrances is mini-
mized and the durability is increased by a significant margin with the process of 
microencapsulation. The third possibility as shown in Table 2 involves adsorption 
in porous metal oxide films, fixed as a polymer network on the fibre surface. 

100% polyester fibre 

Chitosan film 

Entrapped microcapsules 
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These finishes affect the quality of textiles such as softness and handle and cause 
problems in downstream processes like sewing. 

1.2    Chitosan as an Antimicrobial Agent 

Chitosan is a linear polysaccharide composed of randomly distributed β-(1-4)-
linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated 
unit) [5]. Chitosan is formed commercially by deacetylation of chitin, which is the 
compositional element in the exoskeleton of crustaceans such as crabs, shrimps 
lobsters etc. Chitosan has three reactive groups namely primary (C-6) and secon-
dary (C-3) hydroxyl (-OH) groups and the amino-NH2 (C-2) group in each repeat 
of the deacetylated unit of Chitin [6]. Thus it is poly-cationic in nature. The antim-
icrobial activity of chitosan and its derivatives has been well proven in the previ-
ous studies [7, 8, 9] but the mechanism of the antimicrobial action is yet to be dis-
covered. The acceptable interpretation is that the anionic cell surface of the 
microbes interacts with the cationic chitosan causing extensive cell surface altera-
tions and damage. This leads to inhibition of the metabolism of the cell and results 
in killing the cell [10]. So far it is considered that chitosan acts as a biocide for 
some microbes and as biostatic in other cases. 

2   Materials  

100% polyester knitted 4bar warp insert Shelby fabric was used. Courses per inch 
(CPI) and wales per inch (WPI) were 48 and 26 respectively. Fabric width was 
145 cm and weight was 300-320 g/m2.  

100% polyester woven fabric consisting yarn of 2/250 Denier in both warp and 
weft was used. Ends per inch (EPI) were 83-85 and picks per inch (PPI) were 49-
51. Weight of the fabric was 280-320 g/m2.Both the knit and woven samples were 
supplied by Melbatex Pty Ltd. Australia.  

High molecular weight (HMW) chitosan supplied by Sigma-Aldrich Pty. Ltd, 
Australia, were used for the application and used as received. The degree of 
deacetylation was greater than 90% with a molecular weight of less than 3,75,000 
and the viscosity was measured to be approximately 6 at 25 ºC. 

RICABOND® SE series fragrance carrier microcapsules supplied by RCA  
International Pty Ltd. were used in this study. Strawberry range was used for ex-
periments. Fragrance carrier microcapsules have an appearance of a thin white 
opalescent emulsion with a specific gravity of 1.07 g/m3 and viscosity of 90 cPs at 
25 ºC. pH of 10% solution was 4.5-5.5 and had a solid content of 48±2%.  

3   Testing Method for Evaluating Smell Intensity (Smell Rating 
Method) 

The fragrance microcapsules entrapped by the film formed by chitosan is expected 
to release the fragrance when it undergoes such instance like abrasion. In the  
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present study simulation of the same phenomenon was designed to evaluate the re-
lease property of fragrance microcapsules by carrying out successive abrasion cy-
cles under controlled circumstances.  

Preparation of Samples 
Freshly prepared solutions containing aromatic microcapsules and chitosan were 
applied on polyester fabric samples by pad-dry-cure process. Chitosan concentra-
tion was varied from 0.1% to 1 %( on the weight of fabric) and fragrance carrier 
microcapsule concentration was kept constant at 10 g/L. After treating, the fabric 
samples were then kept in a sealed polyethylene bag. These samples were rated 
10(highest smell intensity) on the rating scale. The untreated sample was rated 
0(no smell) on the rating scale (Figure 2). Controlled laboratory condition of tem-
perature (20±2)0C and relative humidity (65±3) % was maintained throughout the 
study. 

 

 

Fig. 2. The smell-rating Scale 

Procedure 
The treated controlled fabric samples were subjected to a rubbing action with the 
standard crock meter for 5 cycles each time for calibration of smell intensity for 
the observers. The samples which were needed to be tested were also subjected to 
successive abrasion cycles (10 cycles at a time for each test sample evaluated) till 
the smell dissipated. After every 10 cycles the observation panel (consisted of 
three people) was asked to rate and record the rating for each samples using the 
smell rating scale given in Figure 2. Standard wool cloth was used as abradant and 
tested sample diameter was 2.5 cm. The weight applied on the abrasion tester was 
14 oz.  

4   Testing Method for Determination of Smell Retention with 
Abrasion 

The treated fabric samples were tested for smell retention on successive abrasion 
cycles using a Martindale abrasion resistance testing machine. The intensity of 
smell was evaluated using the same scale described in Figure 2. Successive abra-
sion cycles were carried out for smell retention until the smell completely disap-
peared from the samples. 

0   1   2   3   4   5   6   7   8   9   10

Untreated Control 
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4.1   Antimicrobial Activity Test 

The antibacterial activity was evaluated quantitatively using the modified AATCC 
TM 100. K. pneumoniae (ATCC 13883), a Gram-negative bacterium commonly 
found on the human body, was chosen as the test bacterium. A typical procedure 
involves 1±0.1g of sample fabric, cut into small pieces of approximately 0.5×0.5 
cm, was dipped into a flask containing 70 ml of sterile saline with an overnight 
grown culture solution of 5 ml with a cell concentration of 7.5×105–1.5×106 
CFU/ml. The flask was then shaken on a rotary wrist action shaker at 37°C for 
1hour. Before and after shaking, 10µL of the test solution was extracted, serially 
diluted and spread onto nutrient agar plates. After incubation at 37 C for 24 h, the 
number of colonies formed on the agar plate was counted. The counting on the nu-
trient agar plates was done where the bacterial growth of only 30-300 had been 
found. Percentage bacterial reduction was calculated according to the following 
equation: 

R = (B-A) / B × 100%                                            (1) 

Where R is the percentage bacterial reduction, B and A are the number of live bac-
terial colonies in the flask with control and treated samples after incubation.  
Commercial knitted and woven were tested with the concentration of 0.3% chito-
san and 0.1% of strawberry microcapsules. 

5    Results and Discussion 

The treated samples were tested for film formation and subsequent entrapment of 
microcapsules. Figure 3 shows Scanning Electron Micrograph (SEM) of treated 
woven substrate. 
 
 

                 

Fig. 3. Woven fabric at 800 × magnifications showing the chitosan film entrapping the mi-
crocapsules 

Chitosan Film 
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Figure 4 is plotted based on the number of abrasion cycles the smell lasted as 
rated by the observer panel for each of the knitted samples to compare each con-
centration of chitosan varying from 0.1%, 0.3%, 0.5 and 1%.  

 
 

  

Fig. 4. Comparison of concentrations of chitosan treated knitted (left) and woven (right) 
samples on smell retention 

For the knitted fabric samples smell lasted from 110 to 170 cycles (Figure 4). 
Similar phenomenon was observed when the linear curve was plotted for the four 
concentrations together. The calculated value of m (smell decay rate) from the eq-
uation y = mx+ c were 0.0955, 0.0720, 0.0556 and 0.0515 for chitosan concentra-
tion of 0.1%, 0.3%, 0.5% and 1% respectively.  

The retention of smell for woven fabric maintained the similar way as for the 
knitted samples except for the smell lasted from 120 to 210 cycles. This may be 
attributed to the bulkiness and structure of the woven fabric. The calculated value 
of m (smell decay rate) from the equation y = mx + c were 0.0871, 0.0591, 0.0539 
and 0.0474 for chitosan concentration of 0.1%, 0.3%, 0.5% and 1% respectively. 
In both fabrics, the trend of decrease in relative rate of decay suggests the chitosan 
film was stronger with increasing concentration, which increased the durability of 
smell with successive abrasion cycles. The fabric samples after abrasion experi-
ments were tested again using the SEM. The presence of the chitosan film 
 

 
 

          

Fig. 5. Woven fabric at 400 × magnifications after 180 rubbing cycles 

Intact Microcapsules  
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and the microcapsules are much more visible in this picture (Figure 5). This may 
be attributed to the abrasion cycles as it exposed the inner structure of the fabric 
more than in the Figure 3. It can be seen that after abrasion there are still a lot of 
microcapsules intact inside of the fabric structure which may need harsher condi-
tion to remove or to release. 

The results of the antimicrobial test performed on the knitted and woven sam-
ples are tabulated in Table 1 and shown in Figures 6 and 7. 

Table 1. Antibacterial test results for knitted and woven fabrics against K. pneumoniae 

Sample Experiment number 
Bacteria count before 
shaking 

Bacteria count after 
shaking 

Reduction in % 

1 244 0 100% 

2 298 0 100% 
Knit 

 
3 253 1 99.62% 

1 244 1 99.62% 

2 298 0 100% Woven 

4 253 0 100% 

                     
 

 

Fig. 6. Untreated and Chitosan (0.3%) treated knitted fabric showing respectively showing 
large and no bacterial growth on agar plate 

  

Fig. 7. Untreated and Chitosan (0.3%) treated woven fabric showing respectively showing 
large and no bacterial growth on agar plate 
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The above results show that chitosan and strawberry microcapsule treated sam-
ples were very effective in killing the gram negative bacteria K. pneumoniae.  

6   Discussion 

In the present study HMW chitosan with molecular weight greater than 375,000 
was used. High molecular weight chitosan was reported previously to have good 
film forming ability and this is because of its intra and intermolecular hydrogen 
bonding [11]. The micrographs taken in SEM confirm the morphological aspect of 
the chitosan film as well as the presence of microcapsules containing fragrance 
oil. Study[12] on chitosan films reported that the water vapour permeability of 
chitosan film decreases with increased amount of concentration of chitosan. The 
concentration of HMW chitosan was varied from 0.1% to 1%, keeping the micro-
encapsulated fragrance concentration of 10 gpl, to investigate the effect of differ-
ent concentration of chitosan on smell retention. The retention of the fragrance 
smell that was measured by the amount of smell retained after successive abrasion 
cycles was found to be higher with the increased concentration of chitosan. The 
resistance to the release of the microencapsulated fragrance during the successive 
abrasion is attributed to the strength of the film formed by chitosan with increas-
ing concentration. Other studies on chitosan films [13,14] reported that for the 
HMW chitosan the tensile strength of the film is more and the strength of the film 
increases with increasing molecular weight of chitosan. This agrees with current 
study finding that HMW chitosan can form a film to entrap microcapsules onto the 
fiber surface effectively and the increasing concentration of chitosan slows down 
the release of the microcapsules with successive abrasion cycles. Although the 
smells depleted from 100 to 210 abrasion cycles for all the samples the SEM pic-
ture (Figure 5) demonstrate that there is still a high amount of microcapsules left 
inside the interstices of fabric structure. This may be due to the amount and nature 
of load applied in the abrasion testing machine. The surface abrasion could only 
remove the film formed on the fabric surface and hence the microcapsules which 
are loosely held or just adjacent to the substrate surface were removed by abrasion 
and fragrance was released. But the microcapsules which are entrapped deep in-
side the structure of the fabric with chitosan film were still intact and need harsher 
conditions to release the fragrance. The retention of smell increased with increas-
ing concentration of chitosan again, suggesting the film formed by chitosan was 
stronger with increase in concentration. The antimicrobial activity of the treated 
samples was evaluated quantitatively. The qualitative test results show that 0.3% 
HMW chitosan and 10g/L microencapsulated fragrance treated samples showed 
excellent efficiency against the gram negative bacteria. This also agrees with the 
previous studies [15] undertaken under similar circumstances but with cotton fab-
ric and without any aromatic microcapsules. Hence it can be seen that the straw-
berry microcapsules did not inhibit the antibacterial property of chitosan.  
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7   Conclusion 

The results demonstrated that the film formed by HMW chitosan can successfully 
entrap the microencapsulated fragrance oil onto the polyester fabric surface. The 
slow release property was achieved by external abrasion. For the evaluation of the 
smell retention a new method was designed, developed and used for the scope of 
the current study. The current study concluded that natural biopolymer chitosan 
can be used successfully for the commercially available seat fabrics for fragrance 
finishing and antimicrobial properties. Further studies can be undertaken to deter-
mine the minimal inhibitory concentration (MIC) of chitosan and using the gram 
positive bacterial strains. 
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Abstract. NVH (Noise Vibration and Harshness) and crashworthiness are highly 
significant issues related to lightweighting of vehicle bodies. It is recommended to 
analyse vehicle NVH issues in early design phases in order to optimize vehicle de-
sign performance. The early design phase provides functional requirements and 
specified weight constraints to the designer for geometry optimization. Using 
available CAD (Computer Aided Design) data, reduced modelling of vehicle 
structure can be done to achieve NVH performance. The paper demonstrates and 
verifies an approach to reduced modelling with structural modal and FE (Finite 
Element) analysis. It focuses on beam selection techniques for reduced modelling 
and accuracy achieved in NVH performance prediction by appropriate beam 
cross-section selection.  

1   Introduction 

The industry is focused on sustainable lightweight automotive structural design. 
Considering reduced product launch time into market it is necessary to develop a 
faster modelling method. Therefore this method needs to optimize NVH perfor-
mance in early design phases. Several approaches have been proposed by re-
searches for development of a reduced model. However, they are found to have 
less applicability due to higher complexity. The presented method is restricted to 
vehicle development based on a FE predecessor model. However it can be applied 
to concurrent design method of vehicle development with CAD data, by creating 
functional library of beam sections in future (which is currently unavailable) [1].  

This paper demonstrates an advanced reduced modelling method for optimization 
of vehicle NVH performance in early design phases. It implements various ap-
proaches for column, beam, panels and joint reductions of vehicle components. The 
analysis is done for global body vibration modes by creation of beam model without 
implementing joints, which reduces complexity of the method. The focus is given on 
approach towards property selection of beam and its effect on global vibration 
mode. In order to validate the proposed approach, a case study is presented. The case 
study implements reduced modelling using provided method for FE predecessor 
model redevelopment. The BIW (Body in White) structural modal testing is per-
formed in the lab using modal testing system provided by LMS Company [2].  
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2   Methodology 

2.1   Experimental Method 

This method implements Structural modal analysis of Ford Falcon BIW which is 
available at RMIT. The analysis is done by using LMS measurement system, 
shaker as force input, the force transducers and accelerometers. LMS measure-
ment system is used for vibration analysis of 133 body node points and prediction 
of global structure vibration modes at these nodes. The experimental setup and a 
sample frequency response function of BIW in response to the shaker excitation 
are shown in Figure 1 and Figure 2. 

 

 

Fig. 1. Laboratory experimental Setup 

 

Fig. 2. Frequency Response function (FRF) for BIW (Modal Test Result) 

The experimental analysis provides FRF (Frequency Response Function) as 
shown in Fig. 2. The experimental method provides fairly accurate modal analysis 
to predict global vibration mode frequencies in the form of FRF. Experimental 
FRF is stabilised for 0-65 Hz to capture significant vibration frequencies. The 
mode shapes of peak vibration frequency can be observed using LMS system, 
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which are later compared with the simulated model for validation. The results of 
experimental modal analysis are discussed in later sections. 

2.2   Design Method 

The reduced beam modelling method includes three different approaches for re-
duction of primary and secondary members such as columns and beams, panels 
and joints. 

Beam Modelling Approach for Columns and Beams 
The primary structural members of vehicle chassis such as A, B, C pillar and main 
roof as well as floor members have beam like appearances (i.e. higher longitudinal 
dimension and characteristic cross sectional area). Primary members are identified 
to have strong influence on global natural frequencies of the vehicle body [3]. The 
modelling method implements component inertia and body centre node reduction 
approach suggested by Donders et. Al. for reduction [4]. This B.C.N (Body Centre 
Node) is identified as the point of centre of mass along the x axis i.e. beam body 
central axis (not merely the geometrical centre of beam). However, B.C.N is the 
geometric centre in case of symmetrically cross sectioned beams. All the beams 
can be reduced to desired beam end-sections with identified mass and stiffness 
properties as shown in Figure 3. 
 

 

Fig. 3. Schematic representation of Beam end-section 

The cut section is taken at several node points and a local axis system is defined 
at each B.C.N. In the later stage, centre of mass of section is identified. The fol-
lowing properties in terms of body inertia are analysed to calculate equivalent 
properties at body centre node [4]: 

• A – Area of cross section 
• Ixx –  Torsional Moment of Inertia 
• Iyy, Izz – Moments of inertia of area; and 
• Iyz – product of inertia of area 

Here x represent body centre axis (i.e. beam direction) and y-z plane is considered 
as the intersection plane as shown in Figure 3. An equivalent beam end section 
and beam section properties can be identified using local principle axis system and 
then transformed into global system. The global system implements summation of 
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Fig. 4. Reduced beam model 

all shell elements for particular cross section. NASTRAN (super element RBE3) 
provides a utility to define B.C.N for set of shell elements in FE model [3]. 

This method provides accurate results for primary members. However, reduc-
tion of secondary members (i.e. panels) is identified as a challenging area in beam 
modelling as it has a significant effect on vehicle body stiffness. The approach for 
reduction of panels is explained in later section. 

Beam Modelling Approach for Panels 
Though primary members of vehicle chassis effectively impact natural frequencies 
of vehicle vibration, secondary elements are also significant (as they have larger 
area of mass distribution). The secondary elements affect mode shapes of vibra-
tions as well as values of body vibration frequencies. The proposed method in-
cludes a clamping method of mode shape analysis and an inertia method by Dond-
ers et. al [4] to reduce panels to a form of a set of beams. The equivalent beams 
have denoted mass distribution considering centre of mass as well as identified 
values of mass moment of inertia and stiffness. Virtual analysis of FE model can 
be done by applying boundary conditions at clamped ends of panels. The end sec-
tions of beams are calculated based on mode of vibration, beam centre nodes, cen-
tre of mass and inertia method. This method helps successful reduction of panels 
into effective set of beams inducing same frequencies and modes of vibration in 
global system. 

2.3   Beam Cross Section for Joint Stiffness 

Guyan reduction [3, 4, and 5] is the most popular and widely used mathematical 
joint stiffness identification and condensation method. This method is sometimes 
applied with the wave-based sub structuring theory [6]. The Guyan reduction me-
thod is used to reduce the finite element stiffness and mass matrices of structure. 

This method helps calculating final stiffness 
value of joints. Using above method of re-
duction simplified reduced beam model is 
created as shown in Figure 4. This reduced 
model is simple, having less elements and 
complexities compared to conventional detail 
CAE (Computer Aided Engineering) model 
and  can predict initial NVH behaviours of 
vehicle body in early design phases with 
available data.   

3   Results and Discussion 

The results obtained using both the methods are used to validate the vehicle struc-
ture NVH performance prediction accuracy of the proposed design method for re-
duction modelling. Figure 5 and Figure 6 demonstrate similarity in mode shapes 
for both structures in 1st torsion and bending modes at the mentioned frequencies. 
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The mode shapes of structure are governed by primary as well as secondary com-
ponents of chassis as well as few significant joints. Calculation of MAC (Modal 
assurance criteria) is done using 20 nodes at this stage for all significant and com-
parable frequencies to identify similarity in mode shapes. 
 
 

  

(a) (b)

Fig. 5. Body torsion (a) Simulated and (b) LMS experimental results for BIW 

   
(a) (b)

Fig. 6. Body bending (a) Simulated and (b) LMS experimental result for BIW 

The structural modal analysis results are compared with dynamic CAE reduced 
beam model results for first five global vibration frequencies. The average value 
of MAC for the first five global modes were nearly 0.7 indicating a good consis-
tency between the experiment and the developed model. 

4   Conclusion 

The reduced modelling approach for accurate NVH performance prediction and 
modification is presented in this paper. This approach enables early design 
lightweighting effect analysis on structural performance of vehicle design. The re-
duced modelling method implements reduction of vehicle model A pillar, B pillar, 
roof rails, panels etc. to equivalent beam structures. The four main joints (which 
connect A and B pillar to the body) are used for joint stiffness calculation by 
Guyan [7] reduction and stiffness values are implemented in end beam section. 
The proposed method is validated by structural analysis and dynamic FE analysis 
using Ford Falcon chassis as test object. This method can be applied to vehicle 
development which is based on FE predecessor model. A comparison between  
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structural modal and FE dynamic analysis of model based on first 10 global fre-
quencies is done. The maximum difference of 2.6 Hz and qualitatively better 
match between mode shapes is identified. The MAC value of difference for first 5 
global vibration frequencies is found to be approximately 0.68. 

In summary, feasibility of vehicle component reduction and NVH performance 
optimization is realised. The mass distribution, stiffness consideration and global 
dynamic frequency comparison enables an accurate approximation of complex 
CAE model in reduced form. Hence the proposed method provides faster concept 
optimization of vehicle structure by upgrading individual beam properties and 
avoids complexities of performance optimization. 

Acknowledgments. This paper presents the results of actual structural modal analysis tests 
performed in support of the AutoCRC undergraduate project on advanced CAE design 
methodology. The authors are grateful for the financial support from AutoCRC to conduct 
this study. 

References 

[1] Ledermann, C., Hanske, C., Wenzel, J., Ermanni, P., Kelm, R.: Associative parametric 
CAE methods in the aircraft pre-design. Aerospace Science and Technology 9(7), 641–
651 (2005) 

[2] LMS International, LMS Virtual, Laboratory Review 6B (November 2006) 
[3] Mundoa, D., Hadjit, R., Dondersb, S., Brughmans, M., Mas, P., Desmet, W.: Simpli-

fied modelling of joints and beam-like structures for BIW optimization in a concept 
phase of the vehicle design process. Finite Elem Anal. Des. (2009) 

[4] Donders, S., Takahashi, Y., Hadjit, R., Van Langenhove, T., Brughmansa, M., Van 
Genechten, B., Desmet, W.: A reduced beam and joint concept modeling approach to 
optimize global vehicle body dynamics. Finite Elem. Anal. Des. (2009) 

[5] Panayirci, H.M., Pradlwarter, H.J., Schueller, G.J.: Efficient stochastic structural anal-
ysis using Guyan reduction. Adv. in Eng. Softwares (February 2011) 

[6] Maressa, A., Mundo, D., Donders, S., Desmet, W.: A wave based substructuring ap-
proach for concept modelling of vehicle joints. Computers and Structures (June 2011) 

[7] Guyan, R.: Reduction of stiffness and mass matrices. AIAA Journal 3(2), 380–387 
(1965) 



Effect of Equivalence Ratio on Combustion 
Characteristics in a Hydrogen  
Direct-Injection SI Engine 

Roy Mithun Kanti, Nobuyuki Kawahara, Eiji Tomita, and Takashi Fujitani 

Okayama University, Japan 
kawahara@mech.okayama-u.ac.jp 

Abstract. Gases such as hydrogen are regarded as promising alternative fuels for 
improving the energy efficiency and reducing the greenhouse gas emissions of 
conventional internal combustion engines. Hydrogen spark-ignition (SI) engines 
based on direct injection (DI) promise significant advantages in terms of thermal 
efficiency and power output, as well as a means of overcoming problems related 
to knocking, backfiring, and pre-ignition. A better understanding of the effect of 
the hydrogen jet on the concentration distribution and mixing process in a DISI 
engine should provide new and useful insights into combustion optimization. The 
objective of the present work is to gain a deeper comprehension of the characteris-
tics of late-injection hydrogen combustion. An experimental combustion setup is 
applied to a fired, jet-guided DISI engine operated at 600 rpm in tail ignition (TI) 
injection mode. A high-speed camera, synchronized with the spark, is focused on 
a field of view with a diameter of 52 mm through a window at the bottom of the 
piston crown. A series of single-shot images, captured in different intervals, is 
used to study the time evolution of the flame distribution. Variations of the equi-
valence ratio at tail ignition mode combustion are found to impact the develop-
ment of the early flame, as well as the flame propagation. 

1   Introduction 

The hydrogen internal combustion engine (H2ICE) may be an important step on 
the road to cleaner and renewable propulsion systems. Advanced hydrogen engine 
concepts based on direct-injection (DI) fuel systems have shown that the perfor-
mance potential of H2-DI operation is approximately 17% higher than that of gas-
oline port injection [1]. DI is particularly attractive in the case of hydrogen en-
gines because it circumvents the air displacement effect in the intake manifold. A 
major challenge to the use of H2-DI is in-cylinder hydrogen–air mixing. Hydrogen 
has the highest diffusion coefficient of all gases, and hence the highest driving 
force for adjusting imbalances in concentration and inhomogeneities in the fuel/air 



98 R.M. Kanti et al.
 

mixture [2]. Takagi et al. proposed plume ignition combustion (PCC) concept for  
hydrogen DISI engine in order to reduce NOx emissions in high engine load con-
ditions [3]. Planer laser-induced fluorescence (PLIF) techniques have recently 
been developed to measure mixture formation in a hydrogen DI system; reports 
favor increased injection pressure and careful nozzle design [1, 4]. Moreover, the 
interaction of the jet injection event with the intake-induced charge motion was 
studied using 2D measurements of the velocity and scalar fields by particle image 
velocimetry (PIV) [5]. Kawahara et al. developed a spark-induced breakdown 
spectroscopy (SIBS) system to measure the influence of the Hα/O intensity ratio 
on the hydrogen–air mixture concentration during fired engine operation [6]. In di-
rect-injection spark-ignition (DISI) engines, the in-cylinder flow plays an impor-
tant role, due to the limited amount of time available to achieve optimal fuel–air 
mixture stratification. 

There has been very little research on hydrogen DISI engines in the late stages of 
the compression stroke, especially under stratified charge operating conditions. Al-
so, there is a need for high-resolution direct-combustion images to measure the fuel 
distribution and flame propagation under a range of operating conditions. This paper 
presents experimental results and a discussion of the characteristics of hydrogen 
stratified combustion in a DISI engine for varying fuel/air equivalence ratios. 

2   Experimental Setup 

A general schematic of the jet-guided DISI engine equipped with a Bowditch  
piston is shown in Figure 1a). The single cylinder engine with a pancake-type 
combustion chamber has a bore of 78 mm and a stroke of 65 mm. The engine 
compression ratio was 9.0. The in-cylinder pressure was recorded using a Kistler  
piezoelectric transducer. The location of the spark plug and gas injector in the cy-
linder head, as well as the experimental setup, is shown in Figure 1b). The dis-
tance between the injector nozzle tip and the spark plug was approximately 17.4 
mm. The inclined injector geometry allows for gas injection towards the spark 
plug. The engine was driven by an electric motor at a constant speed of 600 rpm. 
Air was initially introduced into the cylinder through the inlet valve at a pressure 
of 0.1 MPa and a temperature of 298 K. After a given amount of time, the valve 
was closed when the piston was located at bottom dead center (BDC). Hydrogen 
from a high-pressure vessel was supplied directly to the combustion chamber via a 
solenoid-driven GDI injector. The injection pressure was maintained at 5 MPa. In 
this experiment, TI injection mode combustion was used (whereby injection is 
terminated at the instant of spark ignition), resulting in the presence of sufficient 
hydrogen in the vicinity of the spark plug to create an ignitable mixture. Flame in-
tensity images were acquired from a 45° mirror mounted in the extended piston, 
using a Photron FASTCAM SA1.1 camera. A 50-mm f/1.2 Nikon lens was em-
ployed, and the frame resolution was 384×320 pixels at 40,000 frames per second. 
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Fig. 1. a) Schematic view of the experimental optical engine setup, b) In-cylinder spark 
plug and injector arrangement, and c) TI Injection timing diagrams. 

3   Results and Discussion 

Photographs combined with thermodynamic data provide an effective tool for 
combustion analysis. Figures 2a) – e) show time-series combustion images, in-
cluding in-cylinder pressure histories and pressure-based heat-release analyses for 
the TI injection mode, for overall equivalence ratios (φ) of 0.3, 0.5, 0.7, and 0.9. 
As the overall equivalence ratio increased, the peak pressure also increased, as 
Figure 2e) indicates. The in-cylinder pressure gradually increases with the in-
crease of overall equivalence ratio due to stratified mixture formed near the spark 
plug. For an overall equivalence ratio of 0.3, the lean mixture induced a low in-
cylinder pressure with a slow-burning heat-release profile. 

Figure 2a) shows flame photographs at an overall equivalence ratio of φ = 0.3. The 
intensity of the flame was relatively weak at a small overall equivalence ratio. The 
flame kernel initialized from the center-off of the combustion chamber, and the flame 
front propagates across the cylinder. Flame photographs at an overall equivalence ratio 
of φ = 0.5 are shown in Figure 2b); the flame propagation exhibited a trend similar to 
that at φ = 0.3. However, the intensity of the flame was stronger than at φ = 0.3, sug-
gesting that with the increased equivalence ratio, a higher degree of mixture stratifica-
tion occurred near the spark electrode gap at ignition. Moreover, the high flame inten-
sity induced by a high gas temperature during the combustion process, which was 
expected since the amount of fuel increases with the overall equivalence ratio. 

Figure 2c) shows flame photographs at an equivalence ratio of φ = 0.7. Since 
the intensity of the flame was high, the initial flame development retained a beha-
vior similar to that observed at small overall equivalence ratios (i.e., the flame  
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Fig. 2. Time-series of high-speed direct images with a) φ = 0.3, b) φ =0.5, c) φ =0.7, d) φ 
=0.9, and e) in-cylinder pressure histories and rate of heat release. 
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expanded outward from the center-off the combustion chamber). A wrinkled 
flame front appeared during engine combustion that can effect of gas flow gener-
ated by the hydrogen jet as well as piston motion. Figure 2d) shows higher flame  
intensity at an overall equivalence ratio of φ = 0.9. This was attributed to the for-
mation of a late-injection rich mixture, so that a stratified charge took place in the 
combustion chamber.  

Digitization of the flame images was carried out to obtain further insight into the 
combustion process. To determine the flame area per degree of crank angle, images 
were binarized and the pixel intensities were summed. In this experiment, cycle-
averaged flame areas were computed on the basis of pale blue flame intensity. Addi-
tional luminous flame intensity produced by lubricating oil combustion was elimi-
nated via image processing while measuring the flame area. Figure 3a) suggests that 
the longer period of initial flame propagation growth was due to rich fuel exists near 
the spark-plug at φ = 0.9. In contrast to the situation at φ = 0.5 and 0.7, the initial 
flame development period were quite faster. Figure 3b) shows the effect of the over-
all equivalence ratio on the mass fraction burned in TI injection mode combustion. 
When the overall equivalence ratio decreased, the duration of the initial combustion 
also decreased, as indicated by comparison of the mass fraction burned. This is con-
sistent with the results observed in the flame visualization, since too rich fuel exists 
near the spark-plug at large overall equivalence ratios was assumed to increase the 
duration of the initial combustion. Except for the case φ = 0.5, the duration of the in-
itial combustion varied slightly that can effect of gas flow.  

 
 
 
 
 
 
 
 
 
 

Fig. 3. Effect of overall equivalence ratios on a) average flame area and b) mass fraction 
burn 

Figure 4 shows the indicated mean effective pressure (IMEP) at different equi-
valence ratios in TI injection mode combustion. The IMEP increased gradually 
with the overall equivalence ratio. The effect of the increased temperature and in-
creased number of moles of burned gas in the cylinder was to increase the IMEP. 
The present results indicate that a more practical lean limit for combustion is 
around φ = 0.3 in engines of this type. The use of lean mixtures in a hydrogen-
fueled engine, opens up the possibility of controlling the power output of the en-
gine by changing the fuel flow rate while keeping the air flow unthrottled. 
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Fig. 4. IMEP at different equivalence ratios 

4   Conclusions 

Hydrogen DI combustion was visualized for stratified charge TI combustion at 
different equivalence ratios in an optical SI engine. The following conclusions can 
be drawn from this experiment: 

1. The flame propagation towards the cylinder wall and a characteristic of turbu-
lent combustion with a wrinkle flame front observed in a Hydrogen DISI  
engine. 

2. The duration of the initial combustion decreased with the overall equivalence 
ratio. The long duration of the initial combustion at φ = 0.9 was due to rich fuel 
exists near the spark-plug.  

3. A lean mixture could be realized by exploiting the formation of an ignitable 
stratified mixture at late injection timing. 
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Abstract. In light of sustainable mobility and increased fuel prices in Australia, 
vehicles and engines operated on gaseous fuel are becoming more popular. This 
paper investigates the effects of different aftermarket compressed natural gas 
(CNG) fuel delivery system configurations on combustion stability, fuel economy 
and emissions utilising a commercially available internal combustion engine 
(ICE). The investigated parameters include the effects of the injector location in 
relation to the intake manifold as a function of engine speed/load, equivalence ra-
tio as well as injection and ignition timing. Using a combination of computer 
simulation tools and experiments, effects on the engine and its mechanisms are 
clarified. A 1D model (Lotus Engine Simulation) of the engine is used to produce 
realistic pressure fluctuations and flow velocities at the injector nozzle position in 
the intake manifold, for different engine operating conditions. A computational 
fluid dynamics code (ANSYS) is used to investigate the fuel distribution in the in-
take manifold and pulsations in the injection system. The CNG jet was visualized 
in a spray vessel using Schlieren techniques to increase understanding of the gase-
ous jet behavior. And finally, the computer simulations and spray visualisations 
are evaluated together with experimental data to explain the engine’s behaviour as 
a function of different fuel system configurations.  

1   Introduction 

In the current economic and social climate, consumers are looking for cheaper and 
more environmentally sustainable personal transportation. Rising fuel costs and 
dependency on oil has prompted research into a number of various alternate fuel 
sources, one of which being CNG.  

In Australia, the transportation sector is the third largest emitter of greenhouse 
gas emissions (CO2equivalent) [1] and as such the automotive sector is looking for 
alternate ways to reduce them. Australia is also burdened with one of the highest 
per-capita vehicle ownership, globally [2]. Beside the security of vast amounts of 
fossil CNG fuel available, 1kg of CNG produces approximately 12% less CO2  
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after stoichiometric combustion (λ=1) compared to gasoline fuel. Also, Maji et.al. 
[3] suggest that an engine operating stoichometrically on CNG can produce up to 
80% less CO and 12% less NOx emissions. 

With CNG being a readably available and cheap fuel source, it makes for a re-
alistic option as an alternate fuel source. Currently aftermarket CNG systems are 
available off-the-shelf and can be used to convert a number of different engines to 
use CNG as the primary fuel source. However, aftermarket fuel systems currently 
have less stringent regulations with regards to emissions and while a number of 
researches have focused on engine design specific for one fuel source, very little 
investigation into adaption onto a factory engine has been done. Moreover, most 
of the focus has been on engine maximum torque and power. Here a disadvantage 
of CNG usage becomes apparent when the engine’s performance is reduced due to 
the displacement of air after CNG injection. This investigation however, focuses 
on part-load and especially mixture preparation since a stable (from cycle-to-
cycle) homogeneous mixture of air and fuel, at the end of the compression stroke, 
is required for high engine efficiency and running smoothness 

2   Experimental Setup 

A GM Holden 3.8lt V6 engine with four different CNG fuel delivery configura-
tions was connected to an engine dynamometer for controlling and measuring en-
gine speed and load, respectively. Equipment for monitoring emissions, cylinder 
pressure, temperatures, fuel consumption and air-fuel-ratio was used during the 
measurements. 

The engine, see Figure 1, was equipped with an aftermarket CNG fuel delivery 
system for port fuel injection in addition to the standard port fuel gasoline injec-
tion system. The 6 Keihin CNG injectors were used in four different measurement 
set-ups and supplied with a fuel pressure of 3 bar (relative to the intake manifold 
pressure). The aftermarket CNG system installation has the injectors mounted on 
top of the intake manifold and connected to the intake manifold with a rubber hose 
to a nozzle position approximately 270 mm upstream the intake valve.  

Three of the four set-ups involved in these experiments had different length of 
the hoses that connect the injectors with the nozzles as follows:  

• 210 mm: shortest possible length.  
• 270 mm: medium length.  
• 480 mm: long length.  

A fourth setup; six nozzles positioned directly after the throttle valve upstream the 
plenum, was used to ensure probability of homogenous mixing. 

Engine load and engine speed were controlled by a DynoMaster eddy-current 
dynamometer set-up which also measured the engine torque. An AVL IndiModul 
622 with an acquisition rate 800 kHz was used together with the AVL optical 
crank angle encoder for data acquisition of cylinder pressure data measured with a 
high sensitivity sparkplug cylinder pressure sensor. The emissions measurement 
system (Horiba Mexa-8220) included a flame ionization detector for unburned  
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Fig. 1. The GM Holden 3.8lt V6 with the aftermarket CNG fuel system installation 

hydrocarbons (including methane), non-dispersive infra-red analysers for CO and 
CO2 and a chemiluminescence analyser for NOx. The fuel massflow rate was 
measured real-time with a Siemens Coriolis meter (FC300 DN4). Engine parame-
ters such as injection and ignition timing were controlled using a MoTeC M600 
ECU which also measured temperatures and air-fuel-ratio. 

3   Experimental Methodology 

Before each experiment, it was ensured that the engine was fully warm, the emis-
sions measurement equipment calibrated and that the engine had not changed in 
behaviour compared to the previous test (this was done by operating the engine on 
a gasoline fuelled reference point). During each test, the engine was operated in 
steady state conditions at a constant speed of 2000 rpm and a constant load of 2 
bar BMEP. During a measurement series, for example varying the air-fuel-ratio 
(lambda), the engine was operated randomly to eliminate time trends. Selected op-
erating points were repeated at different timing to get an indication of measure-
ment accuracy and spread to ensure that the presented trends are valid. 

Optical Schlieren techniques were used for visualisation of a gas jet. Using  
the Schlieren method, optical inhomogeneities in transparent media not visible to 
the human eye are measured. These inhomogeneities are localized differences in 
the optical path length that cause light deviation. This light deviation is converted 
to a shadow in a Schlieren system. Injecting gas in a steady state environment 
causes inhomogeneities that are directly related to the gas injected. A high speed 
camera capable of 30.000 frames per second was used for visualisation. 
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4   Test Results and Discussion 

Instability of the combustion process in a firing engine causes cycle to cycle com-
bustion variations and increases the fuel consumption of the engine. These variations 
can be monitored using a cylinder pressure sensor and after processing expressed as 
coefficient of variation of the indicated mean effective pressure (COV IMEP) which 
is the standard deviation of IMEP divided by the mean value of IMEP calculated 
over 150 engine cycles. The cycle to cycle variations of a spark ignition engine are 
mainly caused by the variation in flame propagation during the early flame devel-
opment phase, directly after ignition. These are caused by: inhomogenities in the 
equivalence ratio, residual mass fraction and turbulent gas velocities in the vicinity 
of the spark, Heywood [4] and Johansson [5]. Inadequate mixture preparation would 
therefore result in unacceptable high COV (an acceptable level of COV at part load 
is approximately 4%). A good method of testing the quality of mixture preparation is 
operating the engine towards its lean limit. At this limit the COVIMEP is high and oc-
casional misfire might occur. Perfect mixture preparation (completely homogenous 
distribution of fuel) should allow for a higher air-fuel-ratio (or lambda) since the lo-
cal lambda in the vicinity of the spark plug is not affected by cycle to cycle varia-
tions. On the other hand, the probability of a local deviation towards excessive lean 
mixture in the vicinity of the spark plug (hence slow burn or misfire) is higher pro-
portional to the degree of bad mixing. 

The lambda variation and lean limit of the four CNG fuel system set-ups is 
shown in Figure 2. 

 

 

Fig. 2. COVIMEP as a function of lambda for four different CNG fuel system set-ups (each 
line shows the average of the measurement sequence for that particular set-up, hence Avg.) 
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The lowest COVIMEP and highest tolerance towards mixture enleanment is ac-
complished by the set-up with CNG nozzles directly positioned after the throttle 
(P.T.) then the limit decreases inversely  proportional to the rubber hose length 
(distance of CNG injector from manifold). The discrepancy around λ=1.05 cannot 
be explained and needs further investigation. 

Figure 3 shows the carbon dioxide, carbon monoxide, unburned hydrocarbon 
and nitrogen oxides emissions respectively. Normal driving conditions vary be-
tween the range of 0.9<λ<1.1, hence the main focus of the analysis was within this 
range. In general; higher levels of unburned hydrocarbons and carbon monoxide 
and lower levels of carbon dioxide and nitrogen oxides are produced for the set-
ups with a hose. Here the 480 mm hose set-up generates emissions levels closest 
to the post throttle set-up levels. 

 
 

 

Fig. 3. Emissions as a function of lambda for different CNG fuel system set-ups. 

The engine dynamometer results indicate a worse mixture preparation for the 
hose set-up compared to the post-throttle set-up. This is confirmed by the higher 
lean limit of the post throttle set-up but also by the higher CO2 and corresponding 
lower CO emissions which indicate incomplete combustion and rich zones in the 
mixture. Also the lower NOx emissions level at overall mixture air-fuel-ratio of 
λ=1 indicate lean and rich zones which exhibit a lower combustion temperature 
hence lower NOx emissions. 

To investigate why the mixture preparation is degraded for the hose set-up, 
spray visualisation and CFD analysis have been used to clarify phenomena and 
part of that investigation is presented in Figures 4 and 5 respectively. Both results 
show virtually no mixing with the immediate surrounding air of the spray nozzle. 
Instead, the gas jet almost collectively hits the opposite wall and forms a fuel rich 
volume fraction close to the wall. In the engine this would indicate the formation 
of a fuel rich cloud at the bottom half of the manifold and intake port. After  
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Fig. 4. Schlieren images of a developing gaseous jet interacting with a wall at steady state 
conditions 

 

 

Fig. 5. CFD simulation of a gaseous spray interacting with a manifold wall at realistic en-
gine conditions determined by LES (the intake valve is positioned on the right hand side of 
this simulation). 
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induction into the cylinder the mixture preparation towards homogeneity relies 
therefore completely on the large scale fluid motions and turbulence inside the 
cylinder, which is inadequate for this GM Holden 3.8lt V6 engine (2 valve con-
figuration). An explanation for the better performance of the longer hose can be 
found in lower gas velocities entering the intake manifold (longer distribution 
time) and more mixing inside the hose. 

Based on the results one would suggest CNG injection directly after the throttle 
body to ensure lower cycle to cycle variations and therefore better engine effi-
ciency. However, all the experiments were performed under steady state engine 
conditions. The main reason for multi-point fuel injection close to the intake 
valves is the control of mixture preparation and fuel delivery to each cylinder dur-
ing transient conditions. 

5   Conclusions 

The aftermarket CNG system set-up with the injectors positioned away from the in-
take manifold but with the fuel delivery nozzles close to the intake port generate 
high combustion instability indicated by high COVIMEP. These set-ups also generate 
high CO emissions, both compared with CNG injection directly after the throttle. 
The poor performance of these systems was explained by poor mixture preparation. 
It is recommended that aftermarket CNG injection systems are optimized with re-
spect to installation parameters such as hose length and location of the injection noz-
zle but also with respect to nozzle geometry and installation angle (future work). 
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Abstract. The application of compressed natural gas (CNG) as automotive fuel 
has several advantages over gasoline. Natural gas is more economical, has better 
knock resistance, a wider range of flammable air fuel ratio, as well as lower car-
bon monoxide, carbon dioxide and hydrocarbon emissions. It is proving to be a 
worthy alternative to traditional fossil based fuels. Mixture homogeneity in an in-
ternal combustion (IC) engine has a significant effect on performance parameters 
such as power, torque, fuel consumption, emissions, combustion rate and exhaust 
temperatures. However, homogenous mixture formation with a gaseous fuel is 
much harder to achieve than with liquid phase fuel due to the limited shear stress 
between the CNG jet and air. An experimental study using a 3.8L V6 engine (typ-
ical of the popular large Australian sedans) and variations in injector location and 
injection timing were investigated to gain further understanding of its effects on 
combustion characteristics, performance and emissions. Beside the standard gaso-
line fuel delivery system, two different CNG systems with different injector posi-
tions were used, targeted and non-targeted. For the targeted injector position, the 
injectors replaced the gasoline injectors and were placed in the same position and 
angle pointing towards the intake valves. For the non-targeted position, injection 
nozzles were equally distributed on an adapter ring which was mounted directly 
downstream the throttle body. The obtained results showed unexpectedly similar 
engine stability performance for both CNG systems. Discussions examine differ-
ent avenues that are likely to explain why there is similar mixing performance for 
both systems. Also, compared to gasoline operation, lower emissions and higher 
lean limit were accomplished for the engine operating on CNG. 

1   Introduction 

Global warming, stringent emissions standards and increasing CO2 legislation are 
helping drive a reduction in emissions, in particular of CO2, in the transport sector. 
Alternative fuels have the potential to offer: Increased engine efficiencies, lower 
emissions, reduced costs and increased energy density (by weight). 

Compressed Natural Gas (CNG) provides a significant opportunity for future 
emissions reduction (in particular CO2), as this natural resource is in significant 
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supply within Australia. Figure 1 below clearly displays the energy density per-
formance of CNG compared to alternative powertrain energies such as batteries. 
With peak oil, liquid fuels are no longer as viable and the energy density of batter-
ies in weight and volume cannot compare to the performance of conventional fu-
els. CNG offers high energy densities coupled with low emissions and increased 
engine performance. 

 

 

Fig. 1. Fuel energy density comparison (adapted from Smith, G., 2010) 

Mixture homogeneity hence local mixture composition has a pronounced effect 
on engine parameters such as peak power, fuel consumption and exhaust emis-
sions composition (Heywood, 1988). Gaseous fuels in general do not mix as well 
with air as liquid fuels due to the lower shear forces between the fuel jet and sur-
rounding air (Abraham, 1994). Also in engine applications it has been found that 
obtaining homogenous mixture preparation can be challenging even for port fuel 
injection systems (Baker et.al., 2009; Herrera et.al., 2012). Both studies show that 
good mixture homogeneity can be accomplished with gaseous fuel injection at the 
throttle body but when the injection takes place more downstream closer to the  
intake valves, mixture homogeneity and engine stability decreases. However, in-
jection at the throttle body is not desired due to inaccurate fuel metering during 
transients. Therefore this study will investigate if the gaseous mixture preparation 
hence engine stability can be improved with an injector position, similar to the 
standard gasoline injector, close to the intake port and a targeted CNG jet towards 
the intake valve. Also, using similar injector positions, a comparison between 
gasoline and CNG emissions performance is presented. 

2   Experimental Setup 

Testing was conducted on a standard and modified Holden 3.8L V6 Ecotec en-
gine. The modified engine was fitted with dedicated gas injection system from 
Prins auto gas system. Using this system two different CNG injector locations 
(targeted and non-targeted) were investigated towards emissions and engine stabil-
ity. In the targeted injector position (MPI-G) the injectors replaced the gasoline  
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injectors and were placed in the same position and angle pointing towards the in-
take valves. In the non-targeted position (PTI-G), 6 injection nozzles were equally 
distributed on an adapter ring which was mounted directly downstream the throttle 
body. The gas injection and injector locations are illustrated in figure 2. Here the 
position and angle of the gas injector downstream the plenum is similar to the 
standard gasoline injector. 

 

 

Fig. 2. Illustration of CNG injector position and installation (courtesy D. Wallis) 

The engine was connected to an engine dynamometer for controlling and meas-
uring engine speed and load, respectively. Equipment for monitoring emissions, 
cylinder pressure, temperatures, fuel consumption and air-fuel-ratio was used dur-
ing the measurements. 

Engine load and engine speed were controlled by a DynoMaster eddy-current 
dynamometer set-up which also measured the engine torque. An AVL IndiModul 
622 with an acquisition rate 800 kHz was used together with the AVL optical 
crank angle encoder for data acquisition of cylinder pressure data measured with a 
high sensitivity sparkplug cylinder pressure sensor. The emissions measurement 
system (Horiba Mexa-8220) included a flame ionization detector for unburned hy-
drocarbons (including methane), non-dispersive infra-red analysers for CO and 
CO2 and a chemiluminescence analyser for NOx. The fuel massflow rate was 
measured real-time with a Siemens Coriolis meter (FC300 DN4). Engine parame-
ters such as injection and ignition timing were controlled using a MoTeC M600 
ECU which also measured temperatures and air-fuel-ratio. 

3   Experimental Methodology 

Experiments were designed to establish and display the mixing performance of the 
different gas injection strategies and their effect on combustion stability and emis-
sions. The following tests were conducted: 

• Start of Injection (SOI) sweeps to determine best injection timing for combus-
tion performance. 

• Lambda sweeps to display the effects of mixing performance on emissions 
composition. 
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Before each experiment, it was ensured that the engine was fully warm, the emis-
sions measurement equipment calibrated and that the engine had not changed in 
behaviour compared to the previous test (this was done by operating the engine on 
a gasoline fuelled reference point). During each test, the engine was operated in 
steady state conditions at a constant speed of 2000 rpm and a constant load of 2 
bar BMEP. During a measurement series, for example varying the air-fuel-ratio 
(lambda), the engine was operated randomly to eliminate time trends. Selected op-
erating points were repeated at different timing to get an indication of measure-
ment accuracy and spread to ensure that the presented trends are valid. 

4   Test Results and Discussion 

Start of Injection variation 
Start of injection (SOI) tests were conducted on the MPI-G and the PTI-G systems 
at 2000 RPM 2 bar BMEP. The purpose of these tests was to find the optimum 
point for SOI during an engine cycle. This optimum point is defined as that which 
produces the lowest coefficient of variation of IMEP (CoV IMEP) which is a 
measure of highest engine stability and therefore represents best gas mixing per-
formance. The engine was operated with SOI at the following crank angle  
intervals: 

• MPI-G: SOI at 60° crank angle intervals, over 720° crank angle. 
• PTI-G: SOI at 120° crank angle intervals, over 720° crank angle. 

 
Figure 3 shows the CoV IMEP as a function of SOI. For clarification, also the 
valve events and injection duration are depicted. 

Examination of the data shows two clearly defined drops of CoV of IMEP at 0° 
CA for the PTI-G system and 0° and 180° CA for the MPI-G system. 0° CA is 
combustion and thus it can be seen that the lowest values of CoV of IMEP occur 
during a closed valve (0° and 180° CA). The MPI-G system shows dependence on 
SOI points compared to PTI-G where there was little variation over the injection 
points. The following can be concluded:  

• PTI-G shows little variation in SOI due to the long mixing length (post throttle 
to intake valve) and high turbulence after the throttle valve. The long mixing 
length increases the mixing time before the mixture enters the cylinder. 

• MPI-G shows large variation in CoV of IMEP and there is more spread in the 
measurements. Here the injector is located close to and pointing towards the in-
take valve. This decreases the mixing length and the mixing becomes a function 
of intake valve opening and pulsations in the manifold.  

• For both MPI-G and PTI-G, SOI timing was chosen to be 0° CA for the re-
maining experiments. 

Lambda variation 
A good method of testing the quality of mixture preparation is operating the  
engine towards its lean limit. At this limit the CoV IMEP is high and occasional  
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Fig. 3. CoV of IMEP as a function of SOI for MPI-G and PTI-G with valve events and in-
jection duration at SOI at 0 CAD. 

misfire might occur. Perfect mixture preparation (completely homogenous distri-
bution of fuel) should allow for a higher air-fuel-ratio (or lambda). Using the cho-
sen SOI point, lambda sweep tests were conducted on standard gasoline, MPI-G 
and PTI-G fuel delivery systems at 2000 rpm and 2 bar BMEP. The lambda 
sweeps were able to determine the effect of: 
 
• Lambda on mixing performance 
• Lambda on engine out emissions 
• Injection location on mixing performance 
• Injection location on engine out emissions 
• Lean misfire limit at the operating point 

Figure 4 shows CoV of IMEP as a function of lambda for standard gasoline, MPI-
G and PTI-G fuel delivery systems.  

The results show that when the mixture becomes leaner (higher lambda) the 
CoV of IMEP increases exponentially. This demonstrates that the lean limit has 
been reached (occasional misfire) under these fuelling conditions. An acceptable 
CoV IMEP for these operating conditions is in the order of 4%. CNG has a higher 
lean limit than gasoline due to the property of the CNG fuel. This can be utilized 
when lean engine operation is allowed, it reduces pumping losses hence decreases 
fuel consumption. The spread in the measurements was in generally lower for 
CNG fuel.  

The experiment also demonstrates that engine stability hence gas mixing per-
formance of the MPI-G system exceeds original expectations (poor mixing due to 
short mixing length). It is believed that due to the targeting of the fuel, the volume  
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Fig. 4. CoV of IMEP as a function of Lambda for MPI-G and PTI-G. 

directly upstream the intake valve is filled with gas. When the gas interacts with 
the port-facing surface of the valve it recirculates and mixes with the air. There-
fore, the gas will be more equally distributed upstream the valve as opposed to a 
non-targeted manifold injection where the gas enters the cylinder only on one side 
of the valve (Herrera, et.al. 2012). The majority of the mixing of the CNG and in-
take air occurs from the turbulence created by flow past the intake valve.  
 

Engine out emissions 
The emissions for MPI-G and MPI gasoline fuel system configurations as a func-
tion of lambda are depicted in Figure 5. These two systems have identical injector 
positions and thus this data shows a direct comparison of CNG and gasoline en-
gine operation. 

The results show that compared to gasoline operation, CO2 is reduced when op-
erating on CNG by up to 10%. This can be explained by the lower C:H ratio of 
CNG and the increased combustion stability of CNG which ultimately increases 
engine efficiency. Also NOx emissions are reduced by 4%. This can be explained 
by the lower maximum temperatures associated with CNG combustion. Higher 
concentrations of H2O associated with CNG combustion assist in lowering the 
maximum in-cylinder temperatures. Peak NOx emissions of CNG are offset to that 
of gasoline to the lean side which indicates that the NOx formation mechanisms 
require more oxygen. This was also reported by Maji et.al. (2005). The large rise 
in HC emissions is caused by unstable combustion, indicating that the lean misfire  
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Fig. 5. Emissions as a function of lambda, MPI-G and MPI gasoline 

limit has been reached. The thicker quench zone conditioned by the lower combus-
tion chamber temperature causes a rise in HC emissions, aggravated by delayed 
combustion and misfires. Lower unburned hydrocarbons (UHC) and CO indicate 
more complete combustion hence better mixing during CNG engine operation. 

5   Conclusions 

The mixing of CNG displayed different and better results with respect to engine 
stability and mixing to what originally was expected from literature reviews.  

Both CNG fuel delivery systems with post throttle injection (PTI G) and tar-
geted multi point injection (MPI-G) achieve mixture homogenisation equally well 
at optimized start of injection. It is believed that due to the targeting of the fuel, 
the volume directly upstream the intake valve is filled with gas. When the gas in-
teracts with the port-facing surface of the valve it recirculates and mixes with the 
air where after further mixing will occur through turbulence created by flow past 
the intake valve at intake valve opening. This hypothesis however needs further 
investigation.  

The engine operating on CNG displays in general lower emissions (CO2, NOx, 
UHC and CO) compared to gasoline operation. The CNG engine also operates 
more stable (lower CoV IMEP) and has a leaner operating limit. 
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Abstract. Several recent trends indicate current developments in energy and 
transportation fuels. World trade in biofuels is developing in ethanol, wood chips, 
and vegetable oil / biodiesel with some countries being exporters and some impor-
ters. New drilling techniques, including deep-ocean drilling, extended horizontal 
drilling, and hydraulic fracturing, are bringing new sources of natural gas and 
crude oil to market. Resulting increases in natural gas availability have also 
opened new opportunities in gas to liquids and combined gas, coal, and/or biomass 
to liquids.  The energy landscape is currently undergoing unprecedented change, 
due to world economics and growth, energy prices, local preferences, and concern 
about regional air pollution and global warming. Most likely, all options will need 
to be developed to supply future energy needs, and the energy industry will remain 
in flux for the foreseeable future. 

1   Introduction 

Abundance of energy can be improved both by developing new sources of fuel 
and by improving efficiency of energy utilization, although we really need to pur-
sue both paths to improve energy accessibility in the future. Currently, 2.7 billion 
people or 38% of the world’s population do not have access to modern cooking 
fuel and depend on wood or dung and 1.4 billion people or 20% do not have 
access to electricity. It is estimated that correcting these deficiencies will require 
an investment of $36 billion dollars annually through 2030 [1]. In growing econ-
omies, energy use and economic growth are strongly linked, but energy use gener-
ally grows at a lower rate due to increased access to modern fuels and adaptation 
of modern, more efficient technology [2]. Reducing environmental impacts of in-
creased energy consumption such as global warming or regional emissions will 
require improved technology, renewable fuels, and CO2 reuse or sequestration. 
The increase in energy utilization will probably result in increased transportation 
fuel diversity as fuels are shaped by availability of local resources, world trade, 
and governmental, environmental, and economic policies. The purpose of this pa-
per is to outline some of the recently emerging trends, but not to suggest winners. 
This paper will focus on liquid transportation fuels, which provide the highest 
energy density and best match with existing vehicles and infrastructure. Data is 
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taken from a variety of US, European, and other sources without an attempt to 
normalize or combine the various data sources. 

Liquid transportation fuels can be derived from conventional hydrocarbon re-
sources (crude oil), unconventional hydrocarbon resources (oil sands or oil 
shale), and biological feedstocks through a variety of biochemical or thermo 
chemical processes, or by converting natural gas or coal to liquids. The world 
currently consumes about 90.5 million barrels of crude oil per day (International 
Energy Agency). 

2   Biofuels 

The production of biofuels has grown significantly in the last 10 years, driven by 
environmental concerns, cost incentives, and high oil prices, as shown in Figure 1 
[3]. Most of this growth has been in ethanol, mainly in the USA and Brazil. For 
liquid transportation fuels, biofuels production is only a small percentage of petro-
leum production, but could grow to 27% of transportation fuels by 2050 [3]. 
Feedstocks for new biofuels include cane, algae, other cellulosic biomass, energy 
crops, woody biomass, vegetable oil, animal related waste, and CO2. Conversion 
processes include biochemical, thermo chemical, esterification, and pyrolysis and 
related upgrading. This growth is dependent on economically available feedstocks 
and policies that support investment in the new industries and infrastructure.   
 
 

 

Fig. 1. Growth of biofuels in time period 2000 to 2010 [3] 

The US EPA has released a Renewable Fuel Standard which requires increas-
ing amounts of biofuels production and consumption each year through 2022, with 
targets of 9 billion gallons in 2008 and a gradual increase to 36 billion gallons in 
2022 with a cap on the contribution of starch based ethanol at 15 billion gallons. 
Volume requirements for advanced biofuels (non-starch based) can be adjusted 
yearly based on evaluation of technology and availability [4]. It is expected that 
the majority of the increase beyond 15 billion gallons will be composed of cellu-
losic ethanol and cane derived ethanol. 
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In the US, ethanol can be used as a 10% blend in gasoline (E10), as an interme-
diate blend (E15, not currently being sold), and as E85, which actually ranges 
from E68 to E83, per ASTM D5798. Without the use of intermediate blends and a 
large increase in flex fuel vehicles, ethanol use will reach a limitation commonly 
known as the ‘blend wall’ [5]. Currently of the 840 to 880 thousand barrels of 
ethanol blended per day in the US, only about 5.6 thousand barrels per day are 
used for E85 and the remainder is blended at up to 10% [6]. As an example of the 
changes needed to achieve full ethanol utilization in 2022, it has been estimated 
that the number of flex fuel vehicles will have to increase from about 8 million 
presently to 100 million, with the number of pumps offering E85 increasing from 
about 2,000 to 65,000. 

Brazil is the second largest producer of ethanol behind the USA, is the world 
leader in ethanol exports, and is also a large consumer of ethanol. All gasoline in 
Brazil contains 20 to 25% ethanol and over half of the vehicles are flex fuel and 
can run on 100% ethanol or any ethanol-gasoline blend. Ethanol production is in 
the range of 4000 to 4500 thousand barrels per day. Brazil produces and consumes 
about 2.5 to 3.0 million barrels of crude oil per day, but must export heavy crude 
and import both light crude and finished fuels in order to match refining capabili-
ty. Newly discovered deep off-shore oil fields, known as the ‘pre-salt zone’, con-
tain up to 8.3 billion barrels of oil equivalent and are being developed for 10,000 
barrels per day production in 2010 and 4 million barrels per day by 2020. The 
depth of these reservoirs is about 18,000 feet and presents significant technical 
hurtles to achieve this production level [7]. Development of these oil reservoirs 
will make Brazil a net energy exporter and will also allow for future economic 
growth. These oil deposits are an example of resources which can be developed 
with improved drilling techniques. 

As can be seen in Figure 2, there is existing world trade in biofuels, mainly for 
ethanol, biodiesel and vegetable oil, and for wood pellets [3]. 

 
 

 

Fig. 2. Existing world trade in biofuels [3] 
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3   Natural Gas 

Natural gas is not a liquid transportation fuel, but can be used in compressed form 
to fuel fleets, in liquefied form to fuel large engines or power plants, and can be 
converted to liquid fuels by thermo chemical processes. The proven reserves of 
natural gas have increased significantly in recent years due to wider use of hydrau-
lic fracturing or fracking to shale based deposits containing tightly bound natural 
gas.  Fracking has actually been practiced since 1947 and in North America over 
1,000,000 wells have been hydraulically fractured, representing 95% of all gas 
wells and 43% of all oil wells [8]. Recent application to tightly bound shale assets, 
combined with improved horizontal drilling techniques, has resulted in a boom in 
natural gas production and producible reserves in the United States [8]. Much of 
the controversy related to fracking has resulted in application of these techniques 
to areas not accustom to energy production and to a rapid growth in the number of 
wells being drilled. Natural gas asset estimates have increased by a factor of 2 to 3 
times in North America and currently the United States is the largest natural gas 
producer in the world, followed by Russia and Canada. In the US, development of 
this energy resource is being driven by promises of energy independence and job 
creation, although other parts of the world are taking a more cautious approach. 
Examples of recent news headlines include: 

• Oil shale resources could help spur economic growth, 204,500 jobs in Ohio, 
$12 billion economic benefits by 2015 [9]. 

• Opening of Alaskan National Wildlife refuge to drilling could create hundreds 
of thousands of jobs [10]. 

• Study shows that 45% of NY voters support Marcellus drilling [11]. 
• France to keep fracking ban to protect environment, Sarkozy says [12].Oil shale 

resources could help spur economic growth, 204,500 jobs in Ohio, $12 billion 
economic benefits by 2015 [9]. 

• Opening of Alaskan National Wildlife refuge to drilling could create hundreds 
of thousands of jobs [10]. 

The natural gas boom has resulted in wide global price differences for natural gas, 
due to lack of infrastructure for transportation from new production areas. For ex-
ample, in January 2011, natural gas prices varied from $4.50 (USA) to $9.50 (UK) 
to $11.00 per million BTU (Japan) [13].  Figure 3 indicates areas of North Ameri-
ca with significant potential for production of natural gas [8].  

The market is still under development and areas of low regional prices may not 
remain. Prices can be affected by development of export infrastructure, growing 
use for power generation or natural gas vehicles, colder winters, or shifting of 
drilling emphasis to reservoirs which can produce both crude oil and natural gas.  
Examples of recent headlines include: 

• Dominion seeks exports of Marcellus Shale gas, 1 billion cubic feet per day as 
liquefied natural gas, to any country not prohibited [14]. 

• Drilling shift, power demand could hit gas oversupply: Conoco executive [15]. 
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Fig. 3. Areas of North America with potential for natural gas production [8] 

Low natural gas prices have also created the opportunity for converting natural 
gas to liquid hydrocarbons. This technology is well known but capital intensive. 
Abundant, low cost natural gas combined with high petroleum prices could en-
courage investment in this area. In a recent Hart’s Energy seminar [10], three 
companies developing natural gas conversion processes were featured. The focus 
of the seminar was development of lower cost conversion technology and the inte-
gration of natural gas conversion with biomass and coal gasification with  
integrated CO2 use or sequestration. An example of such a system is shown in  
Figure 4 for Accelergy Corporation (16), which can produce syngas from a variety 
of feeds and convert to liquid hydrocarbons. CO2 is separated before the Fischer 
Tropsch reactor and used to grow algae, which in turn is used as a bio-fertilizer to  

 

 

Fig. 4. Accelergy Corporation integration of gasification, thermo chemical conversion, and 
CO2 reuse [10]. 
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enhance crop production. Although it may be unlikely that 100% CO2 reuse will 
be achieved, the overall process can be made less CO2 intensive by integration of 
natural gas (a lower carbon fuel), renewable biomass, and CO2 reuse. 

4   Conclusions 

World trade in biofuels is currently centered around ethanol, wood chips, and veg-
etable oil / biodiesel, with the US, Canada, Brazil, Argentina, South Africa, Ma-
laysia, Indonesia, and Australia being exporters and Europe, Japan, and the US as 
importers. New drilling techniques, including deep ocean drilling, extended hori-
zontal drilling, and hydraulic fracturing are uncovering new sources of natural gas 
and crude oil, with the US and Eastern Europe leading development of these re-
sources and many other countries following with their own projects and partner-
ships. Large increases in natural gas availability have also opened new opportuni-
ties in gas to liquids and combined gas, coal, and/or biomass to liquids.  Overall, 
the energy landscape is currently undergoing unprecedented change, due to world 
economics and growth, energy prices, local preferences, and concern about re-
gional air pollution and global warming. Most likely, all options will need to be 
developed to supply future energy needs, and the energy industry will remain in 
flux for the foreseeable future.   

References 

[1] International Energy Agency, Energy Poverty, How to Make Modern Energy Access 
Universal, World Energy Outlook (2010) 

[2] Stern, D.: The Role of Energy in Economic growth, The Oil Drum, (October 20, 
2011) 

[3] International Energy Agency, Technology Road Map, Biofuels for Transport (2011) 
[4] US EPA. “RFS2” Federal policy drivers for increased biofuels usage (January 2009), 

http://www.epa.gov 
[5] U.S. Energy Information Administration, Growth slows in U.S. ethanol production 

and consumption, Today in Energy (September 14, 2011), http://www.eai.gov 
[6] U.S. Energy Information Administration, This week in Petroleum, The Ethanol Blend 

Wall (July 8, 2010), http://www.eai.gov 
[7] U.S. Energy Information Administration, Country Analysis Briefs: Brazil (January 

2011) 
[8] National Petroleum Council, Prudent Development – Realizing the Potential of North 

America’s Abundant Natural Gas and Oil Resources, Final Report (September 15, 
2011), http://www.npc.org 

[9] Cleveland Plain Dealer, as reported by American Petroleum Institute, API SmartBrief 
(September 21, 2011), http://www.api.org 

[10] Oil and Gas Journal, as reported by American Petroleum Institute, API SmartBrief 
(September 21, 2011), http://www.api.org 

[11] Reuters, as reported by American Petroleum Institute, API SmartBrief (September 21, 
2011), http://www.api.org 



Recent Trends in Emerging Transportation Fuels and Energy Consumption 125
 

[12] Bloomberg, as reported by American Petroleum Institute, API Smart Brief (October 
4, 2011), http://www.api.org 

[13] U.S. Energy Information Administration, Global Natural gas Prices Vary Considera-
bly, Today in Energy (September 30, 2011) 

[14] Fuel Fix, as reported by American Petroleum Institute, API SmartBrief (October 10, 
2011), http://www.api.org 

[15] Platts, as reported by American Petroleum Institute, API SmartBrief (October 12, 
2011), http://www.api.org 

[16] McDaniel, J.: Emerging GTL/BTL Opportunities in North America, Gas-to-Liquids, 
Biomass-to-Liquids, Hart’s Energy Seminar, Hart’s Fuel (September 27, 2011) 



Kinetic Modeling of Fuel Effects over a Wide 
Range of Chemistry, Properties, and Sources 

B.G. Bunting1, M. Bunce1, K. Puduppakkam2, and C. Naik2 

1 Oak Ridge National Laboratory 
 buntingbg@ornl.gov 
2 Reaction Design 
 www.reactiondesign.com 

Abstract. Kinetic modeling is an important tool for engine design and can also be 
used for engine tuning and to study response to fuel chemistry and properties be-
fore an engine configuration is physically built and tested. Methodologies needed 
for studying fuel effects include development of fuel kinetic mechanisms for pure 
compounds, tools for designing surrogate blends of pure compounds that mimic a 
desired market fuel, and tools for reducing kinetic mechanisms to a size that al-
lows inclusion in complex CFD engine models. In this paper, we demonstrate the 
use of these tools to reproduce engine results for a series of research diesel fuels 
using surrogate fuels in an engine and then modeling results with a simple 2 com-
ponent surrogate blend with physical properties adjusted to vary fuel volatility. 
Results indicate that we were reasonably successful in mimicking engine perfor-
mance of real fuels with blends of pure compounds. We were also successful in 
spanning the range of the experimental data using CFD and kinetic modeling, but 
further tuning and matching will be needed to exactly match engine performance 
of the real and surrogate fuels. 

1   Introduction 

In the future, fuel diversity is likely to increase, both from local options related to 
bio-derived fuels and due to further development of new, more traditional sources 
of fuels such as heavy crude derived fuels and natural gas. At the same time, there 
is a growing trend towards world engines and vehicles, manufactured at a single 
location, and designed to be used anywhere in the world. The ability to accurately 
model these diverse fuels is important for several reasons. Kinetic modeling pro-
vides a deeper, more fundamental understanding of fuel chemistry and property 
effects and allows CFD based design of engines and evaluation of robustness and 
control strategies before hardware is made. A better ability to represent fuel varia-
tions will allow fuel effects to be more fully factored into engine design and fuel 
selection early in the design cycle.  

Kinetic models of fuels become increasingly large and unwieldy as more fuel 
components are added and as larger molecules are included to represent the higher 
boiling point components and as unique chemistries of biofuels or fuels derived 
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from non-traditional sources such as oil sands, oil shale, pyrolysis, or conversion  
to liquid fuels (gas, biomass, coal to liquids) are included. Depending on type of 
combustion system, physical processes can play as large a role as chemical 
processes of the fuel because physical properties affect spray, mixing, and evapo-
ration. 

The field of CFD (computational fluid dynamics) and kinetic modeling of en-
gines is a very broad topic, with many areas of specialty focus. Some of these  
areas of focus include the surrogate representation of fuels, kinetic behavior of in-
dividual compounds, merging of individual chemical mechanisms and reduction 
of mechanism size, CFD modeling of engine cylinder and port flow and mixing, 
improved models for sprays and turbulence, and details of heat transfer and boun-
dary layer effects. This paper will provide a very small introduction to this topic.  

2   Experimental Data 

This paper is based on data generated in 2011 on a single cylinder diesel engine 
located at Oak Ridge National Laboratory and equipped with extensive instrumen-
tation for fuel and air measurement (coreolis and hot wire respectively) , gaseous 
emissions (California Analytical and AVL smoke meter), and combustion analysis 
(AVL Indicom). The latter is also equipped with a 1-D engine model and 2-zone 
combustion model to allow determination of residual fraction, heat transfer losses, 
and blow-by and for verification of experimental parameters such as TDC, com-
pression ratio, and flows. The engine is a Hatz 1D50Z air cooled diesel engine, na-
turally aspirated, 2 valve, direct injection, 517 cc displacement, with a mechanical 
pump-line-nozzle injection system with fixed start of injection and equipped with 
a mechanical rate shaping nozzle to provide slow initial injection rate. This feature 
has been particularly difficult to mimic in the modeling. The engine meets Tier 4 
EPA certification requirements. Data was taken for 5 of the 9 FACE diesel fuels, 
which were designed to represent a wide range of properties and chemistry and for 
5 surrogate fuels which were designed by Reaction Design to mimic the characte-
ristics of those fuels. The FACE fuels are ‘fuels for advanced combustion engines’ 
and were developed in a joint DOE – Coordinating Research Council to mimic the 
range of commercial diesel fuels available in the USA, as specified by cetane, 
T90, and % aromatics [1]. Of the 9 fuels available under this program, 5 were se-
lected for the experiments and modeling in this paper. Data was taken at 1800 rpm 
with 3 fuel rates at ambient temperature intake air and 3 fuel rates with 100°C in-
take air, to get a wider range of combustion conditions. Data includes combustion 
analysis, emissions, speciated exhaust emissions by Fourier transform infrared 
spectroscopy, and particulate characterization by scanning mobility particle size 
analysis. For this paper only the high load, 100°C is discussed and a more com-
plete summary of the data is included in references 2 and 3. Fuel characteristics 
are listed in table 1 and details of the surrogate composition are also provided in 
[2]. The surrogates were blends of 1-methylnaphthalene, n-propylbenzene, deca-
lin, methylcyclohexane, heptamethyl nonane, n-decane, n-dodecane, and n-
hexadecane and were designed to match the characteristics listed in table 1 using a 
Reaction Design surrogate blend optimizer tool.  
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Table 1. Properties of selected FACE fuels and their surrogates 

Fuel Cetane 
Number 

% 
Aromatics 

% Cyclic 
paraffins 

Smoke 
point (cm) 

H/C molar 
ratio 

Lower Heating 
Value (MJ/kg) 

T50 
(K) 

Density 
(g/cm3) 

FACE 1 30.3 24 15 21.7 1.93 42.8 463 0.81 
FACE 3 31.3 43 26 14.5 1.75 42.1 467 0.84 
FACE 5 55.0 20 30 25.0 1.96 42.9 488 0.81 
FACE 8 49.0 42 17 15.5 1.70 42.2 537 0.87 
FACE 9 44.0 33 34 14.7 1.80 42.5 521 0.85 
Surrogate 1 30.5 20 15 18.5 1.90 43.5 459 0.80 
Surrogate 3 31.1 38 25 12.7 1.71 43.0 447 0.82 
Surrogate 5 54.8 13 29 22.1 1.91 43.8 442 0.79 
Surrogate 8 50.1 37 15 11.8 1.65 43.1 458 0.85 
Surrogate 9 47.4 28 37 14.4 1.73 43.3 451 0.83 

 
 
 

Figure 1 shows measured cylinder pressure and calculated apparent heat release 
rate for these fuels and  indicate that the fuels and surrogates fall into two discrete 
groups based on cetane range. It is also apparent that the individual surrogates 
mimic the combustion behavior of their corresponding fuels. These curves 
represent a composite of 50 engine cycles. 
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Fig. 1. Cylinder pressure and apparent heat release rate for experimental test points 

The bar graphs in Figure 2 show how engine performance varies across the fu-
els and surrogates.  First, in the top row, fuel rate and IMEP varies slightly be-
tween the fuels, indicating that experimental set-points were not exactly achieved 
for each fuel. However, indicated specific fuel consumption was very steady 
across all the fuels. In the second row of graphs, the low octane fuels produced 
lower soot and higher CO, with the surrogates reproducing the trends of the real 
fuels. In the lowest row, the low cetane fuels began combustion later due to lack 
of low temperature heat release, but had very similar MFB50 (point of 50% fuel 
burn) and dP/dCA (maximum rate of pressure rise, a measure of diesel knock). 
This data indicates the range of performance to be expected from this engine 
across a range of fuels and also indicates that this engine is quite robust to fuel 
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variations, as traditional diesel engines often are. The lower soot and higher CO of 
the low cetane fuels matches with the later start of combustion, resulting in more 
fuel / air mixing before combustion begins. The other characteristic preserved be-
tween the real fuels and the surrogates was the inability to achieve reliable com-
bustion of the low cetane fuels without intake air heating. This is the reason this 
paper is based on data with heated intake air, so that all fuels could be included. 
Small differences in emissions between fuels and fuels vs. surrogates should be 
examined further for lower level fuel effects.  
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Fig. 2. Engine performance data for experimental test points 

3   CFD Engine Model 

A CFD engine model simulates the flow, injection, and combustion processes of 
an engine. In our model, we used a closed valve simulation starting at intake valve 
closing (-132 degrees atdc) and engine at exhaust valve opening (140 degrees 
atdc). Our model was a 1/5 sector mesh, meaning that a pie section of the cylinder 
was modeled corresponding to one hole of the 5 hole fuel injector. Our model has 
a grid size of 1 to 2mm per cell and this resulted in 18,000 cells at bottom dead 
center and 7,700 cells at top dead center. The combustion analysis system and as-
sociated instrumentation and models were able to provide values for residual frac-
tion and composition, heat transfer losses. Fuel injection rate and timing were  
directly measured in a motoring experiment.  For this paper, we use tools available 
from Reaction Design (www.reactiondesign.com) for surrogate fuel development 
(surrogate blend optimizer), for CFD modeling (Forte CFD), and for reduced ki-
netic mechanisms. Solution of the problem takes about 12 hours on a 4 processor 
computer with a reduced mechanism for n-heptane containing 85 species. Figure 3 
shows a picture of the CFD sector mesh, location of the fuel spray, and typical 
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combustion temperature distribution. The model was verified and tuned by simu-
lating actual engine data for n-heptane. This tuning consisted in adjusting starting 
pressure to match experimental mass and adjusting diesel nozzle characteristics to 
match combustion characteristics. 
 

MESH AT BDC

TEMPERATURE AT 10° ATDC

FUEL SPRAY AT TDC

 

Fig. 3. CFD sector mesh showing details of bowl, top ring land,  fuel injection location, and 
temperatures during combustion. 

4   Surrogate Fuel Options 

The simplest representation of diesel fuel for kinetic modeling is generally consi-
dered to be n-heptane, which differs from diesel fuel because of its higher cetane 
(54, per reference 4 average) and high volatility (low boiling point = 372°K). For 
the kinetic modeling work in this paper, we vary fuel reactivity by adding   ben-
zene (cetane = 15, per reference 4 average) to achieve 3 levels of cetane, 54, 44, 
and 31. This blending is done by molar ratio.  The use of benzene to adjust cetane 
number also mimics the aromatics in the fuel, but does not follow the chemistry 
trends in the experimental fuels. Fuel volatility will be modified by using different 
physical properties for these chemical compounds, an option with Forte CFD, and 
the fuels will be represented physically as n-heptane, n-dodecane, and n-
hexadecane, with boiling points of 372, 489, and 560°K respectively. This covers 
the range of T50 for the experimental fuels, shown in Table 1 but does not repro-
duce the full boiling range of the fuels. This modeling thus covers the range of 
fuel reactivity and volatility of the fuels, but in a much more simple way than the 
actual fuels. The modeling fuels were designed to represent the high, mid, and low 
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ranges of cetane and volatility of the experimental fuels, but not to exactly 
represent each specific fuel. Figure 4 is a repeat of Figure 1 with the engine data 
for the fuels and surrogates shown as gray lines and the modeling runs shown as 
broader colored lines and labeled by cetane (high, mid, low) and volatility (high, 
mid, low) per surrogate fuel specifications. Generally, the engine responded to 
lower cetane with later combustion phasing as expected but showed more sensitiv-
ity for modeling results than the experimental data showed. 
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Fig. 4. Modeling output plotted over experimental data from Figure 1 

Table 2 is a summary of CFD modeling output as related to cetane and fuel vo-
latility represented as discussed in surrogate fuel section above. When these re-
sults are compared to Figure 2, it is apparent that the model also responds to lower 
cetane with later combustion, but that combustion, in general, is more retarded 
than the experimental data. The other data, NOx, HC, CO2, ISFC, and dP/dCA  
also show directionally consistent trends, but modeled values are affected by the 
later combustion when compared to experimental values. Further model tuning is 
required. This comparison between experimental and modeling data indicates 
some of the variables which are important to match when developing a CFD and 
kinetic model and tuning to a set of experimental data. Our combustion analysis 
capability provides many parameters needed for modeling input, but there are still 

 
Table 2. Comparison of CFD modeling runs to experimental variables for key variables of 
interest 

cetane HI HI HI MED MED MED LOW LOW LOW
volatility HI MED LOW HI MED LOW HI MED LOW
fuel gm/sec 0.1884 0.1884 0.1884 0.1884 0.1884 0.1884 0.1884 0.1884 0.1884
IMEP bar 3.42 2.54 2.30 2.62 2.41 2.21 2.82 2.36 2.37
ISFC gross gm/kwh 254 342 356 259 360 393 309 368 367
NOx ppm 149.0 88.4 75.4 144.0 70.7 64.5 99.8 49.9 42.5
Soot ppm 0.032 0.044 0.045 0.030 0.038 0.041 0.027 0.029 0.028
CO ppm 2615 9445 10169 2343 8770 9935 4068 7226 6467
HC ppm 4206 9750 11378 4898 10870 12289 8924 11816 11437
MFB02 atdc 3.04 4.04 5.01 3 5.01 5.04 3.03 5.01 6.01
MFB50 atdc 10 12.03 12.02 10.04 13.04 13.01 12 17.04 20.01
dP/dCA bar/deg 4.82 3.1 2.65 3.99 2.84 2.28 3.27 1.25 1.25  
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some variables which must be adjusted to match desired results. It is expected that 
if this matching is done correctly, that the model will be robust across the fuel  
variations. 

5   Conclusions 

The modeling of fuel effects on combustion is increasingly important as fuels  
become more diverse and engine performance becomes more demanding. Tools 
are becoming available through government laboratories, universities, and com-
mercial companies which make this modeling more adaptable, more accurate, and 
easier to do. Experimentally, the Hatz diesel engine responds mainly to cetane 
number in the fuels tested, and the lower cetane fuels required intake heat to  
combust, produced a later start of combustion, and resulted in lower smoke and 
higher CO emissions. The current kinetic modeling is able to reproduce the range 
of experimental data for several key variables, but generally did not provide as 
close a match to experimental data as desired. This indicates that the modeling  
inputs or kinetic mechanisms used for this work require further development or 
tuning. This tuning is most likely to be in the areas of air motion and turbulence, 
spray characteristics and mixing, definition of surrogate fuel blends, complexity 
and details of kinetic mechanisms, details of heat release calculation, and heat loss 
adjustments. This paper also indicates some of the variables which should be 
compared with experimental data when verifying an CFD and kinetic model. 
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Abstract. The increasing use of biofuels is a major challenge for combustion en-
gine manufacturers in terms of performance and CO2 efficiency. The cetane num-
ber, as it is one of the most important fuel numbers for Diesel fuels, is derived 
from the ignition delay which represents the period between the beginning of fuel 
injection and the start of combustion. This ignition delay is evaluated by using a 
single cylinder test engine and measuring the time difference between the signal of 
the needle stroke sensor which is mounted directly at the injection valve and the 
maximum pressure increase in cylinder.  

This conventional test method for fossil fuels, however, determines ignition be-
havior of biofuels only insufficiently. The pressure increase of biofuels at start of 
combustion is less steep due to their lower reaction kinetics and spray quality and 
therefore results in inaccuracies concerning the determination of cetane numbers. 

The method suggested by the bioFIRe project starts with a pressure pattern anal-
ysis in order to receive parameters that provide important conversion points in the 
combustion process. Thus, the ignition delay of fuels - as currently understood - is 
reflected correctly. This can be achieved by the calculation of statistically, thermo-
dynamic and reaction kinetic parameters for the combustion and the pressure  
pattern. This allows to determine the cetane number for biogenic as well as for  
fossil diesel fuels. 

The final aim for a successful introduction of the new determination method for 
cetane numbers is to proof its reproducibility and accurateness. Besides, this me-
thod has to be licensed by the Standards Committee.  

1   The Cetane Number as a Quality Standard for Diesel Fuels 

Important properties of diesel fuels needed for reliable and efficient operation of 
diesel engines are described in European standard EN 590. The cetane number de-
scribes the ignition behavior of diesel fuel and is of outstanding significance for 
the combustion process. For this reason the value of the cetane number is de-
manded to be at least 51 by EN 590. It influences the ignition delay which is the 
interval between the start of injection (SOI) and the start of combustion (SOC). 
The interval is the sum of physical and chemical ignition delay. The physical igni-
tion delay consists of the spray breakup of the injected fuel, its vaporization and 
the mixture with the compressed air. The following chemical ignition delay is  
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characterized by pre-reactions of fuel and air molecules without considerable en-
ergy release. 

As the ignition delay influences the burn rate directly, it effects the noise emis-
sions (comfort) as well as pollutant formation and the fuel consumption of an  
engine. 

2   Peak Oil and CO2-Limitation: European Law for the Use of 
Biogenic Fuels and Fuel Diversification 

The actual worldwide production (distilling) and conditioning (cracking and 
blending) of gasoline and diesel fuels is about 1.6 billion tons per year. About the 
half of the produced amount is diesel fuel. The market share of biogenic and other 
alternative fuels need to rise due to a decreasing oil output after “Peak Oil” which 
can no longer satisfy the increasing demand (figure 1). 

In addition, the EU aims at reducing the non-regenerative CO2-emissions in or-
der to restrict the greenhouse effect [13,14,15]. 

 
 

 
Fig. 1. Global fuel market development (fossil and renewable); Source: ExxonMobile 

The increasing use of alternative fuels for on-road vehicles – a selection is 
shown in figure 2 – constitutes an indispensable opportunity to save fossil energy 
and to reduce the CO2-emissions. 

In the scope of alternative fuels, especially biogenic fuels for diesel engines, 
biodiesel (esterified vegetable oil, e.g. rape oil as well as soy and palm oil and or-
ganic fats) has been available on the market for a longer period of time (about 12 
to 15 years) [5]. 

Also vegetable oils, in Europe especially rape oil according to DIN-V 51605, 
are used as replacement fuels for diesel, whereby its higher viscosity causes  
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problems at carburetion. Another disadvantage is the shortened shelf life (reduced 
oxidation stability) because of the partially polyunsaturated fatty acids [11]. 

Besides esterification, another way to improve the viscosity behavior of vege-
table oils is to process them to HVO (Hydrotreated Vegetable Oil), whereby the 
long-chain unsaturated oil molecules are split up into short-chained paraffines 
[5,18].   

The group of GTL (GasToLiquid consisting of otherwisely burned natural gas 
or bio methane), CTL (CoalToLiquid produced from coal and water or hydrogen) 
and BTL (BiomassToLiquid) are regarded as ‘premium’ replacement fuels for die-
sel as they distinguish themselves by high pureness and ignition willingness while 
being free of sulphur [7,10,11,16]. With an increased expend of manufacturing, 
they also have the potential to process waste products from agriculture and for-
estry as well as the highest capability to reduce the formation of pollutants. 

Furthermore, the possible use of alcohols, which are more commonly known as 
standard gasoline fuel, is at the experimental stage for the use in diesel engines. 
This is for example methanol which is processed to DME (dimethylether) or OME 
(oxymethylenether) [6], and ethanol in form of E85 [8]. These fuels can be pro-
duced comparatively easy by fermentation processes. 

 
 

 

Fig. 2. Selection of different fossil and biogenic diesel fuel samples 

These alternative fuels differ much from fossil diesel fuels regarding carbure-
tion, vaporization and combustion. Therefore reference accuracy of engine based 
test procedures for the measurement of the cetane numbers will not be abandoned 
in the future. In contrast to previous test methods the new measurement should be 
characterized by higher accuracy, better handling and universal aptitude for bio-
genic fuels and fuel blends. 
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3   Overview of Valid Procedures for Cetane Number  
Measurement 

The two engine-based measuring methods for determining cetane numbers are  
the commonly used Waukesha-CFR-Engine as well as the BASF-Engine test 
(Figure 3). 

Both engines inject fuel into a turbulence chamber and are operated at constant 
ignition delay [1,2,3]. With the CFR-Engine this is achieved by a variable com-
pression ratio. The BASF-Engine variably restricts the intake air. By bracketing 
with reference fuels and interpolation of the received values, the cetane number 
can be determined. 

 
 

 

Fig. 3. Test engines for Diesel: CFR (left) and BASF (right) 

Due to the high maintenance efforts and the moderate reproducibility of the ce-
tane values determined by engine test procedures two non-engine procedures, so 
called Constant-Volume-Tester, have been developed and approved. 

These are the FIT (Fuel Ignition Tester) and the IQT (Ignition Quality Tester) 
as shown in Figure 4. Both are characterized by low space requirements and most-
ly automated test procedures and thus they fit the demands of a contemporary la-
boratory device. The cetane number (DCN – Derived Cetane Number) is derived 
from the measured ignition delay. Therefore, values from engine based tests are 
used, which are monitored by round robin tests [3]. 

With an increasing number of non-engine based test devices the statistic quality 
of cetane numbers decreases. In addition there would be no possibility to establish 
an optional fuel number which could be necessary to describe specific properties  
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Fig. 4. Constant volume analyzers: IQT (left) and FIT (right) [3] 

of biogenic fuels in engine applications by only using constant volume analyzers. 
Reason therefore are the missing dynamic process parameters of test engines such 
as change of pressure, volume, gas temperature, swirl etc. 

4   Problems and Limits of Cetane Number Measurement 

Today’s methods for measuring the cetane number are facing, even with fossil fu-
els, high uncertainties and large scatter ranges. The diagram below shows in ex-
emplary form the results of round robin tests for the determination of the cetane 
number of different fossil fuel samples with the BASF engine.  

The results highlight that there is a comparatively substantial absolute deviation 
between different engines and users for one and the same fuel, although the BASF 
is considered as the most reliable method for cetane number evaluation. 
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Fig. 5. Result of a round robin test (Source: FAM AA643) 



140 K. Huber and J. Hauber 
 

The addition of plant oil components to fossil fuel will contribute to increase 
these deviations further, with the result that evaluating biogenic admixed diesel 
fuels will no longer be possible with the current standard method. Reasons for this 
are for example the high viscosity of vegetables oils or the low pressure increase 
(caused by the combustion) which cannot be detected by the analogue technique.   

Further reasons are the operation mode (carburetion and operation point) as 
well as the measurement and data processing based on analogue technologies. 

Biogenic fuels, especially vegetable oils, are characterized by a lower pressure 
gradient during combustion, regarding the conditions for ignition at the test en-
gine. The reason therefore is the higher viscosity and the boiling range of most bio 
fuels which affect the spray breakup and carburetion. 

As opposed to the described arguments, the molecular configuration of bio-
genic fuels consists of a long-chained structure with one or more double bonds 
and contains oxygen which would suggest a shorter chemical ignition delay. 

To achieve the in [1] demanded ignition delay of 20° crank angle, biogenic fu-
els need to be operated at decisively better ignition conditions. This leads to quite 
low cetane numbers compared to common diesel fuel according to standard 
EN 590. However these results do not match perceptions from engine test with 
vegetable oil where they feature a similar combustion behavior. 

It is to be assumed that the physical ignition delay of most biofuels is rated too 
high under the standard-compliant unprofitable ignition conditions in the test  
engine. 

Alternative non engine-based methods for fossil fuels are similarly not an ad-
visable solution for determining cetane numbers of biogenic diesel fuels. One rea-
son is the lack of a standard as there is no reference engine for the determination 
of the fuel numbers which would allow the composition of fuel components to be 
changed. Furthermore, the ignition delay and combustion depend on different state 
variables in the combustion chamber (above all temperature, pressure, volume, 
swirl and residual gas mass fraction). The measurement in a constant volume 
combustion chamber (e.g. IQT, FIT) is based on constant state variables. A trans-
fer of the results to an up-to-date combustion engine seems highly improbable. 

In conclusion, the common test procedures of cetane number determination of 
fossil fuels are not advisable or technically not feasible, especially for current and 
future alternative fuels. 

A precise rating of fuels is required for a constant product quality in the context 
of a larger number of different blends and minimized costs. 

5   Cetane Number Measurement with a Thermodynamic  
Approach Including the Evaluation of the Reaction Level by 
Arrhenius Function 

By means of common engine based test methods the start of combustion (SOC) is 
identified as the point of highest pressure gradient which can vary depending on 
the used fuel. In the proposed method the SOC is detected by an online pressure 
pattern analysis as shown in Figure 6 [17,19]. The received thermodynamic values 
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are, apart from the measured combustion pressure, gas temperature and burn rate 
including the decisive mass fraction burned values. 

The start of injection (SOI), which is usually measured with a needle lift sensor 
and the calculated SOC then define the actual ignition delay (ID, measured either 
in milliseconds or °CA) of the fuel. 
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Fig. 6. Results of the pressure pattern analysis at the pilot test engine 

The available process values (cylinder pressure p, mean gas temperature T) can 
slip into the calculation of the ignition integral based on an Arrhenius function to 
evaluate auto ignition of hydrocarbons [17]. Hereby the reciprocal value of the 
calculated ignition delay τ defined by the state variables p and T at crank angle ϕ 
is to be integrated within the actual ignition delay time. 

ϕ
τ

dlevelreactioncritical
SOC

SOI

⋅= ∫
1

  

with:

 
TR
AE

epA n ⋅⋅⋅= − ~τ  

EA is the apparent activation energy, R~ the universal gas constant and A and n are 
constants which depend on the test device and the charge motion. 

The value of the ignition integral at SOC characterizes the required activation 
energy for auto ignition of a diesel fuel and by the use of a conversion equation it 
can be transferred into a value for ignition willingness (cetane number). The  
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higher the calculated critical reaction level for autoignition of an unknown diesel 
fuel the worse is its ignition behavior and the less its cetane number. 

)( levelreactioncriticalfNumberaneCet =
 

Due to the thermodynamic calculation of the burn rate, it is an essential advantage 
of such a procedure that later SOI (approximately 12°CA before top dead centre 
firing TDCF instead of 20°CA) in combination with more intake air mass can be 
chosen which result in shorter ignition delays [17]. Apart from that the test proce-
dure suggested by the bioFIRe project approaches the in-car combustion processes 
(quality regulation at less ignition delay) better as the operating point of the engine 
is not changed by variation of the intake air throttle. Thus the fuel/air equivalence 
ratio is only influenced by the oxygen content of the fuel. Table 1 shows a com-
parison between standardized and modified BASF test engines. 

Further, it is targeted to quit using the common cancer causing and acid cali-
brating fuels (n-cetane, 1-methylnaphtalene, heptamethylnonane) or to substitute 
them by more tolerable substances. 

Table 1. Comparison between standardized and modified BASF test engine  

BASF DIN 51773 BASF modified

engine speed 1000+-10

engine displacement 850cm³

compression ratio ~ 18,6

cylinder coolant
temperature

100°C (boiling)

fuel injection indirect diesel injection (IDI) into swirl chamber

fuel injection system single cylinder in-line-pump single cylinder in-line-pump, 
preheating unit for high viscosity
fuels

SOI 20°CA before TDCF ~12°CA before TDCF

SOC controlled, TDCF depending on ID

detection of SOC by pressure increase at TDCF by calculating the actual gross heat
release using thermodynamics

ID 20°CA depending on fuel, less than 15°CA

fuel/air equivalence
ratio

strongly depending on ignition
behavior as well as on fuel´s
oxygen content; the higher cetane
number the fatter (<1 possible)

only depending on fuel´s oxygen
content, not less than about 1,4 (or
controlled by lambda-sensor)

internal EGR strongly depending on throttle
position

constant within narrow tolerances

cetane number
determination

interpolation of needed air flow
between unknown and two
known test fuels

derived from the value of the
ignition integral without bracketing
using test fuels
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In addition, the operating personnels’ workload can be reduced; their influence 
on the results avoided, and the reproducibility of the measurements increased. Al-
so the transparency of the process including the demands of engine developers can 
be enhanced. 

6   Conclusion – A View at Further Steps towards  
Standardization 

The disposal of biogenic and fossil fuels is restricted by the relevant standards. 
The results of the bioFIRe-project will impact the standardization of new fuels as 
well as the entire global fuel production. 

Todays utilized test engines should be equipped or upgraded in accordance to 
the developed pilot test rig. Precondition for this step is, besides the technical evi-
dence of functionality, the positive resonance after the presentation of the test 
process to the Standards Committee for Engine Based Test Methods for Liquid 
Fuels (AA 643) and Engine Based Round Robin Tests for Fuel Measurement 
(UA 643.1). 

Regarding fuel processing concerns, the project allows a reliable determination 
of fuel numbers for the future and likewise ensures that fuels are produced at a 
constant quality according to the standards. In contrast to the expectations of high-
er diversification of fuels, their properties can be kept in a closer range for mini-
mized variation of quality. As a result, combustion engine manufacturers can take 
advantage by optimizing the engine calibration.  

As more detailed information about the combustion process is received from 
the measurements it would also be possible to define a complementary value be-
sides the cetane number. These could describe further relevant engine parameters 
such as the combustion duration or the percentage of premixed combustion. 
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Abstract. The downsizing of internal combustion engines (ICE) is already recog-
nized as a very suitable method for the concurrent enhancement of indicated fuel 
conversion efficiency (IFCE) and the lowering of CO2 and NOx emissions [1], 
[2]. In this report, ultra-downsizing is introduced as an even higher stage of de-
velopment of ICE. Ultra-downsizing will be implemented here by means of real 
Atkinson cycles using asymmetrical crank mechanisms, combined with multi-
stage high-pressure turbocharging and very intensive intercooling. This will allow 
an increase of ICE performance while keeping the thermal and mechanical strain 
strength of engine components within the current usual limits. 

1   Introduction 

The scarcity of oil and gas reserves and the global warming phenomenon both 
urge the automotive industry towards a decrease in fuel consumption and thus a 
reduction in CO2 emissions. These factors will also determine the future R&D 
trends for ICE.  

Downsizing of ICE means simultaneous decreasing the displaced volume 
(usually by reducing the number of cylinders) and increasing the indicated mean 
pressure (IMEP) by means of turbocharging [1,2]. This allows the preservation of 
power and torque performance while decreasing the engine size. As a result, a) the 
mechanical and thermal losses are reduced, b) the engine becomes lighter, leading 
to a drop in the overall weight of the vehicle, and c) the engine operates more 
within its optimum fuel consumption zone. The advantages offered by a) and b) 
hold true even for ICE used in hybrid propulsion systems, while the advantage c) 
is already a feature of full-hybrid vehicles. 

The level of downsizing determines the strength of the thermal and mechanical 
strains of engine components. In order to avoid exceeding the usual limits, either 
the boost pressure or the volumetric compression ratio (VCR) must be reduced 
accordingly. As a consequence, the whole potential of downsizing is not achieved 
and the IFCE and IMEP remain at a low level.  

The current ICEs have classical (symmetrical) crank mechanisms (i.e. compres-
sion and expansion strokes of equal length) and follow the Seiliger cycles. Real im-
plemented Atkinson cycles require unequal strokes featuring a shorter compression 
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stroke, which leads to a higher IFCE [3,5]. Atkinson cycles have been used so far 
mostly with symmetrical crank mechanisms, where the intake valves are closed very 
late in the cycle [3,4,5]. Thus, a part of the charge sucked into the cylinder is pushed 
back to the intake pipes, and the effective compression stroke is decreased. This qu-
asi implementation of Atkinson cycles shows no noticeable improvements of the 
IFCE and, hence, it will not be discussed in the course of this paper (see [3] and [5] 
for details). 

Real Atkinson cycles can be implemented only with the help of asymmetrical 
crank mechanisms. This allows using concurrently very high boost pressures (to 
increase the IMEP) and higher VCR (to enhance the IFCE) and to set them much 
more independently of each other compared to Seiliger cycles [3,5]. As an impor-
tant part of the fresh charge compression takes place beyond the cylinder, the high 
compressed fresh charge can be cooled intensively before it is sucked into the cy-
linder. The following moderate compression in the cylinder (i.e. with relative low-
er VCR) leads to lower temperature peaks during the combustion process and, 
consequently, to less NOx emissions. 

As previously mentioned, the expan-
sion and compression strokes are iden-
tical in the case of the Seiliger cycle.
The limitation of the maximum pressure 
during the cycle determines the pair of
parameters VCR - boost pressure. If a
relatively high boost pressure is desired,
the VCR must be reduced accordingly
in order to accomplish the maximum
pressure limitation on the cycle. This
will also decrease the IFCE since it is
determined primarily by the VCR. Fur-
thermore, the expansion in the cylinder 
occurs largely incomplete and the ex-
haust gases exit the cylinder with still
too high specific enthalpy, which de-
creases the IFCE even further. However,
the expansion of exhaust gases in the
turbines with its high specific enthalpy 
can only be used partly for driving the
compressors and, therefore, for enhanc-
ing the boost pressure because it ex-
ceeds the pressure upper limit during the
cycle. This approach has already been
proved in several previous theoretical
investigations based on ideal Seiliger 
and Atkinson cycles [3,5]. 

Fig. 1 BOOST model of a four cylinder TC 
engine. Simple number denotes pipes, Cx = 
cylinder, COx = cooler, TCx = turbocharg-
ers, PLx = plenum, Jx = junctions, CLx = 
cleaner, SBx = system boundaries, Ex = en-
gine and MPx = measuring points 
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These investigations did not take into consideration the effect of heat exchange 
and frictional losses on the cycle in order to make it easier to check the solution 
and to draw a comparison between the Seiliger and Atkinson cycles. The perfor-
mances achieved for IFCE and IMEP using this method are therefore unrealistical-
ly high and serve only as a general indication [3, 5]. 

This Paper expands on the previous investigations from [3, 5] to real Atkinson 
cycles by using the simulation tool BOOST (AVL Co). This tool allows consid-
eration of the true geometrical dimensions of the engine components (cylinder, 
valves, channels, pipes, manifolds, turbocharger, intercooler, silencer etc.) and the 
losses caused by friction and heat transfer along the intake and exhaust gas pipes. 
In addition, the power balance of turbochargers determines the actual boost pres-
sure level of the engine. 

The turbochargers (TC) are modeled for these investigations in a simple man-
ner. It describes the expansion process in the turbines (Tx) by means of their dis-
charge coefficients while the air compaction in the compressors occurs up to a 
maximum pressure ratio which depends on the available turbine output. To be able 
to simulate cycles with very high boost pressures as well, three intercooled TC are 
placed in line (three-stage turbocharging, see Fig. 1). When the boost pressure re-
quired for preserving the pressure limit on the cycle is low, the superfluous TC are 
kept for simplicity and comparability in use (i.e. are not bypassed). In this case the 
expansion and compression ratios of the turbines and compressors tend gradually 
toward 1, i.e. these TC switch off themselves thermodynamically. 

The asymmetrical crank mechanism used here can realize classical piston dis-
placements for the Seiliger as well as for the Atkinson cycles with various asym-
metries between the compression and expansion strokes (see. Fig. 2A) and enable 
the variation of the VCR (see Fig. 2B). 
 

 
Fig. 2A Relative displacements of the asymme-
trical crank mechanism used in the IC A. The 
Atkinson (Atk) cycles are implemented by 
means of varying the eccentric radiuses exx of 
the crank mechanism used. The Seiliger cycle is 
realized with zero eccentric radius. 

 

 
 
Fig. 2B Displacement volume of the asym-
metrical crank mechanism used in the IC B. 
The Atkinson (Atk) cycles are implemented 
by means of varying the parameter g of the 
crank mechanism used. The dashed curve 
represents the null position where a) expan-
sion and exhaust and b) intake and compres-
sion strokes are identical. 
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The following facts can be used to summarize the current situation:  
 

To raise the IFCE, most of the working gas expansion should occur within the 
cylinder. If, however, the expansion process occurs entirely within the cylinder 
(ideally, a full expansion occurs up to the ambient pressure), no additional boost 
pressure can be generated. 

In order to increase the expansion part within the cylinder, the crank mechan-
ism must provide a higher VER, which makes a long expansion stroke (and, there-
fore, an engine with a long piston displacement) necessary. However, that leads to 
high IFCE but quite low indicated specific power (kW/L) and IMEP of the engine.  

For the simultaneously rising of the IFCE and the IMEP, the engine must be 
turbocharged and the ratio between the expansions within the cylinder and within 
the turbines (i.e. between internal and external expansion) must be optimized. To 
be able to optimize this ratio (i.e. between internal and external expansions) re-
gardless of VCR, an asymmetrical crank mechanism is required in order to im-
plement real Atkinson cycles. 

2   Investigation Cases 

The simulations in this Paper are carried out investigation cases, IC A and IC B. In 
IC A, the simulated variants are based on a steady VER and a varied VCR. This 
means that identical expansion and exhaust strokes are kept unchanged and the 
identical intake and compression strokes are varied significantly - by means of va-
rying the eccentric radiuses exx of the crank mechanism used - to allow the mod-
ification of the ratio between internal and external expansion. Some variants of the 
asymmetrical piston displacement are displayed in Fig. 2A.  

In the IC B, the simulated variants are based on a steady eccentric radius (e32) 
where VER, VCR, volumetric intake ratio (VIR) and volumetric exhaust ratio 
(VXR) are varied simultaneously by means of the parameter g. Eleven variants of 
the asymmetrical piston displacement are displayed in Fig. 2B.  

The goal of this Paper is to look for the optimum ratio between internal and ex-
ternal expansion, which leads simultaneously to maximizing the IFCE and enabl-
ing sufficiently high values of IMEP. 

2.1   Setting of the Simulations for Both IC 

The simulations of the piston displacements presented in Fig. 2A are carried out 
using the BOOST model from Fig. 1. The parameters and the performance of sev-
en cycles are shown in Table 1. Many of the parameters from all cycles are kept 
identical in order to make comparison easier.  

Most parameters of the BOOST model are selected for a hypothetical engine 
and are kept unchanged for all simulations. This includes parameters such as all 
geometrical dimensions (with the exception of the crank mechanism), valve tim-
ing, wall temperatures (300 K) and heat transfer coefficients (Re-analogy) of the 
pipes, as well as efficiencies and pressure losses of the intercoolers (target effi-
ciency = 0.75, target pressure drop = 5 kPa) and friction coefficients in the pipes 
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(0.019). Likewise, the efficiency of the turbochargers (compressor efficiency = 
0.75, turbocharger overall efficiency = 0.5), as well as the blow by gap size of the 
cylinder, frictional characteristic curve of the engine and AFR - the combustion 
parameter (see Table 1A) - are also included. 

A simple Vibe function is selected in order to model the combustion process. 
The different positions of the TDC in the Atkinson and Seiliger cycles (see Fig. 2 
and 5) are compensated by choosing a suitable start of combustion (SOC), so that 
combustion begins in all cycles uniformly at 15°CA before TDC. 

The various parameters from Table 1A for the IC A and from the Fig. 10B for 
the IC B are selected for the purpose of obtaining roughly the same maximum cy-
linder pressure max(p) ≈ 230 bar in all cycles. In order to reach this state, the dis-
charge coefficients of the three turbines (μT1, μT2 and μT3) are varied according to 
a) the influence of the back pressure behind the cylinder (e.g. at the measuring 
point MP12 for cylinder 1; see Fig. 1) and of b) the boost pressure (e.g. at MP8 for 
cylinder 1). In order to reach approximately the same expansion rate in all three 
turbines, their discharge coefficients are set at the same level and compensated with 
the cross sections ratios of the turbine output pipes. Hence, only the discharge coef-
ficient of the third turbine μT3 is adapted for each cycle to meet the cylinder peak 
pressure limit, since this sets the level of the other two discharge coefficients μT2 
and μT1 (see Table 1A and Fig. 10B). 

2.2   Simulation Results and Trends for IC A 

After analyzing the performance based on the values presented in Table 1A, a host 
of trends becomes clear. For example: 

All Atkinson cycles show better IFCE values than the Seiliger cycles (see also 
Fig. 5A). However, the Seiliger cycles reach higher IMEP values because of the 
longer intake stroke and, therefore, larger gas mass sucked in (see Fig. 9A). Fur-
thermore, higher boost pressures pMP8 are required in both Atkinson and Seiliger 
cycles in order to hold the parameter max(p) steady when VCR is reduced (see 
Table 1A).  

The comparison of the Atk e62 (with VCR = 7.1) and Seiliger (with VCR = 7) 
cycles shows that a) the Atkinson cycle has a 30% higher IFCE and reaches 58% 
less IMEP and b) the Seiliger cycle needs a 30% higher boost pressure (pMP8 in 
Table 1A) and must overcome a 50% higher cylinder back pressure - i.e. before 
T3 (pMP12 in Table 1A). 

Moreover, the comparison of the Atk e38 & e26 (with VCR = 12.7 respective 
= 16.2) and Seiliger (with VCR = 15) cycles shows that the Atkinson cycles have 
a 10% higher IFCE (although the maximum cylinder temperature max(T) is ca. 
160 K, i.e. 7% lower) and 34% less IMEP.  

The highest IFCE value for Atkinson cycles is not reached in the variant with 
the highest VCR, but in the variant where the VCR is about 50% of VER. Conse-
quently, the optimum variant features an intake stroke equal to approx. 50% of the 
expansion stroke. 
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Table 1A. Parameter (top) and Performance (bottom) for IC A. This table shows VER (volume-
tric expansion ratio), VCR (volumetric compression ratio), μTx (turbine discharge coefficients), 
 

n (engine speed), AFR (air-fuel ra-
tio), SOC (start of combustion), CD
(combustion duration), mVibe (expo-
nent of Vibe function for cylinder
heat release modeling), IFCE (indi-
cated fuel conversion efficiency),
IMEP (indicated mean pressure),
max(p) and max(T) (maximum
pressure and temperature during the
cycle), pMP8 and TMP8 (mean boost
pressure and temperature; i.e. at the
measuring point MP8, see Fig. 1)
and pMP12 and TMP12 (mean exhaust
back pressure and temperature; i.e. 
at MP12, see Fig. 1) for cylinder 1.  

 
Some diagrams are introduced and analyzed below in order to determine the 

cause of these trends. The pressure-volume (p,V) diagrams of all cycles and pres-
sure-specific volume (p,v) diagrams of the intake and exhaust gas paths (for cy-
linder 1) are presented in Fig. 3A and 4A. 

It can be inferred from Table 1A, as well as recognized in Fig. 3A and 4A, that 
the Seiliger cycle with VCR = 7 needs the highest boost pressure to reach the de-
sired max(p) ≈ 230 bar (because of its low VCR). The consequences are an ex-
tremely high back pressure pMP12 and falling ISFC because of the very intensive 
exhaust work required to push the exhaust gases out of the cylinder (see green 
curves up to ec points in Fig. 3A, 4A and 5A). Therefore, this cycle occurs exclu-
sively in the pressure range above 10 bar (see Fig. 3A). For Atkinson cycle Atk 
e38, this situation is reversed (see Table 1A and Fig. 3A, 4A and 5A for compari-
son). This cycle occurs exclusively in the pressure range above 5 bar (see Fig. 
3A). The differences between both cycles can be clearly seen in the intake and ex-
haust gas paths.  

Fig. 4A and 7A show the three-stage compression of the air and all states after 
passing through each compressor and intercooler (with associated pressure losses). 
Fig. 4A and 8A show the three-stage expansion of the exhaust gases in the tur-
bines. Fig. 8A shows, the discharge coefficients are properly adapted between the 
turbines because the expansion occurs almost linearly in all three stages. 

The air compression and the exhaust gas expansion for the cycle Atk e38 occur 
mostly in TC3 (see Fig. 4A, 7A and 8A) because the exhaust gas pressure at the 
MP18 point (i.e. before T3, see Fig. 4A and 8A) is too low (see also Table 1A) to 
be able to adequately drive T2 and T1. Consequently, the exhaust gases compress 
partly in T2 and T1 instead of expanding (see MP19 to MP21 in Fig. 4A).  

 
 



Ultra-Downsizing of Internal Combustion Engines 151
 

No modification of the IFCE sequence between variants is obtained by deleting 
TC1 from the BOOST model (i.e. there is no need to remove the unnecessary TC 
in these simulations). In all Atkinson cycles, the sucked intake gas mass changes 
minimally (see the red circle area on the left side of Fig. 9A), i.e. IMEP follows 
preponderantly IFCE variation and is, for the most part, independent of the boost 
pressure (pMP8) variation.  

2.3   Simulation Results and Trends for IC B 

A number of trends become clear after analyzing the parameter and performances 
presented in Fig. 10B. For example: This type of crank mechanism – which per-
mits VCR variation (in this case via parameter g) – enables the implementation of 
Atkinson cycles for part and full-load operating points (OPs), where IMEP varies 
between 8.5 and 42 bar, even with stoichiometric AFR and without throttling. 
Moreover, IFCE in all these OPs only varies within a 6% wide band (related to its 
maximum, see also Fig. 11B and 13B). 

In all these OPs, the maximum cylinder pressure remains at approx. 230 bar 
and the maximum cylinder temperature varies between 1800 and 2300 K (see Fig. 
12B and 13B). The optimization of the heat release could significantly reduce the 
maximum cylinder temperature (see [3, 5]). In variant g+2 (see legend), the max-
imum boost pressure (pPM8) reaches nearly 12 bar, while the boost temperature 
(TPM8) does not exceed 360 K (see Fig. 10B). In this case, the cylinder is filled to 
maximum (see Fig. 14B). As a result of the extended expansion within the cylind-
er (see Fig. 10B) the exhaust gas temperatures before turbine T3 (TMP12) only 
reach a maximum of 1000 K. A benefit is that the turbine wheel must not be pro-
tected (e.g. by making the mixture leaner) against a higher gas temperature, while 
a disadvantage is that a higher exhaust gas pressure is required before T3 (pMP12) 
in order to achieve the desired boost pressure (pMP8). 

The required higher exhaust gas pressure before T3 (pMP12) (i.e. the cylinder 
back pressure) significantly diminishes the level of IFCE (i.e. by approx. 25%, see 
IFCE variation in Fig. 11B between 540°CA and ec position). The load indepen-
dence of these IFCE losses is quite unexpected, but if the difference between cy-
linder pressure at eo and back pressure (pMP12) in Fig. 12B is noted, the positive 
effect of the exhaust gases released from the cylinder (i.e. of the free exhaust) be-
comes evident. An additional optimization of valve timing can considerably re-
duce the back pressure and, therefore, these IFCE losses.  

The residual gas concentration decreases, while VXR and boost pressure in-
crease (see Fig. 10B). The increase in VXR makes the cylinder exhaust more 
complete (see Fig. 12B) and the increase in boost pressure favors the scavenging 
of residual gases from the cylinder. The IMEP enhancement – from 8.5 to 42 bar, 
while AFR remains unchanged (stoichiometric) and IFCE only varies within a 6% 
wide band – is the result of the increase of aspirated gas mass into the cylinder 
(see Fig. 14B). 
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Fig. 3A. Cylinder pressure (logarithmic) -
displacement volume (p,V) diagrams with
valves timing for all cycles. Here eo denotes 
exhaust open, ec exhaust closed, io intake 
open, ic intake closed. The differences be-
tween the free and forced exhaust parts can
be clearly observed. The forced exhaust di-
minishes IFCE as shown in Fig. 5A. 
 

 Fig. 4A. Pressure - specific volume (p,v) dia-
grams for some MP from the intake (solid 
lines) and exhaust (dashed lines) pipes for two 
selected cycles. The numbers denote the states 
of measuring points from Fig. 1. 

 

 

 
Fig. 5A. IFCE - crank angle (IFCE,CA) 
with valves timing (left axis) and displace-
ment volume - crank angle (V,CA) dia-
grams for all cycles. TDC top dead center
and BDC bottom dead center are shown
here. The forced exhaust diminishes IFCE
cycle-dependent 

 Fig. 6A. Temperature - specific entropy (T,s) 
diagrams with valves timing for all cycles. De-
tails C and D are presented in expanded form 
in Fig. 7 and 8 
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Fig. 8A. Temperature - specific entropy 
(T,s) diagrams for some MP (see Fig. 1) 
from exhaust pipes (dashed lines) super-
posed on D detail of Fig. 6 (solid lines) for 
two selected cycles 

Fig. 9A. Gas mass - displacement volume 
(m,V) diagrams with valve timing for all 
cycles 

 

 

Fig. 10B. Parameter (left) and performance (right) for IC B. The parameters displayed have 
the same meaning as shown in Table 1A and Fig. 2B. 
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Fig. 11B. IFCE - crank angle (IFCE,CA) 
with valve timing (left axis) and displace-
ment volume - crank angle (V,CA) dia-
grams for all cycles. The forced exhaust 
diminishes IFCE cycle-independent. 

 
Fig. 12B. cylinder pressure (logarithmic) -
displacement volume (p,V) diagrams with 
valves timing for all cycles 

 

 

 

Fig. 13B. Temperature - specific entropy 
(T,s) diagrams with valves timing for all 
cycles 

 
Fig. 14B. Gas mass - displacement volume 
(m,V) diagrams with valves timing for all 
cycles 
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3   Conclusion 

The implementation of real Atkinson cycles for turbocharged engines using 
asymmetrical crank mechanisms offers the following advantages: a) relatively 
high IMEP, b) higher IFCE leading to few CO2 emissions and c) lower tempera-
tures during the combustion stage leading to few NOx emissions. 

In order to achieve these performances, the engine requires the use of turbo-
charger systems with at least two stages which must be adapted accordingly and 
controlled with the help of bypasses to maximize their performance. 

The optimum ratio between the internal (i.e. within the cylinder) and external 
(i.e. within turbines) expansion of the exhaust gases which maximize IFCE is 
reached when the VCR is close to 50% of VER.  

An asymmetrical crank mechanism where the VCR may also be varied makes it 
possible to realize Atkinson cycles for part and full load even with stoichiometric 
AFR and without throttling. 
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Abstract. This work is an elaboration of the initial studies presented at the Inter-
national Conference on Sustainable Technologies, 2011. The BARM machine, 
originally in the form of a compressor, will be presented here as an internal com-
bustion machine and compared with a classic reciprocating diesel engine. A sim-
plified thermodynamic analysis will also be presented. Power densities of BARM 
engines should be significantly greater than that of reciprocating engines with the 
same thermodynamic efficiency. 

1   Introduction to Trochoidal Rotating Piston Machines (RPM) 

The BARM machine was previously presented as a compressor under the name 
RPK-160 and RPK-300, Schapiro 2011-1. These were developed at the Zhu-
kovsky Kharkover Aeronautical Institute and described in Sukhomlinov (1975).  

The general advantages of trochoidal rotating piston machines also accrue to 
BARM machines. Among them are: 

 
• small, light and simple construction requiring little space, 
• few moving parts with less wear, 
• outstanding power density. 
• dynamic balancing provides quiet and smooth operation. 

 
The famous Wankel engine also exhibits these same advantages. But the advan-

tage of its power density could not compensate for its disadvantages in times of 
energy scarcity.   

There are two major reasons for the Wankel motor’s less than desired efficien-
cy: first is the geometry selected, with its Reuleaux triangle in the piston’s cross 
section and the epitrochoidal contour of the working chamber with changing alge-
braic sign of curvature along the chamber contour. The classic Wankel machine’s 
maximum possible compression is wholly defined by its geometry. This geometry 
limits the machine’s compression ratio to a number in the order of magnitude of 
10:1. As a result, this machine can be realized as a combustion engine only when 
employing the Otto and similar processes in a single compression stage.  
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The much more advantageous diesel process requires a compression ratio no 
less than the order of magnitude of 20:1. Two-stage diesel Wankel engines exist, 
in which one stage serves as a pre-compressor and the other as actual motor. This 
approach has not proved economical as the pre-compressor devours more energy 
than the efficiency difference between the Otto and diesel processes can yield. 
Mazda’s newly developed diesel Wankel engine with a 14:1 compression ratio 
cannot compete with a highly developed reciprocating diesel engine. 

Second, the problem of sealing the tip of the rotating piston against the cham-
ber wall has not yet been solved very satisfactorily. Compared to reciprocating 
piston engines or to the RPM machines with jumping instantaneous axes of rota-
tion, Schapiro 2008, with their surface-to-surface seal between piston and cylinder 
wall, the seal between the rotating piston and the chamber wall of the trochoidal 
machine is normally a line-to-surface seal.  

Trochoidal machines can be realized with n orders of rotor symmetry, 
n = 2, 3, ... The piston’s spring-loaded sealing lip slides along the chamber wall at 
a permanently changing angle during piston rotation. This angle’s amplitude is de-
fined by the piston’s order of symmetry. This amplitude is greatest at n = 2 
(BARM machine) and is approximately equal to π minus the angle between both 
tangents to the piston’s contours at the sealing point. For n = 2, this is approx-
imately equal to ⅔π. At n = 3 (the classic Wankel machine), the amplitude is ap-
proximately ½π.  

Thus, it is clear why Felix Wankel chose the third order symmetry for his ma-
chine’s piston – the sealing ability of this machine is roughly 30% better than that 
of a machine with second order piston symmetry. In the following, attention will 
be devoted to these trochoidal machines with second order symmetry pistons (pre-
vious notation: PPM2, Planetary Piston Machine with 2nd order piston symmetry, 
now BARM). 

2   BARM: Symmetry and Compression 

Assume that the sealing problem for RPM engines has been solved by means of an 
independent sealing technology. Assume further that it is possible to disassociate 
compression from chamber geometry so that compression can be defined by the 
designer. Which of the almost infinite variety of RPM machines would be most in-
teresting economically as a combustion engine? Given the assumptions above, 
RPM machine with 2nd order piston symmetry (BARM) should emerge as the 
clear victor.  

The reasons for this are simple. First, the contour of the BARM piston, a tro-
choidal arc, conforms to one similar arc in the contour of the working chamber. 
By building a combustion chamber into the arc portion of the chamber wall that 
conforms to the BARM piston, the machine’s compression equals the relation be-
tween the maximum volume defined by the BARM geometry and the geometry-
independent volume of the combustion chamber. Thus, the compression of  
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a BARM engine is not defined solely by the trochoidal geometry but, contrary to 
the Wankel machine, together with the designed size of the combustion chamber. 
Consequently, the BARM machine can definitely be designed as a one-stage di-
esel with concomitant, significantly improved efficiency.  

Second, the piston’s rotation speed and, thereby, the power density of the 
BARM machine is limited only by its fuel’s rate of combustion. That, in turn, 
means that the BARM engine should be able to achieve the maximum power den-
sity possible for any fuel used.  

 

Fig. 1. BARM: Basic Configuration as Combustion Machine (Schapiro, 2011-2). Nomen-
clature: 54 – combustion chamber; 22 – piston arc conforms to chamber arc; 40 – sealing 
lips; 14 – epitrochoidal chamber contour, 2nd order symmetry; 16 – working chamber; 28-
34 – energy transfer mechanism for all trochoidal machines. 

There are some known solutions to the problem of maintaining the appropriate 
position of the piston in respect to the working chamber. One of them involves an 
eccentric lobe on the power shaft that, during rotation, forces the shaft to keep the 
piston in its appropriate position (not shown on the Figure 1).  

3   Desired Seal Qualities  

The vision developed in the previous section rests on the assumption that the  
planetary piston machine’s well-known sealing problems can be solved. This 
problem has been solved – although only theoretically. One solution is based on a 
newly invented composite material. This material can be used as an elastically  
deformable element for a seal that adapts to every curvature.  
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This material has the following properties decisive for the economic efficiency 
of BARM machines: 

 

• material design defines its elasticity across an extremely wide parameter range, 
• the material can be formed into almost any shape and will conform to every 

curvature under pressure,  
• this material’s reaction speed to deformation is at least 4 x 105 cm/sec. Sealing 

the piston with this material against the chamber wall of a BARM machine 
with a chamber diameter of 30 cm theoretically allows rotation speeds of up to 
240,000 rpm. However, realistic operating speeds will not exceed 30,000 rpm.  

• the wear on this material will be comparable to the wear on currently available 
sealing materials, 

• employing special steels, its elasticity characteristics will remain virtually un-
changed up to 1,200° C. 

The type of sealing element Figure 2 can automatically adapt to varying  
curvatures without significant loss of its sealing capabilities. It should function 
particularly well with a BARM machine because the curvature variations in the 
chamber’s contour are relatively small.  

Another solution is a purely mechanical, self-positioning sealing element simp-
ler than Figure 2. This could suffice for many applications. The fact that the epi-
trochoidal contour (see Figure 1, 14) does not differ significantly from a circle 
with constant curvature enables employment as a mechanical sealing element that 
adapts its position to surface curvatures. Fig. 3 describes such a purely mechanical 
sealing element suitable for BARM machines. 

The curvature of the sealing element contact surface conforms to the greatest 
curvature of the chamber contour. In those regions along the chamber contour 
where curvature is less, the variation in conformation with the sealing element 
contact surface is so small as to have no effect during high speed and only mini-
mal effect at low speed operation. While travelling over the chamber surface, the 
sealing element automatically maintains the sealing element neck (Figure 3, 230) 
in a position normal to the chamber surface. 

 

 

Fig. 2. sealing element with steel wool filler. Where: 252 – rotating piston; 258 – sealing 
element; 262 – flexible steel sheet; 260 – steel wool; 266 – micropores for lubrication; 256 – 
channel for sealing element (with oil source - not shown);  
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Fig. 3. self-positioning mechanical sealing element. Where: 232 – contact surface; 212 – 
piston; 224 – sealing crown; 234 – arresting notch guarantees continuous piston surface at 
extreme positions; 226 – rocking element; 230 – neck supporting sealing crown; 216 – 
channel for rocking element (with lubrication source - not shown); 220 and 228 – contact 
surfaces; elastic elements required to compensate for thermal expansion not shown. 

The current state-of-the-art provides many ways to minimize wear and  
frictional losses on sliding surfaces. Some of them use lubrication, others employ 
contactless sealing. This topic will be dealt with when the state of BARM devel-
opment allows the required research.  

4   BARM as a Combustion Machine 

The sequence of Figure 4 illustrates the function of a BARM machine with the self-
positioning sealing element. The magnifying glass shows an enlarged representa-
tion of piston end B with the respective position of the sealing element at each 
stage. This figure displays a 4-cycle diesel configuration with air intake through the 
combustion chamber. The small table in the upper right of each Figure 4 cell shows 
the respective states on piston sides A and C. These twelve cells show the piston’s 
positions at the angles indicated during the entire sequence of 4 cycles. The illustra-
tions (Figure 4 and 5) were created by Prof. Sergei Dunin and generated by com-
puter simulation of the thermomechanical function of a BARM machine. 

8 intervals on the time axis in the upper right correspond to the full thermody-
namic cycle. The diagram in the upper right shows the displaced volume of both 
machines over time and only near minimum. The two diagrams in the lower right 
show output power over time. Blue represents the reciprocating machine, red the 
BARM machine.  In the P-V and T-S diagrams, the blue point displays the state of 
the reciprocating machine and the two red points display the states of the BARM 
machine on the A and C sides (Figure 4 and 5) of its piston respectively. The red 
point near the blue point corresponds to side A. 

This simulation was done with somewhat simplified conditions, i.e. the viscosity 
of the working medium and the intake and exhaust resistances were ignored. The 
internal frictional losses were assumed to be equal for both machines. For the  
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Fig. 4. BARM: sequence of piston positions and working strokes. Intake is light blue, com-
pression dark blue; the power cycle is red and exhaust ochre-brown. The self-positioning 
sealing element is green. 
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Fig. 5. Simulated comparison of thermodynamic function for a 4-cycle Diesel BARM en-
gine with equivalent 4-cycle Diesel reciprocating engine. 

thermodynamic comparison of the BARM engine and the reciprocating engine, the  
following conditions were held equal: displacement, maximum pressure, maximum 
temperature and fuel. A complete thermodynamic cycle was set at 8 seconds. 

It is not surprising that the diagrams of the thermodynamic cycle for both ma-
chines look the same under these conditions. The only difference between the two 
machines is the variation in speed with which they complete the thermodynamic 
cycle. The thermodynamic state of the BARM engine changes slightly faster dur-
ing the compression and marginally slower during the work cycle. In the upper 
right corner of Fig. 5 is the bottom-most section of the graph of both volume dis-
placements over time. The blue curve corresponds to the reciprocating engine, the 
red to the BARM engine. Both P-V and T-S diagrams display the same thermody-
namic cycle for both machines.  

All this shows that the thermodynamic efficiency of the diesel versions of the 
BARM and reciprocating engines are the same. The power densities of both ma-
chines are, however, significantly different.  

The diagrams in the bottom right of Figure 5 show the relationship between the 
respective power densities per thermodynamic cycle. The blue curve displays re-
ciprocating engine power output as a function of time. The downward spike corre-
sponds to the power required to complete the compression stroke. The upward 
spike corresponds to engine power output during the work cycle. The same holds 
for the red curve showing BARM engine power output.  
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The power output per thermodynamic cycle of the BARM engine is signifi-
cantly greater than that of the reciprocating engine because the BARM engine 
works with both sides of its piston. This is one of the advantages of rotating piston 
design. The power output of the BARM engine is approximately a factor of 2 
greater than that of the reciprocating engine per thermodynamic cycle.  

Furthermore, the reciprocating engine’s range of thermodynamic cycles per 
minute is more limited than that of a rotating piston engine. The BARM engine 
can be expected to complete 3 to 4 times more rotations per minute than the 
crankshaft of a reciprocating engine with a working chamber of the same volume. 
As a result, BARM engine power density can be expected to be approximately 6 
to 8 times greater than that of a reciprocating engine in total. 

The Wankel engine also produces a higher power density than an equivalent re-
ciprocating engine. However, its thermodynamic efficiency is substantially lower. 
Power densities of BARM engines should be significantly greater than that of re-
ciprocating engines with the same thermodynamic efficiency. 

5   BARM: Centrally Symmetrical Dual Power Unit Configuration  

The Fig. 6 sequence illustrates the function of a BARM engine with dual power 
units whose centrally symmetric configuration causes all forces, all linear accele-
rations and all internal tensions in both units to fully compensate each other be-
cause the engine’s center of gravity lies at the center of the combustion chamber. 
As a result, the dual centrally symmetric configuration will deliver very low-
vibration performance.  

But low-vibration performance is not the only advantage of this well balanced 
dual power unit configuration. The centrally symmetric configuration of dual 
BARM power units halves volume displacement time, thereby doubling power 
density. 

The small table in the upper left of each Fig. 6 cell shows the respective states 
on piston sides A1, C1, A2 and C2. The compression cycle is dark blue, the power   
cycle is red. 

The centrally symmetric configuration is the most general form of an existing 
idea. Peter Hofbauer of Ecomotors International is developing a linear form of the 
centrally symmetric configuration since 2005, Hofbauer. Since 2007, Monty 
Cleeves of Pinnacle Engines is realizing another, very similar, linear implementa-
tion of this idea, Cleeves. The time is obviously ripe for a realization of this idea. 
The centrally symmetrical configuration combined with trochoidal rotation ma-
chines, particularly with the BARM technology, provides optimal technical and 
economic potential. 
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Fig. 6. BARM engine with centrally symmetric configuration of power units. 

5   Conclusion 

For political and ecological reasons, the broad public is being led to believe that 
the era of internal combustion machines has definitely ended and it will be re-
placed by purely electric mobility before our very eyes. 
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I welcome electric mobility. Nonetheless, I am convinced that it will be quite a 
while before it moves out of the subsidized niches. Why? Because, from a purely 
macroeconomic perspective, it will be several decades at least before the price of 
an electrically powered kilometer can compete with the price of a kilometer pow-
ered by fossil or chemically produced fuels. 

This means that internal combustion machines, whether as main power source 
on the water or in the air or as auxiliary power units and range extenders in combi-
nation with electric drives on land, must continue to be developed and optimized.  

The basic principles of motor topology have not changed in the last 125 years. 
Most volume displacing internal combustion machines belong to the topology 
with the periodically jumping instantaneous axis of rotation, Schapiro 2008, to 
which the classic reciprocating piston machine also belongs. The 80-year devel-
opment history of trochoidal machines, including the Wankel engine as its most 
well-known example, has not come close to realizing its potential.  

Trochoidal machines belong to the topology with a smoothly and continuously 
rotating axis of rotation. It is precisely this topology of trochoidal machines that 
provides the mathematical underpinnings for their advantageous characteristics 
listed in Part 1.  

This presentation is intended to demonstrate that systematic understanding of 
trochoidal machines, especially as internal combustion machines, is still in the ear-
liest stages of development. In addition, the barely researched advantages of the 
bi-angular, trochoidal rotation machine configuration should be brought to profes-
sional attention.  
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Abstract. A century ago the electric car (now more frequently called electric ve-
hicle or EV) was seen to be the ideal city car, while at the same time addressing 
the serious transport pollution problems of the time. With the development of lith-
ium ion battery technology, the electric car once again offers to be the ideal city 
car and at the same time to address transport pollution problems. Concerns have 
been raised that electric cars merely relocate greenhouse gas emissions from the 
car exhaust to the exhaust stack of the power generation plant. This paper identi-
fies a range of strategies to ensure that the electric car is truly a zero emissions ve-
hicle, at a time of growing concerns about global warming and the diminishing ac-
cess to conventional fuels due to peak oil. 

1   Introduction 

There is growing community concern about global warming, and the need to re-
duce our carbon footprint. The transport sector is the third largest emitter of 
greenhouse gases in Australia [1]. And we have a simultaneous challenge: when 
the world recovers from the current economic downturn, oil consumption will out-
strip oil supply [2]. Australia will not have access to enough oil in the future. So 
it’s timely to look again at the environmental impact of electric cars. 

2   The Initial Success of the Electric Car 

At the turn of the 20th century, the electric car was seen as the environmental sav-
iour of the industrialised world. At the time, London and New York, the two ma-
jor cities of the western world, were served by 100,000 horse-drawn cabs, buses 
and delivery carts [3].  

The horses deposited 1,000 tonnes of manure onto the city streets each day. The 
cities had no way of clearing away the mess.  It stank, attracted hordes of flies and 
was a health hazard. When it dried, it blew into the air and caused breathing dis-
comfort and respiratory disease [4]. 
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Fig. 1. The Baker Electric Car 1906, Thomas 
Edison’s first car [5] 

 

Fig. 2. Thomas Edison, Battery Inventor [6] 

At this time, electric vehicles, 
emitting neither exhaust fumes 
nor noise pollution, were seen as 
the saviours of the city environ-
ments. They started instantly, ac-
celerated away quickly and 
smoothly, were quiet, non pollut-
ing and easy to drive. 

By comparison, petrol engine 
cars were difficult to start, with 
poor fuel mixture and required 
hand cranking, considered too dif-
ficult and dangerous for women 
drivers. They were hard to drive 
without synchromesh gearboxes, 
and a professional chauffeur was 
often employed to deal with these 
difficulties.  

The petrol and oil fumes were 
smelly and polluting, and the ex-
hausts were so noisy that they 
frightened the horses pulling the 
many wagons around the city. The 
American inventor Thomas Edi-
son, seen here admiring the lead 
acid battery pack of an electric car, 
was a devotee of all things elec-
tric. His friend Henry Ford con-
sulted him about whether he 
should build the T-model with 
apetrol or an electric motor. Un-
fortunately their discussions at this 
time were not documented, but 

Henry’s decision to utilise petrol engines in his mass produced cars was to decide 
the future of the auto industry. 

3   The Dominance of the Petrol Car  

With the invention of the muffler, the carburettor by Maybach and Daimler, the 
fuel pump, and the electric starter by Kettering, these shortcomings were over-
come. These new technologies transformed the petrol powered car, and when 
added to the dramatic cost reduction of Henry Ford’s mass produced T-model, the 
public accepted the petrol powered car and abandoned the electric car. 
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There were a number of reasons for the electric car to fall from favour. The lead 
acid battery is heavy, expensive, with an energy density of less than 1% of that of 

petrol (one kilogram of petrol con-
tains 12 kWh of energy, while a 
battery stores about 40Wh/kg) [7].  
Petrol became cheap and readily 
available with the discovery of 
Texas crude oil.  

Petrol cars could now travel 
further than electric cars, just as 
roads were developed to connect 
cities and cars ceased to be used 
just for city transportation. The 
petrol powered car quickly be-
came the exclusive technology to 
be used throughout the world for 
the next 100 years. Electric vehi-
cles continued to find limited ap-

plication; they hung on in England, where they were use as milk floats, and in 
Germany as postal delivery vans, but the numbers were negligible compared to the 
millions of petrol engine cars produced. 

4   The Revival of the Electric Car 

It was not until the invention of the Lithium-ion battery in 1996, and the utilisation 
of integrated circuits in the power control system that the electric car began once 
again to compete with the petrol powered car as a suitable form of city transporta-

tion. The resurrection of the elec-
tric vehicle came at the same time 
as the emergence of community 
concern about peak oil and global 
warming. Interestingly, the first of 
the new generation of electric cars 
were developed, not by the estab-
lished global automobile manufac-
turers, but by new start-ups such 
as Tesla Motors, founded by IT 
specialists from Silicon Valley in 
California. 

Predictions of the uptake of electric cars vary. O'Connell of Tesla Motors sug-
gests that by the year 2020, 30% of the cars driving on the road will be battery 
electric or plug-in hybrid. Carlos Ghosn of Nissan predicts that 10% of cars glob-
ally will be EVs by 2020. CSIRO estimates that less than 10% of Australian cars 
will be EVs by 2020 [10], while JD Power estimates a 7.3% take-up [11]. 

 
 

 

Fig. 3. Henry Ford’s 1910 T-model [8] 

 

Fig. 4. Tesla Electric Car [9] 
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In a recent study [12] Deloitte 
found that Chinese consumers 
were more likely to see them-
selves as ‘potential first movers’ 
in the adoption of EVs – that is, 
people who are very interested 
in an EV and likely to purchase 
or lease one within the next 12 
months – compared to people in 
more developed automotive 
markets. 

In an Australian-specific survey the study found that petrol prices need to reach 
$2.60 a litre before the vast majority of consumers would be more willing to con-
sider an EV over a regular car. 

Analysis of carbon use in Melbourne suburbs [14] shows that low income outer 
suburbs will be worst affected by increased fuel prices. People living in these ar-
eas will benefit most from the lower running costs of EVs, as they frequently must 
rely on private transport to commute to work.  

After a century of domination 
by petrol powered vehicles, the 
time of the electric car has re-
turned. 85% of Sydney and Mel-
bourne residents drive less than 40 
km per day [15], so electric cars 
currently have the range to satisfy 
this need, and this typical com-
mute can be recharged in 3 hours 
from a standard power outlet. 

Both China ($9 billion) and 
USA ($3 billion) have invested 
heavily in battery research, and 
significant development in bat-
tery performance can be ex-

pected over the next decade. The range and flexibility of electric powered vehicles 
will extend as battery mass and cost reduces, and energy density increases. 

5   The Availability of Electric Energy 

At a time when Australia’s electrical generation capacity is falling short of peak 
demand, as experienced by Adelaide last summer when power failures occurred, 
there is concern that power demand for recharging EVs will exacerbate the situa-
tion. As shown in the chart of Daily Power Consumption, there is large off-peak 
generation capacity, and potentially millions of EVs could be charged overnight 
without any increase in generating capacity.  

 
Fig. 5. Global Interest in Vs [13] 

 

Fig. 6. Average carbon use in low income 
households around Melbourne [14] 
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Critics of EVs point at the emissions from coal-fired power generation, and argue 
that efficiency losses in electricity distribution and in EV charging offset the gains 

in EV powertrain efficiency. 
Some critics of electric vehicles 
are concerned that there are sig-
nificant environmental impacts 
associated with charging electric 
vehicle batteries from brown 
coal power generation, exacer-
bating power station emissions 
and grid peak loading.   

Home Energy Management, 
controlling the charging of the 
EV and home storage batteries, 

and utilising stored energy and solar energy to run the home during the day  
addresses these issues. Utilising an electronic energy manager ensures that peak 
energy demand is reduced, that renewable energy sources are utilised to reduce 
demand, and off-peak energy is utilised to smooth power station loading. Home en-
ergy requirements during peak tariff periods will be drawn from the home storage 

battery, replenished partially 
during the day by solar panels 
and topped up overnight from 
the grid during off-peak 
power station loading. This 
power will be supplied as 
Green Energy.  This demand 
load redistribution enables 
power stations to run more ef-
ficiently, reducing power sta-
tion emissions and delaying 
infrastructure upgrades. 

The Home Energy Man-
agement system utilises solar 
panels to provide as much of 
the EV recharging energy as 
possible, and supplements 
this by utilising Green Power 
from the grid. This encour-
ages the power industry to 
grow the contribution of zero- 
emissions power sources. 

A network of storage batte-
ries can become a powerful 
resource for the electric utili-

ties, allowing better utilisation of existing base load generation capacity, plus 
overnight utilisation of intermittent wind generator output. The electrical energy 

 

Fig. 7. Daily Power Consumption [16] 

 

Fig. 8. Home Energy Management [17] 
 

 

Fig. 9. Average Household Power Consumption [18] 
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consumed, even with very large EV fleet turns out to be minimal, and will not re-
quire additional based load generation capacity to be constructed. 

In discussions about transport greenhouse emissions, the emissions associated 
with the manufacture of the vehicle are frequently overlooked. These emissions 
are of the same magnitude as those caused by vehicle operation.  

This aspect is of critical importance when evaluating the emissions of hybrid 
vehicles, as the extra manufacturing emissions associated with the additional elec-
tric, battery and power control system can equate to 15 years of operation of an 
equivalent conventional car before the hybrid vehicle achieves an equivalent life-
cycle emissions.    

In order to reduce the impact of the emissions associated with vehicle manufac-
ture, EDay will recycle their electric cars. The cars will be replaced every 2 years. 

A new car will be provided 
with the next generation of 
battery and control system 
technology. The 2 year-old 
battery will be recycled as 
home energy storage, part of 
the Home Energy Manage-
ment system.  

The used cars will be re-
furbished and fitted with next 
technology battery and con-
trol systems, and leased to 
new customers. By recycling 
the cars up to 4 times, the 

imbedded energy and associated emissions in new car manufacture will be re-
duced to a fraction of the conventional car ownership model. 

The car batteries will also be recycled. At the end of their 2 years of operation 
in the car, the battery will be utilised for a further 20 years as home energy sto-
rage. EDay will then recycle the battery materials in the most environmentally 
sensitive way, utilising the best technology available by this time. 

Eco Driving has the potential to reduce emissions by 15% [20]. Energy use can 
be minimised and recharging emissions can be reduced by smart driving tech-
niques, informed by electric car feedback technology. An iPad-like portable de-
vice located in a docking station on the instrument panel, provides the driver with 
vehicle system analysis and allows remote management of the car. The EPad also 
provides information to facilitate more efficient driving. This information allows 
the driver to select less congested or less hilly routes, and provides real time feed-
back to the driver of the efficiency of driving, and consequently encourages lower 
energy use. EPad analysis of the driver’s daily energy usage and carbon footprint 
encourages more economical use of the vehicle, and the selection of public trans-
port, cycling or walking options where appropriate. 

 
 

 

Fig. 10. EDay Electric Car [19] 
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6   Conclusions 

A century after the electric car was first recognised as a desirable technology for 
convenient city transport and for reducing city transport pollution, it is once again 
promising the same advantages. Concerns have been expressed that the electric car 
will not deliver the promised environmental benefits, because of the emissions as-
sociated with coal power station electricity generation. Strategies have been de-
scribed, including Home Energy Management, car and battery recycling and Eco 
Driving, to address these concerns and provide further environmental benefits, to 
ensure the electric car is truly zero emissions transportation. 
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Abstract. This paper presents a new method for development of electronic diffe-
rentials for electric racing vehicles. Most electronic differential solutions focus on 
maintaining the vehicle stability as the first and dominant priority, and are de-
signed to keep some stability-related quantity (e.g. wheel slip) in a “safe region”. 
With racing cars however, the main focus is on the responsiveness of the vehicle 
and its capability to cope with extreme steering and accelerating demands from the 
driver. Our focus is on designing a controller to achieve neutral-steer (avoiding 
over- or under-steer) in race car driving conditions. We show a direct relationship 
between the steering condition and the difference of the longitudinal tire-road fric-
tion forces for the driven wheels. We mathematically derive the desired difference 
in the tire-road frictions that would achieve neutral-steer and show that it is  
directly related to the difference in the driving torques provided by motors. A 
closed-loop-control system is proposed for direct control of the motor torques. The 
simulation results show a close-to-neutral steering performance of the car (while 
maintaining its stability) in challenging steering scenarios. 

1   Introduction 

The two major problems caused by internal combustion engine vehicles, energy 
scarcity and environment contamination, have become public concerns already. 
Measures are being taken to address these problems, and one of the main focuses 
of current research and development trends in sustainable automotive technologies 
is on developing fully electric vehicles. 

In electric cars, each driven wheel is individually actuated by an electric motor, 
which makes it possible to employ an electronic differential instead of the heavy 
mechanical differential and to benefit from the swift response time of the electric 
motors. An electronic differential is a torque and wheel speed controller for man-
aging multiple drives. It supervises the distribution of torques and speeds between 
driven wheels in accordance with the state of the vehicle and the driver’s  
commands. Therefore, the stability and dynamic performance of the car can be 
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enhanced by fine tuning of the difference between the torques applied on driven 
wheels. With a conventional mechanical differential, the stability and performance 
merits of such a differential torque are implausible. 

Most electronic differential solutions, reported so far in the vehicular technolo-
gy literature, focus on maintaining the vehicle stability as the first and dominant 
priority, and design to keep some stability-related quantity (e.g. wheel slip) in a 
“safe region”. With racing cars however, the priorities are different. Here, the 
main focus is on the responsiveness of the vehicle and its capability to cope with 
extreme steering and accelerating demands from the driver. Vehicle stability can 
be pushed to its margins (yet maintained) and slips can go beyond the “safe re-
gion” levels usually applied with passenger car design. 

The easiest method to design an electronic differential is the “equal torque 
strategy” proposed by Guillermo A. Magallan [1]. The principle of this method is 
to emulate the behavior of a mechanical differential. Thus, this method always ap-
plies even torque to both driven wheels for all vehicle maneuvers. To achieve a 
better design, many reported electronic differential strategies utilize Ackerman 
condition to calculate the desired angular speed for each driven wheel. Ackerman 
condition is a kinematic relation between the inner and outer wheels, allowing 
them to turn slip free [2]. The “zero slip” condition that is presumed necessary by 
Ackerman condition is not always the optimal choice in terms of achieving the 
best vehicle maneuverability. In high performance vehicle dynamic arrangements, 
some level of wheel slip is allowed to achieve maximum traction while maintain-
ing vehicle stability. For example, in the strategy proposed by Jeongmin Kim and 
Hyunsoo Kim [3], control commands are generated to produce a desired yaw rate 
and a desired lateral acceleration which are computed from a vehicle planar dy-
namic model. In their method, wheel slip explicitly contributes to the control 
commands generated. Other examples of control methods include an independent 
motor control strategy using fuzzy logic [4], and an independent motor control 
method using sliding mode control and a vehicle state observer [5].  

In this paper, a closed-loop control system is proposed for direct control of the 
motor torques. The loop is closed using observers that estimate the tire-road fric-
tion and the error signal is the distance between the desired and actual (estimated) 
values of the difference between the tire-road frictions for the driven wheels. The 
simulation results show a close-to-neutral steering performance of the car (while 
maintaining its stability) in challenging steering scenarios. 

2   Electronic Differential via Direct Torque Control 

Consider a rear-driven electric car with a local coordinate frame attached to the 
vehicle at its center of mass, as shown in Fig. 1. We will show that the reaction 
forces exerted on the two rear driven wheels, Fx3 and Fx4, are directly related to the 
steering performance of the vehicle, and can be tuned to achieve neutral-steering. 
Our method is based on tuning Fx3 and Fx4 to attain their desired values via con-
trolling the driving torques produced by the two motors.  
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Fig. 1. Top view of the local coordinate frame and the force system acting on the vehicle 

Let us assume that, in the first place, both reaction forces Fx3 and Fx4 are equal. 
Then we have the following set of equations of motion:  

 pIMrIMmrvvmFmrvvmF xxzzxyyyxx ∑∑∑∑ ==+=−=  ;  ; ;    (1) 

where m, vx, vy, Iz and Ix denote the vehicle mass, the longitudinal velocity, the lat-
eral velocity, the yaw moment of inertia and the roll moment of inertia respective-
ly. Expanding the left-hand side of the last three equations, we get the complete 
version of the equations of motion that govern the lateral, the yaw and the roll mo-
tion of the car. 
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where r, p, β, φ and δ represent the yaw rate, the roll rate, the vehicle sideslip an-
gle, the roll angle and the cot-average steering angle of the front wheels 
(cot δ = (cot δ1 + cot δ2)/2) respectively. The coefficients are explicitly expressed 
in [2]. 

When we have electronic differential on-board, we are able to send different 
torque commands to the two driving motors, so the reaction forces Fx3 and Fx4 can 
be different. Let’s define Fad = Fx3- Fx4, then an additional moment Mad = Fad×w/2 
(w is the rear track) is applied on the rear axle, as indicated in Fig. 1. Therefore, 
the equations of motion governing the lateral, the yaw and the roll motion – equa-
tion (2) – can be modified as follows:      
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In order to evaluate the cornering performance of the vehicle, we analyze its 
steady-state response to steering commands δ and the extra tire forces Fad induced 
by an electronic differential. This will simplify equations (3) via replacing all 
time-derivatives with zero which leads to:  
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Solving the above system of equations, the following yaw rate response is derived 
in terms of the control inputs δ and Fad: 

adZ
Z

Z
Z

Fr Frr

00
+= δδ  (5)

0

( )
2

( ) ( ) ( )

( ) ( ) ( )

Fr

r r x r r x r

r

w
Z E C E C

Z E D C D C mv D E D C D C mv D E D C D C

Z E D C D C E D C D C E D C D C

β φ φ β

β φ φ φ φ β β β β φ φ β

δ β δ φ φ δ φ β δ δ β δ φ β β φ

= −

= − − + − + + −

= − + − + −

 (6) 

Equation (5) shows that the yaw rate is directly related to the difference between 
the two reaction forces on the rear wheels, Fad. By controlling the driving torques 
generated by the two motors, we can tune Fx3 and Fx4 to attain the desired differ-
ence between their values.  

In racing conditions, responsiveness and accuracy become the dominant re-
quirements on the steering performance of the electric car. Hence, it is sensible to 
maintain the car always in the neutral-steer condition so that it follows the driver’s 
steering command accurately and swiftly. With a neutral-steer vehicle, the yaw 
rate is expressed as follows: 

δ
l

vxr =*   (7)

From equations (5) and (7), the desired reaction force difference Fad, needed to 
achieve neutral-steer, is derived as follows: 
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Equation (8) is the control goal of our control system design. Figure 3 shows a 
block diagram of the structure of the proposed control system. The actual reaction  
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force difference Fad is obtained by the wheel dynamics block, with torque com-
mands and vehicle roll angle being its inputs. Then, this actual Fad is compared to 
the desired reaction force difference Fad

* which is calculated based on vehicle lon-
gitudinal velocity, steering angle command and vehicle parameters. The error be-
tween the desired value and actual value goes to a PID controller which generates 
the difference between the two motor torques and feeds it back to the torque 
command generation block.  
 

 

Fig. 2. A block diagram of our proposed direct torque control method for electronic diffe-
rential. 

3   Simulation Results 

The electronic differential control system is constructed, based on the structure 
shown in Fig. 2, in MATLAB Simulink environment. In our Simulink model 
shown in Fig. 3, SimMechanics blocks are used to simulate the behavior of 
wheels, and a vehicle dynamics block (a State-Space block) is employed to calcu-
late the vehicle states in the simulation environment. The vehicle state (roll angle) 
from the vehicle dynamics block is fed back to the tire dynamics blocks in which 
the wheel slips and the reaction forces Fx3 and Fx4 are calculated. A PID controller 
is used to track the desired value of the difference between Fx3 and Fx4.  

Using the Simulink model shown in Fig. 3, we have conducted two simulation 
studies to verify the effectiveness of the proposed control system. In the first simu-
lation, a fixed steering angle value (0.1 rad) is sent to the model, and the actual 
yaw rate is observed to be maintained by the closed loop control system at the de-
sired value.  
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Fig. 3. The Simulink model of our proposed direct torque control method for electronic dif-
ferential. 

In the second simulation, a sinusoidal-type steering angle is input to the model. 
The result shown in Fig. 4 manifests that with a slight lag, the actual yaw rate 
(shown in blue) is very close to the desired yaw rate (shown in red). Also, as indi-
cated by the wheel slip scopes, the wheel slips of both tires are contained in a rea-
sonable range. Therefore, the proposed control system provides the electric racing 
car with a close-to-neutral steering performance, while maintaining its stability 
and keeping slip ratios in a reasonable range in challenging steering scenarios. 

 

 

Fig. 4. The actual and desired yaw rate response with sinusoidal-steering input 

4   Conclusions 

In this paper, a closed-loop-control system is proposed for direct control of the 
motor torques, in order to achieve enhanced handling (namely neutral-steer) of an 
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electric racing car. By individually controlling the driving torques produced by the 
two motors, the reaction forces exerted on the two rear driven wheels, Fx3 and Fx4, 
can be tuned to attain their desired values. As can be seen from the simulations  
results, the proposed control system provides the electric racing car with a close-
to-neutral steering performance, while maintaining its stability and keeping slip 
ratios in a reasonable range in challenging steering scenarios. 
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Abstract. The Ultra High Efficiency Electric Motor Generator is an exciting op-
portunity to leverage proven technology and apply this technology in new areas, 
creating new business opportunities in green technology. Marand currently pro-
duces this motor/generator at our Moorabbin facility for application in solar race 
cars. The potential of this motor/generator is far greater than this single applica-
tion. We are seeking investment partners to develop, not the core technology, but 
its application potential. We believe we can achieve through economies of scale 
further cost reduction of the motor/generator and hence open new markets for this 
great piece of Australian technology.  

1   Introduction 

Awareness of the energy consumed and the impact on the environment is develop-
ing at an increasing pace. There is increasing demand for energy efficiency and 
better use of resources. Energy is not always available in the form we require to be 
able to use it. To power a machine we usually require electricity, but the available 
energy source may be in the form of hydro, wind, solar or a non-renewable. Trans-
forming energy from an available form to useable form is an ongoing need. The 
ability to transform that energy at the highest efficiency is the challenge. 

Marand has licensed proven high efficiency motor technology from the Com-
monwealth Scientific and Industrial Research Organisation (CSIRO), and further 
developed products originally designed for low volume laboratory construction to 
products that can be produced using traditional volume manufacturing techniques. 
These motors are also equally impressive as generators. In 2009 Marand entered 
in to a licensing agreement with CSIRO to develop and market the CSIRO de-
signed axial flux permanent magnet motor/generator that had been developed for 
the highly competitive area of solar car racing. This motor, the ultra-high-
efficiency-electric-motor-generator (UHEEMG) has a proven track record of race 
wins, and exceeds the published performance of competitors motors used in that 
highly competitive application. 
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However, the potential application of this motor/generator is expected to be far 
greater than its original intended function. The efficiency of this unit is significant 
when compared to traditional motor/generators, and it is through the efficiency 
that new market opportunities arise for this product. 

2   Why Concentrate on Motor/Generator Efficiency? 

A machine that requires an electric motor to perform its task requires a certain 
amount of input energy, in the form of electricity to operate. If the electric motor 
is more efficient in converting the electricity to useful mechanical work, then the 
amount of electricity, and hence the amount of energy required to make that elec-
tricity is reduced. In simple terms you need less power from your supply and 
hence reduce, both cost and emissions. As the cost of electricity increases, the de-
mand for more efficient utilisation will only increase.  

For power generation the same principle applies. The amount of electricity pro-
duced for a given amount of input power is increased. If the energy comes from a 
non-renewable source then the consumption and emissions will be lower per kilo-
watt hour (kWh) produced. In some cases there may only be limited energy avail-
able, such as in the case of hydro-electric generation, where the energy available is 
restricted due to the location or tidal movement. A turbine may also be located in a 
free flowing river, or irrigation channel, where flow rates are not ideal. When 
placing a wind turbine (Figure 1), it may not be possible to locate the turbine in an 
ideal location. In all of these cases the efficiency of the generator may determine if 
the energy source is viable or not. 

 

 

Fig. 1. Windturbines. 

The UHEEMG has a rated efficiency of 98% (CSIRO published efficiency for 
Halbach variant [1]). This compares favourably with commercial motors such as 
brushed or induction type motors that may offer efficiencies in the 75-85%.  



Ultra High Efficiency Electric Motor Generator 187
 

 

Specialised motors with similar power ratings that have been developed for so-
lar unmanned aerial vehicles (UAV), see Figure 2, and solar race vehicles have ef-
ficiencies up to 93-95%; to date no competitor has claimed a motor to match the 
CSIRO design. 

 

 

Fig. 2. Unmanned areal vehicle. 

A typical industrial machine (see Figure 3) would use an induction motor, and 
there may be multiple motors per machine; these have efficiencies in the order of 
75-85%. An induction motor that has a mechanical output of 10kW at 75% effi-
ciency requires 13.33kW of electricity to operate. The Marand motor at 98.4% re-
quires only 10.16kW, potentially saving in excess of 25kWh over an 8 hour shift. 
This would save the operator $3100 per year per motor (see equation 1). 

25kWh*2 shifts*6 days*52 weeks*$0.20/kWh=$3120 per year (1)

 

Fig. 3. Typical industrial machines. 
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Electricity is predicted to double in price by as early as 2015. This will provide 
greater emphasis on more efficient methods of power utilisation. The projected 
savings as shown above could easily double with the projected increase in energy 
prices, in only a few short years. This would represent a payback of less than 12 
months, demonstrating a great business case. 

Higher energy costs from traditional suppliers will drive an increase in the de-
mand for extraction of energy from alternate sources including the need to utilise 
low grade energy sources.  

These low grade energy sources will only be viable with highly efficient energy 
transformation solutions. Here the high efficiency of the Marand motor/generator 
will have significant advantage. 

Having generated power from these low grade energy sources there will be a 
need to use this energy in the most efficient manner, here again there will be de-
mand for electric motors that can provide the maximum work from the smallest 
energy input. 

3   The Motor/Generator 

The ultra-high efficiency electric motor/generator is based on the highly success-
ful CSIRO solar car motor designed in 1997 for the world solar car challenge [2]. 
This motor has been a proven race winner, due to its robust design and its high ef-
ficiency. In solar car racing the amount of solar panels is restricted as are the types 
of cells. This has the effect of limiting the maximum power available to run the 
vehicle, a more efficient motor maximises the use of this available power. 

The unit is an axial flux permanent magnet motor/generator; the major elements 
can be seen in Figure 4. 

The motor/generator utilises a fixed stator and a rotating magnet array. This 
removes the need for slip rings or a commutator, increasing reliability and effi-
ciency. The magnet rings have been designed to operate with a rotating housing 
such as wheel or rotating axle as required by the application. The compact motor 
design allows configurations with stacked elements giving a wide range of per-
formance options. Every part of the 40 pole motor has been designed with high ef-
ficiency and low mass in mind, minimising all sources of electrical, aerodynamic, 
and mechanical loss in the system. The motor is precision manufactured from high 
performance Neodymium magnets and high temperature Litz wire to maximise ef-
ficiency. Its low mass can be attributed to eliminating any material which is not 
absolutely required to maintain the performance of the motor, the stator windings 
have no iron core, and extensive weight reduction is carried out on the steel back-
ing plate in areas of low magnetic flux.  
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Fig. 4. Components of the steel back. 

There are two variants of the motor, a surface magnet type as shown in Figure 4, 
and a Halbach type. The Halbach magnet array provides a more efficient magnet 
path and improves all areas of motor performance including motor efficiency. A 
comparison of performance characteristics for both motors can be seen in Table 1. 

Table 1. Motor performance characteristics. 

 Surface Magnet Halbach 
 Rated Power 1.8kW 1.8kW
 Continuous Power 4 kW 5kW 
 Peak Power 10 kW for 72s 12kW for 72s 
 Nominal Speed 1060 RPM 1060RPM 
 Efficiency 97.3% 98.4%
 Mass 10 kg 7kg
Torque to Weight ratio 3.00 Nm/kg 3.61 Nm/kg 
Torque to Volume ratio 10135 Nm/m3 10135 Nm/m3 

 
The motor/generator allows for design flexibility, it can be configured with ei-

ther a rotating housing as used in a wheel such as shown in Figure 5 or a rotating 
shaft as typically used in plant and equipment. Combining multiple motor ele-
ments such as shown in Figure 6, allows scaling of the motor/generator to suit 
multiple applications. 
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Fig. 5. Rotating housing. 

 

Fig. 6. Rotating axle multi stack. 

Ideal applications are those where energy is constrained, or there is a desire to 
reduce the operating cost or emissions. For transport, such as electric cars, bikes 
and scooters, the range and performance of the vehicle is a balance between the 
amount of energy stored, usually batteries and the efficiency of the motor. For so-
lar aircraft such as UAVs, the high efficiency and low mass result in greater en-
durance or greater payload compared to alternate motors. 

When harnessing energy such as through water or wind turbines the energy 
gathered can be maximised, and in applications with marginal available energy the 
motor/generator can make an unviable energy source viable. 

The UHEMG is proven technology; this is not a product that is waiting for the 
next technological breakthrough to achieve its demonstrated performance. The de-
sign is from the CSIRO, Australia’s leading research and development institution. 
Now this proven design is adapted to commercial manufacturing techniques, and  
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further developed to give the design greater flexibility in its application to areas 
that can benefit from such an efficient motor/generator such as battery electrical 
vehicles (BEV), see Figure 7. Marand is in the process of taking this product from 
current low volumes to the point where economies of scale can be realised. 
 

 

Fig. 7. Plug in BEV. 

4   Conclusions 

An ultra high efficiency electric motor/generator has been designed by the CSIRO 
and now manufactured by Marand. 

The motor has a proven track record over a 12 year period and has the potential 
for application outside of its original purpose in areas that either need or want to 
leverage the exceptional efficiency that this device offers. 

This motor has the fundamentals to be utilised in a variety of applications where 
the benefits of using an ultra high efficient motor/generator can be leveraged. 
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Abstract. Electric vehicles offer an alternative to hybrid and conventional vehi-
cles through the use of electric drive without fossil fuel consumption. This shifts 
green house gas production from the vehicle to power stations, but if power is 
supplied from renewable sources, such as wind power, zero emissions are gener-
ated. Practical vehicle design requires the consideration of competing demands of 
vehicle acceleration and performance against range and vehicle efficiency. Thus, 
considering requirements such as grade climbing and acceleration against vehicle 
range and power consumption, a two speed transmission is suggested for this ve-
hicle study to increase motor operation at high torque and efficiency regions. To 
evaluate the application of such a transmission, a two speed electric vehicle pow-
ertrain is developed in Simulink® for a full sized sedan. Simulations are con-
ducted to demonstrate the performance of the two speed electric vehicle. Results 
demonstrate the capability of the two speed vehicle to meet various performance 
criteria and provide an indication of effective range under different drive cycles. 

1   Introduction 

Pure electric vehicles (EV) have become an alternative to hybrid electric vehicles 
and conventional passenger vehicles as they produce zero emissions on the road. 
Such vehicles rely on significantly higher energy in battery cells compared to the 
hybrid equivalent to produce reasonable vehicle range. For example the 1100kg 
iMIEV compact EV has arrange of 130km on 16kWh (Kamachi, Miyamoto, & 
Sano 2010), whereas the all electric range of the Chervrolet Volt, weighing in at 
1715kg is less than half that at 60km (Brooke 2011), though the overall range is 
closer to 500km. To therefore provide a reasonable range capability for a full sized 
EV sedan, evaluation of performance capabilities against design range is required 
to ensure correct size of batteries, motor and reduction ratio in the vehicle. 

Vehicle drive cycles are frequently used to evaluate vehicle range under “nor-
mal” driving conditions, generally defined as either highway or urban drive cycles. 
Examples include Abdul Rahman, Zhang, & Zhu (2008), studying energy man-
agement for series-parallel HEVs with a planetary transmission. Driving simula-
tions are then used to evaluate energy management, storage, and fuel consumption. 
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For EVs energy management is reduced to acceleration and braking requirements, 
reducing complexity, however the energy storage system becomes critical to the 
vehicle. While there is a push to super-capacitors, electric vehicles rely on large 
battery modules to achieve range (Jinnui, Zhifu, & Qinglian 2006). 

The application of multispeed transmissions for EVs has the potential to  
improve average motor efficiency and hence range, or even reduce the required 
motor size. There is a range of transmissions available for application to EVs for 
multispeed drives, in Rudolph, et al, (2007) it is suggested that DCTs have higher 
efficiency than other automatic drives, making them particularly suitable. 

This paper presents a systematic model of a two speed EV for evaluation of  
vehicle range and performance with an integrated two speed transmission. In the 
following sections are divided into EV powertrain model development in Section 2, 
including electric machine, battery, transmission, vehicle, and driver models. This 
is followed by vehicle performance evaluation and range simulations using two 
drive cycles. Finally, conclusions are drawn and project direction identified. 

2   EV Powertrain Modelling 

The main components of the electric vehicle power train that are considered for 
modeling are as follows: 

 

• electric machine 
• battery pack 
• transmission and vehicle 
• Driver model. 

2.1    Electric Machine Model 

Electric machines (EM) in electric vehicles have a dual role, providing driving 
torque to the vehicle and recovering energy during braking events. However, EM 
are frequently designed to provide higher efficiency as either a motor or generator. 
This leads to limitations in implementing the EM as a generator. It is modelled us-
ing look up tables to define motor efficiency as a function of speed and input 
power, while the actual output torque is defined from the input power and motor 
speed, limited by the rated motor torque. When acting as a generator it is assumed 
that only 30% of the generated power can be used to charge the battery, and for a 
vehicle speed under 15kph the generator is ineffective and disabled, friction 
brakes are then only used for braking. From energy conservation, electric machine 
torque is: 

 

EM

B
PCEMEM

P
T

ω
ηη=  
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2.2   Battery Model 

The battery model is based on lithium-ion batteries using interpolation to evaluate 
battery characteristics, similar to the model described in Abdul Rahman, Zhang, & 
Zhu (2008). Requirements are to determine cell characteristics (RINT and VOC) as a 
function of temperature and SOC, and calculate the output voltage, battery tem-
perature and change of SOC, all based on the input current to the battery. The out-
put voltage of the battery during charge or discharge is: 

IRVV INTOCOUT ×−=  

Maximum capacity is determined from the battery temperature (CAPMAX), and 
used capacity (CAPUSED) from the initial conditions and supply/demand from the 
motor/generator. The absolute state of charge (SOCABS)is defined as: 

MAX

USEDMAX
ABS CAP

CAPCAP
SOC

−
=  

2.3   Transmission and Vehicle Models 

The purpose of vehicle transmissions is to provide maximum vehicle performance 
and efficiency using many ratios. For an EV the transmission is based on a DCT 
with only two gears, with shifting controlled using a shift map designed to pro-
mote the operation of the EM in the higher efficiency region. Detailed ratio design 
is available in Lechner & Naunheimer (1999) for grade and speed requirements. 
Here maximum grade climbing is used to evaluate lowest possible ratio, while top 
speed and driving torque are used to limit the top gear ratio.  

The vehicle model takes all the input torques, calculates vehicle acceleration 
and performs numerical integration to determine vehicle speed. Inputs are sup-
plied motor torque, TEM, brake torque, TB, and vehicle resistance torque, TV, and 
the output is vehicle acceleration. Equation of motion for the vehicle is: 

 

BVEMPTtV TTTrm −−= γηα2  
 

The vehicle resistance torque is the combination of rolling resistance force, incline 
load and air drag. It is defined as: 

 

( )225.0sincos rVVDVVRv rACgmgmCT ωρφφ ++=  

2.4   Driver Model 

The vehicle driver is modeled using a PID controller, where the difference be-
tween demanded drive cycle speed and actual vehicle speed is the input error. 
The PID output is demand power to drive the vehicle, where a positive signal is 
considered the power demand required for vehicle acceleration, and a negative 
demand is the power required for braking. 
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3   Simulations and Analysis 

The purpose of performing simulations is to provide a demonstration of the per-
formance capabilities of the proposed vehicle. Simulations are conducted to eva-
luate the driving criteria of range under one highway and one urban style drive 
cycle, acceleration, overtaking acceleration, and grade climbing. The vehicle spe-
cifications are summarized in Table 1. 

Table 1. Vehicle parameters 

Parameter Parameter
Mass  1760 kg Battery Layout 1P120S 
Wheel radius 0.266 m Battery Voltage 384 V  
Frontal area 2.2 m2 Battery Capacity 66 Ah 
Rolling resistance 0.016 Gear ratios 8.68, 5.7 
Motor torque 255 Nm @ 3000 RPM (peak) 127 Nm @ 9000 RPM  

 
The first cycle is a highway style drive, known as Highway Fuel Economy Test 

(HWFET), with repeated long high speed cycles to simulate highway driving. The 
second cycle is Urban Dynamometer Driving Schedule (UDDS), designed to si-
mulate city driving with repeated stop starts. 

The modeled vehicle is capable of 0-100kph in 13.7s, overtaking acceleration 
of 50-80 kph in 4.7s, and grade climbing of over 30%. Figure 1 below shows ve-
hicle response to HWFET drive cycle, while Figure 2 shows the vehicle response 
to a UDDS cycle. A single cycle vehicle speed is shown in (a), while (b) shows 
the gear ratio changes for both figures. The vehicle range with the HWFET drive 
cycle is 141.2 km, equivalent to approximately 1.8 hours running time, a short but 
reasonable distance for an EV. By comparison the vehicle range under the UDDS 
cycle, Figure 2, is 128.2 km, a total drive time of about 4 hours. The longer range 
using HWFET is realized by the vehicle running continuously at a relatively stable 
speed with low torque demand. The UDDS cycle range is extended by frequent 
application of regenerative braking.  
 

 
Fig. 1. Simulation results for HWFET cycle (a) drive cycle and (b) gear ratio. 
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Fig. 2. Simulation results for UDDS cycle (a) drive cycle and (b) gear ratio. 

Results in Figure 3 demonstrate the operating locus of the electric machine for 
both drive cycles. The results using only first gear demonstrate operation at higher 
speeds, with low efficiency. However, the employment of a two speed transmis-
sion shows improved efficiency by reducing operation in low efficiency zones. 

 
Fig. 3. Motor torque-speed traces for (a) UDDS cycle and (b) HWFET cycle. 

4   Conclusion 

This paper presented a compact model of a two speed electric vehicle to be used 
for performance evaluation in the Matlab/Simulink® environment. Simulations 
were conducted to evaluate performance specifications and range simulations. The 
results demonstrate that the larger vehicle is capable of meeting several perfor-
mance criteria for acceleration and grade climbing, and provides a reasonable 
range for a large EV. Continued research for this project will focus on component 
optimization, shift dynamics, and significant experimental validation. 
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Abstract. Today’s global community strives for a greener and cleaner environ-
ment, car manufacturers are given with the enormous task of coming out with 
more sustainable cars with lower carbon emissions. One of the more sustainable 
alternative fuel vehicles chosen by automotive manufactures is electric vehicle 
(EV). Currently emphasis by auto manufacturers is on development of propulsion 
which is low cost, light weight with optimal power outputs. In this research, major 
modifications will be conducted on a GM Holden Barina Spark CDX 2010 in or-
der to convert it from a regular internal combustion vehicle into full EV propul-
sion. In this particular study, more specifically the modifications made on the 
components within the rear wheel hub and propulsion system will be analysed and 
looked upon in detail. This is to ensure with all the changes made to the car, the 
possibilities of failure of any of the drive train components are either minimized or 
diminished entirely to avoid any compromise on the safety of road users. 

1   Introduction 

Environmental awareness worldwide has influenced development of variety of tech-
nologies; EV is one of the commercially successful technologies. In comparison 
with ICEV’s (Internal combustion engine vehicle) has intrinsic advantage such as 
zero-emission when used with sustainable resource.  Many automotive companies 
have launched EV’s in Australia and overseas including Chevrolet Volt in 2010, 
Nissan Leaf in 2010, Mitsubishi i-MiEV in 2009 and the Smart ED in 2011. EV in-
dustry is chosen as an alternative fuel technology by many automotive manufactur-
ers. Many new players have come up to utilise this opportunity, such examples are 
Blade electric vehicle and EDAY in Australia.  However many automotive manu-
facturers have adopted Permanent magnet propulsions (PM), which produces a very 
good torque, however is not very cost effective in general. These PMs also have dis-
advantage of using magnets which are rear earth fossils. The Switch reluctance mo-
tors (SR motors) have advantage of cost effectiveness and optimal solution to EV 
propulsion system. At present three factors are seen as main barriers to widespread 
adoption of EV technology; limited range costs and infrastructure. The objective of 
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this research was to evaluate EV propulsion system which is low cost low weight. 
The regular internal combustion engine powered 2010 GM Holden Barina Spark 
CDX is converted into a fully electrical powered vehicle by adding in wheel motors 
within the rear wheel of the car. Starting with technology mapping, several design 
systems including hub, shaft and motor designs will be investigated.  

2   Electric Vehicle Propulsions 

EV’s date back 1890’s when first ever EV was built and by early 1900 first ever in 
wheel motor was designed by Smith Motor Company. Environmental pollution, 
global warming and depletion of fossil fuels have led manufacturers and govern-
ments to choose EV as alternative technology. EV’s are zero emitters when used 
with sustainable power source (Islam 1999; Chan 2002; Van Mierlo and Maggetto 
2007; Lixin 2009). This creates an opportunity to develop and align new technol-
ogies in automotive environment.  The future of EV is predicated in a higher scale 
though very small number of cars are seen on the roads today (Chan 2002). 

EV motors are different to industrial motors since they use frequent start stop 
phases (Nanda and Kar 2006). Among four general types of motors, brushed DC 
motor, induction motor (IM), Permanent Magnet (PM) and switched reluctance 
motor (SRM) are typically used (Xue 2008), the SRM is used in this research. 
Brushed DC motor has the advantage of producing high torque at low speed, but 
are heavy, high cost and high maintenance, making them unsuitable (Lee 2001). IM 
though simple in construction and highly reliable, the shape and bulkiness makes it 
disadvantageous (Chan 2002; Xue 2008). Advantages with PM are weight to power 
ratio, since they are made up of permanent magnets. This produces a high coercive 
force which provides a high residual magnetic flux density. Heat deception is sim-
ple and advantageous over other motors, hence many auto manufacturers prefer this 
architecture (M. Ehsani; K. 1997; Zeraoulia, Benbouzid et al. 2006). Thus PM’s are 
more efficient, compact construction and reliable than DC, induction and switched 
reluctance motors as well. For motor capacity and efficiency PM drives are a good 
choice  (Jack, Mecrow et al. 1996). Conversely, permanent magnet motors are very 
expensive and permanent magnets rear earth and would depict in years to come. SR 
motors have potential for EV propulsions since they are simple in construction, low 
manufacturing cost and reasonable weight ratio. The torque-load characteristics of 
SRM are favorable for required EV load characteristics  (Vikas, Dr. G. Tulsiram et 
al. 2005). Among some of challenges using SRM are space requirement and effec-
tive weight ratios. High torque ripples at low speed and acoustic noises are other 
associated issues in SRM technology (Ehsani 1996; R. 2001; Zeraoulia, Benbouzid 
et al. 2006; Xue 2008). However when designed compact and light weight these 
can be viable alternative in long term. When SR motor is used as in-wheel propul-
sion it can generate maximum torque. This increase higher efficiency and reduces 
losses during power transmission since packaging of gearboxes, differentials, drive 
shafts and axles can be removed (King 1997; Cakir 2006). This archives low 
weight, simple construction and low cost motor. Recently EV has gained lot of 
momentum in automotive industry and it becomes vital to develop a low carbon 
sustainable architecture in near future. As a matter of fact today many leading auto 
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manufacturers including GM, Mitsubishi, Testla Nissan and Toyota have launched 
series production of EV at early 2011. Additionally new players like Siemens, Mi-
chelin, E traction and XTi are developing in wheel drive train technology. Follow-
ing are the few findings from the literature review: 

 
• Despite potential benefits, widespread adoption of EV’s faces several barriers 

and limitations. As of 2011, EV’s are significantly more expensive as compared 
to conventional internal combustion engine vehicles. Other factors effecting 
adoption of EV’s are limited range, lack of infrastructure and costs associated. 
From literature review and industry survey it is evident that today many auto-
motive OEM’s including GM, Mitsubishi, Ford, Nissan and Toyota are con-
ducting research on series of production models and some examples of 
launched vehicles are Tesla Roadster, Mitsubishi MiEV, and Nissan Leaf. 

• Literature review indicates using in wheel direct drive technology power loss is 
minimal since it eliminates gear and transmission components from vehicle. In 
wheel design simplifies with minimum parts, resulting in reduced weight, space 
utilisation and cost.  

• The concept of the SRM was around for long time in many industrial electrical 
applications. Predominantly permanent magnet motors are used in EV technol-
ogy as they are more efficient, compact and hence more suitable for EV. But 
this literature review indicates the appropriateness of SRM technology as com-
pared to permanent magnet in context of cost and weight, though there is still a 
compromise with the efficiency of the motor. 

• According to the industry survey in this study, Michelin displays an ingenious 
arrangement of a geared motor within the inside of a drive wheel. E-traction of-
fers a self-propelled electrically powered wheel with optional electric or me-
chanical steering including suspension and shock dampening, delivers up to 
15000 Nm of direct drive traction at the only place where it requires. XTi Hub 
Motors uses in-wheel technology with brush permanent magnet bi-directional 
DC motor and pneumatic integrated solid rubber tire.   

3   Propulsion Design 

The research objective was to develop EV by replacing propulsion of existing ve-
hicle designs with low cost, in wheel, direct drive electric motors, whilst retaining 
much of the existing vehicle design, engineering, and supply chain. Replacement 
drivetrain, control and support systems are intended to be scalable to enable  
fitment to a range of vehicle types, thus spreading the research and development 
investment over a product range. The replacement drivetrain system currently in  
development uses low cost, direct drive, switched reluctance, in wheel motors 
which occupy the space normally occupied by the braking system, thus requiring 
its relocation. The drivetrain and suspension packaging requirements dictate 
mounting the brake disc to the motor housing rim. 
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Fig. 1. Left: EV architecture with in-wheel SR motors (on right side is Motor tyre model 
for calculating bearing loads) 

The SR motor is a type of electric motor run by energizing and de-energising 
the phases operated by reluctance torque. It consists of wound coils for the stator 
however none of the coils or magnets are present in the rotors. This particular type 
of motor has the ability to run in very high speeds and produce high efficiencies 
which makes it the ideal motor to be used in the EV. In this case, two bearings 
were required for each hub providing two supports for different purposes on dif-
ferent ends of the shaft while the SR motor rotates around it. The first bearing 
which slides inside of the hub, acts as the main load carrier, takes up high radial 
loads. The second bearing located on other end of hub which is also known as the 
outer bearing will act as a support bearing to the more dynamic end of the shaft. 
Unlike the previous bearing, the outer bearing is designed to allow deflection in 
shaft; this makes it feasible to forces both radially and axially. The shaft plays a 
substantially critical role as part of the hub member providing as the backbone to 
the system. As shown in figure 1, SR motor is planted within the rear rims of the 
vehicle which requires a new hub to accommodate each SR motor. Each hub con-
sists of a bearing, shaft and the motor itself. Unlike other motors, shaft is not rotat-
ing which is completely stationary and instead, acts as the main hub support in 
which the SR motor will rotate around and hence rotating the wheels. Shaft role is 
vital as it supports the stator packs, without compromising the structural ability of 
the motor. The design was ensured that at no point safety was compromised or to-
lerated by diminishing the possibilities of failure of the shaft. 

4   Evaluations of Design 

Each and every component in the hub design was needed to be analysed, so that 
safety is not compromised. Each electric motor contains two bearings one for the 
inner section of the shaft and another one for the outer section of the shaft.  Analy-
sis has been carried out to determine whether the bearings can withstand the radial 
and axial loading exerted on each the outer and inner section of the shaft. From the 
design following dimensions are taken as reference to calculate the bearing loads  
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(refer Figure 1 right side view and Figure 2): l = 195.2mm, RH = 241.3mm, a = 
98.5mm. Load acting on each wheel is taken as 4kN. However under rough oper-
ating conditions, it is increased by 20% making it K = 4.8kN, thus calculating 
radial loads: 

FR inner = ε1.K + ε2Fk and FR outer = (1- ε1)K ± ε2fK                                (1&2)  

Whereby (ε1 = a/l) and (ε2 = RH/l)                                                   (3&4) 

For a commercial vehicle, f is taken as 0.05 therefore, ε1= 0.5046 and ε2= 1.236 
FR inner = 2.71kN and FR outer = 2.08kN and 2.67kN. Taking a larger value as 
reference centrifugal force, Kd is calculated. Scenario is created considering worst 
case of the car taking its maximum wheel base right turn of 9.9m at a velocity of 
60 km/hr. Whereby G: Weight of the car= (962kg) ,v: Velocity = 16.67m/s, and 
r: Turning radius= 9.9m. Therefore, Kd = 212.54. From the vehicle dimensions, 
wheel dia h= 482.6mm and wheel base b= 1414mm. Calculating forces acting on 
inner and outer bearing during the turn formula to calculate Kd is: 

(Kd/ G)= (1/127) * (v/r)                                                                                    (5) 

Kouter = [1+ 2(h/b) (Kd/G)](4800) and Kinner = [1- 2(h/b) (Kd/G)](4800)          (6&7) 

Thus Forces on Kouter = 5.52kN    and    Kinner = 4.07kN  

Ka,outer = (Kd/G) [1+ 2(h/b) (Kd/G)]K (8)

Ka, inner = (Kd/G) [1- 2(h/b) (Kd/G)]K (9)

 

Fig. 2. Wheelbase model for bearing calculations. 

Calculating the axial loads which will act on bearings by calculating Ka,outer 
=1.22kN and Ka inner = 0.98kN. The life of bearing is determined by calculating 
the dynamic load rating, Cr. Where fh = life factor. For this scenario general pas-
senger vehicle wheel bearing life expectancy is considered 21,700 hours. From 
suppliers data, for the life of 21,700 hours, the life factor fh = 3.1. fn is the speed 
factor and is calculated using following formula: 

Cr = (fh/fn) X (Fr) (10)

fn =  (33.3/rpm) 0.3 (11)
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Fig. 3. Bearing loads for hub of EV propulsion 

Where maximum velocity is 1666.67m.min-1 and wheel diameter (Rim and Tyre) 
is 0.4826m therefore wheel circumference is 1.516m. Wheel RPM is 1100rpm, 
hence, fn= 0.3502. Therefore the dynamic load rating, Cr outer = 24.06kN and Cr 
inner = 23.68 kN. This loading analysis ensures that hub designs are safe at the 
roughest operating conditions. Based on specifications given by supplier, the rec-
ommended inner bearing (paired tapered roller bearing) can withstand Cr of up to 
105 kN thus the previous calculation of 24.06kN proves it is robustly designed. 
For the recommended outer bearing (deep groove ball bearing), the specifications 
indicate that it can withstand up to 27kN which also makes it robustly designed for 
our calculated value of 23.68kN. Figure 3 above is a summary of loads in which 
both bearings perform under worst case scenarios. 

5   Summary and Conclusions 

The performance study of propulsion hub design is performed using dynamic load 
bearing analysis.  These designs have two bearings for SR motor hub and this is 
due to its rugged nature of operation. One is located in the inner vicinity of the 
shaft and designed to withstand high load characteristics. This inner bearing is 
very rigid and sturdy with extremely high reliability. The other bearing, located at 
the outer section of the shaft and unlike the other is light weight and dynamically 
controlled allow radial and axial loads. This bearing allows any deflections in the 
shafts due to varying loads on the other end of the shaft. This is due to the close 
proximity of the wheel to this outer bearing. Therefore calculations were done in 
order to determine the maximum axial and radial loads acting on both bearings 
and later on the optimum bearings are selected from SKF Bearings. The dynamic 
load ratings of the bearing were also retrieved to further validate bearing selection. 
 

• This research outlines development of packaging for motor which uses switch 
reluctance technology and can be made at substantial lower prices compared to 
permanent magnets. It is also understood that at this point in time there is no 
vehicle available which claims to have fully defined in wheel designs. For these 
reasons this research can be viewed as significant original contributor to the EV 
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technology market. SR motor is an alternative to PM motors and offers cost ef-
fective propulsion system. When designed in modular, low weight performance 
of SR motors are effective. 

• Other advantages of the SR motor include low cost, higher heat withstanding 
capabilities and the robustness of the construction. Apart from that it is also 
learned that the existence of gears may be unconsidered hence minimising 
transmission loss and therefore maximizing efficiency. The SR motor is also 
known to be very flexible in terms of its shape and construction and allows bet-
ter fitting range within an in wheel motor system whereby space is a very pre-
cious commodity. 

• This not only achieves easy assembly structures but also make it modular to 
scale it to suite different vehicle architectures. Modularity of SR motors makes 
it sizable to any vehicle architectures including small, medium and mid-level 
sports utility vehicles. Each of the rotors, stators are packed to form assembly.  

Tapered roller paired face to face for inner wheel hub bearing and single row 
deep groove ball bearing for outer hub to allow proper load bearing on hub 
bearing with allowable deflection on the deep grove ball bearing makes it  
feasible to allow shaft deflections. The bearing dynamic tests and their load 
carrying capacity during rough road rides proved to be safer. A good correla-
tion between bearings was observed to ensure that bearings will not fail under 
worst case scenarios.  
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Abstract. This paper discusses the emerging market for Low-Speed Electric Ve-
hicles (LSEVs) in China and examines the various constraints and challenges it 
faces. It looks at some of the problems faced by those developing LSEVs and 
highlights the role that institutional factors play.  The paper concludes with three 
scenarios for how the market for LSEVs in China might develop over the coming 
years and speculates on the wider impact this might have. 

1   Introduction 

Thanks, in part, to its national strategy of building a base of industrial competi-
tiveness founded on "new-energy vehicles" (a classification that includes pure 
electric, electric hybrid and other forms of alternative energy vehicles), China is 
currently a huge laboratory for the development of alternatives to vehicles po-
wered by the internal combustion engine.  Many examples of such vehicles are 
now being tested by China's central and regional governments.  However, the high 
profile new-energy vehicles are not the only market for electric vehicles in China.  
In parallel to this, a new market segment has emerged beyond the boundaries of 
the mainstream automobile industry, based around Low-Speed Electric Vehicles 
(LSEVs), a form of vehicle that is largely indigenous to China.  In our previous 
work, we have focused on China's capacity for technological and business model 
innovation (Wang and Kimble, 2010b, 2011) that has lead to the growth of the  
industries that surround new-energy vehicles.  In this chapter, we examine the  
potential impact of this lesser known aspect China's attempt to develop more  
sustainable forms of automotive technology. 
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2   Low-Speed and Electric Vehicles in China 

China is already a major manufacturer of low-speed light vehicles powered by in-
ternal combustion engines.  Together with low-speed e-solutions for transport, 
such as two and three wheel e-bikes, e-scooters and e-motorcycles, these indus-
tries form the foundation for the emerging market for LSEVs.  We will first ex-
amine e-mobility in China and the low-speed light vehicle industry before going 
on to look at LSEVs themselves. 

E-Mobility in China 
The e-mobility industry, which includes e-bikes, e-scooters, e-motorcycles and 
other forms of electric vehicle, began in China in the early 1990s.  E-bikes are bi-
cycles with a small electric motor, an average speed of 20 km/h and cost between 
1000 and 2500 ¥ ($200 and $400).  E-scooters and e-motorcycles are equipped 
with heavier motors, have speeds between 40-80 km/h and are priced between 
2000 and 20,000 ¥ ($310 and $3,100). 
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Fig. 1. Production of two wheel electric vehicles in China (Sun, 2010) 

The production of 2-wheeled e-vehicles has grown to 25 million units in 2010, 
with more than 400 thousand units being built for export and is expected to reach 
35 million units in 2015 (Figure 1).  However, despite the high volume of produc-
tion, the industry is still at an early stage.  Currently the sector consists of around 
2,700 licensed producers with the market share of the top 50 companies being 
around 50% (Sun, 2010), much lower than a mature industry. 

For the Chinese consumer, e-bikes, e-scooters and e-motorcycles are now  
widely accepted.  Ninety percent of the total production of e-bikes is for the do-
mestic market.  In 2009, there were 140 million users of e-bicycles, e-scooters and 
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e-motorcycles and 500 million users of standard bicycles.  Over time, it is ex-
pected that a significant proportion of the users of bicycles will move to e-
bicycles, e-scooters or e-motorcycles as income levels increase.  It is also expected 
that some of these users, together with the 80 million motorcycle users, will 
switch to the low-speed electric vehicles that we describe in the following  
sections. 

Low-Speed Vehicles in China 
The low-speed light vehicle industry first emerged in China in the 1980s and 
found a ready market in rural areas.  The Chinese authorities initially used the 
term "farm vehicle" and later "low-speed vehicle" to describe them; they are de-
signed to carry both people and loads for short distances along farm roads (Wang, 
2002).  Three-wheel models are priced between 6,000 and 12,000 ¥ ($1,000 to 
$1,900), and four-wheel models between 15,000 and 40,000 ¥ ($2,400 and 
$6,200). 

The low-speed light vehicle industry is now beginning to show signs of maturity, 
both in terms of its sales and structure.  In 1998, there were 218 companies produc-
ing low-speed vehicles, with the four leading companies accounting for 55% of the 
output.  By 2009, there were still 207 producers, but the four leading companies now 
accounted for 81% of the output.  Currently the market leader, the Shifeng Group, 
accounts for 44.7% of the total sales.  Similarly, sales reached 3.2 million units in 
1999 but have now stabilized at around 2 million units / year (Figure 2). 
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Fig. 2. Production of low-speed vehicles in China (CAIY) 

Low-Speed Electric Vehicles in China 
The production of low-speed electric vehicles began in 2007.  The market was 
created by the efforts of companies from a range of different industries (Wang & 
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Kimble, 2010a).  Some, like the Shifeng Group, produced low-speed diesel and 
gasoline powered light vehicles; others produced golf carts, sports vehicles or spe-
cial purpose vehicles like post office vehicles or ambulances.  Few however came 
from the traditional motor vehicle industry. 

The typical LSEV is composed of an accelerator, brakes, steering wheel and a 
lead acid battery pack.  Gearshifts, air-conditioning and safety equipment are 
omitted to reduce the total costs.  The electric motor is connected directly to the 
speed controller and most models do not have a sophisticated battery management 
or motor control system.  A typical LSEV has a top speed of between 40 and 70 
km/h, the dimensions of a compact car and weighs less than 1,100 kg.  Depending 
on the number of battery packs, it has a cruising distance of 80 km, 100 km or 150 
km, and costs between 20,000 and 40,000 ¥ ($3,100 and $6,200). 

There are two main variants.  The first is based on a golf cart, which has the 
advantage of low cost and a simple product platform.  The only change that is 
needed is the addition of a car body, which is often based on some popular model 
of small car and is handmade using glass-fibre.  For the second type, the product 
architecture is copied from a small, traditional internal combustion engine po-
wered car, such as the QQ from Cherry.  Here the main change needed to produce 
a LSEV is the replacement of a traditional engine and transmission system by an 
electric motor assembly and battery. 

In the second type of LSEV, the car body is often purchased directly and is 
identical to that used in small cars; however, due to costs associated with the more 
complex product architecture of traditional cars, this does not significantly reduce 
the price.  Consequently, some companies are trying to redesign the chassis and 
suspension to benefit from the simplicity of electric vehicles.  If successful, this 
would significantly lower the cost of this type of LSEV. 

3   The Market for LSEVs in China 

Before discussing the market for LSEVs, it is important to note that the Chinese 
economy has a dual-structure, with significant differences in income between rural 
and urban areas.  According to the China Statistical Yearbook (2010), the per ca-
pita annual income of rural households was 5153 ¥ ($790) in 2009, compared to 
17,175 ¥ ($2,650) for urban households, giving rural consumers an income of less 
than a third of those who live in urban areas (Figure 3). 

The Value Proposition of LSEVs 
Currently, the main market for LSEVs is in the rural areas of China.  More than 
70% of the population, around 900 million people, live in the rural areas.  The first 
point to make about the value proposition of LSEVs is that, at 25,000 ¥ ($3,900), 
the purchase price of a LSEV is much more affordable that a small traditionally 
powered car, which is priced at around 40,000 ¥ ($6,200). 
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Fig. 3. The growing gap between rural and urban incomes (CSY, 2010) 

However, the attraction of a LSEV lies not only in its low price, but also in its 
low running costs.  The cost of the electricity needed to travel 100 km is around 6 
¥ ($0.9) whereas for a small gasoline powered car the cost for the same distance 
would be 49 ¥ ($7.5), or 8 times higher.  In addition, the battery can be charged 
from an ordinary 220-volt outlet at home.  In rural areas, where households have 
private parking spaces, this way of charging is more convenient than gasoline po-
wered vehicles, as petrol station networks are not well developed in rural areas. 

Thus, the LSEV has a clear value proposition to (low-income) consumers who 
live in rural areas; however, it may also offer certain advantages to a segment of 
the more affluent urban market.  The top speed of a LSEV corresponds to the 
standard downtown speed limit of 60 km/h and offers urban consumers a good 
compromise between price and practicality.  In addition, as most urban commut-
ing distances are less than 20 km, LSEVs have the potential to meet the basic 
transportation needs of urban as well as rural consumers. 

Chinese Institutions and LSEVs 
China is what is termed a transition economy and is still in the throes of changing 
from a monolithic, centrally planned economy on the Soviet model to one based 
on international trade with the free market economies of the West (Lukas, Tan, 
and Hult, 2001).  Such economies are characterized by complex and often con-
flicting institutional requirements that are seen by some as obstacles to developing 
competitive capabilities (Peng, 2003). 

Perhaps the most obvious sense in which the decisions of various Chinese insti-
tutions might shape the future of the LSEV market in China is the simple fact that, 
in most of China, LSEVs cannot be used on the road.  The companies that produce 
LSEVs are not listed in the "Announcement of Vehicle Producers and Vehicle 
Products", an official document published by the Ministry of Industry and  



212 H. Wang and C. Kimble
 

Telecommunication and the "Law of Road and Transportation Security", which 
applies to the whole of China, does not have policy or regulations to cover the use 
of LSEVs; consequently, LSEVs have no right to use the roads. 

When there is a lack of laws or regulations that clearly define the boundaries of 
a new industry, provincial governments often step in to develop the industry in the 
interests of local economy, a situation termed "Chinese federalism" by Qian & 
Roland (1998).  Thus, although modifications to national laws by local authorities 
are not (strictly) permitted, provincial governments in areas where LSEVs are 
produced have created "temporary" local policies to stimulate production of 
LSEVs.  These include, tax rebates, funding for R&D, permission to use LSEVs 
on roads, and tax and road charge waivers for LSEV owners. 

4   The Implications of LSEVs for Mainstream Carmakers 

Because of its low price, low running costs and the ease of charging from a 220-
volt home electric outlet, the LSEV offers a clear value proposition to low-income 
consumers living in rural areas in China.  In addition, most Chinese consumers do 
not have a fixed notion of what a passenger car or an electric vehicle is, which 
may make this type of technology more acceptable outside of rural areas. 

However, for most western consumers, a passenger car is thought of as a long 
distance cruising vehicle that has the capacity of reaching relatively high speeds.  
The size of fuel tank, the power of engine and a long history of use have led us to 
expect our cars to carry us for long distances at speeds in excess of 100 km/h.  
Notwithstanding this, the reality is that most people who live in urban areas are 
subject to the speed limits of 50 km/h or less and travel under 50 km/day.  Could 
the LSEV offer a new value proposition to people outside of China? 

Chinese LSEVs have already begun to find markets outside of China; foreign 
institutional buyers (e.g. governments, police departments, hospitals, post offices 
and airports) have bought LSEVs as a "green solution" whilst also cutting costs.  
Private consumers in the US, for example, have also bought LSEVs as a second or 
third car.  The sales of LSEVs to the US have increased from 5,000 vehicles in 
2008 to around 20,000 in 2010.  Will LSEVs prove to be the breakthrough that 
some (Wang and Kimble, 2010c) have forecast?  The final section of this chapter 
examines some possible scenarios for the future growth of the market for LSEVs. 

5   Scenarios for the Development of LSEVs in China 

The market in China is large enough to experiment with many different types of 
technology and to incorporate those technologies into many different types of 
product.  Currently these include e-bicycles, e-scooters and e-motorcycles, low-
speed light-duty vehicles powered by internal combustion engines and low-speed 
electric vehicles.  We have seen that the future development of such vehicles in 
China is complex, difficult to predict and involves interactions in both the  
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economic and the political arena.  Based on a number of factors, we see three 
possible scenarios for the future development of the LSEV market in China. 

In the first, central government does not encourage the development of LSEVs 
but waits for the market to overcome existing legal and institutional barriers.  If 
this trajectory is followed then, due to the low entry cost, we predict that the in-
dustry will remain fragmented for perhaps another 10 years after which industrial 
restructuring, mainly driven by competition, will reduce the number of companies.  
Depending on developments elsewhere, this may, or may not be to the disadvan-
tage of the Chinese LSEV manufacturers. 

The second scenario offers a more pessimistic forecast.  Here the central gov-
ernment deliberately limits the development of LSEVs, preferring instead to fa-
vour the development of electric vehicles based on designs that try to recreate the 
key features of western passenger vehicles.  This will hinder the development of 
LSEV and place Chinese manufacturers in direct competition with European and 
American car giants. 

The final scenario sees the LSEV industry flourishing thanks to appropriate in-
terventions by central government.  In this scenario, expansion into international 
markets and the growing commercialization of LSEVs elsewhere acts as a boost to 
LSEV production in China.  However, while the outlook the Chinese LSEV indus-
try is good it will almost certainly have a negative impact in Europe, America and 
elsewhere.  

These, of course, are only possibilities.  Western consumers may come to rec-
ognize the value proposition of the LSEV for short distance urban commuting and 
western manufacturers may begin to develop their own LSEVs, which would pose 
a significant challenge to the existing producers of LSEVs in China. 
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Abstract. Sustainable technologies are described for two racing types; solar rac-
ing, focussing on the World Solar Challenge (WSC), and Formula SAE-E (Society 
of Automotive Engineers-Electric). The former uses solar arrays on the body sur-
face whilst the latter uses solar electricity generated in a renewable energy park 
and stored onboard in lithium polymer cells.  The Aurora team (which has broken 
many records, including winning the WSC across Australia) is used to illustrate 
the importance of having low aerodynamic drag and frontal area, a highly efficient 
powertrain and low rolling resistance for “long circuit” racing. For short circuits 
such as FSAE Electric the R10E car from RMIT is described.  The challenges of 
kinetic energy recovery systems (KERS) for racing are considered in order to em-
phasize the relative importance of different drive cycles. 

1   Introduction 

The majority of racing cars are powered by internal combustion engines utilising 
fossil-based fuel. However an increasing number of racing vehicles utilise electri-
cy or hydrogen as energy carriers.  This offers the possibility of renewable energy 
generation. Such vehicles include low energy density electric vehicles, such as the 
ones competing under regulations set by Greenpower in the UK [1] to higher 
energy density vehicles including those in the recently started EV Cup, [2].  A 
significant advantage of electric-powered vehicles is that they can utilise the kinet-
ic energy that is normally “lost” whilst braking (in the form of heat) to charge bat-
teries or supercapacitors. This can be later expended in acceleration or overcoming 
the non-conservative forces (aerodynamic drag and rolling resistance).  This has 
been exploited in hybrid road cars as well as the KERS used in Formula One.   In 
this paper two different forms of electric racing vehicles are described that can uti-
lise electricity generated from solar energy; solar-powered racing vehicles such as 
the Aurora 101and a new all-electric version of FSAE (Formula Society of Auto-
motive Engineers) focussing on experiences at RMIT University.  

2    Sustainable Racing 

Solar Racing - For more than 25 years, futurists and adventurers have staged 
competitive events for solar-powered vehicles.  Of them all, the World Solar  
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Challenge is the most significant and longest running.  Held every two years, it re-
quires competitors to cross the Australian continent using only the power of the 
sun.The World Solar Challenge is currently the pinnacle of solar car competition 
and ideal venue to demonstrate creative thinking and new transport technology. 

 

Fig. 1. Route for the World Solar Challenge 

The route comprises of approximately 2000 miles (3200 km) of sealed road, is 
relatively flat and has low levels of traffic and no traffic lights. Competitors must 
obey public road rules, travel during a set time period each day, and recharge their 
energy storage systems using only sunlight.  The fastest cars have completed the 
trans-continental course in four days at an average speed of 100 km/h. 

 

Fig. 2. The Aurora 101 Solar Racing Car in WSC. 

The Aurora 101 vehicle represents a high end entrant.  Great attention is paid to 
mass minimisation with much of the body structure being carbon fibre and the 
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motor housing cast from magnesium.  To minimise rolling resistance Michelin de-
veloped 16-inch, 185/60 dedicated tyres with low rolling resistance coefficients.   

The design of a solar powered racer is a balance between maximizing the pro-
jected surface area exposed to the sun, yet minimizing the aerodynamic drag.  
Over the history of the competition the shapes have changed; initially it was 
thought that a tiltable solar panel would offer optimum overall performance since 
this permits the panel to be kept at an angle that would optimise the solar input 
(i.e. solar tracking).   However as speeds have increased, the shapes used by the 
leading cars, including Aurora 101, have integrated the solar collection surfaces 
into the main body, leading to a lower aerodynamic drag but providing less solar 
collection.  In contrast with conventional passenger cars the shape is far more 
streamlined since a solar car “package” only has to house one (usually small) 
driver.  This shape results in negligible flow separations and a small projected 
frontal area, thus minimal pressure drag, see Figure 3.  Despite these challenges a 
road-going solar concept passenger vehicle is being designed, see Figure 4. 

 

 

Fig. 3. Aurora 101 Solar Racing Car 

 

Fig. 4. Aurora Solaris Concept  
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The requirement to have a surface area exposed to the sun (for the solar array) 
results in considerable “wetted” area, which generates skin friction drag.  In order 
to minimize this drag component the profile of the Aurora 101 is shaped to keep 
the state of the boundary layer laminar for as long as possible. (Note that this phi-
losophy is also employed on some aircraft; such aerofoil shapes are often termed 
“laminar flow” sections.  For the World Solar Challenge the average solar density 
is~1000 W/m2 which varies during the day.  The rules stipulate a maximum al-
lowable array size that depends upon cell type.  For silicon solar cells this is 6 m2 
with ~23% maximum efficiency.  Most teams will have < 1.5 kW solar array out-
put and energy management is extremely important as the leading cars may finish 
the event within minutes of each other.  Solar racing cars are examples of very 
high operational efficiency, requiring less than 10% of the energy used by a con-
ventional passenger car to travel at highway speed.  This performance is possible 
in part through low aerodynamic drag and rolling resistance but also high power-
train efficiency. The Aurora 101 specifications are: 

• Top speed > 150 km/h 
• Daily range > 700 km at highway speed 
• Power consumption @ 100 km/h < 1400 W 
• Power consumption @ 150 km/h < 5500 W 
• Weight < 140 kg including batteries 
• 4.1 m length, 1.8 m width and 1.1 m height 
• 6 m2 of monocrystalline silicon solar cells 
• 22 kg of Lithium polymer batteries 
• Drag coefficient x area, 0.106 m2 
• Electric wheel motor efficiency @ 100 km/h > 97% 
• Total drive train efficiency @ 100 km/h > 90% 

Batteries are used since the rules permit storing energy from the solar panel before 
and after the daily racing times on the WSC.  This results in teams tilting entire 
cars such that the solar panel is held orthogonal to the sun to maximise energy 
capture in the early morning and evening.  The Aurora 101 in-hub motor was de-
signed specifically for this application and can develop a peak power of 15.0 kW 
for a short time but is rated to operate continuously at 1.8Kw, with an input oper-
ating range of 100-170 volts and can draw up to 100 amps.  Regenerative braking 
is generally not used in the WSC since braking is relatively infrequent.   

FSAE Electric Racing This class of racing arose out of the FSAE competition 
which traditionally used 600cc four stroke IC engines. Small four-wheeled cars 
are designed and built every year by tertiary level students.  It is the largest stu-
dent-based competition in the world with teams competing at events in America, 
UK, Brazil, Italy, Germany, Australia and Japan, with more events planned.  Since 
the cars are designed for short, twisty circuits (see later) the design considerations 
differ markedly from solar racing cars.  The rules can be found at  [3]. 

A FSAE circuit is normally about 0.8 to 1 km long and is designed to restrict the 
top speeds of the cars and dynamically challenge the car and driver. This is 
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achieved by having many small radius bends, including hairpins typically at the 
end of the short (45 to <60m) straight(s) and several chicanes and slalom parts of 
the course.  This leads to average speeds of 40 t0 50 km/hr and maximum speeds 
of the order of 100 km/hr, which leads to the car being in an almost continual state 
of either accelerating or braking.  Thus a car that performs well dynamically will 
have an advantage over one that does less well in this regard but may have signifi-
cantly greater power.  The highest scoring event – the Endurance Event - com-
prises sufficient number of laps to give a total distance of approximately 20 km 
and usually 2 runs are made whereas the second highest driving event - Autocross 
Event - is a single lap of the circuit.  Environmental concerns led to the adoption 
of a hybrid competition, the encouragement of ethanol fuel (with minor revisions 
to the rules, including reducing restrictor size) and a new event for all electric cars, 
which was first held in Germany in August 2010. 

The first all-electric FSAE car was built by RMIT University in 2009.  Denoted 
RO9E, it was a demonstration car, as then were no official rules for an electric 
competition, and utilized a relatively simple electrical system.  R09E was a mod-
ified version of an earlier carbon-fibre IC FSAE race car, with the rear Yamaha 
450cc engine replaced with a single, commercially available, brushed DC motor 
driving the solid (no differential) rear axle via a chain drive.  Side-mounted battery 
boxes housed Lithium Thundersky cells, with extra strengthening added to the CF 
tub to withstand the loads imposed by the mass of the batteries.   

This vehicle was followed by R10E which was intended to be “mildly” rege-
nerative and to obtain sustainably generated electricity from solar (fixed) panels at 
the RMIT renewable energy park[4].  The car used a purpose-designed steel space 
frame with twin brushless motors(total power 40kW) controlled by two Kelly 
BLDC Inverter / Controllers.  Each motor drives a integral 4.6:1 planetary gear 
boxes independently driving the rear wheels. In the intervening time between 
R09E and R10E battery technology had improved and this car used Dow Kokam 
Lithium Polymer batteries. Details are given below. 

• Max charged capacity = 13.4kWh (80Ah) 
• Nominal voltage = 155.4V, peak power = 150kW 
• Number of cells = 84 (2x42), total mass = 82kg 
• Charge time = 5-6 hours 
• Advanced Elithion BMS (monitors temp and voltage during charge/discharge) 

and cell balancing 

The most recent vehicle R11E (see Figure 7) featured further refinement utilising 
a ¾ carbon- fibre “tub” with a small steel space-frame chassis.  These changes re-
duced the overall weight of the car to 246 Kg – less than some IC FSAE cars. 

As with solar racing, energy management is crucial.  A starting point for sizing 
motors, batteries and supercapacitors was a simulator to help understand the sensi-
tivities in design parameters and energy and power tradeoffs.  Note that a tradi-
tional (IC racing) lap simulator focuses on the simulation of vehicle parameters for 
minimum lap times – this is usually achieved by maximizing the longitudinal and 
lateral accelerations and decelerations around a circuit, utilizing concepts such as 
G-G diagrams, where the lateral and longitudinal accelerations are plotted as the 
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vehicle travels around race circuits.   In all-electric vehicles there is far greater 
sensitivity of mass to energy carrying capacity (battery energy density is orders of 
magnitude less than fossil fuels).  Planned regenerative braking and an electronic 
differential were not implemented due to the unexpected complexity (see later).  

 

 

Fig. 5. RMIT R10E All-electric FSAE Race Car 

 

Fig. 6. RMIT R10E showing twin rear drive motors (the heavily finned items between the 
mounting plates), outboard of which are the planetary gearboxes. 
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Fig. 7. RMIT R11E All-electric FSAE Race Car 

For a rear wheel drive race car, the fact that relatively little braking takes place 
on the rear (driven) wheels under high deceleration also makes the use of regen-
eration and the associated system complicated and the added mass makes it use 
questionable.  Part of the design philosophy for a race car is for unsprung mass to 
be minimised.  This has advantages in handling; particularly during rapid dynamic 
manoeuvres. In an electric car it is desirable (from a packaging viewpoint) for a 
hub-mounted motor/generator to be utilised.  Since the mass of the motors and 
gearboxes is considerable this conflicts with the desire to minimising unsprung 
mass – thus the twin motors are mounted in-board, as can be seen in Figure 5. 

To permit the relative motion of left and right rear wheel during cornering a 
rear differential is required.  In IC racing vehicles (when a single rear drive from 
the IC engine is used) a variety of differentials are employed.  With twin rear 
wheel- drive (or all wheel drive) in electric vehicles there is the possibility of 
varying the velocity and torque to each wheel.  Whilst this provides considerable 
flexibility it provides new challenges in control systems.  It is planned to have an 
electronic differential based on steering angle, yaw rate and velocity sensors.   

3   Concluding Remarks 

The driving cycle has a major influence on a cars regenerative energy require-
ment.  For the WSC the “circuit” is long and straight thus there is no need for re-
generative braking.  In stark contrast is a FSAE circuit; short and tortuously twis-
ty, resulting in cars being in a continual state of acceleration and deceleration.  
Road driving cycles fall between these two extremes and for typical road driving 
the braking and acceleration is far less demanding than road racing, lending road 
vehicles to more easily benefit from regenerative brakes. Despite the great benefits 
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to be gained in racing from regenerative braking in short circuit racing, it poses 
formidable challenges; the energy transfer has to be done in very short times (of 
the order of a second), thus systems have to cope with high power densities that 
are rapidly reversing.  Due to mass transfer under the heavy braking most energy 
has to be scavenged from the front wheels thus brakes/generators should be posi-
tioned here. This brings additional mass, complexity and lack of reliability. These 
are challenging requirements, but if efficient solutions can be found the mass of 
batteries needed may be reduced and the breed will improve. 
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Abstract. This is a report on the feasibility study performed to find solar energy 
solution for Antarctic explorations. Antarctica is one of the world’s last frontiers 
characterized by extreme environmental conditions. Travel is expensive and diffi-
cult due to the high cost of fuel and vehicle maintenance. Given the right condi-
tions, a solar vehicle could be a viable form of transport during the summer 
months. Based on the study of previous investigations shown in the articles [2], 
[4], and [5], we have conducted comprehensive research on the feasibility of the 
solar car project. A working prototype of the solar car was used for testing. We 
have conducted various measurements before the car departure to the South Pole.  

1   Introduction 

Antarctica explorations have many challenges. Use of fossil fuels for transporta-
tion, comes at a great cost, both financially and environmentally. A considerable 
amount of planning and control must be used to ensure efficient usage in order to 
minimize pollution to the environment [1]. We are looking for alternative solu-
tions. Development of photovoltaic cells (PV) will allow applications of this re-
newable energy source everywhere and also in Antarctica. Simultaneously, there 
is fast progression of electric vehicle’s research. This project aims to present a so-
lution which harbors both concepts in a vehicle which could be used in Antarctica.  

2   Solar Power 

An Antartic based solar vehicle operating in December, could receive approximately 
800 - 1300 W/m2 of solar irradiance, acting on the surface of the PV panels [6]. 
Experimental data has been collected for two 185W panels, vertically mounted to 
the Antartica horizon [9]. Graphical representation of the measurements is shown in 
Figure 1. We generated more power than expected. 

The addition was contributed by Antarctica environmental characteristics as: 
high solar irradiance with clear air visability, low temperature, and high reflection 
off snow surface. Further additional power can be achieved by angling the PV 
panel perpendicular to the sun. More power can be gained due the reflectivity of 
Antarcticas suface. This allows cells that are not facing the sun to receive a 
portion of power. Results from the projects presented in [9] and [2] prove this.  
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Fig. 1. Solar Power measure from 2 x 185 W PV within Antarctica, information is provided 
by team member Prof. John Storey [9]. (Curve 2: Power produced by 2 x 185 W vertical 
PV panels, Curve 1: Solar Irradiance) 

3   Traction 

The next step is to investigate energy requirements and losses. Resistance to the 
vehicle motion can be expressed by 3 components:  

 
RaRcRiR ++=                                               (1) 

 

Where Ri represents total internal resistances, such as losses from the tires and 
road friction, and internal losses in the bearings and motors; Ra refers to the aero-
dynamic drag and Rc is a compaction resistance. Due to the low average speeds 
expected, power consumption will be mainly dominated by rolling resistance. 
Components Ri, and Ra can be defined from the results of the model vehicle phys-
ical testing. Because of the sinking, the vehicle needs to overcome the obstruction 
caused by the portion of snow in front of the leading wheels, as shown in Figure 2. 
Bekker [8], Wong [7], Richmond [5], and Lever et al. [2] formulated the follow-
ing equations to calculate Rc: 
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where p0 represents contact pressure, b is wheel width, W is the weight of the ve-
hicle, D is the diameter of wheel, and finally as Lever et al. assume n=1, and 

1≈k MPa.m-1 [2].  
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Fig. 2. Free body diagram of a wheel moving through a compressible medium. 

4   Prototype Description and Physical Testing 

A prototype vehicle has been built and used for testing. Main characteristics and 
subsystems are: Light weight with strong chassis; Large surface area of PV cells 
used to produce more energy; Battery subsystem for energy storage; Multiple 
wheels application, six in our case, in order to reduce sinkage; Large floatation 
tires to have low contact pressure to minimize sinkage.  

The vehicle has a bespoke frame made from chromoly steel, covered in alumi-
num sheet and 6 wheels with the 4 rear wheels driven, each independently sus-
pended with a single a-arm setup as shown in Figure 3. Permanent magnet (PM) 
electric motors with inbuilt 1:8 reduction gear boxes are used to propel the ve-
hicle. The tires are low pressure ATV, used to help reduce sinkage. Overall ve-
hicle weight is 270 kg, which includes battery pack and solar panel. With the floa-
tation tires, a single a-arm suspension setup was used to ensure even tire contact 
independent of terrain.  

 

Fig. 3. The Solar Dog, a prototype solar vehicle for an expedition in Antarctica 

The prototype vehicle has an 8 m2 PV panel made from 2 sets of 5 panels in se-
ries, coupled with a maximum power point tracker for each set. A 5 kWh lithium 
battery pack is used for energy storage and power buffering, and a dataTaker 
DT600 for data logging auxiliary sensors and driver controls. It is anticipated that 
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the ‘Solar Dog’ will be installed with an additional 8 m2 of PV cells before the 
expidition. These cells will be placed on the opposite side of the main panel. 
Additional cells will collect reflected sun power, during operation, but will be reo-
riented when the vehicle is not moving to collect direct sunlight. Figure 4 shows 
the expected solar power that could be generated by PV panel.  

 

 

Fig. 4. Projected solar power over the course of a day for an 8m2 panel. (Curve 1 refers to 
the Perpendicular panel to sun, Curve 2 refers to the Vertical panel, and Curve 3 refers to 
the Opposing to sun panel). 

 

Fig. 5. Initial test data from datalogger for Solar Dog (Curve 1:Voltage, Curve 2: Current, 
Curve 3: Speed, Curve 4: Power) 

Figure 5 shows the power as Solar Dog was in motion. The graph shows a sim-
ple run across asphalt and gravel. The maximum speed reached by the vehicle was 
12 km/h. In that case the consumed power was only around 500 W while at  
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constant speed. The negative power sections within figure 5 are due to input power 
ether from the PV panel or, power regeneration within the motors during braking. 

5   Power Budget 

The following graph was created by applying equations (2) and (3) in order to de-
termine the resistance to motion, for our prototype vehicle.  

 

Fig. 6. Power requirements for “Solar Dog” over the course of 24 hours (Curve 1: Motor 
Power, Curve 2: Solar Power, Curve 3: Battery Power) 

Figure 6 shows both the input and output power requirements for “Solar Dog” 
over the course of 24 hours within Antarctica. The assumptions made are: clear sky, 
smooth terrain with roughly about 2-3 cm of new snow, vehicle speed 15 km/h. A 
good strategy should be based on 8 hours of driving with 4 hours pause for battery 
system recharging. By defining speed and finding terrian characteristics, we can 
determine the required battery capacity and solar panel size which would enable 
solar vehicle to achieve desired performances.  

6   Conclusion  

After verification of the theoretical model with a purposely built prototype, we 
found that it is technically feasible for a solar power vehicle to be used for explo-
ration within Antarctica. The next step is a trip to Antarctica.  
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realize his and our dreams. The team consists of Mr. Byron Kennedy from FASCO Asia 
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Abstract. This paper addresses inefficiencies in the power-train of an Induction 
Motor (IM) driven battery electric vehicle. The paper provides a new drive-train 
and strategy solution, and a comparative study, to demonstrate an overall battery-
to-wheel efficiency gain. A continuously variable transmission is coupled with an 
IM drive and is simulated using an adaptive control algorithm. Battery DC-Watt 
hours per km driven is used to test the overall battery-to-wheel efficiency. A com-
parative study of battery-to-wheel efficiency is then preformed. Results of this pa-
per show an overall increase in battery-to-wheel efficiency in the FTP-75 drive 
cycle when using a CVT in the two vehicles modelled. 

1   Introduction 

This paper seeks to increase the overall battery-to-wheel efficiency of a Battery 
Electric Vehicle (BEV), by coupling a relatively inexpensive Induction Motor 
(IM), with a Continuously Variable Transmission (CVT). IMs have reasonable 
peak efficiency at full load, but efficiencies at loads of a fraction of full load tor-
que (FLT) are significantly lower [1]. The addition of a CVT would complement 
the IM by allowing slight adjustments of the drive ratio, providing the required 
traction effort at the most efficient motor RPM and torque. When low power is 
needed, reducing the RPM of the motor will increase the torque requirement, uti-
lising more of the motors available torque (FLT); thus increasing efficiency. The 
CVT can also increase the regenerative braking potential by spinning the motor at 
its optimum RPM. Due to a larger final reduction ratio, an induction motor 
coupled with a CVT can also generate higher negative torque, increasing braking 
capacity.  

Models of two induction motor driven BEVs are presented with and without a 
CVT. The simulation will identify battery-to-wheel efficiencies across different 
cruise speeds as well as in the North American FTP-75 drive cycle. 
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2   Experimental Details 

A model BEV is created, with customizable specifications, including: vehicle size, 
weight, drag, transmission and efficiency, tyre and rim data, motor parameters, 
VSD settings, battery power, battery energy and gross weight. This virtual vehicle 
can perform in a range of scenarios depending on throttle input and drive cycle.  

A IM per-phase equivalent mathematical model [2] is coupled with an adaptive 
control  loop, which uses feedback, and an iteration loop to determine the most ef-
ficient voltage, frequency and CVT value (within limits) for the requested traction 
effort. This powertrain model is part of a larger physics generator which then  
determines the behaviour of the virtual vehicle. This setup provides a robust simu-
lation platform, which can provide the most efficient control of any vehicle, re-
gardless of the chosen parameters. Once all parameters have been optimised and 
finalised, patterns in the control can be extracted to provide a less CPU intensive 
control algorithm to be used in a real world application. The simulations are then 
run with and without a CVT, and compared by the total Battery DC-Watt hours 
per km driven (Wh/km) as a measure of the total battery-to-wheel efficiency. 

The master control unit (MCU) is responsible for controlling the motor and 
CVT to provide the requested torque as set by the driver or cruise control. The 
MCU (Figure 1)  is controlled by limits, such as how fast the CVT can change ra-
tio’s, losses involved in changing CVT ratio’s, motor RPM, and the battery state 
of charge (SoC).  

All vehicles will be assumed to be using 31Ah Dow-Kokam batteries with dis-
charge and charge characteristics [3]. Effects of temperature are neglected and all 
tests are assumed to be at 20deg C. The batteries have been programmed to not 
accept regenerative braking above 90% SoC. 

Both vehicles are also simulated with 93% inverter and HV line efficiency, and 
420A RMS power capabilities. No reactance in the HV lines is accounted for ex-
cept from those stated in the IM mathematical model.  

 

 

Fig. 1. Master Control Unit Control Diagram 
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The motor used in both cases has 4 poles, and is delta wound. The rotational 
losses of the motor have been estimated in Watts as equal to a third of the RPM. 

Inertias of the drive-train and rotating bodies have been modelled. The inertias 
of the drive-train components are 0.388kg.m2 per wheel, 0.0288kg.m2 for the rear 
axle, and 0.1kg.m2 for each pulley of the CVT and the single-speed transmission. 

The equipped CVT is modelled on the JATCO CVT with a ratio spread of 7.3 
[4]. The author of [5] suggests the average efficiency of a modern CVT to be be-
tween 88%-93%, therefore, in the following simulations the average efficiency of 
the CVT is assumed to be 88%. By contrast, the efficiency of the single-speed 
transmission is assumed to be 98%. The CVT and mounting is estimated to weigh 
100kg more than a single-speed transmission.  

3   Simulation Vehicle Details 

Two types of vehicles were compared with and without the proposed CVT drive-
train. The first vehicle was designed as a compact city car with specifications 
based on BMW’s Mini E. Parameters used were modelled on specifications re-
leased by BMW [6] and validated against the U.S. Department of Energy Ad-
vanced Vehicle Testing Activity [7]. The second vehicle was designed as a sports 
car that resembles the Tesla Roadster, and the vehicles performance was based on 
specifications released by Tesla [8]. 

As per the Mini E specifications [6], the motor was modelled at 220N.m and 
150kW, and the Tesla’s motor was modelled at 215kW motor with 380Nm [8]. 

Road grade is assumed to be level, and both cars are equipped with low rolling 
resistance tyres with Crr=0.01. The steady-state cruise velocity power requirement 
in Watts at 20deg C is estimated using the following equation: 
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For each vehicle, the CVT equipped model has a higher power requirement due 

to the assumption of much lower transmission efficiency. The increased weight of 
the CVT equipped vehicle also slightly increases its rolling resistance. Both ve-
hicles were simulated for three scenarios: steady-state velocity, 100kph to 0kph 
deceleration, and FTP-75 drive cycle simulation. 

4   Results and Discussion 

Steady-State Velocity 
Both vehicles were simulated with and without a CVT equipped at a steady-state 
velocity on a flat road. All tests were performed at 100% battery SoC, and are an 
instantaneous snapshot of the power requirements in ideal conditions.  
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EVAmerica tested the Mini E to have an efficiency rating of 147 Wh/km at 
88kph, and 177 Wh/km at 105kph [7]. A comparative graph can be formed using 
the most efficient battery-to-wheel Wh/km value for each velocity of the single-
speed transmission and CVT as seen in Figure 2. 

 

  

Fig. 2. Compact vehicle (left) and sports vehicle (right) Wh/km (solid) and efficiency 
(dashed) with and without a CVT.  

100kph to 0kph Deceleration  
In this test the vehicle was decelerated from 100kph to a complete stop at different 
deceleration rates. Here the CVT equipped vehicles extra weight plays an impor-
tant factor, creating a higher kinetic energy and allowing for more regenerative 
braking to take place. The results of the regenerative capabilities are shown in 
Figure 3 for the compact and sports vehicles respectively. 

  

Fig. 3. Compact Vehicle (left) and sports vehicle (right) 100kph – 0kph regenerative brak-
ing energy with and without a CVT. 

FTP-75 Drive Cycle Simulation 
The vehicles were simulated according to the North American Federal Test Proce-
dure (FTP-75) [9]. The results of the simulation for the compact and sports ve-
hicles are shown in Table 1 and Table 2 respectively.  

The CVT equipped compact vehicle was less efficient during the FTP-75 drive 
cycle at full charge. This is due to the vehicle being 2.6% less efficient on average 
during the acceleration and cruise speed elements of the cycle. No regenerative 
braking charge was accepted during this cycle as the vehicle stayed above the 90%  
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Table 1. Compact FTP-75 drive-cycle results at 75% and 100% SoC, with and without a 
CVT. 

 75% SoC 100% SoC 
Transmission Single CVT Single CVT 
Energy consumed (Wh) 3,127 3,212 3,127 3,212 
Energy regeneration (Wh) 610 728 0 0 
Net energy used (Wh) 2,517 2,484 3,127 3,212 
Watt hours per km (Wh/km) 141.6 139.8 176.0 180.7 

 
SoC threshold. The CVT equipped vehicle was however more efficient overall in 
the drive cycle at 75% SoC when regeneration was possible. While the CVT ve-
hicle was still less efficient during the acceleration and cruise elements, the 19% 
extra regenerative braking capabilities yielded a net increase in efficiency of 1.3%.  

Table 2. Sports FTP-75 drive-cycle results at 75% and 100% SoC, with and without a CVT 

 75% SoC 100% SoC 
Transmission Single CVT Single CVT 
Energy consumed (Wh) 2,324 2,297 2,324 2,297 
Energy regeneration (Wh) 565 686 0 0 
Net energy used (Wh) 1,759 1,611 2,324 2,297 
Watt hours per km (Wh/km) 99.0 90.7 130.8 129.3 

 
 

The CVT equipped sports vehicle was more efficient during the FTP-75 drive 
cycle at full and 75% SoC. The CVT provided a 1.2% increase in efficiency dur-
ing accelerating and cruise, and a 21% increase of regenerative braking. At 75% 
SoC, this yielded a significant net increase in efficiency of 9.15%.  

4   Conclusions 

From the results it can be shown that a CVT would benefit an IM driven, light and 
aerodynamic BEV, especially one fitted with a powerful motor. This is due to the 
light power requirements on the motor in most driving scenarios, causing the mo-
tor to inherently run inefficiently. The CVT however is a much less efficient 
means of transferring power and therefore any increase in motor performance 
must outweigh this decrease in efficiency. In both cases modelled, the CVT and 
adaptive control actively addressed inefficiencies in the operation of the vehicle. 
The CVT equipped compact vehicle was 1.3% overall more efficient, whereas the 
CVT sports vehicle gained 9.15% overall efficiency. The CVT sports vehicle re-
generated 30% of the power used during the drive cycle. 

The CVT’s benefit could be further enhanced if the motor and vehicle were op-
timised for the use of the CVT. 
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Abstract. The concept of use of GSM technology to manage the congestion in the 
agglomerations and metropolitan areas is described in the paper. The topic is re-
viewed from two different angles. Firstly, by the acquisition of dynamic informa-
tion about relocations (with the accuracy of up to a single user and vehicle type) it 
becomes possible to better adapt the offer of the urban public transportation to the 
needs of the passengers. Secondly, the data on the identification of movements of 
the urban public transportation vehicles may, due to the application of GSM tech-
nology, be made available to the passengers in real time allowing them to make 
rational decisions on the choice of the mode of travel. The presented problem dis-
cussion is aimed at supporting the solutions reducing the congestion in the cities 
(in this case by changing the modal split of the traffic) and at reducing the nega-
tive influence of the transportation on the environment (the increase of the share 
of environmentally friendly means of transportation in the overall traffic).  

1   Background 

A transportation system is an integral part of every city’s structure. Extension capa-
bilities of such a system in a situation of the area being densely built up are largely 
limited. With the constant growth of a number of vehicles entering the city and high 
mobility an effect of a strong congestion is observed still more frequently. Such a 
situation is typical for a morning and afternoon rush hours but in the strict city centre 
area the congestion may sustain for more than ten hours during a day (especially in 
agglomerations). The congestion effect means not only time losses and extensive 
travel times. One of its effects is increased negative influence on the environment 
due to excessive noise, emissions (CO2 and NOx), increased fuel consumption and 
high maintenance cost of the transportation infrastructure. In addition, the increased 
travel time effect has influence on all the travel purposes and destinations. Public 
transportation buses and cargo vans travelling on the same lanes alongside passenger 
cars experience the same delays. In case of the public urban transportation the con-
gestion may cause irregularities in operation leading to the reluctance of the passen-
gers to use this form of transportation. As the number of passengers drops, the  
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service frequency is being reduced as well, causing further drop in the number of 
travellers and consequently leading even to the extreme cases of a line being not 
profitable and finally being shut down. 

The significant growth in the number of relocations, in particular by passenger 
cars, causes road transportation to be the dominant energy consumer among all the 
branches of transportation. This implies a need to seek solutions which improve 
the general statistics of fuel consumption. Road transportation sector is by magni-
tude the second largest source of greenhouse gas emissions in the EU, responsible 
for ca. 12% of the total carbon dioxide emissions into the atmosphere. It is esti-
mated that 40% of CO2 emissions and 70% of all other emissions generated by 
transportation sector come from urban transportation [17].  

One of possible solutions to the above problems is a change of the modal split 
towards the environmentally friendly vehicles. Switching from a car to a bus or a 
tram decreases the number of vehicles on the roads. One bus can replace from 30 
(when only seats are taken into consideration) up to 70 cars depending on the 
adopted ratio of people to cars.  At the same time in the subsequent years an effect 
of reduction of average vehicle occupancy (payload per vehicle) has been noted 
with the value dropping from 1.4 to 1.3 or even 1.2 passengers per vehicle. 

Increasing mobility brings about not only the increase of the number of reloca-
tions but also an increase of the amount of information sent electronically and the 
growth in the number of telephone calls made. In a number of countries of the 
world the number of mobile phones used considerably exceeds the number of citi-
zens. The users of mobile phones represent therefore the whole of the population 
as far as the studies of the relocations of people in towns and cities are concerned. 
The availability of the GSM technologies stimulates the use of the data already 
gathered and stored by the mobile telephony operators.   

Can the use of GSM technology based solutions facilitate and speed up the in-
troduction of changes resulting in the increase of the share of public transportation 
in the overall traffic? This question is approached in the current paper from two 
different angles: 

• the area of the acquisition of data on moves and relocations of travelling per-
sons (regardless the means of transportation used) 

• the domain of real time passenger information both in the public transporta-
tion vehicles and as a support in congestion management in the cities 

2   GSM Network as a Source of Relocation Data  

In recent years a number of research and development as well as scientific institu-
tions carry out an intensive research on data acquisition enabling calculation of the 
journey parameters using GSM networks. The main assumption is that the operat-
ing specifications of the GSM system allow the determination (or estimation) or 
moves (relocations) of the users of mobile phones/terminals (MS – mobile sta-
tions). In fact, a GSM network is not only a telecommunications network but also 
a specific transportation network, mapping the concrete transportation network as 
to its operating area. In GSM system (GSM stands for Global System for Mobile 



Use of GSM Technology as the Support to Manage the Modal Distribution  237
 

Communications) the structure mapping by coverage of the city areas is as high as 
100%. 

One of the possibilities of the identification of the trip parameters based on the 
features of the GSM network is provided by the procedure of updating the position 
of a mobile terminal in the GSM network. Every GSM network is subdivided into 
cells, the total of which constitutes the area covered by the network. GSM network 
subscriber logs into the network to a base station (BSS) with the strongest signal at 
the point the subscriber is located. In reality, logging takes place to the nearest 
BTS (base transceiver station), i.e. the nearest transmitting aerial. When the sub-
scriber moves with his terminal, also the BTS with the strongest signal changes 
(Figure 1). In this way the moves of the subscriber within a transportation network 
(and also within the GSM network) are mapped by means of the data of BTS login 
procedures. The described process is related to the procedure of updating the sub-
scriber’s location in the GSM network (LUP – Location Update Procedure). 

 

Fig. 1. Location Update Procedure based on GSM architecture and transportation network. 

Another means of identification of a position of a user in a mobile telephony 
network are the procedures related to the determination of an accurate location 
basing on the geographic position of the mobile terminal MS in GSM network. 
Different methods of locating the MS terminal in a mobile telephony network 
structure have been described in [2,6,7,13,14,15,16]. 

The procedure of identification of the moves of a subscriber outlined above 
(and utilising the GSM network) is superior to other methods (based on question-
naires, measurements or investigations) due to the following advantages (Caceres, 
Wideberg and Benitez, 2007): 

• data sample is large, proportional to the index of mobile phone use 
• any area may be monitored, given the extent of mobile phone coverage 
• no installation of additional devices is required either in vehicles or in the net-

work for them to be monitored 
• the data may be generated almost in real time 
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The identification of moves of a user within a GSM network structure allows also 
trip identification within a transportation network associated with the mobile te-
lephony network. Main goal problem is the data correlation between the structures 
so that the data can be transferred across. In addition, the aggregation of GSM data 
allows performing interesting additional analyses as to the nature of the reloca-
tions of GSM network users as related to the transportation network [1].  

In practice, the identification of the MS location is not technically complicated. 
Based on the location update procedure, information on the transportation-related 
needs can be gathered for the purposes of environmentally friendly public trans-
portation. An important issue remains the split of the actual relocation data into 
the specific categories related to the means of transportation. Due to the regular 
situations of congestion in the city centres the allocation of a relocation data to a 
specific means of transportation may not be unambiguous (as noted by, among 
others, Gómez-Torres  and Valdés-Díaz, 2011). In such a case the algorithm of 
identification of the means of transportation requires a combination of reasoning 
based on the overall route, stops (e.g. at bus stops) and the speed. Figure 2a illus-
trates the image of the distribution of the mobile telephony users. In a micro scale, 
after the relocations are superimposed on the existing road system, a dynamic pic-
ture of relocations at selected routes was obtained (cf. Figure 2b). Higher values 
on the graph mean higher numbers of users over a small area and hence can be 
identified as a trip by bus and micro-bus (mode with the capacity of >4, 5  
persons). 

Correct identification of the moves allows better structuring of the traffic in a 
city and hence allows protection against congestion and further optimisation of the 
offer of the public transportation (which may be executed by means of environ-
mentally friendly means of transportation). As a further step, this leads to the 
change in modal split.  

A key aspect issue related to such use of the GSM network is the privacy of the 
network users. The key data are stored on the servers of mobile network operators 
allowing (as described previously) precise identification of trip routes of specific 
persons. Thus the access to such data must be controlled and must not allow 
reaching a specific person personally.    

3   Real-Time Passenger Information  

Sophisticated ITS allow, besides the enhancement of the utilisation of the existing 
transportation infrastructure, also the accomplishment of other objectives, such as: 

• improvement of traffic safety for all traffic participants 
• reduction of pollution due to transportation 
• reduction of transportation costs by limiting the power and fuel consumption by 

the means of transportation 
• increase of the transportation mobility and improvement of travel comfort 
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Fig. 2. An example image of the distribution of the locations of mobile subscribers (MS us-
ers) a) mapped o the GSM network with the reflection of the relocations, b) after mapping 
onto the road network. 

One of the important elements of the ITS is a travel information system (other 
key elements are the intelligent vehicles, intelligent transportation infrastructure as 
well as the traffic management and control centres). The information system on 
the roads is most widely implemented in the form of VMS (Variable Message 
Signs). In some countries special radio bands (frequency allocations) are created 
providing current information on the traffic obstructions in specific areas. A num-
ber of other solutions exist as well. 

3.1   The Goal: Mobility Management  

The information provided to the travellers using modern technologies should in-
fluence the perception of the means of transportation alternative to passenger cars. 
The passengers should have the opportunity of familiarising themselves with the 
transportation system of the city and of the region (with the goal of reducing the 
congestion). Thus, the information system should, with the destination selected, 
provide the knowledge about (among others): 

• current options of the choice of the model of transportation 
• timetables of urban public transportation with actual information on the delays 
• alternative routes, taking into account the real traffic obstructions 
• costs and travel times in a comparative view 
• current fees and charges and the ticket purchase points 

In the way described above the GSM technology (often also supported by GPS tech-
nology) allows locating the individual vehicles of the urban public transportation 
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currently being on the route. The information on locations is transferred to the com-
mand centre by the GSM system and then is being transferred to the right sites to-
gether with the electronic passenger information. In this way a passenger receives 
information not only in the scheduled departure ties but also about the currently 
forecasted time as well as on the delays. An example of an electronic passenger in-
formation display is shown in Figure 3.  

.    

Fig. 3. Example electronic passenger information display for public urban transportation 
(City of Timisoara, Romania). 

3.2   Integrated Traffic Congestion Management Systems versus 
Intelligent Navigation  

Also the possibilities of using the on-board GPS/GSM devices installed in private 
passenger cars are worth paying attention to. Such devices may, due to the capa-
bility of defining the current location of the vehicle in the city and of communicat-
ing with the command centre, support the decision making processes in congestion 
management. The operating principle of the system would be as follows (cf.  
Figure 4a): 

1. The vehicles transmit the information about the current location and on the 
destination 

2. Integrated congestion management system analyses the data and distributes 
the traffic streams in an optimal way (so as to limit the congestion) 

3. The devices located in the vehicles receive feedback information on the 
route, as suggested by the system 

The term ‘intelligent navigation’ refers to the situations when the route is indi-
cated not directly by a device but by the urban traffic management system.  

From the driver’s level the situation looks as in Figure 4b). Naturally, the final 
decision on the route stays with the driver yet the system receives continuously 
full information about the traffic (assuming both the transmitters and receivers are 
located in every vehicle). Such a solution is related to the research work on Intel-
ligent-car. 
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Fig. 4. The stages of congestion management utilising the intelligent navigation a) general 
diagram at the level of integrated traffic management system, b) general scheme of driver 
activity. 

The process which is simple by assumption requires that unified GSM/GPS 
transponders are installed in the vehicles. At the same time, all the elements of the 
integrated system need to be standardized so that smooth run is possible across the 
areas with traffic management in the neighbouring cities or agglomerations.  

4   Final Remarks 

The paper presents the selected applications of the GSM technology supporting 
the activities aimed at changing the modal split in the city traffic. Such changes, 
favouring the increase of the share of alternative means of transportation (e.g. 
green cars, car-sharing systems, clean buses, trams and bicycles) are becoming 
necessary. The reduction of congestion in the cities (as it generates most transpor-
tation losses in the form of time losses, harmful emissions, noise pollution and 
fuel consumption) is possible by changing the modal split of the traffic. It requires 
the physical activities from the traffic engineering domain, implementing a right 
transportation policy, media information, business activities and informing the so-
ciety about the changes undertaken. Only full integration will bring proper result - 
the sustainable transportation.  

Modern technologies, such as GSM create new opportunities of reaching the ul-
timate goal of sustainable transportation. This is achieved, among others, by  
provision of the information on the relocations and moves. The described method 
allows, among other: 
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• to determine the main traffic flows in the city (from the perspective of reloca-
tions); it can therefore support the urban public transportation at selected 
routes, for example by increasing the frequency of operation, 

• to identify the routes in the network which have not been considered so far as 
appropriate to open new public transportation lines, 

• to estimate the particularly high intensity of relocations on specific routes 
(source-destination relations) at specific times; this allows to make the opera-
tion of the urban public transportation more efficient. 

The above listed activities form a basis for a change of habits of the travellers, 
which may result in the change of the mode of transportation from a passenger car 
to a urban public transportation. 
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Abstract. Based in Singapore, TUM CREATE focuses on a holistic approach to-
wards electric mobility in tropical megacities. One field of research within TUM 
CREATE deals with the development of transportation concepts for tropical me-
gacities like Singapore. Urban mobility in tropical megacities can be expected to 
change dramatically in the future. Understanding how tropical urban mobility can 
look like in the next ten or 20 years would be advantageous for car manufacturers 
as well as for researchers. This article provides an overview of a possible approach 
to analyse future mobility in tropical megacities. It mainly aims towards the op-
portunities of defining and using future scenarios to derive feasible and suitable 
vehicle concepts for megacities like Singapore. It also shows the possibilities of a 
breakthrough in battery technology which can have an impact on future scenarios.  

1   Introduction 

Different definitions of megacities can be found. According to the UNO, megaci-
ties have more than ten million inhabitants [6, 13]. Other definitions say that urban 
areas with a minimum population of five million people can be considered as ega-
cities [9]. Regardless the definition, megacities worldwide are very different con-
cerning climate, cultural background, density and several other factors. This is 
why it makes sense to focus on some cities which have certain similarities.  

With TUM CREATE being based in Singapore, this research is supposed to fo-
cus on tropical megacities. This constraint makes it possible to develop vehicle 
concepts which fit into a tropical urban environment. In this case, “vehicle con-
cepts” means vehicle type (2-wheeler, 4-wheeler, taxi, bus etc.) including usage 
models like buying, leasing, renting, car-sharing or public transportation. More-
over, some problems of megacities seem to be more evident in emerging markets 
where many tropical megacities are located: air pollution due to feeble emission 
regulations, noise pollution due to high numbers of scooters and motorbikes or 
traffic jams due to inefficient transportation planning. Over 70 million people live 
in major South-East Asian metropolitan regions with more than ten million resi-
dents (calculation based on [13]), which is a large potential market. Hence, mega-
cities in this region could be a first reasonable selection of cities being a basis for 
this research.  
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2   Scenario Planning 

In general, the future is not predictable. According to [5], scenarios are concep-
tions of the future which are justifiable. A scenario can be considered as a descrip-
tion of a possible future situation, including the way to get to this situation. It is 
possible to make and justify assumptions about the development of factors influ-
encing a future situation.  

Scenarios should be clearly distinguishable and consistent [5]. Hence, it often 
makes sense to develop and analyse a small number of two or three scenarios 
only. Following this, three different scenarios to analyse mobility in tropical 
megacities could be set up:  

 
• One trend scenario of influences on future mobility in tropical megacities re-

flecting one highly probable development. This scenario will certainly be based 
on facts and figures about current and past developments which allow making 
justified projections into the future. Hence, the main work will be to gather the 
necessary data.  

• Two alternative scenarios which can contain trend-breaking developments of 
selected factors influencing future mobility in tropical megacities. These sce-
narios could be derived from the trend scenario by varying the development of 
some of the influences which make up a scenario.  

 
As many tropical megacities are situated in emerging markets, mobility in these cit-
ies in ten, fifteen or 20 years may look completely different than today. This future 
development of mobility certainly depends on many factors of different nature.  

A basic assumption of the Scenario Technique is that the topic to analyse is in-
fluenced by external factors [5]. These influencing factors may vary between the 
cities. In order to analyse these influences, scenarios can be set up. Therefore, sev-
eral approaches exist [10, pp. 230-232; 2, pp. 807-808]. Hence, in order to develop 
the scenarios, external influences having an impact on the mobility situation in 
megacities need to be defined.  

A description of process steps of scenario planning to develop and analyse sce-
narios can be found in [5]. One of the first steps is to clearly define the impact fac-
tors. The following mindmap shows a first overview of fields of impact on mobil-
ity in megacities, including possible main impact factors of each field. In [7], 
some comparable groups of factors can be found to analyse the German mobility 
market.  

So far, the work progress showed that there are many sub-categories of the dif-
ferent impact factors in figure 1. Moreover, interdependencies between them exist. 
This is why it is important to group them to a small number of key factors. Then, 
in order to determine the interdependencies, these factors can be structured in a 
matrix [5]. It helps to identify how the factors depend on each other. Some factors 
can have a strong impact on others and some are mainly influenced by others, but 
do not have much impact.  
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Fig. 1. Fields of impact [referring to 4] and possible impact factors influencing mobility in 
megacities 

Based on the key factors, the scenarios can be set up. Therefore, their develop-
ment needs to be predicted. Experts can be involved into this procedure in order to 
make plausible statements about the future development of the influencing factors, 
and also to make assumptions about how probable it is that they develop this way 
[7]. In this case, it seems to be reasonable to involve experts related to each of the 
fields shown in figure 1. It also makes sense to involve locals who can describe 
the situation in their cities from their point of view. Additionally, existing studies 
about future mobility scenarios in megacities certainly can provide a good basis 
for this research. However, it can be misleading to attach probabilities to the sce-
narios. As the future cannot be predicted, a scenario should simply be considered 
as one possible evolution among others. 

At the end, a small number of scenarios are supposed to give an overview of 
the development of important influences on future mobility in selected tropical 
megacities. They also should be a basis providing hints for new ideas about vehi-
cle concepts and usage models in these cities. Consequently, the scenarios cannot 
be considered as complete mobility scenarios, but rather as scenarios of factors 
which have an impact on future mobility in tropical megacities.  

Studies for the German market have shown that it is possible to make plausible 
statements about future mobility using the scenario technique. Several develop-
ments which were predicted in earlier studies (2002 and 2005) could be confirmed 
later [8]. The further we look into the future, however, the more uncertain these 
predictions become, because the number of possibilities of evolutions of the im-
pact factors increases [5]. This effect is symbolised by the funnel in figure 2.  
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Fig. 2. Example of a Scenario Funnel: a scenario for 2030 is more uncertain than a scenario 
for 2020 

Figure 2 also shows the effect of trend-breaking events. These events are sud-
den happenings that cannot be predicted and that break the normal development of 
some impact factors [5]. They can change future scenarios and let research con-
tinue on a different level. The “trend” scenario could be considered as one prob-
able evolution of the factors influencing future mobility in tropical megacities. For 
example, the scenario could contain steady technological progress and average 
economic growth.  

3   Next Steps 

Scenario planning and analysis can be used for a wide range of topics, with mobility 
being only one of them. Certainly, many research results about future mobility in 
megacities exist already. Regarding this, the main work on the scenarios will consist 
in assembling relevant pieces of information to build up a basis for further steps. 

Thus, a key question of this research is how the scenarios can provide a basis to 
derive vehicle concepts and related usage models which are suitable for tropical 
megacities of 2020 or 2030.  

One possibility could be to use the scenarios in order to get an idea of future 
customer behaviour. This behaviour can be considered as a consequence of the ex-
ternal influences which change the customer’s environment. Therefore, techniques 
or methodologies need to be found that help to clearly define a relationship  
between the external influences and (individual) customer behaviour. Then, this 
behaviour would be a basis to derive vehicle concepts which are feasible and 
which make sense regarding the future situation described by the scenario.  
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For example, progress in electric vehicle technology and a high oil price could 
make battery electric vehicles (BEVs) more affordable than conventional ones 
with internal combustion engines (ICE). Additionally, political regulations could 
discourage people from using private vehicles, for example by high taxes, as it is 
already done in Singapore. Assuming a certain price sensitivity of the customers, 
electrified public means of transportation like electric buses would be a suitable 
solution. A detection of new oil fields would probably have the opposite conse-
quence due to deceasing fuel prices (see figure 2).  

Consequently, the intermediate step of a stereotype customer’s behaviour  
regarding external influences is supposed to facilitate the further work. It can be 
difficult to define this link between scenarios and vehicle concepts because this re-
quires clustering individual customer’s behaviours in different megacities. Hence, 
methods which allow concluding directly from the scenarios onto vehicle or mobil-
ity concepts could be more promising. It remains to become apparent how far the 
procedure described above can lead. Figure 3 contains a summary of this approach.  

Despite the focus on tropical megacities, it can be challenging to define vehicle 
concepts which meet the requirements of all these cities in the same way. Some of 
the possible impact factors like cultural background, political system or stage of 
development are still too different so that there might not be one single vehicle 
concept for all tropical megacities. It could make more sense to group megacities 
with certain similarities and, on that basis, define vehicle concepts. The advantage 
of this approach is that the result would be valid for a certain number of places. 
This means that the target market could be large enough to economically develop 
and produce specific and adapted types of vehicles.  

 

Definition and selection of 
tropical megacities

Influencing Factors Future Scenarios

Possible behaviours of people in future 
tropical megacities due to changes caused by 
external influences

Vehicle concepts suitable for a future 
mobility system in tropical megacities

 

Fig. 3. Possible workflow towards vehicle concepts for future tropical megacities 
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Comments on trend-breaking events: breakthroughs in battery technology 

As explained above, a progress in battery technology and a high oil price can sup-
port the introduction of BEVs. Compared to cities in Europe or Northern America, 
more efforts could be necessary to set up electric vehicle infrastructure in tropical 
megacities located in emerging markets. Trend-breaking events concerning  
electric vehicle technologies, however, are most likely not specific for tropical 
megacities. Variations of the oil price would be a worldwide phenomenon. A 
breakthrough in battery technology, which is hereafter outlined more in detail, 
would also have a global impact.  

State-of-the-art automotive batteries face several challenges:  
 

Firstly, batteries are very costly. According to [3], battery systems cost about 
1,000 US$/kWh at low production volumes for OEMs today, including the battery 
management and cooling systems. The Nissan Leaf, a mid-sized private car, has a 
battery capacity of 24 kWh [11], which implies battery costs of 24,000 US$ for 
the OEM. Considering the OEM and dealer margins, the end customer needs to 
pay even 40 to 45 % more [3].  

Secondly, the energy density of today’s batteries is still relatively low. State-of-
the-art battery systems for use in BEVs have a specific energy of 80 to 120 Wh/kg 
[3], which is less than one percent of that of gasoline (13 kWh/kg). This low en-
ergy storage capacity limits the range of the vehicles. Based upon the Environ-
mental Protection Agency (EPA) five-cycle test, the Nissan Leaf has a driving 
range of 73 miles (≈ 117 km) [11], which is very low compared to similar ICE 
driven cars.  

Thirdly, the time to recharge the battery takes much longer than refuelling 
gasoline. For example, charging the 24 kWh battery of the Nissan Leaf to 80 % by 
means of the 3.3 kW on-board charger takes roughly six hours.  

Finally, further challenges to overcome are increasing the battery safety [12], 
extending the lifetime and improving the performance for use under different cli-
mate conditions.  

Currently, OEMs try to solve some of these challenges by using bigger battery 
packs [3]. They allow storing more energy for a longer range of the vehicle, they 
provide sufficient power even at adverse temperatures and they still have a suffi-
cient energy storage capacity after a large number of charging cycles and years of 
usage. However, larger batteries increase the price and weight of the vehicle. 
Thus, a breakthrough in battery technology means to achieve a progress concern-
ing one or more of the challenges mentioned above: higher energy density, shorter 
charging times, longer battery lifetime, safer batteries and high performance at all 
temperatures without significantly increasing battery costs.  

Considering these challenges, breakthroughs in battery technology could be:  
Firstly, 70 to 75 % of the battery costs are volume dependent [3]. Hence, bat-

tery production technology allowing cheap (automated) mass production of bat-
tery cells and packs could significantly reduce the costs for BEVs. In order to re-
duce the battery price of the Nissan Leaf to under 5,000 US$, costs of around 
200 US$/kWh need to be achieved. According to [3], this is not likely to happen 
within the next 10 years.  
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Secondly, concerning the energy storage capacity, increasing today’s average 
energy density in battery cells by the factor five would result in a range of the Nis-
san Leaf of 365 miles (≈ 587 km). This would make it more comparable to nowa-
days ICE cars.  

Thirdly, the charging time could be reduced using technologies such as fast 
charging or battery swapping. With a 200 kW fast charging station [1] and im-
proved cell chemistry, the Nissan Leaf could be recharged within only 8 minutes. 
An alternative could be a redox-flow battery containing an exchangeable 
(semi)fluid electrolyte. This opens new possibilities of on-board electrical storage 
such as rapid refuelling of vehicles by fuel or tank exchange [4]. 

The probability of a breakthrough in battery technology is high. Between 1999 
and 2008, patent filings on battery topics increase by 17 percent which is twice as 
much as in the previous ten years, and above-average in comparison to the overall 
patent growth in the same period of time [3]. With the on-going interest of the 
public in electric mobility one can expect an even increasing R&D effort and – 
similar to the mobile communications industry in the last decades – regular break-
throughs in the future. 
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Abstract. Considering the global energy shortage, the improvement of energy ef-
ficiency is one of the most important tasks in China’s urban passenger transport. 
But what is the potential improvement and what policies are needed in the next 
two decades for it. Based on the current situation in China, this paper introduces a 
methodology and a simple model based on it to calculate the future energy de-
mand in the urban passenger transport. The energy demand scenario analysis is 
used to analyse the different energy demand and the efficiency changes. Finally, 
this paper gives some policy options for the improvement of energy efficiency in 
the urban passenger transport in China. 

1   Introduction 

Energy consumption from transport has been increasing at a faster speed than any 
other sectors in China, now the transport sector is the one of the largest emitters of 
greenhouse gases in China. Urban transport is a major part in the overall energy 
consumption in the transportation. The growing focus on global warming places 
big pressure on urban transport to reduce its CO2 emission. The most powerful 
driver of the fast growth in transport energy consumption is rapid urbanization and 
motorization, particularly in cities. Rapid economic growth, urbanization and mo-
torization contribute directly to the growth in energy consumption in China cities, 
notably through: (i) increased trip-making; (ii) increased trip distances; (iii) lower 
fuel economy; (iv) shift towards motorized, low-capacity modes (Zhou, 2005). 
Rapid motorization is also causing severe urban traffic congestion, traffic injures 
and urban air pollution. 

For the international energy consumption and energy demand of urban trans-
port, some researchers calculate the transport energy demand by running the mod-
els such as AIM/Technology, LEAP, and others (Jiang, 2008). Based on the GEF 
project, the World Bank calculates the energy use of urban transport from 2002 to 
2006 in China, and gives the energy intensity by trips (Darido, 2009). Wright and 
Fulton (2005) calculate the transport energy use and CO2 emissions patterns by 
considering different factors including behaviour, design and technology. 
                                                           
* Corresponding author. 
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2   Methodology 

A number of factors in urban transport contribute directly and indirectly to the po-
tential growth in energy consumption, including the number of vehicles, travel 
demand, model split, vehicle kilometre travelled (VKT), land-use patterns and fuel 
efficiency of different transport modes.  

For the future energy demand growth, considering the factors above, based on 
the actual statistic system in China, a methodology is given and a simple model is 
made in this paper according the new methodology. In the methodology, the en-
ergy consumption of private transport can be calculated by the equation (1), while 
the energy consumption of public transport can be calculated by the equation (2). 
In the both two equations, E is defined by the energy use, i is defined by the trans-
port modes. VKT is defined by the number of vehicle kilometre travelled per year. 
Occupancy is defined by the number of persons in each vehicle. In equation (3), 
PKM is defined by passenger turnover per year. 

E (i) = Vehicles (i) * VKT (i) * (E/ VKT )(i)    (1)

E (i) = Trips (i) * Trip distance (i) * (E/PKM)(i) (2)

Energy Intensity (i) = E(i)/PKM(i) (3)

For the indicators of energy efficiency of urban transport, without any national or 
international normalization until now, different indicators are used to evaluate the 
energy efficiency of urban passenger transport. Although in the China’s statistic 
system, the trip is the only indicator to monitor the transport efficiency. From my 
point of view, the energy consumption per PKM is a better and more scientific in-
dictor than indicator of energy consumption per trip.  

3   Scenario Analysis and Evaluation 

Scenario analysis of energy consumption growth in the period from 2005 to 2030 
is developed. It includes the future travel demand forecast and the energy con-
sumption in different scenarios. An evaluation of the improvement potential be-
cause of shift from private car to public transport and new energy application is 
conducted in the analysis. Two scenarios are defined: 
 
1. Business as Usual (BAU): with rapid car growth and no obvious technological 

improvement, the existed energy saving policy will continue to be executed, 
and public transport will be improved steadily. 

2. Energy saving scenario: Reduce transport demands by different measures such 
as compact city, improve public transport greatly (+20%), rational use of pri-
vate cars, on-line service, encourage Non-motorized-Transport (NMT). 
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The main characteristics impacting on energy efficiency of urban passenger trans-
port are identified. According to the report of Policy for Energy Saving of Urban 
Transport in China (Jiang, 2009), the Annual Report on Sustainable Transport De-
velopment in Chinese Cities (CUSTReC, 2007) and the different middle and long 
term plans, the future development tendency is forecasted as follows. 

3.1   Population and Urbanization 

In the next few decades, the “One family, one child” policy will continue to be 
executed in China. According to the Plan from National Population and Family 
Planning Commission of China, the prediction of population growth by using the 
IPAC-Population Model, the population will increase and the summit will be be-
tween 2030 and 2040. In 2009, the urbanization rate is 46.6% in 2009, and it will 
be 60%, 70% in 2020, 2030 respectively in Figure 1 (ERI, 2009). 
 

Fig. 1. Population and urbanization  Fig. 2. Urban passenger trip growth in China 

3.2   City Size Distribution 

The city size will become larger with the urbanization and urban sprawl. During the 
next few decades, the number of cities which have over 1 million inhabitants will be 
100 in 2020. The number of cities witch have over 2 million inhabitants will be 132 
in 2030, and the total population will be over 350 million (Jiang, 2009). 

3.3   Urban Passenger Trip Growth 

With the economic development, the travel demand in urban area will increase 
significantly. And the travel characteristics such as trips, trip distance, model split 
will be changed. Private cars will compete with public transport each other in the 
long time in China. So the improvement of public transport becomes more obvi-
ously important in this key period. In 2030, the total trips will be over 10 000 bil-
lion trips, which is 25 times of in 2005. And the trips from public transport will 
also have a rapid growth, with an annual growth rate 15% in Fig. 2. 



256 Z. Li, M. Zhang, and X. Chen
 

3.4   Daily Trips and Trip Distance 

From the survey, in 2005, averagely, there are only 2.1-2.8 trips for each urban in-
habitant in China. And the international experience shows the trips will increase to 
3.5-4.0 and it will keep rather stable. Based on this, in 2030, we assumed the aver-
age trips will increase to 3.2 in China in Figure 3. 

From the research report from World Business Council for Sustainable Devel-
opment, the trip distance per year of private transport will increase in most coun-
tries, but China has the highest growth rate 3% from 2000 to 2030 in the world.  

 

Fig. 3. Urban passenger daily trips 

 

 

Fig. 4. Urban rail development in China. 

3.5   Improvement of Public Transport 

After the public transport priority strategy has been implemented since 2004, pub-
lic transport made a big progress in China. In the next twenty years, mass transit 
(urban rail and BRT) will have a huge growth, and the model split will be im-
proved greatly. In recent years, some big sites (Beijing, Shanghai, Guangzhou and 
Tianjin) have a good urban rail system in China. The rail operation length is more 
than 900 km in 2009. By the end of 2009, urban rail plan in another 22 cities was 
got approved with a total 882 billion investment. In 2016, China will have 89 new 
lines, with the total construction length 2500 km. The total operation length will 
be 17 thousand km and 37 thousand km in 2020 and 2030 in Figure 4. In the 
meantime, the operation length of BRT will be 2500 km in China (Urban rail con-
struction plan, 2009). 

3.6   Civil Vehicle Stock 

In 2009, the civil vehicle stock was 76.2 million, with an annual growth rate 
18.8% from 2000 to 2009. In the next two decades, the civil vehicle stock will in-
crease fast. The average vehicle stock per 1000 inhabitants will increase to 100 
and 150 in 2020 and 2030. In 2030, the vehicle stock will be over 390 million, 
which is 12.5 times of that in 2005, with an annual growth rate 10.7%. And pri-
vate car has the highest growth rate, it will go up to 300 million, which is 28 times 
of that in 2005, with an higher annual growth rate 14.6% in Figure 5 (ERI, 2009). 
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Fig. 5. Civil vehicle stock forecast in China. 

 

 

Fig. 6. The energy efficiency characteris-
tics of different transport modes 

3.7   Energy Efficiency of Different Transport Modes 

Different motorized transport modes show different energy efficiency characteristics. 
The most energy efficient mode is subway, prior to BRT and Bus. And the lowest en-
ergy efficient mode is Taxi. Because of empty running, so the energy efficiency of 
Taxi is lower than private car in Figure 6. These data shows the improvement of pub-
lic transport is the important approach to reduce transport energy consumption and 
improve energy efficiency in urban transport system (Jiang, 2009).  
 

Fig. 7. The energy consumption of urban 
passenger transport 

 

 

Fig. 8. The energy intensity of urban pas-
senger transport 

Based on the possible future travel characteristics change, the energy consumption 
and energy efficiency of urban passenger transport can be obtained from the model. 

3.8   Energy Consumption 

In the BAU, the energy consumption of urban passenger transport in China will be 
around 1.8 million ton in 2020, with an annual growth rate 9.8%. Then it will con-
tinue to increase to 2.6 million ton in 2030, with an annual growth rate 4.4%. The 
growth rate from 2010 to 2030 is higher than that from 2005 to 2010 because of 
the rapid economic development and urbanization, huge growth of private car 
ownership. 
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But in the energy saving scenario, the energy consumption of urban passenger 
transport in China will be around 1.3 million ton in 2020, with an annual growth 
rate 7.9%, which is reduced 23.5% than BAU. Then it will continue to increase to 
2.1 million ton in 2030, with an annual growth rate 4.4%, which is reduced 22.2% 
than in BAU in Figure 7. 

3.9   Energy Intensity 

In the BAU, the energy intensity of urban passenger transport will be 23.6 
gce/pkm in 2020, with an annual growth rate 2.6%. In 2020, the energy efficiency 
will reach the summit. After 2020, the energy efficiency will decrease to 23.3 
gce/pkm in 2030, with an annual reduction rate 0.4%. 

While in the energy saving scenario, because of the modal split of public trans-
port will increase 20% than BAU and compact city development. The energy in-
tensity will decrease to 21.5 gce/pkm in 2030, with an annual reduction rate 0.3%. 
In the years of 2010, 2020, 2030, the energy intensity in the energy saving sce-
nario will be reduced 0.8%, 2.3% and 5.2%, the energy efficiency will be im-
proved steadily in Figure 8. 

4   Conclusions and Policy Implications 

This paper identifies and analyses the main travel characteristics in China, then 
gives a methodology and a simple excel-based model to calculate the energy con-
sumption. In China, the energy consumption growth of urban passenger transport 
is inevitable because of urbanization and motorization in the next two decades. 
And rapid private car ownership growth will lead to the energy intensity growth of 
urban passenger transport in the next ten years. But if the energy saving policies 
are used, and the public transport (Bus, BRT, Urban Rail) will be improved 
greatly, the energy intensity growth of urban passenger transport will be reduced 
steadily from now on. 

In order to improve the energy efficiency of urban passenger transport in Chi-
nese cities, based on the results from the scenario analysis, the overall policy op-
tions should be adopted as following: 

 
1. Urban form should be compact and mixed land use, try to avoid cities with the 

high energy intensity transport modes. And urban planning is the important ap-
proach to reduce the rigid travel demand from the source. The trips and trips 
distance is closely linked with urban planning. 

2. To improve the public transport, especially build the mass and rapid rail  
transport in large cities. For the large cities with the population more than 200 
million, establish a public transport oriented urban transport system is the only 
option. Currently, China has launched its strategy for the urban transportation 
development. Due to the rapid development of urban construction, to reduce 
the huge cost, improve the public transportation system as soon as possible, 
particularly the urban rail transport, is necessary. 
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3. Integration of environment-friendly transport modes in planning processes for 
urban development (incl. routes for Suburban Railways, Metros, BRT, tram, 
bike). Currently, the vehicle travel is the major approach in all cities’ transpor-
tation system. The non-motorized travel has been ignored in the urban planning 
and construction, as well as in the urban transport planning in the metropolis, 
and in the large, middle, & small scale cities; whiles, more than 50% among the 
all approaches of traveling is non-motorized travel. It is crucial and urgent to 
make the non-motorized travel as the core in the comprehensive urban trans-
portation system, maintain a high level of non-motorized passenger transport 
with bicycles and walking in urban areas, especially for short distances. 

4.  Use the advanced high efficient, low carbon emission vehicles. It is not only 
able to reduce the emission, but also reduce the energy consumption by using 
certain kind of vehicles with the mature energy-saving technologies, like the 
low energy consumption diesel cars, hybrid vehicles. Using the low energy 
consumption vehicles can reduce the cost for vehicle fuel. For the usage of the 
vehicles with the new technologies, such as fuel cell vehicles, it is necessary to 
first design the roadmap, and involve it into the urban planning and the con-
struction of the gas station in advance. 

5. Take various measures and approaches to reduce travel demand. For instance, 
the traffic demand can be reduced around 5% by using the Information and 
Communications Technology (ICT) to realize the nearby-payments, conference 
calls, online shopping.  
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Abstract. In this study, sustainability of the cooperative vehicle intersection con-
trol (CVIC) algorithm realizing wireless communications between vehicles, and 
between vehicles and infrastructure at urban signalized intersections was assessed. 
In addition, its performance was compared with an actuated control (AC) devel-
oped by the state of the practice program, Synchro, based on a microscopic traffic 
simulation model, VISSIM, at a low volume condition scenario. The simulation 
results indicated that the CVIC algorithm significantly improved vehicular delay, 
fuel consumption and emissions, when compared to those of Synchro.  

1   Introduction 

Transportation has been one of the largest sectors consuming fossil fuel and emit-
ting greenhouse gas emissions in the US. In addition, travellers have done little to 
change their transportation habits and curb their fuel usage, furthering national  
dependency on foreign oil. As such, sustainability has emerged as one of the key 
focus areas in transportation. In fact, technology has improved vehicular perfor-
mance in terms of better gas mileage. A recent initiative of US Department of 
Transportation in connected vehicle technology is one of the promising technolo-
gies that would lead to significant improvements in mobility as well as sustainabil-
ity measures such as greenhouse gas emissions and fuel consumption. The  
research plan of the connected vehicle initiative will be focusing on mobility (i.e., 
dynamic mobility applications) and sustainability (i.e., applications for the envi-
ronment: real-time information synthesis, AERIS). An example of the dynamic 
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mobility application research would be a cooperative vehicle intersection control 
(CVIC) algorithm developed by Lee and Park [1]. The CVIC algorithm allows ve-
hicles move through the intersections without traffic lights – the key element is 
cooperatively adjusting vehicles’ accelerations and speeds to avoid crashes among 
the conflicting vehicles. The purpose of this paper was to investigate the perfor-
mances of the CVIC algorithm in terms of sustainability (i.e., fuel consumption 
and emissions) by comparing its performances with those from the best existing 
traffic control method.  

2   Methodology 

In order to assess the sustainability impacts of the CVIC algorithm along the urban 
intersections, this paper incorporated two software programs: i) a CVIC simula-
tion test-bed utilizing VISSIM, a commercial microscopic traffic simulator [2] and 
ii) the VT-Micro model [3] estimating fuel consumption and emissions based on 
individual vehicular speeds and accelerations. Furthermore, to develop the best ex-
isting traffic control setting along the urban intersections the state of the practice 
software, Synchro [4], was utilized. In this section, CVIC algorithm, VT-Micro 
model [3], and Synchro are briefly presented.  

2.1   CVIC Algorithm 

This algorithm assumes 100% market penetration of connected vehicle technology 
(i.e., every vehicle and infrastructure – traffic controller – are seamless connected 
via wireless communications such as dedicated short range communication). The 
algorithm can be best explained with an example shown in Figure 1, where  
 

 

Fig. 1. Illustration of Vehicle Trajectory Overlap at an intersection [1]. 
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trajectories of two conflicting vehicles to the intersection area are displayed. De-
pending on the speeds and accelerations of these two vehicles, they might run into 
crash. The algorithm adjusts their accelerations such that any potential conflicts 
among vehicles at the intersection area would be avoided – in real world, vehicles 
would cooperatively change their accelerations. The implementation could be rea-
lized by a road-side equipment (RSE) determining every vehicular acceleration as 
they come into conflicting area, or simply cooperative adjustments among con-
flicting vehicles via vehicle-to-vehicle communications.  

2.2   VT-Micro Model  

Sustainability measures such as fuel consumption and emissions can be estimated 
by utilizing a macroscopic model such as MOVES [5] or a microscopic model 
such as VT-Micro [3]. This paper uses microscopic emissions and fuel consump-
tion model developed by the Virginia Tech researchers. This is because it is gen-
erally believed that macroscopic models utilizing average link speed with driving 
cycle do not properly capture individual vehicular driving variations. It is noted 
that the VT-Micro model, which has a two-regime regression model form as in 
equation (1), was developed by intensive experiments consisting of numerous 
speed-acceleration combinations.  
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(1)

Where,  
MOE: CO, CO2, NOx, HC, and Fuel  
Le

i,j  and Me
i,j: Model coefficients for each MOE  

S: speed in kilometer in hour  
a: acceleration rate in meter per second per second  

2.3   Synchro Program  

The state of the practice in the traffic signal timing optimization programs uses 
macroscopic flow model for quick estimation of delay at a given traffic signal 
control setting during the optimization. Synchro program [4] has been widely ac-
cepted by many State Department of Transportation, localities and academia due 
to its easy to use and the quality of control settings that are based on percentile de-
lay measure. It is noted that the percentile delay measure uniquely considers sto-
chastic variability within the macroscopic flow model. The traffic control setting 
developed by Synchro represents a typical control method used in real world.  
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3   Case Study 

3.1   Experiments Set-Up 

In order to assess sustainability impacts of the CVIC algorithm along urban inter-
sections, a hypothetical arterial network consisted of four intersections was devel-
oped using a VISSIM simulation program. It is noted that the VISSIM model 
represents real-world allowing individual vehicular movements with explicit con-
sideration of drivers’ aggressiveness. The network is a 2.7-kilometer long and 
each intersection along the corridor is spaced at about 400 meters with each other. 
Figure 2 shows the hypothetical network modeled in VISSIM.  

 

 

Fig. 2. A hypothetical test network in VISSIM. 

In the experiment, this study only used a low volume condition: 400 vehicles 
per hour per lane per direction on major corridor movements and 300 vehicles per 
hour per lane per direction on cross streets. As noted, Synchro was used to devel-
op the coordinated actuated traffic signal control setting for the given volume con-
dition and the network shown in the VISSIM model.  

4   Results and Discussion 

Both CVIC algorithm and the actuated control (AC) traffic signal setting were im-
plemented five times each with varying random seeds using the VISSIM simula-
tions. In the assessments, mobility measures including average speed, number of 
stops, and total travel time, and sustainability measures including CO2 emissions, 
fuel consumption and fuel economy are used. The summary results are shown in 
Table 1.  
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Table 1. Summary of CVIC and AC simulation results. 

Measures 

CVIC 
Actuated Con-

trol (AC) CVIC Im-
provements 

over AC Mean 
Std. 
Dev Mean 

Std. 
Dev 

 Average speed 
[km/h] 51.6 0.3 42.2 0.3 22% 

 Number of Stops 7.0 6.9 1927.4 31.8 100% 

 Total travel time [h] 29.9 0.7 37.5 0.6 20% 

 Emissions CO2 [kg] 333.1 8.0 516.9 9.4 36% 
 Fuel Consumption 

[kg] 150.0 3.7 239.0 4.3 37% 

Fuel Economy [mpg] 24.1 0.3 15.5 0.1 36% 

 
It is clear that the CVIC algorithm improved both mobility and sustainability 

measures. It is noted that the different between CVIC and AC measures are statis-
tically significant at 99th percentile confidence level. While the average speeds 
and total travel times were reduced by 20-22%, the emissions and fuel consump-
tions were improved by 36-37%. Interestingly, the number of stops was reduced 
by 100% under the CVIC. It is noted that the CVIC algorithm produced a small 
number of stops (i.e. 7.0) due to the implementation of recovery algorithm in 
which implements possible complete stops of vehicles on one approach when co-
operative adjustments are not feasible.  

5   Conclusions and Recommendations  

Based on the VISSIM microscopic traffic simulations, the sustainability perfor-
mance measures including fuel consumption and emissions of the cooperative ve-
hicle intersection control (CVIC) algorithm outperformed those from the state of 
the practice Synchro traffic signal control setting. While the CVIC algorithm re-
quires 100% market penetration and cooperative control among the vehicles and 
infrastructure, the results indicate that significant improvements in fuel consump-
tion and emissions can be expected through the CVIC algorithm and the connected 
vehicle technology.  

This paper only considered a low volume condition (i.e., 400 vehicles per hour 
per lane on major approaches and 300 vehicles per hour per lane on minor ap-
proaches). Without a doubt, the CVIC algorithm would work well under this kind 
of low volume conditions. However, it might not work very well when traffic vo-
lumes increase to congested conditions. Additional research by the authors is cur-
rently being conducted to assess the impacts under high volume conditions.  

The CVIC algorithm evaluated in this paper assumed 100% market penetration. 
Future research should enhance the algorithm for imperfect market penetration  
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conditions as well.  In addition, future research should explore assessments of  
surrogate safety using safety headway distance measure [6] or crash triggers [7]. 
Finally, given the assessments were made by sustainability measures, the CVIC 
algorithm should be compared with the traffic control settings designed for sus-
tainable transportation [8].  
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Abstract. Software has been designed and implemented for the exploitation and 
maintenance of truck, passenger car, coaches and work machines in a transporta-
tion company. Without specialized software, adequate planning, quality control, 
maintenance of vehicles and work machines cannot be achieved. Software has 
been designed with the aim of following up, monitoring, analyzing and managing 
maintenance vehicles (i.e. planning, organizing, managing and controlling). This 
paper presents the developed and implemented software, as part of information 
system, used to manage the maintenance system of vehicle and spare parts in a 
company which transports good (coal, sand, old steel, and other) and passengers in 
inter-city and international and tourist travel with a high-degree of reliability, rea-
diness and availability and with the aim to minimize costs.  

1   Introduction 

Integration of the core business processes in an enterprise becomes the key  
success factor in modern business environment. Process oriented enterprise is a 
highlighted characteristic of a modern enterprise that ensures greater flexibility, 
comparing to functional organizational structure recognized by management and 
administration hierarchy. Process modeling of Quality Management System 
(QMS) defined by ISO 9001:2000 contributed to a strict definition of end-to-end 
processes of product or service realization (from customer demand to the delivery 
of product/service to a customer) and strict definition of performance measure-
ment of processes and enterprises as such. Information system/ information and 
communication technologies (IS/ICT) are inevitable component of modern enter-
prises and a foundation of completely new enterprise business concepts.  

Organizationally, Vehicle fleet and Vehicle maintenance comprise the logistics 
support. Logistics support’s task is to ensure high reliability, availability and readiness 
of truck, passenger car, coaches and work machines (referred to as the vehicles). 
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The vehicle database (category, type, purpose of a vehicle, registrations, drivers in 
charge, technical check, tachograph (odometer) check and other common and specific 
data on a vehicle) contains persistent data on vehicles and it is the main component of 
integration of all business processes of an auto-transportation enterprise.  

Features of Software of maintenance management system for vehicles are  
presented in this paper (referred to as: Maintenance system for vehicles). This 
software is integrated into vehicle maintenance business process. Using modern 
software architecture and information technologies, data, maintained by Mainten-
ance system for vehicles, are available to other business processes as well (e.g. 
Transport service realization, Planning and managing, Calculation of income and 
costs per vehicle etc.). This shows how immediate integration of business 
processes was realized through the development and implementation of modern IT 
solution. To support the decision making at operational and top management le-
vels of an enterprise, managing data became available in real time. 

2   Business Process  

Maintenance system for vehicles includes support to the process of Vehicle main-
tenance with sub-processes [1]: preventive (daily, weekly, monthly and quarterly 
controls and services) and corrective (after a failure) maintenance. Activities in-
cluded in this process are: from registration, through maintenance to delivery of 
technically aptitude vehicle from the maintenance, with exploitation of necessary 
resources (workshop, qualified staff, spare parts, devices for motor and vehicle 
check, technical documentation, information system for maintenance management 
system) to support realization of goals: increase readiness and availability of ve-
hicles and maintenance cost reduction, etc., Fig. 1.  For maintenance process, an 
activity flow was defined on corrective and preventive vehicle maintenance within 
and out of Autotransport. Behavior of all participants in the process of vehicle 
maintenance was defined as well. The result of such approach is a defined flow 
algorithm on vehicles and actors in the vehicle maintenance process.  

Registration for maintenance. Vehicle fleet sends vehicles to corrective/preventive 
maintenance, with the document Registration Q.VF.0, in electronic form. Vehicle 
maintenance and Check out. Maintenance refers to a period from vehicle check in 
(sent by Vehicle fleet) to vehicle check out and handing it back to Vehicle fleet. It 
includes following activities: Check in the workshop (Q.MV.01), Diagnostics, defin-
ing Work order (Q.MV.02) and Work lists (Q.MV.04) for worker in charge of main-
taining, Correction of Work order and Work lists and Closing work lists and Work 
order. Once, vehicle maintenance is complete, the Workshop “checks out a vehicle 
from the service”, informs Vehicle fleet that initiated activity of vehicle maintenance 
is completed. If the maintenance is performed in (external) service outside Auto-
transport, instead of Work order Q.MV.02, a Way bill Q.MV.03 is being created.  
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Fig. 1. Business process “Vehicle maintenance” 

3   Software  

Autotransport’s “Maintenance system for vehicles” [1] is aligned with defined 
maintenance process. It can be accessed from any workstation within the network, 
according to assigned rights and authorization to each user of IS, based on its tasks 
and responsibility within the business process.  

Vehicle fleet: Registration. As previously stated in the business process Vehicle 
maintenance, Vehicle fleet is responsible for the initiation of this process. 
Through appropriate application, the role “Vehicle fleet” realizes tasks for which 
it is in charge of. Functionalities of this application (main menu options) are: 
Check in; Check out; Report on vehicles (Status of a vehicle, Vehicle for correc-
tive maintenance, Current availability of vehicle fleet); Service (workshop) ca-
pacity; Help and Exit. Vehicle fleet generates electronic document.  

Registration of vehicle for maintenance (within the Vehicle fleet) (Fig. 2). In-
formation on “Date and time of registration” are system date and time, thus re-
cording the time of vehicle failure (when vehicle stopped being available) and it is 
stored in the database.  

Maintenance workshop is responsible for: Check in of Vehicle in Autotransport’s 
workshop (service), Diagnostics, Issuing and closing work orders and work lists, 
Check out from maintenance, Sending vehicle for a service outside of Autotrans-
port. When activating appropriate option of Maintenance workshop application 
(“Register vehicle in the service”), one receives adequate electronic form for Reg-
istration, which can be printed into corresponding paper document “Registration 
No.” (Fig. 2).  

Check in vehicle in the workshop begins with the search for a vehicle: “Selection 
based on the number of Registration”, “Selection based on the plate number” or “Se-
lection based on the internal Autotransport’s (AK) number”. It enables automatic 
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move of Registration, with already inserted data in Vehicle fleet to the Workshop. 
The Workshop inserts other data regarding the vehicle check in the maintenance 
Workshop (e.g. data regarding vehicle check-in/check-out – Date, Time, Name). The 
Workshop can review and print Registrations of vehicles in queue for maintenance. 

 

   

           Fig. 2. “Registration No.”form                 Fig. 3. Diagnostics - Failure database updating  

Diagnostics. Based on performed diagnostics, the diagnostician opens software 
application “Diagnostics” in order to verify/update related Registration, i.e. diag-
nostics for the vehicle.  

Failure input. After performed diagnostics, the diagnostician enters information 
on vehicle failure. For information input to “Corrective maintenance”, “Failure da-
tabase” (Fig.3) is being used and continuously updated The diagnostician selects 
the Group of a vehicle, then the Part that failed and the Type of failure (e.g. motor, 
muffler pipe, deformation etc.). The diagnostician, with administrator’s rights, for 
“Diagnostics” application, can use administrator’s function “diagnostics update” 
to add new failure to the “Failure database”. For data entry in “Preventive main-
tenance”, one selects a preventive maintenance service from “Service database”.  

Work order. After it has performed diagnostics, worker in charge, within Main-
tenance service, activates the appropriate functionality from the application menu 
of Work order, Work list and Way bill for a maintaining service outside Auto-
transport: Creating a New work order (“New work order”); Correction of existing 
work order; Diagnostics update; Closing work lists and work orders; Opening new 
Way bill, Closing the (existing) Way bill and Vehicle test. By activating “New 
work order” option, a Work order is being opened. By choosing a vehicle, data 
from “Diagnostics No.” are being obtained automatically. Based on diagnostics, 
operation maintenance (“Operation maintenance”) is being selected with defined 
“Hour-norm”. Selection of worker who will work on repairing a failure and/or 
preventive maintenance is being made based on maintaining operation and worker 
qualifications “work position” and “Worker/Load”. Previously defined data are  
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being inserted in worktable by a click on “Insert operations in the table”. Opera-
tion of saving work order (“Save work order”). Way bill. When a vehicle is main-
tained outside Autotransport’s Workshop, a Way bill for maintenance in external 
service workshop is created, based on Registration and Diagnostics (data on exter-
nal service workshop are stored in “Partner database”).   

Vehicle fleet: Check out. After completion of the work in the Workshop, a worker 
in charge closes Work lists and Work order for maintenance, where the system 
(automatically) initiates operation “Check out a vehicle from the service”. System 
time of the check out is the time of maintenance completion (the vehicle becomes 
available again) and it is stored in the database. With initiation of application 
software Vehicle fleet (option “Check out”).  

Workshop (Service)–Vehicle fleet: Taking over. After maintenance of a vehicle is 
done, Vehicle fleet takes over the vehicle from the maintenance Workshop Fig. 4. 

Views and reports. In order to provide data and information for Vehicle mainten-
ance management system in Autotransport, Views and Reports are defined with all 
the data that support operational processes and/or with the data on Vehicle main-
tenance process performance. These reports can be initiated and reviewed from the 
applications of Vehicle maintenance system, but from other applications as well 
(e.g. General Manager’s  - GM’s application). 

 

         

Fig. 4. Taking over a vehicle from maintenance             Fig. 5. Views and Reporting                          

By activating an option “Views and Reporting”, Fig. 5, following reports can 
be reviewed and printed: List of vehicles sorted by organizational units; Vehicles 
and work machines with drivers in charge; Vehicles for Autotransport’s manage-
ment;   List of vehicles with data on drivers’ in charge sorted by the brand and the 
type of vehicle; List of vehicles with data on drivers’ in charge sorted by the pur-
pose of a vehicle; (for) Daily and Weekly vehicle control; (for) Quarterly vehicle 
control; (for) Technical control (period for performing technical control); (for) Li-
cense Registration (period for registration renewal), (for) tachograph (odometer) 
check; Vehicle equipment condition control; Control of Chemical and technical 
protection equipment (assortment and quantity); Preventive maintenance services; 
Review of parts built in a vehicle; Fuel norms. 
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Integration within ISAT (IS Autotransport’s). Previously elaborated characteristic 
Views and Reports show that ISAT applications are integrated at data level they 
reflect, but at the level of business processes they support too.  To that effect, the 
correlation within application software for business processes Transport service 
realization, Vehicle maintenance and Vehicle fleet should be pointed out. Key per-
formance indicators of Maintenance process – availability of a single vehicle and 
vehicle fleet as a whole, are available to the “owners” of stated process and to the 
top management of the enterprise. 

4   Conclusion  

Information system for maintenance management of vehicles and work machines 
in Autotransport in Kostolac is an R&D project of Faculty of Mechanical Engi-
neering, University of Belgrade, which is being realized in cooperation with the 
Autotransport’s project team. Maintenance management system includes business 
processes with integrated operational activities supported by application software 
through which the business documents are generated. This approach provides data 
on realized events (activities) regarding vehicle maintenance operations to be 
stored in databases. From that point data become available in real time to the Au-
totransport’s management (e.g. Vehicle fleet availability as an indicator of Vehicle 
maintenance process performance indicator, availability of a certain vehicle for 
transport services).   

Some of, already achieved, effects of data analysis obtained from IS for main-
tenance management system relate to cost reduction of maintenance, indicating 
vehicles and spare parts for vehicles with failures. Besides, owing to the estab-
lished ranking of drivers according to the number of vehicle failures, the drivers 
have become more “careful” in driving their vehicle.  

Presented maintenance management system for vehicles (trucks, passenger cars 
& coaches, construction machines/ vehicles), i.e. conceptual solution of the sys-
tem, can be applied in other transport companies because it is based on business 
process management approach. 
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Abstract. High-tech cars are driving the automotive industry success. Technical 
features, emotions and branding are important elements of the automotive success 
story and value chain. The present customer is still interested in cars delivering 
speed, power, status symbols, individual comfort, daily convenience or a better 
personal image. All well-known brands like Audi, BMW, Mercedes Benz, General 
Motors, Toyota and all others are working hard to improve their fleet`s sustain-
ability. E-mobility is a welcome technology improving manufacturer`s sustainabil-
ity. Investment banks, consulting companies and research institutes predicted 
market penetration rates from 2% to 25% until 2020. E-mobility might be driven 
and commercialized by regulations and governmental sponsoring, but in the mo-
ment the customer`s ease of use is low compared to traditional cars. Does a green 
e-car deliver real customer value? Is the automotive value chain transferable? 
Who is the real target group? Little information is available on customer experi-
ences, specific needs and personal use. How to reach the market penetration of 
25%? Thinking about the Unique Selling Proposition (USP) of E-mobility will 
help to solve the issue. Large cities are concerned about the future of traffic and its 
impact on the people. The highways are crowed and driving a car is expensive. 
Many young people cannot afford driver permission, an own car or a downtown 
garage. There is no real infrastructure for e-vehicles. Automotive retailers are sell-
ing and distributing cars, a customer-oriented service is very often missing. There 
is a strong brand loyalty and a low automotive retailer loyalty. The automotive in-
dustry should face the situation and not wait for customers or retailers pushing the 
market. After identifying target groups and their needs, new business models will 
appear like car sharing solutions, mobility shops, e-mobility provider services or 
e-infrastructure services. The service-oriented e-value chain will generate the new 
services and increase sustainability, customer comfort and customer binding at the 
same time.  

1   Green Trend versus Old Economy 

The IAA 2011 shows the radical change of the automotive industry. New markets, 
new rules, and new concepts: the automotive future will be different. Dieter Zetsche, 
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CEO Daimler, postulated the second invention of the automobile. The futuristic car 
has to be light, eco- and energy friendly (Handelsblatt, 2011). At the same time the 
consumer is expecting an integration of his entertainment and personal IT-world. 
Wolfgang Müller-Pietralla, Volkswagen Head of Future Research and Trend Trans-
fer, is convinced that a car will be a personal lounge (Handelsblatt, 2011). In the 
United States over 90 percent of new cars have already an option for iPod connec-
tivity. Moreover customers would like to have fun while driving a car. Rupert 
Stadler, CEO Audi, is convinced that the car as status symbol is still key for the 
emerging markets like China or Russia, but also for traditional markets like the USA 
(Handelsblatt, 2011). Norbert Reithofer, CEO BMW, knows the time for traditional 
cars is limited in China. Big towns like Beijing or Shanghai will prefer green-cars to 
avoid a collapse of their infrastructure. The present trend is towards the green-car 
fulfilling all these requirements. However, while the automotive industry is invest-
ing big amounts in green-cars, a clear competitive advantage is missing. 

2   Traditional and Green-Car Concepts 

In analysing e-mobility generating new services and business models, increasing 
sustainability and understanding the market chances of green cars, it is necessary 
to mention the different engine concepts (Figure 1) (Elektromobilität, 2011). 

 

 

Fig. 1. HCCI: Homogeneous Charge Compression Ignition. 

Every engine concept is associated with different variables influencing the con-
sumer willingness to accept new technologies, different types of vehicles and 
linked mobility concepts. These variables are: 

 
• Product value 
• Service value 
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• Personal value 
• Image value 
• Monetary cost 
• Time cost 
• Energy cost 
• Psychic cost. 

3   Means-End-Chain Model 

The variables will have a strong impact on buying patterns, driving patterns and 
consumer behaviour. The comprehension of consumer-decision making processes 
is key to the evaluation of consumer value and the acceptance of each engine con-
cept. The general consumer value depends on the total of personal values of all 
customers. In other words every engine concept offers a different personal value. 
A sporty driver would prefer a powerful car, great design and high-end technical 
features. A family would prefer a comfortable SUV, a lot of space and comfort. 
Functional, conditional, social and emotional values of the product or related ser-
vices are forming the consumer-decision-making process and the personal value. 
The means-end-chain model is a scientific and operative concept, which allows 
understanding how consumers perceive the use of the different engine concepts 
(Reynolds and Gutmann, 1988). 

 

 

Fig. 2. Means-end-chain model. 

 

Fig. 3. Details of the means-end-chain model. 
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4   A Scenario ICE versus EV 

Renault`s car portfolio 2011 delivers e-car facts (Renault, 2011) to compare a new 
Renault Kangoo Generation 2011 (ICE) with a Renault Kangoo Z.E. 2011 (EV). 
The scenario illustrates the scientific and operative value of the means-end-chain 
model creating new e-mobility services and business models. The scenario as-
sumes there is a salesman for sporting goods. The salesman is visiting his retailers 
in a greater area of 200 kilometres. During the weekend he is traveling by car and 
testing the sporting goods. Figure 4 shows how the salesman (consumer) perceives 
the value of ICE and EV Kangoo. The analysis considers different attributes (e.g. 
prices), consequences (e.g. long or short range) and the personal values (flexibil-
ity, freedom, green image, no debts…). The means-end-chain model is an impor-
tant tool to analyse the customer needs to identify the customer value, to develop a 
clear USP and to cluster the customer segments. In this scenario the personal value 
of the salesman is flexibility and freedom. To reach his personal values he would 
prefer to buy a traditional Renault Kangoo Generation 2011 (ICE). 
 

 

 

Fig. 4. A means-end-chain scenario Renault Kangoo. 

5   Green-Car Ease-of-Use Is Low 

Green-cars are the future of the individual mobility: independent of oil, no emis-
sion, eco-friendly – daily headlines of the automotive industry and governments. 
Analysing the determinants of the customer value the consumer does not share the 
green-car euphoria (Price Waterhouse Coopers, 2010): 

 
• Product value: low battery performance, no real technical innovation 
• Service value:  no charging infrastructure  
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• Personal value: no guarantee of green electricity (solar or wind energy) 
• Image value: no status symbol 
• Monetary cost: high capital costs and costs of maintenance 
• Time cost: delivery time, cost of acquisition 
• Energy cost: unclear development of oil and energy costs 
• Psychic cost: unhappiness and doubts. 
 
Different studies underline the low green-car customer value (Price Waterhouse 
Coopers, 2010). In addition OEMs realise the highest margins in the luxury and 
SUV segments. Reducing these segments would harm the OEMs profit margin 
and innovation power. This scenario is unlikely. Furthermore OEMs are used to 
implement technology-push-strategies: innovations will be presented to the market 
(e.g. I-Drive-System BMW). There is a change towards a pull-strategy.  This 
means OEMs have to integrate the consumer requirements into their processes 
(Heiss, 2009). To respond to the requirements the automotive industry needs a 
clear positioning along the e-mobility value chain. OEMs have to think about their 
business models. “How can OEMs segment the market?” and “What is the USP of 
green-cars?” and “Who are my target groups?” Answering these questions OEMs 
will learn much more about their potential customers and emerging competitors 
beyond the traditional automotive value chain. Figure 5 shows a strategic ap-
proach to segment the e-mobility market and to identify the customer-related 
USPs. 

 

 

Fig. 5. Green-car market segmentation 
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6   E-mobility Offers New Services and Business Models 

E-mobility shops, classical car sharing, e-mobility provider and e-infrastructure 

Large cities worldwide are crowed. New traffic systems and intelligent solutions 
are needed. E-mobility and classical car sharing offer the chance to reduce the 
negative impact of city traffic. Projects like Car2go by Daimler or DriveNow by 
BMW and Sixt offer a new approach to city mobility. The USP of mobility shops 
is a flexible car-sharing system for registered users: No membership, no basic fee 
and no deposit. Mobility shops organise pick-up and return points within walking 
distance. The registered customer can use the car anywhere and at any time. Dif-
ferent business models are possible: billing by minutes, billing by kilometres and 
time or billing by fixed rates. New target groups will be opened like young people 
who can not afford a car or a down-town garage, people who use very seldom a 
car or tourists who use park and e-ride systems. The classical car sharing is a 
comparable service. In general the customer pays a basic fee and a deposit. There-
fore the minute or kilometre price should be cheaper (Lippautz and Winterhoff, 
2010). 

Car rental services are classical mobility providers. Their target groups are 
business people and travellers. Rental services like Europcar, Hertz, Avis or Sixt 
have worldwide hubs at airports and railway stations. Their infrastructure and di-
rect contact to the customer allow them to implement an e-infrastructure and to 
identify new trends. Lifestyle is changing. Young and urban drivers would like to 
use a car according to their mobility needs. The consumer is interested in using a 
city car during the week, a SUV for vacations and a sports car at the weekend. Ac-
cording to existing full-service leasing concepts the customer would prefer to pay 
a flat rate (Lippautz and Winterhoff, 2010). OEMs should face the situation: new 
competitors are emerging. OEMs started the trend towards complete solutions of-
fering financial services and fleet management (Lippautz and Winterhoff, 2010). 

E-mobility provider is a good example of the change towards the pull-strategy. 
OEMs have to adapt their classical business model. The new trends of strong 
branding, driving fun, sustainability, service providing, or urbanization will im-
prove the automotive value chain. 

7   A New Automotive Value Chain Approach 

The customer value will push the automotive industry. A new generation, a differ-
ent lifestyle and urbanization require solutions. Apple produced computers and 
moved towards services. Apple`s focus is to improve the life of their customers. 
The automotive industry needs a comparable vision to bind the customers. “How 
can OEMs improve the life of their customers?” To succeed in the e-mobility 
market OEMs should adapt their value chain towards full service broadening the 
portfolio: from car technology to service technology. 
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Fig. 6. A new automotive value chain approach 
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Abstract. Retailing is the last step of the automotive value chain. Automotive re-
tailers complete all transactions with customers: product presentation, closing, af-
ter sales, maintenance and repair. OEMs focus on developing new car technology, 
manufacturing and branding. Branding is one core competence of OEMs. Brands 
like Audi, BMW or Mercedes Benz invest a lot of money in advertising, sponsor-
ing, events or public relations to cultivate the market for new customers or to in-
crease brand loyalty of existing customers. E-mobility is a new business. Most 
consumers cannot identify the Unique Selling Proposition (USP) and customer 
value of a green car. To succeed in the e-mobility market, OEMs have to create 
new customer services. To make e-mobility shopping and service easier or to ac-
commodate costumer desires, OEMs have to engage in new distribution systems. 
They need a closer customer contact, several points of contact and a strong brand-
ing to implement e-mobility concepts. 

1   Market Penetration 2020 

A new study of Bain predicts that 50 % of the new cars in 2020 will have an elec-
tric engine concept (electric vehicle or hybrid electric vehicle concept). Bain`s re-
search estimates 100.000 e-cars in Europe in 2020. Worldwide Bain forecasts 
350.000 e-cars. According to Bain`s market study typical e-mobility customers are 
premium car clients, who spend in average 60.000 Euro for a premium car in 
2011. The e-car might be used as additional city vehicle (Stricker et al. 2011). E-
cars offer new business models and services like e-mobility shops, car-sharing, e-
cars on demand or e-infrastructure services (Becker, 2010). Does this impact on 
the traditional car dealer system? 

2   The Traditional Dealer System 

The traditional car dealer system is a typical retail business. Also in the automo-
tive industry retailing is the last arena in a complicated process of manufacturing 



284 M. Knoppe
 

 

and distribution. Automotive retailing is the physical movement and transfer of 
ownership of cars, after sales products and services like car repair and mainte-
nance (Berman and Evans, 2007). Car dealers (retailers) are the interface between 
automotive manufacturers, automotive importers (wholesalers), automotive brands 
and consumers. Figure 1 and 2 show the dealer`s role in the traditional automotive 
sales process (Capgemini 2009): 

 
• single brand dealer: sale of one brand: e.g. Audi 
• multi-brand dealer: sale of several brands e.g.: Jaguar, Ferrari 

 

Fig. 1. Single brand dealer. 

 

Fig. 2. Multi-brand dealer. 

In general dealers have to handle consumers. Dealers take care of convenient 
locations, product presentation, local marketing, contract closing and customer 
service. OEMs focus on developing new car technology, manufacturing and 
branding. The OEM`s job is to increase customer`s loyalty and attracting new cus-
tomer groups. In addition OEMs are directly involved in the B2B sales, will mean 
a direct key account management for industrial customers and public customers 
like police, military or fire service. 

To make the brand even more attractive and to accelerate the margin develop-
ment, most branded manufacturers like Volkswagen, Audi, Porsche, Mercedes 
Benz, Ford, Opel, are also engaged in direct sales to consumers like VIP or  
journalist sales. E-mobility will change the automotive value chain towards full 
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service: from car technology and branding to branding and service technology 
(Becker 2010, Burger 2011, Lippautz and Winterhoff, 2010, Stricker et al., 2011). 

3   Multi-Channel-Retailing: Key to E-Mobility Success 

A diversity of retail formats exists for the non-food business (Zentes et al. 2007). 
Benchmarking of different luxury industries can help to understand the  
competitive advantages of multi-channel retailing. Best practices in multi-channel-
retailing are the fashion brands and retailers like H&M (Hennes & Mauritz),  
Esprit, Zara or Adidas. These fashion brands are using very smartly retail formats 
diversity combining distribution channels of traditional retailers, own outlets, flag-
ship stores and own e-commerce channels improving market presence, customer 
binding, brand loyalty and profit margin. 

OEMs are still missing the chance to use a variety of different retail formats to 
push the consumer business. A combination of retail formats including the tradi-
tional dealer system would support the OEMs to strengthen their brand awareness 
and sales power (Capgemini 2009). Especially multi-channel-retailing offers the 
automotive industry the option to sell green-cars and related e-mobility services to 
customers through multiple retail formats (KPMG, 2009a). A strategic multi-
channel approach would also support the dealers to bind and serve the new e-
customers. In the most cases dealers will not have the financial funds and human 
resources to build an own e-infrastructure-, e-maintenance- or e-service-system 
(KPMG, 2009a). – It is the job of the OEMs. 

Combining different retail formats OEMs can exploit the unique benefit of each 
channel (Zentes et al., 2007): 

 
• Speciality stores (subsidiary or dealer’s shop) 
• Flagship or Event stores 
• Internet (financial services, rental services, e-mobility service provider) 
• Direct selling (VIP sales, Fleet sales). 

 
Using a multi-channel-approach OEMs can expand their market presence and 
overcome limitations of traditional sales and services structures. Multi-channel re-
tailing is a strategy and tool to enter the e-mobility market, to reach new target 
groups and to implement new services (Zentes et al., 2007). Mercedes Benz, 
BMW, Audi, Ford, Porsche, for example, have strong and well-known brands, 
which support a consistent image across all sales channels and accelerates the e-
mobility market entry through (Aberdeen Group, 2005; AT Kearney, 2008; 
Heinemann 2008).  
 
• Common brand and corporate design 
• Coordinated communication along the value chain 
• Cross corporate culture 
• Corporate pricing 
• Central customer relationship management for all channels 
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• Complexity and cycle time reduction 
• Central channel controlling 
• Corporate legal concept. 

 
The multi-channel concept increases the customer’s perception of the brand and 
establish new sales system, product and services. 

4   E-Mobility Dealership Management 2020 

OEMs are struggling with increasing competition, new players, demographic 
change, new lifestyle trends, new communication or entertainment technologies, 
urbanization and climate related regulations. Figure 3 shows a strategic concept of 
automotive retailing 2020. 

 

 

Fig. 3. Strategic concept of automotive retailing 2020 

The clear approach will allow the OEMs to manage the diversity of their sales 
channels. A clear structure offers the chance to segment the traditional and e-
mobility target groups according to their lifestyle and requirements. The strategic 
integration of e-mobility and related services creates a wide range of new business 
units and direct customer services. To succeed in e-mobility OEMs have to define 
clear sales and service responsibilities between OEMs and dealers. OEMs are 
forced to develop solutions according to the customer trends. These solutions al-
low OEMs increasing benefits (Stricker et al. 2011). The concept of automotive 
retailing 2020 is an approach to reach the predicted forecasts of e-mobility, to co-
operate intensively with the dealers and to enter new e-service markets directly. 
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Abstract. The globalisation of supply chains is posing challenges to multinational 
corporations in terms of the conformance of suppliers to environmental and social 
standards. A responsible corporate policy responds to those challenges by 
integrating sustainability standards and by implementing appropriate measures in 
the procurement and supplier development processes. The article demonstrates the 
elements of a sustainability management system in the automotive industry based 
on Volkswagen AG. 

1   Introduction 

The automotive industry is characterised by a broad division of labour within the 
value creation process and by a highly complex network of global component 
suppliers. This is demonstrated by the large number of suppliers with which an 
automobile manufacturer has direct contact (horizontal supplier structure) and by 
the fact that the suppliers in turn frequently operate in conjunction with a multi-
level supply chain (vertical supplier structure) (Arnold, 1997).  Caused by the 
trend towards global sourcing of input components and materials, automobile 
manufacturers involve suppliers in their networks who are based not only in the 
traditional industrial nations but also in emerging economies and developing 
countries. Automobile production is rising especially in emerging markets such as 
China, India and Brazil, and the percentage of components sourced from local 
production is continuously increasing. Although they have made substantial 
progress in recent years, these countries usually apply lower ecological and social 
standards than the automobile manufacturer's home country. Differences in the 
respective environmental and social conditions arise due to the lack of legal 
framework in the country concerned, or due to enforcement problems (Scherer et. 
al., 2002).  Since interest groups – and especially in this context non-governmental 
organisations (NGOs) – generally assign responsibility for the behaviour of 
suppliers to their respective customers, major risks may be entailed for the 
automobile manufacturer in terms of public reputation and customer appeal. It is 
therefore important for companies to identify, minimise and – as far as possible – 
eliminate risks arising from potential non-conformance by suppliers. Globalisation 
has not only expanded the economic activity of multinational companies in a 
geographic sense, it has also meant that they are now expected to take on a more 
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active role in social and political matters. By acting in a responsible, forward-
thinking manner, companies can set their own agendas and areas of focus, show a 
sense of social responsibility, open up potential to influence policy-making, and 
enhance their credibility among relevant interest groups. 

2   Sustainability Management in the Supply Chain 

Supply chain management is a key element of corporate activity aimed at 
delivering the maximum possible customer satisfaction in terms of quality and 
price. It involves questions of market transparency, global access to the latest 
technologies and top suppliers, and maximising economies of scale by 
consolidating Group purchasing volumes. The Volkswagen Group spent some 90 
billion Euro on production components in 2010. 

With its “Sustainability in supplier relationships” concept launched in 2006, the 
Volkswagen Group has introduced standards, structures and processes aimed at 
integrating environmental and social requirements more closely into its 
procurement processes (Koplin/Seuring/Mesterharm, 2007). The concept 
comprises four elements: (1) requirements in relation to supplier sustainability; (2) 
early detection of risks; (3) integration into procurement processes; and (4) 
supplier improvement and development processes. 

The integration of sustainability aspects into procurement processes pursues 
two key goals: Firstly, potential risks and problem areas can be identified at an 
early stage. Secondly, an additional competitive edge can be developed through 
the company's relations with its suppliers over the medium to long term. This 
approach is based on the idea that an environmentally aware and socially 
committed supplier will also be an outstandingly good, reliable partner in a 
commercial sense too, delivering performance from which the company can profit 
as a customer over the long term. Simply safeguarding the company against 
external criticism is not enough to ensure long-term future-oriented sustainability 
of supply chain management. Rather, policies must be focused on the 
development capability of the supply chain based on reciprocal learning processes 
from “win-win situations,” both for the supplier and for the customer. For 
example, improvements to a supplier's environmental management system can 
lead to increases in productivity thanks to the elimination of defects and mistakes, 
thereby enhancing delivery performance. 

A fundamental aspect of sustainable supply chain management is risk 
management, and in particular the early detection of risks. The early-detection 
phase can be used to gain advance knowledge in order to identify and assess risks 
and problems before they arise. In this context the know-how of both external 
experts and internal staff working in close contact with suppliers (such as 
purchasers and quality assurance specialists) can be useful. In terms of external 
early-detection measures, it is useful to observe the global agenda of industry-
specific sustainability issues in order to identify social and ecological problems. 
The findings from the early-detection phase are then analysed in-house in 
conjunction with the relevant departments, including Procurement, Quality, 
Environment and HR, and rated against the background of local conditions. 
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In terms of sustainability requirements in the procurement process, a distinction 
can be made between two levels: (1) product/component-related requirements; and 
(2) production/location-related requirements. A major difference between product 
and production-related requirements is the extent to which the automobile 
manufacturer is able to verify conformance to them. Whereas component 
requirements can be continuously monitored by the in-house quality assurance 
function, production requirements apply to the specific supplier location. 
Consequently, it is only possible to verify conformance to such production-related 
requirements on-site at the supplier's facility.  

At the product standards level, environmental and quality requirements are 
closely interlinked in the automotive industry. Environmental aspects such as 
recommended or prohibited materials frequently form part of the quality standards 
for purchased components. Indeed, within the Volkswagen Group “Environmental 
Protection and Recycling” is part of the “Formel Q Specifics” in the quality 
management system. Further Group-wide and industry-specific environmental 
standards and regulations are also imposed on suppliers as part of the process of 
procuring component assemblies and modules. Examples of this include the VW 
and Audi environmental policy, the so-called “General Environmental 
Specification” setting out cross-model requirements for environmental protection 
and recycling, and the VDA rules governing hazardous materials subject to 
mandatory declaration (VDA 232-101) and relating to the marking of materials 
(VDA 260). These requirements seek to ensure that the environmental 
compatibility of the vehicles produced is continuously improved in the course of 
the product development process. As such, they are an integral element of 
invitations to bid, and are circulated to suppliers in the course of the tendering 
process. 

Alongside these product-related requirements, production- and location-related 
environmental and social standards are also important. Suppliers' production 
processes and working conditions should adhere to global minimum norms.  
International standards such as the ILO Core Labour Standards, the OECD 
Guidelines for Multinational Corporations and the UN Global Compact provide a 
suitable framework for these requirements. In 2006 the Volkswagen Group 
established its “Supplier Sustainability Requirements” which include, for example, 
stipulations relating to the creation and implementation of environmental 
management systems; employee training; anti-corruption policies; social rights, 
including the right to constitute trade unions; pay; and working hours. The 
requirements are based on the same principles to which Volkswagen adheres in its 
own policies and practices. 

The integration of environmental and social aspects into the procurement 
structures and processes of a company is dependent on the specific circumstances 
of the company concerned. The procurement process extends from the material 
requisition by the line department through to the final decision on award of 
contract and thus selection of the supplier. It is important that each step in the 
procurement process be checked for weaknesses in terms of the embedding of 
environmental and social standards and appropriate additions be made as 
necessary. It must first be ensured that suppliers are informed of all requirements 
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and selection criteria laid down internally by the procurement process, so that they 
can incorporate them as appropriate into their bids. Basic and specific 
requirements relating to environmental and social matters must be specified as 
soon as a material requisition is drawn up. This is done on the basis of the 
aforementioned environmental specifications, for example, or by specifying 
detailed requirements in the invitation to tender. Volkswagen informs its suppliers 
of sustainability requirements through its Group procurement platform 
VWGroupSupply.com as well as through an office set up specifically to deal with 
sustainability questions. Suppliers must acknowledge and affirm their consent to 
Volkswagen's requirements in a binding manner. If needed, an ad-hoc team of 
experts can be convened from representatives of the Environment, HR, Health and 
Safety, Procurement, Quality and External Relations departments to assist in 
supplier development. 

Suppliers who are unable to meet environmental and social requirements 
should not be immediately delisted from the supplier pool. Experience shows that 
delisting results in a further deterioration in environmental and social conditions at 
suppliers, as a lack of orders poses a risk to their commercial position. It is more 
useful to instigate a supplier improvement and development process, with 
mandatory verification of the individual steps taken, a fixed timetable, and 
submission of interim results. Information on the improvement process or current 
developments must be submitted to the customer promptly by the suppliers 
themselves. The customer should monitor and supervise this process, and in turn 
provide support and assistance in the form of information and advice. This 
improves cooperation and enhances mutual trust between the two parties. 

3   Summary 

Against the background of globalisation of businesses and procurement processes, 
the implementation of global environmental and social standards in the supply 
chain is becoming increasingly important. Multinational corporations should 
therefore introduce instruments for the early detection of risks in their supply 
chains, specify required environmental and social standards, and measure the 
success of their suppliers in attaining the set goals. Based on these measures, a 
collaborative development partnership with suppliers in relation to sustainability 
can be initiated and continuously implemented. 
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Abstract. Sustainability issues are often viewed as fancy topics that are interesting 
only to academia. It is necessary to bring such ideas into daily engineering prac-
tice through easy and straightforward methodologies. In this study we dealt with 
two aspects of sustainability in road project evaluation practices: pollutant emis-
sions and losses associated with traffic accidents. In addition to the traditional 
costs and benefits associated with such projects, we propose a methodology to 
convert such sustainability impacts into currency units. This would enable con-
ducting an apples-to-apples comparison when analyzing different projects. This 
was made possible by localizing some international research findings to reflect 
conditions where this case-study was undertaken. 

1   Introduction 

The Emirate of Abu Dhabi has recently witnessed, and will continue to witness, 
unprecedented traffic growth due to expansion of the economy and the population. 
Accordingly, infrastructure improvements are needed to keep pace with traffic 
growth and to support future development. The authorities have therefore underta-
ken a massive transportation construction program which includes expansion of 
existing Road E-75 in the peripheral area, mainly to serve freight mobility. This 
road is currently constructed with one lane in each direction, and is proposed to be 
expanded to two lanes in each direction. Another proposal would improve opera-
tions within the study area by extending a bypass road known as the Dubai Bypass 
Road. Ongoing engineering practices are lagging behind sustainability debates, so 
we would expect standard evaluation measures to include traffic volumes, travel 
time savings, congestion, and changes in accessibility. Due to the complexity of 
sustainability measures adopted in the academic environment, such measures are 
unlikely to be used for project evaluation. However, the gateway to promoting 
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sustainability in transportation infrastructure is to enforce sustainability considera-
tions when the projects are analyzed and evaluated.  By doing so, the projects 
weak in sustainability characteristics can be discarded.  If sustainability will con-
tinue to be a desired outcome of infrastructure investment, it is critical to develop 
easy and straight-forward methodologies to take sustainability features into con-
sideration in the project evaluation process. This research proposes a straightfor-
ward approach to carry out a cost-benefit analysis (COBA) which takes pollutant 
emissions and traffic accident costs into consideration as two sustainability  
measures. 

Three scenarios have been defined. These are: 

• Do-Nothing Scenario: Keep the existing E-75 Road as 1x1 road. 
• Scenario 1: Widening the E-75 Road from 1x1 road to 2x2 road over a distance 

of 79 km. 
• Scenario 2: Extending the Dubai Bypass as a 3x3 road from the Dubai border to 

the Abu Dhabi-Al Ain Road, a length of about 68 km. 

The above proposed scenarios are shown in Figure 1. A traffic model is employed 
to quantify the traffic impact of the above scenarios (Section 2). On the basis of 
the results of traffic model, benefit and costs of the scenarios including sustaina-
bility measures are monetized (Section 3). In Section 4 a Benefit-Cost analysis is 
conducted on the monetized measures to identify best scenario. The paper is con-
cluded in Section 5. 

2   Traffic Model 

A traffic model was developed using EMME3 software to study the impacts of the 
projects in the horizon year of 2030. Figure 2 depicts the extent of the model 
beyond the city of Abu Dhabi limits, and the defined traffic analysis zone system 
with respect to the upcoming developments according to the city’s master plan [1]. 
The analyses are carried out assuming the existence of recently planned develop-
ments expected for the year 2030, as reported in previous studies [2]. 

According to the traffic model, the 2030 truck traffic is 118,808 vehicle trips 
per day without the planned developments, while such massive developments 
would add an additional 343,604 truck-trips. 

In summary in the year 2030 the following is the traffic outlook of Abu Dhabi, 
excluding the mainland: 

Car = 1,406,006 vehicle trips /day and  
Truck = 462,412 vehicle trips/day  

It is an accepted practice to convert daily traffic volumes to peak hour traffic using 
a conservative factor 10% [3]. The impact of the proposed alternatives on traffic 
patterns indicates the attractiveness of the roads.  To measure this, traffic assign-
ments were carried out and the results were compared on a plot showing the  
volume differences between the widened E-75 and the no-build scenario see  
Figure 3. Figure 4 shows a comparison between the Dubai Bypass extension road 
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volumes and the no-build scenario volumes. Figure 3 and 4 clearly suggest the 
profound impacts of the both E-75-widening and Dubai Bypass extension. From a 
transportation point of view, the Dubai Bypass attracts much more traffic than the 
additional lanes on the E-75, regardless of the investment involved. Next section 
makes a through comparison and analysis. 

3   Monetary Value of Benefits 

The traffic assignment results allow us to calculate evaluation measures which can 
be used to compare the alternatives. The measures in Table 1 were calculated 
based on those results with respect to three established scenarios. The economic 
evaluation of the various alternatives can be carried out using the results as de-
scribed in the following sections. 

3.1   Vehicle-Hour of Travel 

Total Vehicle Hours Traveled (VHT) provides a proxy measure of the overall 
pressure on the highway network due to the congestion impacts of regional travel.  
Based on the results of the traffic assignment, a comparative analysis was done for 
the VHT for the various scenarios. Table 1 below presents the results of the daily 
VHT and annual cost converted to currency for the three scenarios.  Based on the  
 

 

 

Fig. 1. UAE, Abu Dhabi, Proposed Alterna-
tive Routes 

Fig. 2. Traffic Analysis Zone System in the 
Periphery Area of City of Abu Dhabi  
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Fig. 3. Comparison Plot E-75 Widening Vs
Existing E-75 

 Fig. 4. Comparison Plot Dubai Bypass Ex-
tension Vs Existing E-75 

UAE’s per capita GDP [4] (22 working days per month and 8 working hours per 
working days), the value of time for an average UAE resident is AED 31 per hour 
(AED 3.7 = $ 1). 

From Table 1, we infer that widening E-75 will improve the overall network 
performance by reducing vehicle hours traveled. The Dubai Bypass Extension will 
also improve the traffic circulation within the sector by reducing the overall ve-
hicle hours traveled. By far the Dubai Bypass Extension does better job to lower 
VHT compared to widening E-75. 

3.2   Environmental Assessment 

Road traffic is one of the major contributors to air pollution [5]. The unit cost val-
ue of the various pollutants found in some literatures is summarized in Table 2 
[6,7,8]. The emissions calculations were carried out based on the German 2000 
MLuS-92 manual, (Randbebauung gemaess MLuS-92) using outputs of the traffic 
assignments [9]. Hourly emissions   generated for each scenario were developed 
and are detailed in Table 3. Using the cost values obtained from the references, it 
is possible to evaluate the total annual emission cost caused by road traffic for 
each of the three scenarios, shown in Table 4. 

3.3   Savings in Accident Costs 

Measuring the safety impacts of projects is an emerging issue in alternatives anal-
ysis. Subjective ratings for the safety assessment were assigned to each of the 
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three alternatives based on various factors such as the expected number of acci-
dents and road lengths [12]. The subjective ratings vary from 1 to 4, wherein 1 is 
the safest condition, 2 and 3 are the mild and medium condition, and 4 is the worst 
condition.  The Do Nothing Scenario was assigned a rating of “4”, the E-75 wi-
dening was assigned a rating of “3” and the Dubai Bypass Extension was assigned 
a rating of “2.” 

Table 1. Vehicle Hours Traveled (VHT) Comparison for Various Scenarios 

No Alternative
Daily Cars 
(VHT) 

Daily Trucks 
(VHT) 

Total Daily 
(VHT)

Equivalent Annual 
Value of time 
Travelled (AED) 

Equivalent Net Annual 
Gaining of Saved Travel 
Time (AED) 

1 
Do Nothing 
Existing E75 5,737 1,985 7,721 718,098,105 - 

2 Widening E75 5,271 1,836 7,107 660,964,950 57,133,155 

3 
Dubai Bypass 

Extension 2,305 1,004 3,309 307,766,760 410,331,345  
 

Table 2. Unit Cost Value of Pollutants Table 3. Hourly emissions generated 

Pollutants 
Unit Cost Value 
(AED per kg) 

CO 1.1 

HC 8.7 

NOx 29.4 

SO2 49.7 

PM10 39.7 

Pollutants

Emission Generated (kg) 

Do Nothing 
Existing E-75

Widening 
E-75

Dubai Bypass 
Extension 

CO 3,441 3,248 2,939 
HC 2,892 2,720 2,453 
NOx 1,273 1,207 1,097 
SO2 169 160 145 
PM10 75 71 63  

Accidents impose costs due to the loss of life and property. For the existing  
E-75, studies reveal that a significant number of accidents occur. The crash data 
analysis from the 2010 data shows 80 injuries, including 13 deaths, 4 serious inju-
ries, 35 minor injuries and 28 light injuries (over a distance of 79 km) [10].  Based 
on the current insurance policy, costs incurred due to loss of life and property can 
be calculated as follows: Assuming the cost for one fatality is AED 250,000 and 
considering 2 serious injuries as equivalent to one fatality with a cost of 125,000 
AED each, 4 minor injuries as equivalent to one fatality resulting in a cost of  
AED 62,500 each, and 8 light injuries as equivalent to one fatality with a cost  
of AED 31,250 each, the safety cost for the existing E-75 can be calculated as 
AED 6,812,500 for the year 2010. 

The safety costs must be calculated for each scenario. In order to do this, acci-
dent rates for the various accident severities must be calculated. The following 
procedure was developed in which the frequency of accidents was calculated 
based on the latest state of the practice methodology specifically for the Emirate 
of Abu Dhabi and then converted to the equivalent costs: 

The following formula was used to determine the accident frequency (AF) for 
the study. The formula was derived by developing multivariate regression models 
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using accident frequency as the dependant variable and a set of explanatory va-
riables such as mean speed, traffic flow, and link length as independent variables. 
The multiple regression method used was Generalized Linear Modeling (GLM). 
The effect of the explanatory variables  and of the road type factor were estimated 
using  a Multiplicative Poisson model fitted to the personal injury accident counts 
for the 5 year period. 

AF = (3.281*10-7).Q0.727.L1.000.V2.479.Gi                                           (1) 

Where: Q = AADT flow (per day), L = Link length (km), V = Mean speed 
(miles/hour). Gi = 1.000 for Group 1; 0.539 for Group 2; 0.364 for Group 3 and 
0.253 for Group 4 

Based on the descriptions given in the Table 5 and considering the type of in-
dependent variables such as mean speed, traffic flow and link length of corres-
ponding scenarios, Group 1 is assumed for the Do Nothing Scenario, Group 2 is 
assumed for widening E-75 and Group 3 is assumed for the Dubai Bypass  
Extension. 

Table 4. Annual Emissions Costs 

Pollutants (hourly) 
Emission Cost (AED) 

Do Nothing Existing E-75 Widening E-75 Dubai Bypass Extension 

CO 3,768 3,557 3,218 
HC 25,249 23,748 21,417 

NOx 37,446 35,504 32,269 
SO2 8,404 7,956 7,211 

PM10 2,975 2,816 2,499 
Total 77,842 73,582 66,613 

Total Annual Cost 233,526,000 220,743,000 199,842,000 
Cost Savings based on Pollution 

Reduction (AED) - 12,783,000 33,684,000 

In respect to transportation activities we assume: 1 years = 300 days and  1 day = 10 hours  

Table 5. Description of the road groups 

  Group 1 Group 2 Group 3 Group 4 

Mean speed Low* Below Average* Above Average* High* 
Accident rate High* Average Below Average* Low* 
Junction density Average Average High Low* 
Bend density High* Above Average Below Average* Low* 
Access density Below Average High Average Low* 
Hilliness High Average Below Average Above Average 

*Indicates statistically significant different from Average (at 5% level at least)   

In order to obtain the costs resulting from the accidents, the international for-
mula must be adjusted for local conditions based on the previously calculated AF.  
The following formula including a k factor was adopted. 

Cost of the Accident = (3.281x10-7).Q0.727.L1.000.V2.479.Gi.k                 (2) 
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Where k is a localizing and converting factor which is calibrated based on the ex-
isting accident rates and costs of the existing E-75. 

Simply by applying the above formula to the available accident data of the ex-
isting E-75 (Cost of the Accident: AED 6,812,500) and extracting the other terms 
(Q, L and V) from the traffic estimation module the k was computed as 
40632.110. The calculated k based on the current data is then applied to the other 
two alternatives: 

Either of the alternatives would ease the longitude traffic movements along 
themselves (longitudes implies movement from one end in Dubai border to the 
other end Abu Dhabi-Al Ain road in Figure 2). Thus it can be inferred that any 
enhancement would lower the traffic cost along the longitude roads which are the 
E-75 and Dubai Bypass. Therefore the accident costs in the year 2030 for both al-
ternative scenarios are compared to the corresponding costs in the Do Nothing 
scenario in the year 2030. 

Scenario 0 (E-75 existing): The calculated k value, the value of Gi belonging to 
group 2, and the independent variables of scenario 0 (length, mean speed, and vo-
lume) obtained from the traffic assignment were applied in the formulas to esti-
mate the accident cost for this scenario. The cost of accidents for this scenario was 
computed as AED 42,661,183. 

Scenario 1 (E-75 widening): The calculated k value, the value of Gi belonging 
to group 2 and the independent variables of scenario 1 (length, mean speed and 
volume) obtained from the traffic assignment were applied in the formula to get 
the corresponding accident cost for this scenario. The cost of the accidents for this 
scenario was computed as AED 32,993,261. 

Scenario 2 (Dubai Bypass Extension): The same procedure was carried out for 
Dubai bypass Extension. Since this project is a combination of widening in one 
section and new construction in the other section, the computation was done ac-
cordingly. The cost of accidents in this alternative was calculated as AED 
10,641,749. 

4   Benefit Cost Ratio 

The above preparations have made the final economic appraisal possible.  Now 
both the monetized costs and benefits are known. Table 6 depicts the economic 
performance of the three scenarios with respect to all evaluation measures. The 
benefit cost ratio can be calculated as presented in Table 6 [13]. 

On comparing the two alternative scenarios, it is clear that the Dubai Bypass 
Extension provides the highest total benefits in comparison to its costs and can be 
considered the best project. This is unsurprising since the Dubai Bypass serves the 
center of the large planned 2030 developments while E-75 serves only the margins 
of the developments.  From a safety point of view, a comparison of accident costs 
indicates that the Dubai Bypass Extension is far ahead of the E-75 widening (32 
million AED versus 9.6 million AED in Table 6).  Note that the modeling suggests 
that even more capacity or alternatives should be added in either scenario to serve 
the large volumes of traffic generated by the planned developments. 

 



302 S.A. Bagloee, M. Asadi, and C. Bozic
 

Table 6. Benefit-Cost Analysis 

  Widening of    E-75 
Dubai Bypass 

Extension 

First Year  of 
Operation 

Estimated Construction Cost (AED) 900,000,000 2,000,000,000 
B

en
ef

it
s Savings in Accident Cost (AED) 9,667,922 32,019,434 

Savings in Time (AED) 57,133,155 410,331,345 

Savings in Emission Cost (AED) 12,783,000 33,684,000 

Total Benefit (AED) 79,584,077 476,034,779 

50 Year of 
Operation 

Fixed Cost (Construction Cost) + Maintenance cost* 1,350,000,000 3,000,000,000 

Benefit 3,979,203,850 23,801,738,950 

Benefit / Cost 2.9475 7.9339 
* Assuming that: 
• the useful life of the transportation projects is 50 years, 
• the annual maintenance cost is 1% of the construction cost, and 
• the interest rate is zero, (due to low inflation rates and natural resource in the emirate of Abu Dhabi),  

5   Summary 

A practical methodology was developed to measure pollutant emissions and the 
cost of traffic accidents using the results of conventional engineering practices 
generally used for road project evaluations. In addition to construction costs and 
traffic improvement advantages, the amount of pollutants emitted is calculated us-
ing documented methods and codes and the pollutants are monetized by convert-
ing to equivalent costs. The expected fatality and injuries resulting from the road 
improvement and forecasted traffic volumes were calculated by localizing an in-
ternational formula.  Fatalities and injuries were also monetized using information 
on insurance compensation for such losses. Finally all these costs can be viewed 
as a single currency unit such that the comparison is more comprehensive.  By 
monetizing all roadway impacts (as much as possible), sustainability variables can 
be considered when identifying the best alternative. 
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Abstract. Designing automobiles to support sustainability requires assessment of 
life cycle economic, environmental, and social impacts.  Environmental and eco-
nomic performance is increasingly evaluated with life cycle assessment and life 
cycle cost analysis.  Analytical methods are needed to assess the associated life 
cycle social impacts.  Additional sustainability criteria will make it more difficult 
to compare alternatives and select the “best” option.  To enhance the evaluation of 
social impacts, a method for considering life cycle worker health impacts is pro-
posed.  To reduce reliance on subjective weighting, an approach using data enve-
lopment analysis is proposed for comparing alternatives across multiple sustain-
ability criteria.  Conceptual approaches for both are presented as part of a case 
study focused on lightweighting vehicles through material selection. 

1   Introduction 

Automobile manufacturers are increasingly using sustainability assessment to eva-
luate the cradle-to-grave implications of vehicle design choices. Life cycle as-
sessment (LCA) is often used in conjunction with life cycle cost analysis (LCCA) 
to evaluate the environmental impacts and costs incurred over a product’s life 
cycle. Ongoing efforts to include other important dimensions of sustainability in 
life-cycle-based assessments are important for improving the sustainability of 
products; however, comparing alternatives becomes increasingly more challenging 
as more sustainability criteria are considered. 

This study focuses on two specific areas for improving LCA. First is the inclu-
sion of social impact categories in LCA. Efforts toward sustainable production  
require consideration of economic, environmental, and social impacts. Decision-
making lacking comprehensive information in any of these domains may result in 
false optimization and problem-shifting. New methods, as well as case studies and 
practical application, for assessing life cycle impacts to society, consumers, and 
workers are needed. This research proposes a work environment-LCA (WE-LCA) 
method, a type of social LCA, to assess occupational health impacts. 
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Secondly, this study addresses the challenge of comparing alternatives as more 
sustainability criteria are introduced. Decision-makers often want to know which 
alternative is best. In LCA, this is typically accomplished through weighting – 
each criterion is assigned a weighting factor based on its relative importance to 
decision-makers and results are aggregated into a single score. While an optional 
step in LCA, this value-based approach is a contentious issue with many LCA 
practitioners (Bare and Gloria, 2006).  This research proposes the use of data en-
velopment analysis (DEA), a method that is free of subjective weighting factors, 
to compare the life cycle performance of alternatives. 

2   Case Study  

Numerous studies explore the potential life cycle environmental and economic 
implications from vehicle lightweighting through material substitution with the 
goal of improving fuel economy.  For example, Kim et al. (2010) summarize the 
results of studies on weight reduction from using aluminum and high strength 
steel.  The scopes of existing studies vary considerably.  In addition, various me-
thods are used to estimate the potential weight and fuel savings, as well as the re-
sulting impacts, from material substitution. 

The appropriate modeling approach depends on the intended purpose of the 
study.  The purpose of this study is to demonstrate novel methods for considering 
worker health in LCA and comparing alternatives across many design objectives.  
Therefore, existing literature is used to obtain realistic parameter estimates and 
engineering estimates are used to estimate material requirements and fuel con-
sumption associated with the panels, as shown in Figure 1. 
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Fig. 1. Life Cycle stages considered 

Table 1 summarizes key parameter estimates and performance for each alterna-
tive.  Mild steel is used as a baseline, HSS is high strength steel, CFRP and GFRP 
are carbon and glass fiber reinforced polymers.  Material substitution and cost fac-
tors relate the mass and cost of alternative material required to that of the baseline 
material.  Values were estimated based on existing studies.  Production scrap is 
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assumed to be 40% for metals and 20% for composites.  The baseline vehicle is 
assumed to have a curb weight of 7,500 kg, including 750 kg of steel body panels 
that $0.80/kg to produce, and a fuel efficiency of 11.0 km/l.  The fuel economy of 
each alternative is estimated using the sedan equivalent equation used by Lloyd 
and Lave (2003).  A vehicle lifetime of 150,000 km and fuel cost of $1/liter are 
assumed.  Vehicle fuel use associated with panels is estimated based on the ratio 
of closure panel mass to the curb weight. This analysis represents rough approxi-
mations for the purpose of demonstrating the WE-LCA and DEA methods. 

Table 1. Characterizations and approximate performance for material scenarios considered 

 
 

Material 

Material 
Substitu-

tion Factor  

Panel 
Mass 
(kg) 

 
Cost 

Factor 

Material 
Cost 
($)  

Panel 
Fuel Use 

(l) 

Fuel 
Cost  
($) 

Mild steel 1.00 750 1.00 $600 1,364 $1,364 
HSS 0.81 609 1.25 $609 1,134 $1,134 
Aluminum 0.58 432 1.65 $571 799 $799 
CFRP 0.40 300 6.00 $1,440 552 $552 
GFRP 0.65 484 6.00 $2,323 896 $896 

3   Life Cycle Sustainability Assessment 

3.1   Traditional Life Cycle Assessment 

Environmental peformance for material alternatives were estimated using tradi-
tional LCA.  Life Cycle Inventory (LCI) data for material production and fuel 
production and combustion were estimated using the most relevant datasets from 
the ecoinvent database.  Several mehtods for converting LCI data into potential 
environmental impact are available.  The ReCiPe life cycle impact assessment 
(LCIA), cumulative energy demand (CED), and Intergovernmental Panel on Cli-
mate Change (IPCC) 100-year timeframe methods were used to derive the envi-
ronmental peformance results presented in Figure 2. 

3.2   Work Environment – Life Cycle Assessment 

The health status of the workforce is a particularly relevant gauge of sustainabili-
ty; if indicators of health status reveal adverse outcomes, then it can be assumed 
that basic needs are not being met (Pfeffer, 2010).  Indicators of occupational 
health status include the incidence of nonfatal and fatal occupational injuries and 
illnesses.  The Bureau of Labor Statistics (BLS) within the U.S. Department of 
Labor provides annual information on the rate and number of work-related inci-
dents resulting in morbidity or mortality.  The WE-LCA considers these statistics, 
in addition to industry specific data, in the quantification of occupational health 
impacts. 
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The WE-LCA inventory was constructed by identifying processes that compose 
the product system (from the traditional LCA) and aligning those processes with 
work-related activities to industry sector descriptions.  Here, the U.S. Census Bu-
reau’s North American Industrial Classification System (NAICS) codes are used. 
In this study, raw material extraction and processing of the materials were consi-
dered.  For example, for a steel panel, the raw material extraction was matched 
with the industry sector responsible for iron ore mining and the processing stage is 
matched with the industry sector encompassing iron and steel mill activities. 

The WE-LCA impact assessment translates inventory impacts (damage) to 
worker health as measured in disability-adjusted life years (DALY). Several LCIA 
methods assess damage to human health using the DALY, a measure developed 
by the World Health Organization to measure the burden of disease representing a 
reduction in human health and well-being.  The DALY combines years of life lost 
due to premature mortality with years of life lived with morbidity.  In the case of 
worker health, one WE-DALY is the equivalent of one lost year of healthy life 
from premature mortality due to work-related injuries and years lived with a work-
related injury and illness.  Using publicly available data, each industry sector was 
assinged a WE characterization factor equal to the ratio of the WE-DALY per year 
for the sector and the physical quantity produced per year by the sector.   

3.3   Results 

Figure 2 uses a radar diagram to illustrate the normalized results of the life cycle 
sustainability assessment. The diagram compares the results of the life cycle  
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Fig. 2. Results of the life cycle sustainability assessment 
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model for each of the five lightweighting material options for each of the seven 
impact categories: five from the LCA, one from an LCCA, and one social LCA 
category (i.e. the WE-LCA).  These results can be used to inform decision-making 
activities. However, determining the best alternative would require subjective 
weighting. 

3.4   Comparison of Alternatives Using Dynamic DEA 

DEA is a linear programming-based methodology used to measure the relative ef-
ficiency of decision making units (DMUs) which consume various levels of inputs 
and produce various levels of outputs (Charnes et al., 1978). DEA measures the 
efficiency of a DMU relative to an empirical production possibility frontier deter-
mined by all DMUs under appropriate assumptions regarding returns to scale and 
orientation (input-oriented or output-oriented). 

DEA is a unique decision support tool because it allows analysts and scientists 
to introduce externalities into the economical analysis and make these impacts part 
of the decision making process (Luhmann, 1990). Because DEA measures effi-
ciency, and places no limit on the types of the inputs and output variables, diferse 
sustainabilty factors can be easily integrated into the same efficiency measurement 
process. 

One of the strengths of DEA is its generality; DEA makes no assumptions re-
garding the internal operations of a DMU. Instead, DEA treats each DMU as a 
“black box”; a perspective that is sufficient in many cases. However, this approach 
provides no insight regarding the specific sources of inefficiency.  To help solve 
this problem and to allow DEA models to capture inefficiencies in more complex 
operations, Sexton and Lewis (2003) considered a two-stage DEA Model to eva-
luate the relative efficiencies of each DMU and Sub-DMU. Although this ap-
proach suits some sustainability assessment needs, the system considered here 
contains less intermediate products and more shared inputs and outputs between 
sub-processes.  More fitting for this system, which has an intricate internal design 
of the production process, is the Network DEA Model formulated by Sexton and 
Lewis (2004) (see Figure 3). 

The model structure proposed here assumes each DMU is composed of a set of 
Sub-DMUs. Each input to a Sub-DMU is either exogenous to the DMU or is the 
output of another Sub-DMU (an intermediate product). Correspondingly, each 
output from a Sub-DMU either leaves the DMU or is an input to another Sub-
DMU (see Figure 4).  Following Sexton and Lewis (2004), a Network DEA model 
is proposed to measure the efficiency of alternative material production and 
consumption approaches  by using sub-DMUs to represent both processes.  This 
approach captures both comprehensive and component efficiencies of each DMU.  
The first Sub-DMU consumes inputs and produces outputs, one of which is con-
sumed by the second Sub-DMU.  The second Sub-DMU also consumes the same 
inputs as the first Sub-DMU.  Both Sub-DMUs produce the same outputs, with the 
second Sub-DMU producing one additional output. The advantage of this network 
model is that it can evaluate the relative efficiencies of each DMU and each of its 
sub-DMUs in a value/impact chain. 
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Fig. 3. Network DEA structure 

 

Fig. 4. Material substitution network DEA model structure 

4   Conclusion  

This paper presented a life cycle sustainability assessment method for evaluating 
lightweighting material alternatives. Two new concepts were explored: the WE-
LCA model and the Network DEA model -- both aim to enhance evaluation of 
economic, environmental, and social impacts. Unlike previous life cycle studies 
comparing alternatives for lightweighting materials, this study could produce re-
sults that better capture and promote sustainable products.  
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Abstract. In the last 19 years the use of automotive catalytic converters in the 
European union has been mandatory in order to control exhaust gas emissions. A 
new sampling system was developed in order to be applied directly at the exhaust 
pipe of vehicles combined with an exhaust gas analyzer in order to achieve total 
sampling of Pt, Pd, Rh (Platinum Group Elements, PGEs) on filters in particle 
form and simultaneous gas monitoring. This work aimed to examine the catalyst 
emissions according to the age, the thermal state and the capacity of the automo-
bile engine. The main analytical methods used were ICP-MS and GF-AAS, while 
the exhaust gas emissions were analyzed with an automotive test system. The data 
collected were in good agreement with the recent technological advancement in 
catalyst technology and led to important observations and conclusions. 

1   Introduction 

Catalysts for automotive traction implemented in all new cars registered in the EU 
since 1993 contain Pt, Pd and Rh (platinum-group elements, PGEs) for conversion 
of the gaseous pollutants such as carbon monoxide, nitrogen oxide and hydrocar-
bons (CO, NOx, HC) into the more innocuous gases CO2, H2O and N2. In the last 
10-15 years the most dominant catalyst for gasoline vehicles has been the mono-
lith or honeycomb structure catalyst. This catalyst consists of a cordierite skeleton 
coated with a highly porous washcoat of about 90% γ-Al2O3 and a mixture of al-
kaline-earth metals, oxides etc and last the noble metals (Pt, Pd and Rh) which are 
fixed in the washcoat surface (Twigg 2007). 

Great progress has been made in creating ultra low level emission vehicles, be-
cause of the increased use of Pt, Pd and Rh in vehicle exhaust catalysts, which led 
to observations of higher concentrations of PGEs in environmental matrices. A 
rough estimation shows that the annual Pt emission from automotive converters is 
as high as 0.5-1.4 tons per year. PGE contamination initially occurs in environ-
mental samples until it results in bioaccumulation in living organisms and finally 
humans. These metals emitted in their metallic form are considered to be inert in 
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biological reactions, but some of their salts have been associated with serious 
health problems (Heck 2001). 

This research consists in analyzing the quantity of PGE (Pt, Pd and Rh) spread 
in the environment through particles emitted from “real” gasoline cars of different 
engine capacity, catalyst age and thermal state that have not undergone any artifi-
cial aging in order to give a realistic image of the catalyst behaviour. One of the 
main goals of this study was to use automobiles that represent the average every-
day vehicle without taking into consideration factors like fuel quality or frequent 
car service as the average driver does not either. 

The sampling was done on filters because the PGE contamination initially oc-
curs in airborne particulate matter (PM). In metal analysis, most of the techniques 
require decomposition of the solid sample and its transformation into a homoge-
neous liquid phase. Acid digestion in an autoclave bomb was used with success 
because high temperature and pressure allow the required decomposition to occur. 
Generally such techniques allow total metal recovery. As regards quantification 
techniques for metals, inductively coupled plasma mass spectrometry (ICP-MS) 
has proved to be advantageous because of characteristics such as low detection 
limits, simultaneity and wide dynamic concentration range. 

2   Experimental 

2.1   Reagents and Instrumentation 

Single-element standard solutions (1000 ppm) of Platinum, Palladium and Rho-
dium by Fluka were used. High-purity deionized for dilution of samples and stan-
dards was used together with suprapur 65% HNO3 (Merck) and suprapur 30% HCl 
(Merck) which were used also for digestions. The filters used for sampling were 
Whatman QMA PM10 quartz filters of 47mm diameter fitted in a THERMO 
Model 6186 FRM Exhaust Dual Filter Holder. For the acid digestion of the filter, 
a Parr 4744 General Purpose Bomb was used. All measurements of the samples 
were done with an Agilent 7700x ICP-MS instrument. 

2.2   Sampling 

Each vehicle was placed on a dynamometer in order to execute the standard New 
European Driving Cycle (NEDC) that covers a distance of 11.2 km, which con-
sists of 4 urban driving cycles (ECE) that last 800 seconds and one extra-urban 
driving cycle (EUDC) that lasts another 400 seconds, in total 20 min (DieselNet). 
The sampling of the emitted particles from automobile catalysts was performed di-
rectly at the exhaust pipe of the vehicle. The sampling procedure involved a sepa-
rating aerocyclon at the end of the exhaust pipe, with the THERMO 6186 FRM 
Exhaust Filter Holder System containing a quartz filter, attached underneath. Τhe 
aerocyclon then was followed by a Leybold D4A Trivac A Dual Stage vacuum 
pump, employed at a flow rate of 5.4 m3/h, in order to boost particle retention on 
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the filter. The exit of the aerocyclon led to the Horiba Mexa 8420 Motor Exhaust 
Gas Analyzer. The filters used for sampling were Whatman QMA PM10 quartz fil-
ters of 47mm diameter, because they have the ability to collect particles of size 
>10 μm to 0.3 μm with a 99.95% success, which contain ~100% of the PGE con-
centration (Paraskevas et. al. 2011) 

2.3   Sample Treatment 

After the sampling the filters were kept in a drier to dispose of the humidity 
caused by exhaust water vapors. The filters were processed by the use of an acid 
digestion technique with aqua regia in a small autoclave bomb, together with a 
small teflon covered magnetic stirer at about 150 Celsius in order to dissolve the 
metals collected on the filter. Next a filtration of the solution occurred to separate 
any filter or other solid residues and then the solution was evaporated to dryness in 
order to dispose of the aqua regia. The final residue from filters that were sampled 
was dissolved in HCl (0.5M) and brought into a 25ml volumetric flask in order to 
be analyzed by ICP-MS. 

3   Results and Discussion 

In order to check the effect of the thermal state on catalyst emissions, 3 random 
vehicles of 2979cc, 1781cc and 1598cc were put into the test of repeating 3 con-
secutive NED Cycles each. 

In the Tables 1, 2 and 3 the emission results of the 3 vehicles are presented and 
it can be observed that as the catalyst passes from the colder stage (1st NEDC) to 
the hotter stages (2nd and 3rd NEDC), there is a decrease of both the PGEs and ex-
haust gas emissions. These results show that at a colder stage there is a more vio-
lent thermal strain on the catalyst which leads to higher PGE emissions. On the 
other hand the catalytic conversion of the gaseous pollutants into more innocuous 
gases seems to be more efficient when the catalyst is hot. 

In order to study the age as a factor of the catalyst emissions, more than 36 ve-
hicles tested were categorized according to their engine capacity. As seen in  
Figure 1 in the 2000cc vehicle category we observe that the fresher a catalyst is, 
the higher the PGE emissions are due to the fact that at the beginning it takes some 
time for the normalization of the catalyst. The same observations were made also 
in other vehicle categories of lower or bigger engine capacities. 

Furthermore the average values of the measured exhaust gases of the vehicles 
were 0.619±0.522 g/km for CO, 0.035±0.033 g/km for HC and 0.031±0.024 g/km 
for NOx which are below the exhaust gas emission standards of 1.0 g/km for CO, 
0.10 g/km for HC and 0.08 g/km for NOx according to the directive “Euro 4 
(2005) for any vehicle - 98/69/EC (& 2002/80/EC)” (DieselNet) and indicates that 
the PGE loss during a catalysts life does not affect the gas emissions. Although 
recommended replacement for a catalyst is at 80000 km, even catalysts with ages 
of almost double that age, emit ultra low exhaust gases (Paraskevas and Och-
senkühn – Petropoulou 2010). 
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Table 1. Emission results of 2979cc vehicle 

NEDC 
Pt 
μg/l 

Pd 
μg/l 

Rh 
μg/l 

CO 
g/km 

HC 
g/km 

NOx 
g/km 

CO2 
g/km 

1st 2.1 10.05 1.3 0.173 0.025 0.020 235.552 

2nd 1.2 8.03 0.3 0.110 0.002 0.003 195.359 

3rd 0.9 5.2 0.1 0.144 0.004 0.003 199.119 

Table 2. Emission results of 1781cc vehicle 

NEDC 
Pt 
μg/l 

Pd 
μg/l 

Rh 
μg/l 

CO 
g/km 

HC 
g/km 

NOx 
g/km 

CO2 
g/km 

1st 2.6 17.5 1.7 0.969 0.030 0.069 268.614 
2nd 1.2 10.01 0.6 0.426 0.005 0.046 238.383 
3rd 0.8 6 0.4 0.131 0.007 0.007 107.019 

Table 3. Emission results of 1598cc vehicle 

NEDC 
Pt 
μg/l 

Pd 
μg/l 

Rh 
μg/l 

CO 
g/km 

HC 
g/km 

NOx 
g/km 

CO2 
g/km 

1st 0.5 5.02 0.5 0.280 0.012 0.013 161.873 
2nd 0.3 0.91 0.1 0.036 0.001 0.005 146.860 
3rd 0.1 0.43 0.1 0.022 0.001 0.003 145.157 

 
 

 

Fig. 1. PGE emissions in the 2000cc vehicle category, according to the age in driven km 
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4   Conclusion 

According to the findings of this project it emerges that in most cases platinum has 
been substituted with palladium in newer generation catalysts in order to comply 
with the new standards which demand palladium use as a low toxicity metal and 
because of its lower price. Fresh catalysts emit higher concentrations than aged 
ones because of the normalization that needs to occur during the first kilometres of 
a new automobile. The fact that all vehicles independently from age or engine ca-
pacity remain within the Euro 4 limits, shows that even new catalyst technology 
focuses more towards ultra low gas emissions, than PGE emissions.  
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Abstract. In this paper, two types of increasingly more efficient and greener vehi-
cles are analyzed and compared. These vehicles are: a proposed conceptual series-
parallel powertrain, the University of Technology, Sydney plug-in hybrid electric 
vehicle (UTS PHEV); and, a conventional series-parallel hybrid electric vehicle 
with an internal combustion engine.. The UTS PHEV requires only a single elec-
tric machine to function as an electric motor or generator in different time inter-
vals controlled by a special energy management strategy. The UTS PHEV uses 
two energy storage devices, the battery and the ultracapacitor, which can work to-
gether effectively to maintain the state of charge at a high level in order to im-
prove the vehicle drive performance and energy efficiency. With the assistance of 
a novel automatic transmission, the UTS PHEV can operate under multiple modes 
to suit the needs of various driving cycles including those in an emergency. A spe-
cial power and energy management strategy was developed to control the power 
flows within the vehicle according to the desired operating mode. The overall 
structure of UTS PHEV, known as UTS PHEV code are derived and implemented 
numerically in the MATLAB/SIMULINK environment for further analysis. 
Through simulations, the performance of the UTS PHEV has been evaluated in 
terms of the fuel economy, all electric range (AER), electrical consumption and 
operation cost for low and high density traffic patterns drive cycles. The compari-
son between the performance and efficiency of the UTS PHEV and those obtained 
results using existing powertrains are also presented. The obtained results demon-
strate that the UTS PHEV outperforms most existing powertrains and has great 
potential in applications to passenger cars for city and urban transportations. 
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1   Introduction 

Society’s concern with oil depletion, global warming, fuel economy and emissions 
standard have led many automotive manufacturers to produce alternative vehicles, 
which are more fuel efficient and environmentally friendly, without sacrificing the 
comfort and drive performance of internal combustion engine (ICE) powered ve-
hicles. New types of clean and energy efficient vehicles are needed in order to 
boost the fuel economy and all electric range (AER), and at the same time can re-
duce emissions, electrical consumption and operation cost. 

Pure electric vehicles (EVs) are most energy efficient and zero emissions if the 
energy storage system (ESS) is recharged by electricity generated from clean 
energy sources, such as wind and solar. However, the travel distance is limited by 
the energy density of the ESS, which is mainly battery for the time being. On the 
other hand, the hybrid electric vehicles (HEVs) can cover a drive range much 
larger than that of the pure EVs with lower emissions and fuel consumption com-
pared to the ICE powered vehicles. With the recent breakthrough in battery tech-
nology, high energy density battery pack can become the major energy source for 
HEVs to have much larger degree of electrical drive and be charged from the 
power grid (Abdul Rahman, Zhang and Zhu 2008). This new HEV is known as 
PHEV. Compared to the HEVs, the plug-in hybrid electric vehicles (PHEVs) use a 
large electric machine (EM) to function as primary driving force, which is more 
efficient than an ICE and hence can reduce fuel consumption, emissions and oper-
ation cost.  

Most of the existing PHEVs contain two separate EMs functioning as an elec-
tric motor and generator, respectively. A new conceptual series-parallel PHEV, is 
proposed, known as University of Technology, Sydney (UTS) PHEV. The UTS 
PHEV contains only one EM, operated as either an electric motor or generator in 
different time intervals, controlled by a special energy management strategy 
(EMS). The main strategy of energy management is to optimize the energy and 
power demands throughout the system (Yoo, Sul, Park and Jeong 2008). To oper-
ate the UTS PHEV in multiple modes ranging from EV to all types of HEVs, 
which suits the needs of various driving cycles, a novel 4-speed automatic trans-
mission (AT) without torque converter is introduced. To improve the drive per-
formance and energy efficiency, high power density ultracapacitor is incorporated 
effectively with the battery. 

This paper presents a comparative study on the fuel economy, AER, electrical 
consumption and operation cost between the UTS PHEV, a conventional series-
parallel HEV and an ICE powered vehicle for low and high density traffic patterns 
drive cycles.  

To perform a quantitative comparison, the overall structure of UTS PHEV, 
known as UTS PHEV code as demonstrated in Figure 1 is derived and simulated 
numerically in MATLAB/SIMULINK environment for further analysis (Abdul 
Rahman, Zhang and Zhu 2010).  
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Fig. 1. Schematic illustration of the UTS PHEV code in MATLAB/SIMULINK  
environment 

2   Vehicle Parameters, Specifications and Modelling 

Table 1 listed the vehicle parameters and specifications for the UTS PHEV, a 
HEV and an ICE powered vehicle used in this study (Markel and Wipke 2001). 

Table 1. Vehicle parameters and specifications 

Powertrain 
Item UTS PHEV HEV ICE powered ve-

hicle 

ICE 
1.5 L, 43 kW @ 4000 

rpm 
1.5 L, 57 kW @ 

5000 rpm 
1.8 L, 100 kW @  

6000 rpm 
EM:  

Motor 
75 kW AC induction 

motor 
50 kW synchron-

ous AC 
- 

Generator - 
25 kW synchron-

ous AC 
- 

ESS:  

Battery 
NiMH, 10.08 kWh, 28 

Ah 
NiMH,  1.3  

kWh, 6.5 Ah 
- 

Ultracapacitor 
Maxwell, 122 Wh, 2.1 

Ah 
- - 

Transmission 
4-speed AT without 

torque converter 
CVT 4-speed AT 

Aerodynamic drag 
coefficient 

0.335 0.3 0.335 

Coefficient of rolling 
resistance 

0.009 0.009 0.009 

Frontal area 2.00 m2 1.746 m2 2.00 m2 
Wheel radius 0.282 m 0.287 m 0.282 m 
Vehicle mass 1379 kg 1332 kg 1295 kg 
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To meet operational needs, apart from the control systems for the EM and ESS, 
the UTS PHEV requires a 4-speed AT to provide various power propulsion mod-
es, varying the gear ratio between the ICE and the wheels and charging the battery 
pack. As illustrated in Figure 2, a 4-speed AT has dual desired inputs, which are 
from the electric motor and the ICE, and dual outputs, which are to the wheels and 
the electric generator. With the assistance of a 4-speed AT, a special EMS was de-
veloped to control the power flows within the vehicle according to the desired op-
erating modes including those in emergency, which are EM only, EM and ICE 
combined, ICE only, ICE recharge, regenerative braking and mechanical braking 
as in Figure 3 (Gonder and Markel 2007). 

 

  

Fig. 2. Power flow schematic of the 4-speed 
AT Fig. 3. The EMS modes of operations. 

3   Simulation Results 

For this analysis, a low and high density traffic patterns drive cycles as shown in 
Figure 4 were used in order to experience the different level of aggressiveness or 
driving style for different traffic patterns.  

 

 

Fig. 4. Low and high density traffic patterns drive cycles. 
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A comparative study on a daily and annual operation cost was conducted dur-
ing 40 miles distance travelled under the low and high density traffic patterns 
drive cycles. The reasonable daily trip is assumed as 40 miles distance covered 
from house to workplace and back to the house. The assumptions used to generate 
the annual energy cost estimates were fuel and electricity costs of $2.50/gallon 
and $0.09/kWh, respectively, and an annual driving distance of 15,000 miles. 

Table 2 listed the fuel economy, AER and electrical consumption of the UTS 
PHEV, HEV and ICE powered vehicle during the low and high density traffic pat-
terns drive cycles. As expected, specifically for the UTS PHEV, the high density 
traffic pattern requires lower electrical consumption and has a longer AER com-
pared to the aggressive driving style. Based on the fuel economy results during the 
aggressive driving style, UTS PHEV has lower fuel economy because of more 
energy is required to repeatedly accelerate the vehicle. While the fuel economy of 
a HEV and an ICE powered vehicle are higher during low density traffic pattern. 
This is because the primary source for both powertrains is an ICE, which is more 
efficient at high and constant speed. 

Table 2. Fuel economy, AER and electrical consumption 

Powertrain  
Item 

UTS PHEV HEV ICE powered vehicle 
Low High Low High Low High 

Fuel economy (mpg) 84 105 55 46 37 25 
AER (miles) 31 36 8 5 - - 
Battery usable energy (kWh) 8.064 8.064 1.04 1.04 - - 
Electrical consumption (Wh/mile) 260 224 130 208 - - 

 
Based on the daily and annual operation cost listed in Table 3, since the UTS 

PHEV uses less fuel to travel the same distance, it can save about 33% and 53% 
annually for the low and high density traffic patterns drive cycles, respectively, 
compared to a HEV. During the low and high density traffic patterns, the annual 
operational cost saving of the UTS PHEV is around 56% and 75% compared to 
the ICE powered vehicle. Based on this analysis, it can be concluded that the UTS 
PHEV is more suitable for city driving cycle, where the traffic is moving slow and 
there are more opportunities to recover the regenerative braking energy during the 
stop-and-start events and most of the energy used to move the vehicle comes from 
the grid, which is a lot cheaper compared to the fuel price.  

4   Conclusions 

Comparing the simulation results of fuel economy, AER and electrical  
consumption of the UTS PHEV subject drive cycles of low and high density traf-
fic patterns, one can readily conclude that the AER of high density traffic pattern 
is significantly better than that for low density traffic pattern. With more effective 
regenerative braking, the UTS PHEV uses less energy than the HEV and ICE 
powered vehicle, especially for the high density traffic pattern, which leads to re-
duce the vehicle operation cost. 
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It also can be concluded that the UTS PHEV can improve the drive perfor-
mance and energy efficiency with only one EM and ultracapacitor pack through 
the implementation of a sophisticated EMS and 4-speed AT without torque con-
verter. 

Table 3. Daily and annual operation cost under same distance of 40 miles 

Powertrain/Density 
         traffic pattern 

 
Item 

UTS PHEV HEV ICE powered  
vehicle 

Low High Low High Low High 

Fuel consumed (gallon) 0.19 0.11 0.72 0.85 1.08 1.60 
Energy consumed (kWh) 8.064 8.064 0.780 0.780 - - 
Daily fuel cost ($) 0.48 0.28 1.80 2.13 2.70 4.00 
Daily electricity cost ($) 0.73 0.73 - - - - 
Daily operation cost ($) 1.20 1.01 1.80 2.13 2.70 4.00 
Annual fuel cost ($) 176.25 105.00 675.00 798.75 1012.50 1500.00 
Annual electricity cost ($) 273.75 273.75 - - - - 
Annual operation cost ($) 450.00 378.75 675.00 798.75 1012.50 1500.00 
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Abstract. Eight automotive dismantlers/parts recyclers across News South Wales, 
South Australia and Victoria were interviewed to obtain an understanding of mate-
rial flows and influences within the Australian automotive recycling system. This 
paper gives new insights into the current automotive recycling business and its op-
erations by presenting and analysing some key quantitative and qualitative data 
that was collected through these interviews. 

1   Introduction and Background 

Automotive parts recyclers1 or dismantlers are an important link in the reverse 
supply chain of cars. They seek to purchase End of Life Vehicles (ELVs) that are 
then dismantled and sold as parts or materials for profit. With 793 firms all over 
Australia, 3410 employees and a turnover of $1.1 Billion Australian Dollars 
(IBISWorld, 2011); this niche industry plays an essential role in the recycling of 
vehicles. Over the past five years, it handled 610,000 ELVs annually, which is 
about 4% of the Australian automotive fleet (Australian Bureau of Statistics, 
2011).  

In recent years environmental awareness has brought attention to the industry 
practice when dealing with pollutants contained in the ELVs such as hazardous 
fluids and chlorofluorocarbons etc. (Department of Environment and Heritage, 
2002). The issues of car theft and car rebirthing2 also became of concern. The in-
dustry in Australia remains largely unregulated. In other parts of the world like 
Europe and Japan, laws were adopted to help tackle the environmental issues 
through industry regulations - albeit with mixed results (El Halabi et al., 2008).  

This project attempts to create a policy decision tool that helps stakeholders 
discuss policy options and their implications on the Australian automotive  
                                                           
1 Vehicle dismantling and parts recycling are two different but closely related activities. 

The first one is the process of taking a vehicle apart. The latter refers to the trade of used 
parts. Some parts recyclers do not completely dismantle vehicles themselves, like the U-
Pull-It wrecking yards where customers do it. Both terms are used interchangeably in this 
paper. 

2 Car rebirthing is an activity which involves re-registering a stolen vehicle by using anoth-
er vehicle’s identity (Crimes Act, 1900). 
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recycling sector. We are using System Dynamics (SD) as a systems thinking 
method to model the ELV processing system in Australia. We are adapting the 
Modeling Process from (Sterman, 2000) in engaging with the stakeholders.  

To date very limited information about the Australian automotive dismantling 
business is available. This paper attempts to address this gap, by providing a quan-
titative and qualitative snapshot of the average Australian automotive recycling 
business and its operations.  

2   Interview Design and Questions  

When designing the semi-structured interviews we loosely followed the interview 
design recommendations of (Vennix, 1996). We then interviewed thirteen stake-
holders to get an understanding of the flows of products and materials in the sys-
tem as well as the factors that influence these flows.  

The interviewed stakeholders include: eight automotive recycling business 
owners/managers, two representatives from state industry associations, two man-
agers of salvaged cars auction houses and officers of a law enforcement agency. In 
this paper we focus on the business characteristics and operations of the eight 
dismantlers in New South Wales (1), South Australia (3), and Victoria (4).  

In trying to understand the operators’ business characteristics, we specifically 
asked them about how long they’ve been in business for, their affiliation with in-
dustry associations, premises area, workforce size, working hours, specialisation 
(if any), and annual turnover. 

For each of these points we prompted interviewees for trends and changes. 
Most of these factors vary over time and we wanted to gather an understanding on 
how their businesses evolved. To cover aspects of business processes we asked 
about stock control (handling of incoming cars, use of labelling), the use of Infor-
mation and Communications Technologies (ICT), and the handling of hazardous 
waste. 

3   Results and Analysis 

In this section we present the aggregated results and analysis for each focus point 
with a brief description. 

3.1   Business Characteristics 

Years in business: On average, the interviewed operators have been in business for 
20 years (3 of them have been operating for almost 30 years). They have well-
established businesses with strong commercial presence and links with suppliers 
and customers. They are generally proud of their line of work and are constantly 
on the lookout for ways to improve their business. Most view role as doing some-
thing good to both the environment and the public (extraction of hazardous mate-
rials and recovery of reusable parts). 
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Affiliation with industry association: 7 out of the 8 interviewed operators are 
members of their state's automotive/motor trade association. An interviewee ex-
pressed his dissatisfaction with the industry association he is member of, in terms 
of lack of campaigning against illegitimate operators. Another one sees the asso-
ciation meetings as an opportunity to voice concerns or to propose ideas that could 
be beneficial to all. Membership of an industry association is not compulsory (by 
law). Those who are members link non-members to illegitimate in the industry 
practice.  

Premises area size: On average, the area size of a dismantling business is 
18,800sqm. This figure is based on operators having more than just a single site. 
Half of those interviewed had two or more sites. Dismantlers in general need large 
premises. This is due to the stocking system they use and the physical dimensions 
of cars.  

Workforce Size: On average, size of workforce is 13 employees. Most of the 
operators indicated that they decide to grow or shrink their workforce size depend-
ing on how well their business is doing. We found that labour cost varies depend-
ing on the function of the employee. Skilled mechanics and salespeople are well 
paid and represent a major cost factor as well as an asset/investment for the  
business. 

Working Hours: 6 out of the 8 interviewed operators are open 9 to 5, Monday 
to Friday. They recognise that overtime labour is costly and generally try to avoid 
it. Operators that engage in mechanical repairs activity are the ones more likely to 
have overtime. 2 of the interviewed operators operate 7 days a week to cater for 
the Do-It-Yourself market. Dismantlers that rely on another revenue stream such 
as mechanical repairs recognise its profit potential and hence are able to afford the 
costs of overtime work. Revenue from parts/materials trade alone cannot justify 
the added costs. 

Specialisation: 5 out of the 8 interviewees have some form of ELV-type spe-
cialization that allows them to operate within specific market niches. Some, for 
example, specialise in a specific make and/or model like Holden Commodore. 
Others may specialise in vehicles older than 10 years or 4WD/commercial vans, or 
even in a group of makes like all Japanese or all German. In addition to used parts 
trade, all interviewed dismantlers were found to engage in mechanical repairs and 
used car trade. In a couple of cases we noted that mechanical repairs were the core 
business activity, while the used parts trade being only supplemental.  

Annual Turnover: In terms of fiscal turnover and based on information given 
from 2 interviewees who agreed to share their figures, we have an average of 2.5 
Million Australian Dollars. In terms of number of vehicles processed and based on 
the 8 interviews: 1530 ELVs per year. Though when taking into account the 
maximum capacity that some operators are capable of, the number can go up to 
1910 ELVs. It is worth noting that the combined total of ELVs turnovers from 
these interviews is 12,258 (2% of the total ELVs in Australia). 

We found that the operators could be grouped according to the number of ELVs 
they handle each year. Small scale (less than 300 ELVs), mid-range (300-2000 
ELVs), and large scale (more than 2000 ELVs). The interviewed auto recyclers 
are spread across these groups (three small, three mid-scale, and two large).  
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3.2   Business Operations 

Handling of incoming cars:  All interviewed dismantlers have well-established 
systems to manage incoming ELVs. The process includes the labelling of vehicles 
(creating a file for every ELV), testing (if driveable), depollution (draining engine 
fluids, removal of batteries, tyres), and stocking the vehicle in the yard. A small 
scale operator that we interviewed pointed that they sometimes do not ‘depollute’ 
a vehicle if they see a potential in it being sold as a cheap old car.  

Labelling: All interviewed operators engage in some form of labelling (incom-
ing ELVs stock, parts) to help manage their stock. U-Pull-It type operators only 
label vehicles while parts stay on the vehicles until they are removed by the  
customers. 

Use of ICT: 7 out of the 8 interviewees make use of ICT to help find potential 
stock in the market, manage incoming ELV stock (labelling, sorting), and manage 
dismantled parts stock and sales.  

Hazardous waste: All interviewees were aware of their local EPA requirements 
concerning the handling of hazardous materials. Batteries, drained fluids, and even 
air conditioning gas are collected then sold to their respective markets. Tyres were 
the only component that operators had to pay for to dispose of. Two dismantlers 
have certified systems to capture left over petrol and liquid petroleum gas (LPG) 
from ELVs then use them to power their business vehicles.  

4   Discussion 

One of the early challenges that we faced when we first attempted to create an SD 
model of the ELV processing system in Australia was to find relevant and con-
crete data about the automotive recycling business. Reports like (Accenture & 
VACC, 2006) provide a good high level perspective about the industry but lack 
the data about businesses. We needed to know how long these businesses have 
been in operation for, workforce, annual turnover, sources of revenue, etc. along 
with their historic trends as well as the norms and processes being followed.  

The results presented in this paper serve both as reference point and as a part of 
the bases of a SD model being developed to study policy options and their impli-
cations on the industry.  

5   Conclusion 

Prior to these interviews, little information was available about the automotive re-
cycling business in Australia. Through this paper, we presented relevant business 
characteristics data. We identified three different groups of operators based on the 
volume of ELVs they handle per year. We also shed light on key aspects of their 
business operations that included a major environmental concern (the handling of 
hazardous waste). 
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Abstract. The growing concern for the environment and advancement in technol-
ogy has led the automotive industries to develop green vehicles. The development 
of EV among alternative power-train has attained popularity. Replacing conven-
tional power-train with an electric powertrain does not resolve the acoustic issues 
of vehicles. However, acoustic tests performed on EV shows that noise levels in 
the cabin are significant in high sensitivity region of human hearing. At present, 
limited research has been carried out in the acoustics of EV interiors due to the 
complexities involved in predicting noise level. This paper aims at developing an 
efficient method to optimize vehicle interior acoustics by characterizing interior 
trims. Alpha cabin and impedance tube experiments were conducted on porous 
materials to obtain acoustic and non-acoustic properties. The non-acoustic proper-
ties thus obtained were used as input parameters for a Statistical Energy Analysis 
(SEA) tool to obtain simulation results. Experiment and simulation results showed 
good correlation which would assist in creating a database of interior trims. The 
proposed method can therefore be used as an effective and efficient means to pre-
dict and optimize EV interior acoustic performance in the early design phase. The 
assistance of the developed analytical method in optimizing NVH performance 
has a significant impact on saving time and the cost of design.  

1   Introduction 

In the automotive industry, current research is focused on the design of fuel effi-
cient vehicles such as an electric vehicle (EV) made of lightweight and cost effec-
tive materials. However, the design and manufacturing sectors are not taking 
acoustic performance into account, resulting in interior cabin noise that effect hu-
man sensitivity at the higher end of the scale. 

There are existing materials that can improve acoustic performance such as fi-
bre, foams, etc. Characterization of these materials requires the evaluation of their 
acoustic and non-acoustic properties. Non- acoustic properties were evaluated  
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using classical methods. Porosity and air flow resistivity were measured directly 
while tortuosity, viscous and thermal characteristic lengths were measured by an 
inverse method [1].  

Acoustic properties such as sound absorption coefficients and transmission loss 
of acoustical materials have been studied for many years. For example, Cherng et 
al. performed a comparative study on sound absorption coefficients and transmis-
sion loss of various porous acoustical materials [2]. The study investigated several 
fibrous and foam materials including needled shoddy and resinated shoddy. The 
results showed that the acoustic properties such as sound absorption and transmis-
sion loss are not only related to the type of the material but also the material  
structure. In addition, the resinated cotton fibre acoustically outperformed the ab-
sorption of needled cotton fibre. Duval et al. [3] investigated a simulation  
approach using finite transfer matrix method (FTMM) to analyse two types of ma-
terials for acoustic absorption in the cabin with limited validity. Claudio et al. [4] 
then extended the analysis to more test cases and substantially improved the corre-
lation between simulations and testing results. 

However, each cabin is likely to perform acoustically in different ways. De-
signers have difficulty characterizing the noise in term of sound absorption and 
transmission loss. Current technologies such as Finite Element Method (FEM) and 
Boundary Element Method (BEM) are applicable only for low frequency range. In 
this study, numerical investigation based on Statistical Energy Analysis (SEA) is 
presented which is suitable in the mid-high frequency range (>400 Hz). The ob-
tained results are then correlated with results obtained by experimental testing in 
order to limit the amount of practical tests .The proposed method can therefore be 
used as an effective and efficient method to predict and estimate EV interior 
acoustic performance in the early design phase. The assistance of the developed 
analytical method in optimizing NVH performance has made a significant contri-
bution to saving time and reducing the cost of design.  

2   Methodology  

Sound absorption coefficients of the test materials were measured using the Alpha 
Cabin and the Impedance Tube. Further, acoustic modelling (simulation) also pro-
duced the sound absorption coefficients to correlate with the experimental results. 
Figure 1 below shows a systematic flow chart that outlines the validation process 
between the experimental and simulation tests. 

The Alpha cabin is a small reverberation chamber with non-parallel walls, 
which is used to measure the random sound absorption coefficient (RSAC) of the 
test sample. The acoustic absorption of the alpha cabin is very low and this design 
ensures a high level of sound insulation so as to maintain the low levels of back-
ground noises at that particular frequency. Following the ASTM C423 standard,  
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Fig. 1. Process validation cycle 

the reverberation time in the Alpha Cabin is measured in order to determine the 
RSAC, according to Sabine’s formula given below: 
 

 
Total Sound Absorption: Sα = (55.3*V/c)*(1/T2-1/T1)  
 

Where c is the speed of sound, V is the volume of cabin, S is the surface area, α is 
the absorption coefficient, T2 and T1 are the reverberation time with and without a 
sample respectively.   

The Impedance tube is an acoustic duct used to measure the normal sound ab-
sorption coefficient (NSAC) of the test sample. It works on the principle of stand-
ing wave interference patterns, where the transfer function method is used to 
measure the pressure difference between two adjacent microphones.  

Following the ASTM E1050 standards, the NSAC of the test sample is  
determined. Table 1 shows the non-acoustic properties of the test sample which is 
required as the input parameters for acoustic modelling.  Porosity and flow resis-
tivity are found using the direct measurement technique. The inverse method was 
used to determine tortuosity, and characteristic thermal and viscous length [2].  
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Fig. 4. Simulation of Alpha Cabin and 
Foam using SEA 

 
 

Fig. 2. Alpha Cabin Fig. 3. Impedance Tube 

 
Statistical Energy Analysis (SEA) is 

used for acoustic modeling of the test 
samples as the previous methods such as 
Finite Element Method (FEM) and 
Boundary Element Method (BEM) be-
come less reliable at mid-high frequency 
(<400 Hz). Basically, SEA is the power 
flow between sub-systems within a given 
system and dissipation of power within 
the sub-system [6]. AutoSEA2 LT was 
the simulation package used to perform 
the analysis.  

3   Result and Discussion  

Sound absorption of porous material is one of the important factors in quantifying 
the quality of interior cabin noise. The test was carried out on materials SM200L 
and SM300L. These materials are a combination of polypropylene and polyester 
with a black scrim. They are used in many automotive applications such as in-
strument panels and inside door panels. 

Table 1. Physical Parameters of Porous Materials ( + Direct method , # Indirect method) 

 SM200L SM300L 

Density (Kg/m3) + 18.1 16.2 

Porosity (-) + 0.99 0.99 

Flow resistivity (Ns/m4) + 36000 31288 

Tortuosity (-) # 1.1 1.1 

Viscous char. Length (µm) # 196 196 

Thermal char. length (µm) # 384 384 

Thickness (mm) 13 21 
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Fig. 5. Random sound absorption coefficients 
of SM200L and SM300L 

 Fig. 6. Normal sound absorption coeffi-
cients of SM200L and SM300L 

These two materials were tested in the Alpha Cabin and Impedance Tube to de-
termine the RSAC and NSAC respectively. Figures 5 and 6 reveal that SM300L 
has better absorption across the whole frequency range. Although SM200L has 
higher flow resistivity than SM300L, the latter has a better sound absorption coef-
ficient. This is due to the greater thickness of SM300L.  

As expected, it should also be noted that the RSAC measured in the Alpha Cabin 
is much higher than the NSAC measured by the Impedance Tube.  This is due to 
the Alpha Cabin’s ability to take random incidence sound absorption into account.  

Figure 7 shows that the correlation of the NSAC between the simulation and 
the experimental test for both materials is relatively close. It is clear that the phys-
ical parameters of porous materials can be used to predict the sound absorption of 
porous sound absorbing materials.  

Figure 8 show a significant difference between the simulated and the measured 
acoustic absorption coefficients. These differences are known to be due to non-
perfect diffusivity of the measurement environment, as well as to a diffraction of 
sound at the “edge effect” [4, 7]. 

 

Fig. 7. Normal Sound Absorption coeffi-
cients Correlation of SM200L and SM300L  

Fig. 8. Random Sound Absorption Coeffi-
cients Correlation of SM200L and 
SM300L 
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4   Conclusion 

The potential usefulness of the Statistical Energy Analysis (SEA) for characteriz-
ing interior trim noise has been demonstrated in term of sound absorption of mate-
rials. The acoustical Simulated and measured results of material sound absorptions 
show the similar trends for normal and random sound absorption coefficients. 
However correlation for random absorption is yet to be achieved. The physical 
properties and micro structure of these two materials (SM200L, SM300L), helps 
conclude that material with higher thickness; larger airflow resistivity will have 
higher noise absorption than material with lower thickness, smaller airflow resis-
tivity. Non- acoustic properties such as flow resistivity and porosity are identified 
to have significant impact on characterizing the sound absorptions of the acousti-
cal materials.Further study on Investigation of different materials is to be done in 
order to validate the methodology for acoustic characterisation of interior trim. 
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Abstract. In an automobile air conditioning system with variable compressor, 
there was a noise from a control valve at special range. An experimental study was 
conducted on elimination of noise and improving performance and quality. First, 
the cause of noise was analyzed through NVH tests of a control valve and a vehi-
cle. Second, two methods were selected to improve the NVH; frequency change 
and inserting grease in control valve. Finally, the effect was verified. 

1   Introduction 

Due to the increase in oil prices, the demand on high efficiency vehicles and fuel 
efficient engines has increased recently. Therefore, high efficiency compressors 
will be applied gradually on in-vehicle air conditioning systems because the air 
conditioning compressor consumes a lot of engine power. 

In this paper, the causes of noise from control valve in variable compressor and 
methods to reduce the noise were investigated. Through evaluating the NVH tests 
of control valve, compressor and vehicle, it was found out that noise had been 
made by the external control valve in variable compressor. Based on the results of 
experiments a way to reduce the noise was presented. 

2   Noise investigation 

2.1   Cause of Noise – Working Principle of Control Valve 

First, the cause of noise through the structure and working principle of control 
valve was investigated. The external control valve is composed of connector pins, 
plunger, solenoid, valve, and bellows. The connector pins supply input current to 
solenoid. The plunger is a part actuated by current and the solenoid creates the 
magnetic forces. Bellows is a sensor detecting suction pressure. 
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The air conditioning controller in vehicle supplies a 400Hz PWM signal to the 
control valve. When the input current supplied to the connector pin is increased 
above a set value, the plunger is magnetized and moves to the core, decreasing an 
air gap. This will close the valve. After the valve is closed, pressure of the swash 
plate chamber is decreased since the refrigerants are kept from flowing into this 
chamber. Then, the swash plate is tilted up to the maximum angle causing the 
compressor to discharge with maximum capacity. Conversely, when the input cur-
rent is decreased under a set value, pressure of the swash plate chamber is in-
creased due to the increment of refrigerant flow. The plunger is returned to the 
original position by the spring force and the valve is opened. Then, the swash plate 
is tilted down to the minimum angle causing the compressor to discharge with 
minimum capacity. When the input current is between maximum- and minimum 
value, the valve is moved to a position proportional to input current. The refriger-
ant flow into the swash plate chamber is controlled. Then, the swash plate is tilted 
to the controlled angle and the compressor discharges with the controlled capacity. 

Magnified illustrations of the valve that controls refrigerant flow including the 
cause of noise, are shown in Figure 1.  

 
 

 

Fig. 1. Vibration of valve and valve seat according to currents 

When the valve is initially assembled, it is in open state. When the PWM signal 
of 400Hz voltage is exerted, the valve begins to vibrate. When the current is 
350mA, noise is not produced since the valve is not in contact with valve seat. But 
at near 550mA, the valve is very close to the valve seat and vibration of valve 
cause noise. At current levels over 750mA, the valve pushes on the valve seat by 
the magnetic force and vibration decreases. 

2.2   Noise Evaluation – Measurement of Control Valve Sound 

Measurement of Control Valve Sound  
Noise and vibration of the control valve were measured. The valve was inserted 
into a test jig on which a vibration sensor was mounted. A microphone was  
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positioned horizontally at 100mm from the valve. Setting values for measurement 
of noise and vibration were as follows: supply pressure Pd was fixed at 8kgf/cm2g; 
current was swept from 200mA to 800mA.  

A colour map of noise and vibration in vertical direction at 350mA is shown in 
Fig.2. Noise was not found in the whole frequency domain and vibration insignifi-
cant. Therefore, it was concluded that noise did not occurr in the low current range 
such as 350mA.  

 
 

  

Fig. 2. Noise colour map and vertical vibration for 350mA input current 

  

Fig. 3. Noise colour map and vertical vibration for 550mA input current 

The colour map of noise and vibration in the z axis direction at 550mA is 
shown in Fig.3. It was found that the noise level was higher than for the case of 
350mA, and the noise occurred in multiples of the 400Hz input current. Therefore, 
it was concluded that the level of noise was affected by the input current. The 
noise current range has been known through the experiments at Pd 8kgf/cm2g to 
be in the range of 500mA~600mA. 

The characteristic change of vibration as a function of the discharge pressure 
was tested. The discharge pressure, Pd was changed to 8kgf/cm2g, 15 kgf/cm2g 
and 25 kgf/cm2g when noise occurred. The characteristic of vibration changed as a 
function of discharge pressure. It was concluded that discharge pressure was one 
of the factors affecting noise and vibration of the control valve. 

Measurement of Variable Compressor Sound 
The noise test of variable compressors, in mass production, equipped with the con-
trol valve was carried out. External variable compressor samples of companies A 



340 Y.-J. Lee, G.-H. Lee, and B.-E. Lim
 

and B were checked whether noise would occur or not under changing current 
conditions. In the case of compressor A-1 (first compressor of company A); the 
noise occurred in the 250mA~450mA range. The A-2 compressor had noise oc-
curring in the 550mA~800mA range and the A-3 compressor in the 
250mA~350mA range. Summarized, the A-1 and A-3 compressors sounded in the 
low current range and the A-2 (and B) compressors sounded also in the high cur-
rent range. 

Measurement of Vehicle Sound 
The noise evaluation was also performed in vehicle. This time it was tested by 
human feeling in engine-off conditions, changing the current level from 250mA to 
750mA. The test vehicles; A, B, C, and D were of different type and all experi-
enced noise. Therefore, it can be concluded that noise occurs to some extent in 
almost all vehicles equipped with external variable compressor. 

3   Reduction of Noise 

Noise occurs inevitably on vehicles equipped with an external variable compres-
sor. In order to reduce this noise, 2 different methods were suggested. The first 
method is to make the frequency higher and the second was to insert grease into 
plunger chamber. These two methods were evaluated. 

3.1   Making the Frequency Higher 

The force equation of the damped vibration system is as follows: mx + cx + kx = F0cosωd                         (1) 

 
The steady state response equation is as follows: XP = A0 cos( t − ∅)                               (2) 

 
Deriving the amplitude of A0: A0 = F0 m⁄(ω2 − ωd 2)2 + (2ςωωd )2

                       (3) 

 
From eq. (3), the system amplitude A0 decreases with increasing supply frequency 
ωd. The standard applied frequency to the control valve is 400Hz. Noise reduction 
was measured when the applied frequency was changed to 500Hz and 600Hz. 
First only the control valve was measured. After that, it was measured in a vehicle 
equipped with the control valve at engine-off conditions. It was concluded that vi-
bration of valve decreased proportional to higher frequency (from 400Hz to 
600Hz). This was also experienced in the vehicle. 
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3.2   Insert Grease 

For the second noise reduction method, the plunger was daubed with grease. The 
high viscosity of grease increases the damping coefficient in eq. (1). The vibration 
of valve decreased during the test. With approximately 0.1g ~ 0.2g grease an im-
provement of 8 dB in maximum noise level and 2.1 m/s2 in vibration was accom-
plished. However, the weakness of this method is the difficulty to control the 
amount of grease in production.  

4   Conclusion 

The external control valve of a variable compressor made a sound actuated by a 
PWM frequency in a distinct range. The noise of the external control valve was af-
fected by the discharge pressure. In almost all external variable compressors a 
noise occurred to some extent.  

Two methods are suggested for improvement: high frequency and grease. 
These methods were verified by experimental results. It was effective to decrease 
the noise approximately 3dB when applying a high PWM frequency of 600Hz and 
about 8dB when inserting grease.  
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Abstract. This is the study on design of a control valve for the control of the vari-
able capacity compressor. The theoretical and numerical analysis was performed 
for solenoid interpretation and compared with experimental results. Maxwell pro-
gram was used for numerical analysis of the solenoid. The air flow in the control 
valve was analysed as a mathematical model and verified through experiments. 
Through the interpretation of the correlation of input current and suction pressure, 
major factors affecting the compressor have been identified. To improve the per-
formance of the compressor in main parameters; bellows, diameter of the sleeve, 
and electromagnetic forces can be changed in the control valve. 

1   Introduction 

Compressors used for vehicle air-conditioning systems are one of the highest effi-
ciency requiring parts since it consumes a lot of engine power. Recently in the 
automotive industry, transitions are being made from fixed capacity compressors, 
(which are high energy consuming types) to variable capacity compressor (which 
are low energy wasting and high efficient). Variable compressors can be classified 
into two general categories namely: internal variable compressor and external 
variable compressors. The discharge capacity of the former is controlled by a me-
chanical valve as a function of the suction pressure in air conditioning systems. 
The discharge capacity of the external variable compressor is controlled by exter-
nal electrical signals. Variable compressors are connected to the engine and use a 
pulley and a belt driven by engine power. Reciprocating pistons riding on the face 
of a rotating swash plate make the refrigerant to discharge or suctioned. 

When cabin temperature is high or load of the engine is low, the angle of the 
swash plate can be increased, which also causes the piston stroke to increase. 
When doing so, the discharge flow rate and the amount of refrigerant circulating 
in air conditioning system increase, resulting in a quick drop of cabin temperature. 
When cabin temperature becomes properly lowered, the angle of the swash plate 
can be decreased, shortening the piston stroke, and minimizing the discharge flow 
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volume. In this case, engine’s power consumption decreases as well. As per the 
above explanation, an external control valve is used for control of the angle of 
swash plate in compressor. “The plunger” installed in the external control valve is 
driven by electromagnetic force, which is proportional to the input current. The 
plunger’s movements directly influence the amount of refrigerant flow.  

In this study, we would like to find out how to interpret the flow in the control 
valve using a mathematical mode. The model will be verified with experiments. 
The main parameters to improve the performance of a variable compressor were 
discovered. 

2   The Analysis of Electromagnetic Force 

2.1   Modelling of Solenoid 

The solenoid was modelled in order to analyse the magnetic force. Only one side 
of the solenoid was modelled since it is axial symmetric. The modelled solenoid 
consists of a disk, housing, housing body, plunger, core, and coil. Magnetic flux 
can pass through these parts of which the material was chosen to be SUM24L or 
free cutting steel. In addition, the material of the tube which supports the plunger 
was SUS303 and bobbin & mold surrounding the coil was modelled as air because 
of its permeability being equivalent to nylon 66. The analysis result of electro-
magnetic force was shown using Maxwell V.12 software. 

2.2   Measuring Electromagnetic Force 

Electromagnetic force was measured in order to verify modelling results. The 
force could be measured using a load cell, attached to the electromagnetic force 
tester. While the plunger’s air gap was maintained to 0.2mm by turning the han-
dle, the required amount of current was supplied to the pulse width modulated 
(PWM) controller. The measuring range is 250mA to 750mA which is the practi-
cal limit of the driving current of the valve. 

Similar to a vehicles’ ECU module, the PWM controller generates a PWM sig-
nal which is proportional to the input current and feeds into the control valve at 
400Hz. Then eventually, a magnetic force proportional to the PWM signal is gen-
erated in the control valve. 

A comparison between experimental and numerical results is shown in Figure 1 
for an air gap of 0.2mm and 0.6mm, changing current from 0mA to 750mA. In 
both cases, numerical results from Maxwell agree for over 90% with the experi-
mental ones. It was found that electromagnetic forces for different air gaps change 
varying the current from 102mA to 712mA. Despite of air gap increment, elec-
tromagnetic force was not significantly lowered. It shows that the control valve 
was designed to make the electromagnetic force more depend on input current in-
stead of air gap. 
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Fig. 1. Comparison of experimental and simulation results 

3   Equations 

3.1   Equation of Motion 

Characteristic of the valve in the steady state conditions provides an important 
base for deciding the volume when designing valve. The balanced forces in steady 
state condition can be expressed as: = − + + + + −

              (1) 

Where: As is the area applied by suction pressure; Ac the area applied by control 
pressure; Ps the suction pressure; Pc the crank room pressure; FA the aerodynamic 
force; Fkm the plunger spring force; Fbel the bellows assay spring force and Fmag the 
solenoid magnetic force.  

The compressible fluid flow rate is classified as sonic or subsonic according to 
the critical factor as shown in Eq. (2) 

 = 2+ 1 −1
                               (2) 

If
P1P2 < FC ,  the flow is sonic and the mass flow rate is obtained as: = CAC1 11                                    (3) 

Where: A is the effective valve area, C1 = 2+ 1 +1−1
 , and T the tempera-

ture at the valve seat. 
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If 
12 > FC, the flow is subsonic and the mass flow rate is obtained via: 

= CAC2 11 21
1 1 − 21

−1
                       (4) 

Where: C2 = 2kR(k − 1) , Fc is calculated from the specific heat of air,  

κ=1.4, coefficient of gas R=287.05 [Nm/KgK], and converting to MKS unit as 
Fc=0.528. The mass flow rate is obtained as: = 0.03816 11 

                (sonic) (5) 

= 0.149 11 21
1 1 − 21

−1
 (subsonic) (6) 

The effective valve area A is expressed as follows considering geometrical  
relations: A = Π(D + d)2 ∙ L = Π(D + d)2 ∙ Χcosα

                    (7) 

Where, D=d+2Xcosα · sinα. 

Therefore, pressure differential rate is obtained from: 

2 = ∙ ( − ) 
                          (8) 

Where,  is inlet mass flow and  is outlet mass flow. 

 

Fig. 2. Construction detail of valve and valve seat 
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Flow-force is a momentum change on the control surface when a fluid passes a 
valve space and orifice. The reaction force of the flow-force acts on the valve as-
say. The Axial force on valve is the same as the sum of axial ingredients in influx 
and out-fluxes through a boundary as shown in Fig.2. The a-b is a contraction in 
the jet. In a real valve, the flow velocity is very much faster in a-b because the a-b 
area is smaller than area f-g. Because the out-flux momentum in f-g is very much 
smaller than the influx in a-b, it can be ignored. The pressure in i-j and c-d regions 
has become lower than other regions because the inflow speed is greatly increased 
around the input orifice.  

Pressure ingredient in k-i region is to ingredient of (PPde-Pki) ·Ade, the force is 
left direction and valve is closed. Flow force FA acting on valve is in Eq. (9). FA = 1 − E1 A12AS ∙ (P1 − P2) ∙ AS

                       (9) 

Where: A12 is the flow rate, AS the seat area and E1 = 0.97 for a 45° poppet valve 
angle.  

It was assumed that the pressure before the valve is uniformly equal to P1 and 
the pressure after the valve is uniformly equal to P2. 

2   Flow Test  

N2 gas at a pressure of 7 kgf/cm2g was supplied to the control valve for flow test-
ing. The volume pressure Pc and suction pressure Ps were measured as a function 
of input current, changing, from 0.01A to 0.75A. Data logging occurred when Ps 
conditions were steady state. A comparison of simulated- and experimental results 
is shown in Figure 3. A good match between the results is observed in the operat-
ing region hence the mathematical model is verified. The characteristic graph 
shows a decreasing suction pressure Ps when the input current increases. This is 
because the opening-length of valve decreases when the magnetic force increases.  
 

 

Fig. 3. Comparison between simulated- and experimental results of Ps versus current 
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3.   Design Parameters Study 

Firstly, an investigation was conducted on the change of suction pressure as a 
function of the bellows spring constant. The spring constant was adjusted to: 
14N/mm, 18.14N/mm, 22N/mm, and 26N/mm. It was found that suction pressure 
performance increased with an increasing bellows spring constant. However, in 
the low current region, it did not increase any more for constants higher than 
26N/mm. Here the magnetic force was smaller than the bellows spring force.  

Secondly, an investigation was conducted on the change of suction pressure as 
a function of the bellows compression length. The compression length was ad-
justed to: 1.25mm, 1.45mm, 1.65mm, and 1.85mm. It was found that suction pres-
sure performance increased with an increasing compression length.  

Thirdly, an investigation was conducted on the change of suction pressure as a 
function of the sleeve diameter. The sleeve diameter was adjusted to: 5.5mm, 
6.5mm, 7.5mm, and 8.5mm. It was found that suction pressure performance de-
creased with increasing sleeve diameter.  

Fourthly, an investigation was conducted on the change of suction pressure as a 
function the maximum magnetic force. The magnetic force was adjusted to: 
14.8N, 16.8N, 18.8N, and 20.8N. It was found that suction pressure performance 
increased with increasing magnetic force.  

4   Conclusion 

The following conclusions were obtained through analysis of a control valve in a 
variable compressor.  

The solenoid in the control valve was analysed and the magnetic force calcu-
lated. Also the flow in the control valve was interpreted using a mathematical 
model and verified with experiments.  

Changing main design parameters such as: increasing the bellows spring con-
stant; increasing the bellows compression length; decreasing the sleeve diameter 
and increasing the magnetic force were found to improve the performance of the 
variable compressor. 
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Abstract. The dominant mobile air conditioning refrigerant has come under scru-
tiny recently due to its high global warming potential.  Legislated regulations have 
dictated that an alternative must be found at least for the European automotive 
market.  Leading contenders in the synthetic sphere appear to be the drop-in re-
placements R152a and the more recently developed HFO-1234yf. Both of these 
potential R134a replacements have some flammability concerns but cause no 
ozone depletion (neither does R134a) and a significantly reduced global warming 
potential in comparison to R134a.  This paper examines the in-vehicle testing of 
the refrigerants as confirmation for the extensive laboratory testing of the cooling 
performance and the coefficient of performance. 

1   Introduction 

Evidence is being continually amassed on the causes of the greenhouse effect and 
global warming.  A recent report produced by the United Nations Environment 
Program estimates that the average global warming potential (GWP) of the mix-
ture of hydrofluorocarbons in the atmospheric is 1600 times that of the datum gas 
carbon dioxide (CO2) (UNEP 2011).  It states that the hydrofluorocarbon (HFC) 
refrigerant R134a, which was initially assessed as having a GWP of 1300 (IPCC 
2001) and later assessed to have a GWP of 1430 (IPCC 2007), has become the 
most abundant HFC in the atmosphere.  Figure 1 shows three possible scenarios 
that were developed  for modelling the contribution of HFCs to the greenhouse 
gases present in the atmosphere if no restrictive action is taken in regard to these 
gases.  It can be seen that the predicted contribution is between 18% and 45% of 
the contribution of CO2 itself by 2050. 

Figure 2 displays the historical consumption of HFCs in various applications.  
It shows that in 2010, over half of all HFCs consumed are used in stationary re-
frigeration and air conditioning systems.  While this is a majority, the next greatest 
user is mobile air conditioning (MAC) and accounts for approximately 24% of 
consumption when measured in CO2 equivalent tonnes.  Another notable feature 
of Figure 2 is the rapid increase in the use of HFCs between 2002 and 2010 with 
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the global consumption rate more than doubling during this period.  The increase 
from 1990 to 2002 can significantly be attributed to the effect of the Montreal Pro-
tocol phasing out the use of ozone depleting chlorofluorocarbons and hydrochloro-
fluorocarbons in favour of using HFCs. 

 

 

Fig. 1. Comparison of the projected contribution of CO2 to global emissions (uppermost 
broken line) with the projections for the CO2 equivalent emissions of HFCs which are 
shown by the three scenarios depicted in the lower portion.  Velders et al. (2009) produced 
the two upper HFC projection lines  (shown in broken and dotted lines), while Gschrey et 
al. (2011) produced that shown by the solid line. The figures showing the global CO2 emis-
sions were taken from the IPCC-SRES scenarios (IPCC 2000; 2001) (grey shaded area), 
and for a 450 ppm CO2 stabilization scenario (IPCC 2007) (grey broken line).  The figure is 
sourced from UNEP 2011. 

 

 

Fig. 2. Calculated estimate of HFC consumption shown by application (TEAP 2005, EPA 
2010).  Figure sourced from UNEP 2011. 
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Various laws and regulations have been put in place around the world in an at-
tempt to limit the amount synthetic gasses contribute to the greenhouse effect and 
consequently to global climate change.  With a view to protecting the environment 
by limiting the future contribution to the problem by MAC systems, the European 
Union Parliament passed in 2006 a directive that all new vehicle types from Janu-
ary 1st 2011, and all new vehicles from January 1st 2017, must not contain fluori-
nated air conditioning refrigerants with a global warming potential of greater than 
150 as defined under the IPCC’s third assessment report (EU 2006; IPCC 2001). 
Under the legislation, existing R134a systems will be able to be recharged with 
their original substance for the life of those systems.  Fluorinated R134a (1,1,1,2-
Tetrafluoroethane) holds a dominant position as the mobile air conditioning re-
frigerant used in nearly all applications and as its GWP is approximately an order 
of magnitude greater that the law allows it is consequently banned under this par-
liamentary directive.  This has led automotive industry manufacturers and chemi-
cal companies alike on a quest for an alternative refrigerant that not only can be 
used under the directive but is also comparable in performance and not prohibitive 
in cost.   

Several possible replacement contenders have been put forward.  Naturally oc-
curring refrigerants have had strong support for taking the place of R134a in  
mobile air conditioning (MAC).  Carbon dioxide (CO2), well established in the 
stationary refrigeration industry, has had a flurry of activity behind a push for its 
use in MAC systems with a large degree of the interest and development coming 
from Germany.  For a time, it appeared as though the powerful German Associa-
tion for the Automotive Industry (VDA) was to exclusively throw its weight  
behind the use of CO2 based systems.  It became apparent, close to the 2011 dead-
line, that this was not to be the case.  It is true that the cost for a CO2 based system 
performing to the same standard is higher but the performance and cost of such 
system is improving as time progresses.  In 2006, it was suggested that a CO2 sys-
tem comparable to a current R134a system would cost between  €100 and  €300 in 
addition to the current cost of an R134a system4.  While this data is somewhat his-
torical now in light of the more recent developments in CO2 MAC, it is none the 
less indicative of the increased cost of such a system.   

Another factor bearing on the search for a new refrigerant also comes from the 
cost imperative of the auto manufacturers.  As producing lower volume local vari-
ants is more expensive than producing a global platform where economies of scale 
can be employed and systems do not have to be re-engineered, the car companies 
are keen to find a standardised refrigerant system that can be deployed across their 
range in all markets.  Optimally the new refrigerant would require minimal or no 
redesign of the system and therefore be a “drop-in” solution. 

Hydrocarbon refrigerants, which can pass under the GWP limit, have mainly 
been dismissed by the large automotive manufacturers for use in their cars due to 
concerns of high flammability.  1,1-Difluoroethane, the long established refriger-
ant designated R152a, has similar concerns due to its flammability but has been 
put up in recent times for use in direct use systems as well as “secondary loop” 
type cooling circuits where the refrigerant itself is kept out of the passenger cabin 
altogether.  After several failed attempts, the chemical industry seems to have  
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produced a refrigerant that is possible to use in MAC, although it is not the perfect 
candidate.  A joint venture between Honeywell and DuPont has seen the develop-
ment of HFO-1234yf (2,3,3,3-Tetrafluoroprop-1-ene) for use in MAC and, al-
though flammable, it is less flammable than R152a and is passing the regulatory 
hurdles set by various authorities to be able to be used in vehicles.  It is set to 
come, however, with a high price when compared to other refrigerants. 

Much of the information disseminated throughout the industry comes from par-
ticipants that have an interest in seeing the MAC refrigerant tussle go one way or 
another and so that information must be viewed in the light of possible bias.  It 
was speculated by an organisation promoting the use of natural refrigerants that 
the European vehicle manufacturers may be intentionally evading compliance 
with the EU MAC directive by using a stock of approvals submitted under the 
previous regulations (Beyond HFCs, 2011).  The article goes on to say that only 
two vehicles have been type approved for sale in Europe after the new regulations 
came into effect and these have both been from Japanese manufacturers using sys-
tems based on HFO-1234yf. 

2   R152a and HFO-1234yf as Possible R134a Replacements 

As previously stated, R134a systems are being phased out in Europe for MAC sys-
tems due to the requirement that new systems have to use a refrigerant with a 
GWP of less than 150, a criterion that R134a does not meet.  The natural occur-
ring refrigerant CO2 can be used in systems that have been redesigned to meet the 
very different operating pressures of greater than ten times those in found in 
R134a.  The lower cost option is to retain the majority of the current systems 
without requiring a significant redesign and to use a drop-in synthetic replacement 
for R134a.  The front runners for being a drop-in replacement are R152a and 
HFO-1234yf.  R152a has a GWP of 120 (IPCC 2001) which allows its use in Eu-
ropean vehicles.  R152 has the benefit of being well documented in terms of its 
thermophysical properties (ASHRAE 2009) and safety properties (Thundiyil 
2008).  R152a has the significant barrier to its introduction being its moderate 
flammability.  In the US, R152a has Environmental Protection Agency (EPA) ap-
proval for use in motor vehicles but only for new systems that are “designed to 
avoid occupant exposure to concentrations of R–152a above 3.7% in the passenger 
cabin free space for more than 15 seconds, even in the event of a leak” (EPA 
2008).   

HFO-1234yf can be seen to be the current top candidate as a synthetic replace-
ment for R134a.  It has a GWP of 4 (Nielsen et al. 2007), which allows its use in 
European markets but does have the drawback of being mildly flammable.  A me-
dia release from Honeywell stated in 2009 that HFO-1234yf has been approved 
for use in Japanese markets by the appropriate authorities (Honeywell 2009).  The 
US EPA have also approved the use of HFO-1234yf in MAC applications under 
the conditions that the systems comply with SAE International safety standard 
J639_201102 and the manufacturers conduct failure mode effect and analysis stu-
dies on the HFO-1234yf systems to SAE International standard J1739 (EPA 
2011).  In mid 2010 General Motors announced that they will be introducing 
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HFO-1234yf in their 2013 Chevrolet, Buick, GMC and Cadillac models in the 
U.S. (General Motors 2010).   

3   In-Car Testing of HFO-1234yf, R152a 

While laboratory style testing is a useful method for investigating the performance 
of any refrigerant, it is logical that no testing regime for MAC systems is complete 
without performing in-vehicle testing.  For the set of trials conducted during this 
project, a current production vehicle was sourced and instrumented for use in a 
climatically controlled wind tunnel of the mobile air conditioning manufacturer 
Air International Thermal (Australia). The air conditioning system used for the 
baseline R134a tests and the two alternative refrigerants was identical except for 
employing altered settings on the production thermostatic expansion valves which 
were set to the superheat requirements of the individual refrigerants.  The other 
components of the production system were a variable displacement compressor, a 
tube and fin evaporator as well as a tube and fin subcooled condenser.   

 

 

Fig. 3. Charge determination results comparing R152a and HFO-1234yf normalised against 
the baseline for R134a.  Calroom figures denote those found during laboratory style testing 
while (Climatic Wind Tunnel) denote those found during in-car testing. 

The first test performed was to optimise the quantity of refrigerant required to 
achieve a desired AC performance over a broad range of conditions.  Using the in-
house procedure generated by the air conditioning system manufacturer (Air In-
ternational Thermal) the following charge levels were determined and are shown 
in Figure 3 normalised by mass against the charge amount for R134a.  Note 
charge levels are also provided for the laboratory style “calroom” tests for com-
parison to those found for the in-vehicle climatic wind tunnel (CWT) testing.  It 
can be noted that there is a 24% reduction in the amount of R152a used and an 
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equal amount of HFO-1234yf when compared to the R134a charge. Much of the 
published literature on charge levels for HFO-1234yf denote a reduction in charge 
of between 5% and 10%, but while this was borne out in the calroom testing, the 
charge determination test performed in the vehicle does not have this result. 

The most important information coming from any MAC test is that of the unit’s 
performance in relation to providing passenger comfort.  A standardised perfor-
mance test, developed and used by one of the multinational vehicle manufacturers, 
was conducted and the data recorded and analysed.  In order to gain information 
on the performance of the drop-in refrigerants in relation to passenger comfort, 12 
of the 93 thermocouples placed throughout the vehicle were analysed for Figure 4.  
A mean reading of the 12 probes, installed in the positions for the four main occu-
pants at mouth level, lap position and in the foot wells was calculated to give an 
average cabin temperature for comparison.  This is the information provided in 
Figure 4.  It can be seen that HFO-1234yf does not quite achieve the performance 
of R134a with the time-average cabin temperature being 1.2°C above that record-
ed during the R134a tests.  The plot also illustrates that the performance of R152a 
is slightly better than that of R134a with a time-averaged cabin temperature of 
0.5°C below that of the R134a tests.  

 

 

Fig. 4. Average cabin temperatures of vehicle during performance testing for R134a,  
HFO-1234yf and R152a 

4   Conclusion 

In the race to find a drop-in synthetic replacement for R134a, HFO-1234yf has be-
come the leader over other candidates due to its low level of flammability.  Early 
testing of HFO-1234yf saw the manufacturers concede that there is approximately 
a 5% reduction in both the cooling capacity and the coefficient of performance of 
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HFO-1234yf in comparison to R134a (Minor 2008).  This level of performance 
degradation is supported by independent laboratory studies (Bryson et al. 2011) 
and the in-vehicle tests performed during this study.  Honeywell, is more recently 
claiming that the cooling performance of HFO-1234yf is ‘just as effective’ as 
R134a (Honeywell 2011), which is not supported by the findings of these trials 
where it was used as a drop-in replacement.  It is acknowledged however that if 
appropriate component sizing is carried out the cooling capacity can be increased.  
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Abstract. Solid-state technologies using light-emitting diodes are increasing in 
acceptance for use in automotive lighting. For signalling systems they have al-
ready achieved widespread use; for forward lighting systems they have been  
introduced and there are substantial ongoing efforts to introduce them for illumi-
nation. In the present paper, a brief overview of solid-state lighting technology for 
automotive applications is given. This overview first focuses on the implications 
of solid-state lighting for energy utilization and environmental impacts compared 
to incumbent lighting technologies. Secondly, the unique photometric, colorimet-
ric and temporal characteristics of solid-state lighting systems are described with 
emphasis on the safety-related implications for driver vision and visual comfort. 

1   Introduction 

The use of solid-state lighting systems for many lighting applications is an area of 
growing interest. Light-emitting diodes (LEDs) for indicator lights and other low-
light applications have been available for several decades, but only within the past 
25 years or so have LEDs produced sufficient luminous flux to make them prac-
tical for exterior lighting on vehicles. Among the first LED lighting systems used 
on automobiles were center high-mounted stop lamps (CHMSLs), which arrived 
during the late 1980s (Teshima et al. 1987) and used aluminum gallium arsenide 
(AlGaAs) red LEDs, which could achieve intensities that were visible outdoors. 
Subsequently, even brighter aluminum gallium indium phosphide (AlGaInP) red 
and yellow LEDs became commonplace (Conway and Bullough 1999) and these 
made exterior signal lighting even more practical. With the introduction of indium 
gallium nitride (InGaN) LEDs that could generate short-wavelength (blue) light, 
white LEDs were made practical by combining the LEDs with a cerium-doped yt-
trium aluminum garnet (YAG:Ce) phosphor. The phosphor down-converts some 
of the blue light into yellow light; the resulting combination appears white. The 
availability of white LEDs had made automotive headlamps, running lamps, re-
verse lamps, and license plate lamps possible. LEDs differ from the primary in-
cumbent automotive lighting technology, filament lamps, in several ways: 

• Their narrowband spectral output results in saturated color appearance without 
optical filters needed by broadband sources like filament lamps 
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• White LEDs can be produced with substantially higher correlated color temper-
atures (CCTs) than filament sources, resulting in cooler (more “bluish”) color 
appearance 

• They presently exceed the luminous efficacy of filament lamps (80-100 lm/W, 
compared to 10-20 lm/W for filament lamps and even lower values for color-
filtered lamps) 

• They have very rapid onset and offset times (10-20 ns, compared to 80-250 ms 
for filament sources) 

• With proper thermal management (Bullough 2003) they have substantially 
longer expected operating lives than filament sources (30,000-100,000 h, com-
pared to 100-2000 h for filament lamps) 

In addition, unlike many light sources that have been used as alternatives to fila-
ment sources for automotive and other applications such as fluorescent and high-
intensity discharge lamps, LEDs do not contain mercury, a known neurotoxin. 
They are not without the potential for other hazardous materials, however (Lim et 
al. 2011), and their environmental impacts are presently being studied. The cha-
racteristics of LEDs have important implications for automotive lighting in terms 
of energy and environmental impacts, and in terms of potential safety-related im-
pacts such as visual effectiveness. 

2   Energy and Environmental Implications 

Because of their higher luminous efficacies compared to filament sources, solid-
state automotive lighting systems using LEDs can have substantially reduced  

 
Table 1. Power, annual hours of use and estimated annual energy use for filament and LED 
vehicle lighting systems. 
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power requirements. Hamm (2009) and Schoettle et al. (2009) have estimated 
wattages for conventional filament source-based systems and for LED lighting 
systems for different lighting/signaling functions; the average of these estimates 
are presented in Table 1. Table 1 also includes estimates for the annual hours of 
use for these systems based on driving patterns in the U.S. (Buonarosa et al. 
2008), with the resulting total annual lighting energy use for filament- and LED-
based systems. Assuming each kWh on a gasoline-powered vehicle corresponds to 
1.29 kg of CO2 emissions (Schoettle et al. 2009), the 27.4 kWh/year energy reduc-
tion associated with a transition from filament to LED sources for automotive 
lighting corresponds to an annual CO2 emissions reduction potential of about 35 
kg/year per vehicle. 

3   Safety and Human Factors 

The photometric, colorimetric and temporal properties of LED sources can also in-
fluence drivers’ ability to see and respond to potential hazards in and along the 
roadway. 

With respect to the detection of vehicle signal lighting, the shorter onset time of 
LEDs compared to filament lamps can be of particular advantage, especially for 
brake lamps. Bullough (2005) reported that visual response times to the onset of a 
light signal were predicted by the amount of light-energy received at the eyes of 
drivers. The thermal mass of an energized tungsten filament results in a relatively 
gradual illumination of the filament that can take up to 250 ms. LEDs, with their 
nearly instantaneous onset times, can produce the necessary light-energy threshold 
more rapidly and therefore produce shorter response times (Bullough et al. 2002). 
Since the deceleration of a vehicle is linked to the same action that initiates the 
brake signal light (namely, pressing the brake pedal), shorter onset times can pro-
vide up to 7 m of additional stopping distance for a following driver (Sivak et al. 
1994), a modest but occasionally meaningful increase. 

For forward illumination systems, the spectral power distribution of most phos-
phor-converted white LEDs, based on blue InGaN devices, has a relatively greater 
proportion of short-wavelength light than that of typical filament sources  
(Figure 1). This is relevant to visual performance while driving, because at typical 
nighttime driving light levels with roadway pavement luminances on the order of 
0.1-1 cd/m2 (He et al. 1997), visual function is provided by a combination of rod 
and cone photoreceptors in the human eye, but photometric quantities such as lux, 
cd/m2 and lumens are based solely on the response of the eye’s cone photorecep-
tors, which are used exclusively for vision at typical daytime light levels expe-
rienced outdoors and indoors (i.e., 10-1000 cd/m2). This mismatch between  
photometry and vision is important because collectively, rods are relatively more 
sensitive to shorter visible wavelengths (i.e., blue and green colors) than cones. As 
a result, conventional photometric quantities may underestimate the visual effec-
tiveness of LED light sources at low light levels compared to filament sources.  
A unified photometric system has recently been recommended by the Commission 
Internationale de l’Éclairage (CIE) to account for the combined role of rods and 
cones (Rea et al. 2004; CIE 2010) in vision at low, nighttime light levels.  
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Consequently, it might be possible to justify conventional photometric light levels 
from LED sources that are 20%-30% lower than from filament sources (Van Der-
lofske and Bullough 2006) because their increased short-wavelength content pro-
duces improved visual performance at night. 

 

 

Fig. 1. Relative spectral power distributions of filament and LED light sources 

The increased short-wavelength spectral distribution of white LEDs may have 
some potential drawbacks in automotive lighting applications. When equated in 
terms of conventional photometric quantities, disability glare (the reduction in vi-
sibility caused by scattered light in the eyes from a bright light in the field of 
view) from oncoming headlamps is independent of the short-wavelength spectral 
content of the headlamps (Schreuder 1969). However, the same cannot be said for 
discomfort glare, which is the annoying or even painful sensation that accompa-
nies a bright light in the field of view. This response exhibits greater  
short-wavelength sensitivity (Bullough 2009). The safety implications of poten-
tially increased discomfort glare are not fully understood, but there is evidence 
linking discomfort glare from oncoming headlamps to behaviors such as increased 
head movement and throttle variability that in turn are associated with increased 
crash risk (Bullough et al. 2008). 

4   Discussion 

Solid-state lighting technologies have evolved rapidly and continue to do so. 
LEDs, once relegated to indicator applications, have luminous efficacies and lu-
men packages that are practical for automotive exterior lighting applications. In-
deed, LED sources are attractive for automotive lighting because they offer the 
potential for lighting energy use reductions, increasing the overall sustainability of 
automotive transport. In addition, under many circumstances, the performance 
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characteristics of LEDs support driver visual performance. Issues such as the po-
tential for increase discomfort glare from oncoming vehicles headlamps must be 
investigated further, but a growing understanding of the spectral mechanisms un-
derlying driver vision may offer guidance in spectrally “tuning” LED sources to 
optimize energy, visibility and glare concerns. 
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Abstract. This paper presents a new physical model-based approach for improved 
rollover detection. Using vehicle dynamics information allows the prediction of 
the future roll motion of a vehicle. The severity of a crash can be forecasted in a 
very early phase of the accident. Thus, a much faster rollover decision can be 
made, which is necessary in order to deploy nonreversible restraints, like pyro-
technical belt and curtain airbags in soil trip rollover scenarios in time. The per-
formance of this new approach is validated by a comprehensive database recorded 
with a scaled rollover test vehicle. Furthermore, the performance and robustness is 
compared to state-of-the-art model-based rollover detection methods. It can be 
shown that in most soil trip rollover crashes the roll angle at airbag deployment 
times can be reduced by up to 52 % compared to standard rollover crash detection 
methods. In addition, the usage of a scaled test vehicle for the development and 
validation of soil trip rollover detection methods is discussed. On the one hand, 
the similarities between a scaled model and its original are described with the help 
of the dimensional analysis. On the other hand, recorded data from the scaled rol-
lover test vehicle is compared to rollover data of a real vehicle. 

1   Introduction 

According to statistical analyses by the US administration National Highway Traf-
fic Safety Administration (NHTSA), about 12,000 occupants were thrown out of 
their vehicles in the United States of America in 2009. This usually occurs during 
a rollover crash situation. Roughly 6,700 of them are fatally injured [6]. To reduce 
this figure, a new ejection mitigation rule, FMVSS no. 226, was proposed by 
NHTSA. This rule came into force by the beginning of 2011, while the phase-in is 
scheduled for 2013. In order to fulfill the requirements of FMVSS no. 226, the ve-
hicle manufacturers rely on the usage of curtain airbags. While it is allowed to 
perform the test procedure with the curtain bags being deployed, there is a need 
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for a fast and robust rollover detection system to ensure the positive effect of the 
airbags in real rollover crash situations. Especially for so-called “soil trip” rollover 
situations, where the vehicle moves laterally into a sand bed, it is important to im-
prove today’s rollover detection algorithms [7]. 

2   State-of-the-Art Model-Based Rollover Algorithms 

Current mass-produced rollover detection systems usually observe the vehicle 
rolling movement around its longitudinal axis. A typically used rollover model can 
be derived by the principle of conservation of energy [2]. If the kinetic energy of 
rotation of the vehicle is sufficient to reach the static tilt angle κ, the system be-
comes unstable and the vehicle will roll over. The energy-based rollover criterion 
is based on the comparison of the vehicle’s kinetic rotational energy Erot about the 
vehicle’s longitudinal axis and the required change in potential energy Epot. 

potrot EE >  

The required change in potential energy for a rollover equals the necessary energy 
that is needed in order to lift the center of gravity (CoG) by the height ∆h  
(Figure 1a). 
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Fig. 1. Sketches for planar vehicle roll models a) based on conservation of energy, b) based 
on conservation of momentum. 

 
Using the physical relations Erot(t)=1/2 Jxωx²(t) and Epot(t)=mgΔh(t) with the 

earth gravity g, the vehicle mass m, the inertia Jx, the roll rate ωx, leads to the 
energy-based rollover stability criterion in the roll rate – roll angle  (ωx-αx) state 
space notation. 
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An alternative approach to derive a rollover model is the application of Newton’s 
second law of conservation of momentum. [2] proposes to split the rollover se-
quence into two time intervals. In the first interval, the angular momentum is build 
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up by the acting forces and generating a potential rollover. In the second interval it 
is assumed that only the normal force acts, which slows down the roll motion. 
Solving the differential equation for the first interval leads to exactly the same re-
sult eq. (1) shown above. Whereas the solution of the differential equation of the 
second interval differs slightly giving a less aggressive criterion than  
eq. (1). 
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Figure 2 shows the principle trajectories of a rollover and a non-rollover scenario 
in ωx-αx state space. While criterion (1) can detect a rollover situation very early, a 
critical near roll may lead to an inadvertent deployment. However, the stability 
boundary (2) clearly discriminates between rollover and non-rollover situations, 
but also leads to a delay in the algorithm decision. For that reason, nowadays a 
compromise must be found. 

 

x(t)

x(t)

crit,1
crit,2

 

Fig. 2. Rollover criteria in ωx-αx state space according to eq. (1) and eq. (2) and the prin-
ciple trajectory of a rollover and non-rollover situation. 

2   Roll Motion Prediction – A New Approach for a Model Based 
Rollover Detection Algorithm 

Today’s model-based rollover detection algorithms consider only the vehicle’s roll 
motion. In most cases, however, a rollover scenario begins with a critical driving 
situation. According to US statistics [3] about 70% of all rollover accidents are 
tripped events in which the vehicle is first skidding sideways and then decelerated 
by hitting an obstacle (e.g. a curb) or because the tires dig into loose soil. In these 
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situations the knowledge about the vehicle translational movement can help to 
detect a rollover much faster by predicting the vehicle’s roll movement. 

2.1   Roll Movement Prediction 

Assuming a planar vehicle model, see Fig. 1b, the vehicle’s angular momentum 
changes according to 
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with the angular momentum L=Jxωx and the acting torque T, which can be meas-
ured by body fixed accelerometers  Bay/z in the center of gravity if a rotation 
around the pivot point P is assumed 
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By defining the current algorithm evaluation step as t0 and the considered pre-
dicted time t1 as t0+τ, eq. (3) can be solved if the accelerations are considered con-
stant Bay/z(t)=Bay/z(t0) in the interval [t0, t1]: 
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The period τ can be estimated by the duration of deceleration of the vehicle’s 
translational horizontal lateral movement Ivy 
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Altogether this gives for the predicted roll rate ωprd(t0)= ωx(t0+ τ) 
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Furthermore the roll angle αx can be predicted by vehicle roll rate integration 
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Using the same assumption as for the roll rate prediction leads to a predicted roll 
angle αprd(t0)=αx(t0+τ) 
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By comparing the predicted roll rate ωprd(t0) with the predicted critical roll rate 
ωcrit,2(αprd(t0)), see eq. (2) with αx(t)=αprd(t0), we get a model based rollover detec-
tion algorithm (hereinafter called Roll Motion Prediction - RMP), which is much 
faster compared to-state-of-the-art model-based approaches. 
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Fig. 3. Principle effect of the Roll Motion Prediction – RMP 

Figure 3 shows the principle effect of the Roll Motion Prediction part. At a very 
early rollover stage, where the vehicle has a low roll angle and minor roll rate, the 
predicted roll angle and roll rate can be very high; an upcoming rollover can be 
detected at that stage already. 

2.2   Validation and Comparison of the New Approach 

The Roll Motion Prediction is validated by “soil trip” test data. In these tests, the 
vehicle is accelerated laterally with a sled to a constant speed vsled. Then the sled is 
suddenly decelerated. Due to inertia the vehicle is moving ahead and is sliding in-
to a soil area, where the tires dig into the soil. There are two reasons for using this 
test scenario for validation: First, according to [9] the “soil trip” test is the most 
field relevant of all rollover tests. Second, this test is the most challenging scena-
rio to detect a rollover in time [5, 7]. To get a comprehensive data set, we per-
formed 66 soil trip tests with a scaled rollover test vehicle (see Figure 4), where 
the sled velocity, the side slip angle (SSA) and the friction of the front axle were  
varied. In 30 cases the vehicle rolled at least 90°, whereas in 36 cases the vehicle  
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did not roll over. To show the potential of the new approach, the vehicle’s roll an-
gle αx at detection time TTF (Time-To-Fire) of the Roll Motion Prediction is com-
pared to the state-of-the-art model-based rollover detection methods. 

t=0ms t=200ms

t=400ms t=600ms

t=800ms t=1000ms

 

Fig. 4. Picture sequence of soil trip test with the scaled vehicle (test # 010) 

Table 1 shows the first test series with a SSA of 90° and low friction at both 
vehicle axes, which represents the current state-of-the-art rollover testing method. 
The column “Requirement” indicates if the vehicle rolled over (“Fire”) or not 
(“NoFire”). It can be seen, that the RMP almost always can detect a rollover at a 
lower roll angle than both state of the art model based approaches. Furthermore, 
table 1 and 2 show, that the conservation of energy model-based algorithm accord-
ing to eq. (1) detects the tests #007 and #008 as a rollover, which in fact are  
no-roll situations. Whereas the RMP and the conservation of momentum-based al-
gorithm according to eq. (2) do not have any false positive detection in the first 
test series. Moreover, within the first test series the mean roll angle at time-to-fire 
of all detected rollovers of the RMP is 52% lower compared to the criterion eq. (2) 
and 38% lower than the approach according to eq. (1). 

Taking also a second test series into consideration (see table 3), where in addi-
tion to the variation of the sled velocity the initial SSA and the friction factor at 
the front axis are changed, the improvement of the mean roll angle at TTF by the 
RMP is still 34% compared to the critical roll rate eq. (2) and still 12% to eq. (1) 
methods. In addition, the overall test results show that in four situations eq. (1) 
leads to inadvertent deployments. Whereas with the RMP and the method accord-
ing to eq. (2) no test is detected incorrectly. For the sake of completeness, it 
should be stated that all three considered methods detected all “fire” situation, so 
there are no false negatives. 
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Table 1. Comparison of RMP (Roll Motion Prediction) algorithm to state-of-the-art model- 
based rollover detection methods of the first test series with a vehicle side slip angle SSA of 
90° and low friction on both vehicle axes.  

Test 

# 

Requirement 

(Fire/NoFire) 

Sled velocity 

[km/h] 

Roll angle at TTF in [°] 

crit,1 / eq.(1)  crit,2 / eq.(2) RMP 

001 NoFire 12.1 - - - 

002 NoFire 14.0 - - - 

003 NoFire 14.9 - - - 

004 NoFire 15.9 - - - 

005 NoFire 15.9 - - - 

006 NoFire 15.9 - - - 

007 NoFire 16.9 24.0 - - 

008 NoFire 17.0 25.0 - - 

009 Fire 17.5 23.4 44.8 23.4 

010 Fire 18.0 22.8 28.1 20.8 

011 Fire 19.1 21.2 26.7 9.0 

012 Fire 19.1 21.5 25.8 15.0 

013 Fire 20.1 19.9 24.0 10.5 

014 Fire 21.8 19.0 24.7 8.9 

015 Fire 22.9 17.2 21.8 8.7 

016 Fire 24.6 16.8 21.3 8.9 

Table 2. Result Overview of first test series 

Result Overview  crit,1 / eq.(1)  crit,2 / eq.(2) RMP 

Number of false positives 2 0 0 

Number of false negatives 0 0 0 

Number of detected rollovers 10 8 8 

Mean angle at Time To Fire [°] 21.1 27.2 13.1 

Table 3. Result Overview of all 66 tests 

Result Overview  crit,1 / eq.(1)  crit,2 / eq.(2) RMP 

Number of false positives 4 0 0 

Number of false negatives 0 0 0 

Number of detected rollovers 34 30 30 

Mean angle at Time To Fire [°] 23.8 31.7 21.0 
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3   Dimensional Analysis 

As a scaled test vehicle was used for the investigation shown above, it is necessary 
to proof that the findings can be applied to a full scaled vehicle.  

m = 2200 kg

Jx = 1150 kgm²

h = 0.695 m

s = 1.946 m
a)

m = 16.4 kg

Jx = 0.38 kgm²

h = 0.136 m

s = 0.435 m
b)

full scale vehicle scaled test vehicle

 

Fig. 5. Parameter comparison between real and scaled vehicle 

For this purpose the model car data has to be scaled considering the essential 
physical parameters of the rollover situation in order to compare them to the sig-
nals of a real vehicle. 

If the influences of the parameters of a physical model are known in principle, 
the system can be described by dimensionless constants which can be determined 
by Buckingham Π-theorem [1]. This allows the comparison of models ranging in 
size. For this reason the variables characterizing the system have to be identified. 
According to the Π-theorem, the general function f of a physical system 
f(x1,x2,…,xn) with the system parameters of i=1…n is described, so we get [10]: 

 

( ) 0,...,, 21 =nxxxf  

The quantities xn can be split according to their dimensions or units into two dif-
ferent types of values: linear independent xi and dependent values xj, with i+j=n. 
Those j dimensionless parameters (Πj numbers) can be found for an arbitrary 
physical system which enables scalability of different model sizes. Applied to all 
system-related metrics the following must apply: 

 

( ) 0,...,, 21 =ΠΠΠ jF . 

The Πj numbers can be determined according to Pawlowski [8] by 

 

∏ −=Π
i

p
ijj

ijxx . 

The dimensional analysis is mainly applied in the mathematics of fluid dynamics 
and their applications. Applied to the scalability of a model-car driving dynamics 
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in the use of observers, the ratio has been successfully shown by Hilgert in [4], 
who was able to show the feasibility for dynamic vehicle models. 

The system characterizing variables for the presented rollover investigation can 
be found in eq. (1). Written in the matrix scheme as proposed by Zlokarnik [10] 
we get table 4, where τ´ is a characteristic time interval. 

In order to make a comparison between model and a real vehicle all Πj numbers 
must be identical Πj,1=Πj,2 if 1 corresponds to the real test car and 2 to the scaled 
model vehicle. For example, the following must be fulfilled: 
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Table 4. Matrix scheme of the systems characterizing variables 

eq. SI m h τ r s ay/z ωx Θ g 

I mass [kg] 1 0 0 0 0 0 0 1 0 

II length [m] 0 1 0 1 1 1 0 2 1 

III time [s] 0 0 1 0 0 -2 -1 0 -2 
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The dynamics of the model vehicle corresponds to the root of the length ratios 
in relation to the real test vehicle. The accelerations ay/z, however, do not have to 
be adapted in contrast to the angular velocity ωx. Fig. 6 shows the signal compari-
son of a real car to the scaled test vehicle in a soil trip scenario. Therefore, all sig-
nals of the scaled vehicle are stretched in time by a time laps factor of 

21 / hh = 2.25. Furthermore, the amplitude of the roll rate ωx is adapted with the 

inverse factor 
12 / hh . It can be seen that there are many similarities in the signal 

behaviors of the two compared vehicles, which means that our findings about the 
Roll Movement Prediction can also be transferred to real “full size” vehicles. 

4   Conclusion 

The presented Roll Motion Prediction algorithm improves today’s model based 
rollover detection methods. The roll angle at airbag deployment time can be re-
duced by an average of 52% without any risks of inadvertent airbag deployment. 
Using the presented approach, there is no more need for a compromise between 
performance and robustness in soil trip detection, which enables to meet the chal-
lenging requirements and deploy the important restraints in time. 
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Abstract. In this contribution are discussed the main problems appearing in de-
velopment of tools for decreasing the negative impacts of human faults when driv-
ing the road vehicle. The interest is given especially to analysis of causes of these 
faults, to finding of suitable indicators for attention level measurements and to 
possibilities of improving the driver resistance to attention decreases. 

1   Introduction  

Human society suffers from various systems failures, accidents and catastrophes. 
Transportation systems, especially the road transportation belong to those, in 
which the accidents and faults cause extremely high every-year losses, both eco-
nomic and social. In the EU the level of these losses can be estimated to about 200 
billion Euro per year and to about 40,000 people killed. In other countries of the 
world this situation can be even worse.  

A dominant part of these losses is caused by faults of drivers appeared in their 
interaction with vehicles.  

This is the reason why in some research facilities and university laboratories a 
high attention is given to understanding of the mechanisms of appearance of driver 
failures and also of traffic operators mistakes and to development of ways for their 
reduction.  

The Joint Laboratory of System Reliability of the Institute of Control and Te-
lematics of the Faculty of Transportation, Czech Technical University in Prague 
and of the Institute of Computer Science of the Czech Academy of Sciences, Pra-
gue belongs to those not too many places, where the systematic research in this 
area is done for more than 15 years and where a good level of knowledge was 
reached. 

Without respect to the reached results many problems in this area remain still 
open. Because their complexity is very high no single research group or team is 
able to solve them alone completely. Therefore the intensive international cooper-
ation is necessary.  
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2   Open Problems 

The negative influences of driver caused faults on transportation reliability and 
safety was recognizable through all the road transportation history; however their 
significance increases with the size of human population in general and with traf-
fic density, which is different in particular parts of the world. 

A large part of these losses is caused by general irregularities in the interaction 
of human subjects with the artificial systems. 

3   Problem Formulation 

Each activity of systems or systems alliance is realized in some space of its sys-
tems functions Fk, k = 1...K. Systems functions being the input / output manifesta-
tion of the processes within the systems. 

The size of the space F and the maximum values of the partial systems func-
tions Fk on the relevant boundaries characterize the significance of the particular 
system. Generally there exist some mutual dependence fn-s = d(|F|) between the 
average frequency fn-s of non-standard situations of operation or interactions with 
considered system (or systems alliance), and the size |F| of this space F.  

This dependence fn-s is often of the inversely proportional nature. In such case it 
could be modeled in various ways, but hyperbolic model seems to be of specific 
interest:  

fn-s = 
( ) 3

2

1
0 c

cF

c
c

+
+  

Where c0, c1,c2 and c3 are real, empirically determined constants, which influence 
the shape and the position of the hyperbole (Figure 1). 

 

Fig. 1. Hyperbolic model of the dependence d between the average frequency of non-
standard situations fn-s and size |F| of the space F. The green line represents here the size of 
energy E, mass M and information I with which deals respective system or alliance. 
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The black lines demonstrate some typical dependence between frequency of 
nonstandard situations and size and complexity of the respective system. This 
means, that the non-standard situations appearing in operation of really complex 
systems occur much more rarely, than in the case of a simple, in many copies ex-
isting systems.  

Of course, the hyperbolic model is only the one of many other inversely pro-
portional models, which can be constructed. Even that it is very simple, the esti-
mation of the constants c 0,1,2,3 could be quite laborious.  

For to be able to find realistic values of c 0,1,2,3, the analysis of the frequency of 
appearance of non-standard situations has to be made in considerably long history 
of operation of the considered system. This is evidently a hard requirement, be-
cause usually the respective data are not fully at disposal and if so, they can be 
disturbed by various sources of imperfections. For newly constructed systems or 
systems alliances such historical data are not at disposal at all and need to be re-
placed by data sets coming from investigation of other similar cases. 

Moreover, the two-valued classification of the systems operation ability which 
was considered above (system operates well – it is in standard situation and sys-
tem does not operate well - it is in non-standard situation) does not often represent 
realistic characteristics of the actual situation. Nevertheless, in any case it is ex-
tremely important the systematic recording of all relevant data representing the 
systems parameters, in which or among which the information on non-standard 
event in the system operation can be hidden. The creation of the respective data-
base is therefore necessary both for dealing with all systems, for which the size of 
|F| reaches certain limit or which exist in high enough number M of its copies. As 
the figure of merit of such necessity, the product M * |F| could be proposed.  

One has also to take into account, that all such the parameters c0,1,2,3 of all non-
standard situation frequency appearance models are usually influenced by the vec-
tor of independent variables  

P = {pj}, j = 1…J, especially by the time P = t 

Therefore, the validity of some particular model is limited to certain region RP of 
independent variables P.  

The analysis of system operation failures and resulting accidental and catastro-
phic events hints that only very rarely they appear absolutely without any preced-
ing markers.  

Such markers can be of course very weak and hardly recognizable, neverthe-
less, careful and systematic use of sophisticated analysis of data (mainly in the 
form of time-series) reached from various sensors gives the hope that the advent of 
particular non-standard situation can be detected. 

Though there is often very difficult to predict the advent of system operation 
failures and eventual resulting accidents, our present knowledge of:  

 
• Systems theory 
• System reliability 
• signal analysis.   
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together with: 
 
• modern computers 
• communication technology 
• brain science 
• modern sensors / actuators.  

 
Open the possibility that reasonable results can be reached. 

4   Prediction Diagnostic as the Main Methodical Tool 

The main tool for such preventive activity of systems operation failures is the 
wide and deep working out and use of the methods of predictive diagnostics, 
which allow – if well used – not only to indicate the danger of particular system or 
the whole system alliance failure, but also: 
 
• to estimate the probability of such event, 
• to predict the time in which this could happen 
• to discover coincidence of concurrent events. 
 

And to find the optimal ways for such event prevention or, if this is not possible, 
for optimal restitution of the systems and compensation of appearing losses. 

Though the principles of prediction diagnostic are known and used for many 
years, the respective theory and application methodology has to be significantly 
improved, especially if it concerns the very complex and heterogeneous systems 
and system alliances with many components, in that also the human interaction 
play not negligible role.  

Such improvement, in which novel approaches to dealing with: 
 

• multidimensional quasi-periodic and quasi-stationary signals 
• systems involving uncertain parameters 
• time-series prediction for longer prediction horizons respecting the parameters 

correlations 
• methods and tools for analysis of hidden correlations in measured large data 

sets 
• methods for effective and in-time providing of necessary numerical multidi-

mensional analyses and estimations 
• progressive approximation methods. 
 

Can be considered as necessary research tools enabling accomplishment of the goal.  
For to be able to recognize that there exists an increase of the probability that 

certain driver will in some prediction horizon loose his/her ability to interact well 
with by him/her driving car we need:  

 

• to classify the main reasons of such driving failures 
• to have at disposal a set of reliable and practically applicable indicators of 

driver attention decreases 
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• enough fast and accurate tools for respective measurements applicable either 
in laboratory or in real vehicle 

• enough fast and accurate methods and tools for analysis of respective signals 
• the knowledge of acceptable limits of respective signals deviations 
• the methods and tools for creation of recognizable and understandable warn-

ing signals. 

5   Discussion 

The driver faults can arise from the following three main reasons: 

a) Natural decrease of particular person attention level 

There is well known that no human subject is able to keep his/her attention, under-
stand as vigilance oriented to certain observed object or activity, on high level 
without any breaks. Usually one is able to be in the state of full attention for 1-2 
hours, but often the process of natural decreasing of attention level start already in 
several decades minutes after start of respective activity, i.e. car driving. In the 
process of natural attention decrease is possible to recognize the main phases, 
shown in Fig. 2: 

 
• Phase of the full attention  
• Phase of relaxation - the driver is still fully able to control his/her driving activ-

ities, but he/she feels to be a bit tired and he/she slightly relaxes 
• Phase of somnolence - the driver level of attention is going to fall below the 

level of reliable and safe driving. Here he/she feels to be really tired, and relia-
bility of his/her driving is limited, reaction time is prolonged significantly 
(sometimes 3-5 times) and the probability of his/her non-correct response on 
external stimuli increases.  

• Phase of micro-sleep - the driver attention level falls rapidly down till zero or 
to some very small residual level. In happy cases, this phase lasts considerably 
shortly (few seconds).  

• After that, the driver often awakes to some previous phase, in which his/her 
ability to drive reliable and safe refreshes. This phase, we can call as the phase 
of awaking. However, the awaking procedure can be so fast, that the driver 
reacts in the panic form, with significantly increased probability of wrong deci-
sion and reaction. 

 
Such model is made under assumption that: 
 
i) level of attention LAT can be expressed by real values,  
ii) the changes of LAT are smooth. 
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Fig. 2. Five typical phases. 

b) Influence of consumption of alcohol  

Besides natural decreases of driver attention, which causes about 50% of acci-
dents, also the influence of consumption of alcohol (and other drugs) short before 
and in the course of driving cause a lot of accidents. We estimate this to about 
25%. In some countries exist certain legal limits for allowed alcohol concentration 
in driver blood, but actually it depends very much on driver individuality, if he/she 
is influenced by alcohol so that he/she cannot drive safely. As concerns drugs, 
such limits are not known till now. 

c) Conversions of driver behavior  

The last about 25% of driver caused accidents comes from sudden and unexpected 
conversions of driver behavior from rational and tolerant to non-tolerant and ag-
gressive. Till now it is only hardly predicable. There is urgently necessary to un-
derstand more to neuropsychological reasons of such behavior conversions. One 
can see the hope that by the use of some special training methods based on the so 
called bio-feedback could be possible to modify the driver behavior for lower ten-
dency to such behavior conversions. 

5.1   Reliable and Practically Applicable Indicators of Driver  
Attention Decreases 

The indication and measurement of the driver attention level can be based on vari-
ous indicators. One has to say, that at moment none of known is universal. Rela-
tively well can attention level and its decreases measured on driving simulators, ei-
ther by reaction delays, or by changes of visual observation field or by probability of 
correct responses on impacting stimuli. Sometime is used a combination of them. 
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Another approach can be based on face grimaces changes recognition, on eye 

blinking changes etc. A common drawback of all these approaches lays in their 
low specificity and time delay. This can be replaced by analysis of the immediate 
brain signals, either electric or magnetic. The respective methods of EEG and 
MEG analysis are considerably accurate and fast, however they are applicable on-
ly in laboratory.  

One expects therefore, that the solution if the attention indicator problem will 
be in the use of combination of several practical applicable indicators calibrated in 
laboratory by EEG (or MEG) methods under respecting of driver individuality. 

5.2   Signal Analysis 

In the course of almost all these measurements and analyses one has to face to ne-
cessity of dealing with various biological signals. In contrary to signals appearing 
usually in artificial systems, these are dominantly of the quasi-periodic and quasi-
stationary nature. Therefore the old good methods of harmonic analysis are not  
direct applicable on them and if this is done (as often happens) the results can be 
inaccurate and non reproducible. Therefore exists a need to develop other ap-
proaches for dealing with such signals. Some hope can be seen e.g. in Gabor filtra-
tion by special transfer functions, or on the use of chaos indexes or on the use of 
approximation by Zolotarev functions. Though the up to now reached results 
seems to be promising, there are still many white places here. 

5.3   Regions of Acceptability 

For to have reason to start the respective warning, one needs to know, that the re-
spective significant function, expressing the driver ability for safe and reliable ac-
tivity is approaching or breaks its acceptable limits. These can be expressed by the 
so called regions of acceptability RA. Some methods for RA analyses are known 
and used when dealing with various artificial systems however their investigation 
is usually very laborious. When one has to deal with interaction of biological and 
artificial systems, i.e. human subject and vehicle, the situation is much worse be-
cause of the parameters uncertainty variability and fuzziness. Another problem of 
driver regions of acceptable ability and behavior RD AB analysis consists in ex-
treme high human individuality. Human brain consisting of about 1011 neurons 
and about 10 time more glia cells, connected mutually with about 104 synapses per 
one neuron in a time variable and individually differing network is so compli-
cated, that one can not expect any brain clones. They are (and newer had been) no 
two exactly identical brains.  Therefore for each driver the RA should be investi-
gated individually. This is of course practically impossible. However, the enough 
systematical analyses can give us a basis for finding some typical forms, which 
could be used for necessary driver behavior limits investigation. 

This is of course a very large challenge for further systematic research for wide 
research consortia.  
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Abstract. The protection of human life and the reduction of harm caused by ter-
rorist attacks or natural catastrophe has a high priority in the design of buildings 
and means of transportation, for example armoured vehicles. In addition to these 
safety and security aspects, are considerations of sustainability. 

This paper contains two different protection types based on the usage of chain 
meshwork, the pure and the hybrid type. The pure metallic chain meshwork was 
compared in different experimental tests regarding impact detonation loads. For 
example, if the application of chain meshwork is used as an ordinary curtain com-
bined with a regular window, two major effects are obtained. The first effect is  
the reduction of the blasting wave and the second more important effect is the 
shiver protection. In this case, the chain meshwork avoids the loosening and the 
following burst of the window glass, resulting in an increase in the protection 
level. On the other hand, a newly developed hybrid composite shows outstanding 
impact results, as proven by several tests by the German Federal Armed Forces. 
According to the testing results, an increase of impact strength up to ~60% can 
be achieved by reinforcing common carbon fibre reinforced plastics (CFRP) with 
a metallic chain mesh. The fibre composite is made out of carbon fibres, unidirec-
tional with polyetheretherketone matrix or woven with epoxy matrix. The scope of 
this work is the general investigation of the impact behaviour of pure meshwork 
and fibre composites reinforced with metallic chain mesh, especially in the field of 
low and high velocity impact. Besides the first production of samples of the new 
material combination, experimental investigations are carried out on coupon test-
ing level. These include 3-point-bending tests, Charpy-Impact tests and ice impact 
tests at high velocity on a custom designed gas gun as well as comparison of blast 
and sliver behaviour. Testing should be accompanied and should work as the vali-
dation basement by looking at the possibilities of numerical simulation of the gen-
eral and hybrid material, so further complex scenarios can be realized and the 
forecast of effects are visible. 

1   Introduction 

By default, buildings are traditionally made from solid concrete or concrete com-
posites, respectively. This suggests that structural reinforcements regarding the 
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safety aspect are also made primarily from these materials, which results in mas-
sive and sometimes non-decorative structures. Furthermore, the concrete has a 
negative factor in terms of its environmental record, because it has to be separated 
completely by material types for recycling, which creates additional energy con-
sumption. Another example regarding massive manufacturing is the armouring of 
vehicles, because the typical method for this modification is the usage of steel, re-
sulting in an increase in weight and therefore higher fuel consumption. 

In terms of sustainability, this work investigates two main versions of an envi-
ronmentally friendly and lightweight material, which has a wide range of  
protective effects and can be employed as a replacement to the above mentioned 
materials. Thematically, it deals with a metallic ring mesh, which can be used for 
different applications in building security and safety as well as for a variety of 
other areas, including: 

 
• public authorities 
• military installations 
• general transport 
• sports and leisure. 
 
The following section refers to building protection from various impact loads: 
 
• Blast and window protection 
• distance barrier and 
• energy absorption of high velocity impact. 

2   Basic Flex Metal Mesh information  

Chain mails are well-known from historical documentations including European 
knights in the Middle Ages, where chain mail was used for the prevention of stab-
bing and cutting injuries. Today it is known that chain meshwork shows much 
more potential than the traditional protection. 

The chain meshwork which is used in this work is called Flex Metal Mesh 
(FMM) and consists of a large number of welded metal rings with a well-defined 
geometry. There are two different manufacturing methods of the ring closure: la-
ser beam and resistance stud welding.  

The arrangement of the rings is known as the European or king version - named 
4 in 1 - that means that every single ring is connected with four neighbouring rings 
(Fig.1). 

The technical description of the meshwork includes two main parameters: the 
outer diameter and the wire gauge. The outer diameter can vary from 3.6 to 12 
mm, the outcome of this is a feasible wire gauge, i.e RG12x1.3mm. The pure 
mesh can be made of different kinds of metal, e.g. titanium, copper or stainless 
steel. This application of various materials results in tensile strength up to 1000  
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Fig. 1. Schematic and realistic arrangement of the rings within a meshwork, 4 in 1 

N/per ring. Of course, there is the option of using titanium or aluminium for aero-
space applications in order to reduce weight. Some outstanding characteristics of 
FMM, validated by tests, are: 

 
• macroscopic values:  

– high tensile strength and tensile strain (> 44%) 
– high possible deformation 
– high energy absorption due to plastic deformation 

• very good impact behaviour especially at low speed impact, 
• low weight of 1,21 – 4,65 kg/m², 
• readily accommodates free-form shapes with negligible shear-stiffness. 

3   Experimental Investigations 

The aims of the following experimental tests relate to the improvement of the 
steadfastness of buildings and special subcomponents, and the structural protec-
tion of general constructions such as ammunition dumps. The focus is on minimiz-
ing the damage and increasing the protective effects and advantages of FMM dur-
ing a detonation or impact caused by terrorist attacks or other disasters. 

There have been three main test series regarding blast and the protective effect 
of the pure and hinged chain meshwork. The test conditions were always a con-
trolled blasting of an ammunition dump or a shock tube respectively with central 
positioning of the burst charge. 

3.1   Experimental Investigation Regarding the Pure Mesh 

The first test series included the general protective effect of the meshwork with 
and without using a curtain made of FMM with regard to a blast only. Nitropenta 
(PETN - Pentaerythrityltetranitrat) was used as an explosive in this test series. 
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Fig. 2. Test condition for the first and second test series in schematic and realistic manner 

The used type of FMM was RG12x1.1 mm. The meshwork was fastened to its 
upper end at the head of the exemplary ammunition dump, so a “free swing” of the 
lower end of the meshwork was possible as a reaction and energy absorption of 
the blast. A representation of the first and second test conditions are shown in Fig-
ure 2. Reference tests with and without the usage of FMM have been carried out 
including an explosive amount in the range of 1.0 to 4.0 kg PETN 1.5. 

Concerning the point pressure, a reduction is obvious in each test configuration 
of the first test series. Predominant a reduction of the first peek is visible. The rep-
resentative test results of the 3.0 kg PETN blast indicated that a reduction of the 
blasting waves up to 30 per cent can be achieved. 

The third test condition was different to the first ones. It was about the usage of 
FMM as an ordinary curtain in front of a regular window. The study has been car-
ried out with regard to the effects of the blasting wave and the sliver protection. 

 

     

Fig. 3. Test condition for the third test series in reality (left); a schematically gridded room 
in front of the window, the numbers represent the quantity of slivers after the burst (right) 

The window was made of synthetic material to represent a typical household 
window and was placed in the middle of an armoured concrete slab. The here used 
type of FMM was RG12x1.1 mm and RG12x1.3 mm. The fastening of the mesh-
work varied between fixations only at the upper end, at the upper and lower end 
and two additional fixings of the meshwork at both ends. 

As a result a clear reduction of the blasting wave was visible. The FMM caused 
a downsizing of the broken glass parts up to 12 mm and a controlled distance 
flow. The FMM resisted the blast wave and the blast fragments without any dam-
age. The chain meshwork avoids the loosening as well as the burst and spread of 
the window glass including dangerous parts and fulfills on of the highest GSA 
standard classes, here 3a. 

Curtain made of 
chain meshwork 

W
in

do
w
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3.2   Experimental Investigation Regarding the Hybrid Version 

The main idea behind the hybrid configuration is to combine FMM out of high 
strength material as the core together with a resin system with high strain absorp-
tion potential such like epoxy resin. 

The epoxy system for instance is in parallel stabilizing the geometrical shape of 
the chain patch and allows the patch to expand in the impacted direction in order 
to absorb a high rate of kinetic energy. The chain meshwork is able to take a high 
amount of energy due to debris impact, whereas the debris itself should be con-
tained. The geometrical size of one to four chain rings in order to allow the system 
to react together with the shape forming material the composite of that structure 
will give a sandwich construction of lightweight size with even higher energy ab-
sorption rates. 

 

   

Fig. 4. Principle lay-up of the hybrid material (left); FMM (1:4) bonded in an epoxy resin 
(right) 

The material of the matrix system can be epoxy or aluminium foam melted 
around a layer of patches, and stabilizing the crash and impact characteristics of 
the chain system.    

Several tests were performed in order to characterize the impact behavior and 
to get analyses sources of FMM or a hybrid containing FMM at ballistic velocities 
with standard munitions. 

Static test results are validated with electronic speckle interferometry in order 
to develop a Finite Element approach with representative material and deflection 
behavior. Dynamic test results show the behavior of the sandwich construction in 
action with collision examples recorded with a digital high speed camera system 
with up to 10,000 pps. One of these dynamic tests includes the ballistic impact to a 
hybrid of FMM as core with epoxy resin matrix. 

Within the test results a stop effect of the hybrid to the projectile could be ob-
tained, the projectile does not penetrate the hybrid. The analysis of the impact be-
haviour shows the following: 

 
• destroying of the epoxy resin matrix at the point of impact, the FMM is not de-

formed in any way and leads to cohesion of the hybrid material 
• fragmentation of the epoxy resin matrix in the surrounding area of the impact 

point, the FMM backing leads to debris containment 
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• little delamination is observed between FMM and epoxy matrix at impact point 
• large deformations of the projectile are observed. 

4   Conclusion 

A few applications of the many-sided repertoire of chain meshwork have been 
treated in this work, but the general usage of chain meshwork verifies the potential 
of Flex Metal Mesh concerning protective effects, substantial potentials for the 
debris containment as well as for protection devices within several speed and im-
pactor mass regimes. Within this potential the FMM will supply its strength in the 
hinged version and in the hybrid version wherever special material properties and 
characteristics are demanded.  

Of course further investigations regarding the surface treatment for increased 
strength will be made. And there should be a special focus on the suspension 
method, which is important to the behaviour and success of the meshwork applica-
tion. These issues are part of the holistic consideration and are currently underway. 

The final goal of the work is to create a realistic simulation model, verified on 
wide-ranging testing results, that is able to simulate further complex situations and 
scenarios and which is able to realistic forecast the FMM response.  

These proceedings would be cost and time effective and as mentioned before 
all the advantages named above are highly important for the safety of humans and 
their survivability during an explosion or an external impact. 
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blast behaviour and safety precautions. 
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Abstract. As an extension of the author’s previous work, an optimization study of 
a door reinforcing assembly was presented. It was found that by a careful selection 
of the cross-sectional shape and usage of “smart” materials, the crash resistance is 
possible to improve by a factor of 3 while reducing the mass by up to 45%. 

1   Introduction 

A factor analysis study was conducted on a side door reinforcing assembly (Ka-
jtaz, 2011) to provide an insight into the simultaneous effects of multiple input pa-
rameters on the optimisation objective. A total of 83 parameters were surveyed 
and an effects matrix was produced, which is shown in Table 1. 

Table 1. Summary of Effects of Input Parameters (Kajtaz, 2011) 

Parameter Max (Mat. Util.) Max (Crush R.) min(Vol.) 

Location of upper hinge  – Close to CL – 

Location of lower hinge Away from CL Close to CL Close to CL 

Elastic Modulus – Bracket – 

Elastic Limit Cross-Bars – Cross-Bars 

Dimensions perpendicu-
lar to loading 

Bracket,
Cross-Bars 

Bracket,
Cross-Bars 

Bracket, 
Cross-Bars 

Dim. parallel to loading – Post – 

Thickness Yes Yes Yes 

 
The study showed that not all parameters were of equal significance and the 

most influential parameters were identified. Therefore, by eliminating the less sig-
nificant parameters the dimensionality of the optimisation is reduced and the 
search domain is more focused, resulting in an improved optimisation efficiency.  
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Furthermore, the study showed that improvements in the crash resistance re-

quire a higher presence of material and indicated that more detailed material selec-
tion process is required to resolve this observation that may perceivably conflict 
with the weight reduction objective. 

This paper presents a natural continuation of the study presented in Kajtaz 
(2011) with the primary focus on optimisation and material selection process for 
the sustainability.  

2   FEA Model 

The FEA model presented in Kajtaz (2011), where the side door reinforcing as-
sembly was modelled in the isolation, was extended to include the door panel as 
well. The assembly components formerly identified as Bracket and Post were built 
into the door frame. Point masses were used to model the weight of an average 
passenger car and they were attached to the door frame. The FEA model used in 
this investigation is shown in Fig. 1.  

2.1   Requirements and Specifications 

The strength and stiffness requirements for side doors of passenger cars are speci-
fied by the Australian Design Rule (ADR) 29/00 – Side Door Strength (ADR, 
2006). This standard is applicable to all passenger vehicles in Australia. In this 
particular study the initial crash resistance is considered only and it is defined as 
the average force required to deform the door over the initial 155mm of crash. The 
average force is obtained via an integral of the applied load with respect to the 
crash distance and follows the formulation: 
 

x

dxxF
CR ∫=

)(
 

 

Where: CR – crash resistance; F(x) – force-displacement function, and x - dis-
placement. The test procedure guidelines for establishing the crash resistance, de-
scribed in the standards, were used to create a representative FEA model. The 
model was created in ABAQUS (SIMULIA, 2010) and the optimisation was com-
pleted using modeFrontier (ESTECO, 2009). 

 
Fig. 1. Side door reinforcement assembly – Representative FEA Model as per ADR 29/00. 
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3   Optimisation 

The optimised rectangular cross section design from Wu et al. (2006) was consid-
ered as the baseline model in this study. The gauge lengths are shown in Table 2.  

Table 2. The gauge lengths of the baseline model (Wu et al., 2006). 

Parameter Value [mm] Upper Bar [mm] Lower Bar [mm] 

Cross-sectional width – 12.45 11.25 

Cross-sectional height – 19.57 23.47 

Thickness – 1.37 2.4 

Left mount thickness 1.9 – – 

Right mount thickness 2.22 – – 

 
Although the material properties were not specified, high strength structural 

steel with yield stress of 600MPa and the density of 7800kg/m3 was assumed. 
The optimisation specifications including input parameters, optimisation 

scheduler, constraints and objective functions were as specified in Kajtaz (2011). 
The only difference being the number of input parameters due to the removal of 
insignificant parameters after the factor analysis. The components with the most 
influential input parameters were the cross members, thus all of their inputs were 
retained. Due to the FEA model change to include the door frame, all input pa-
rameters associated with Bracket and Post, except for the thickness, became less 
influential and thus, removed from the optimisation.  

3.1   Optimal Design 

After 4,000 iterations, the optimisation produced a set of solutions that dominated 
the baseline model and the Pareto frontier is shown in Figure 2. The graph shows 
the mass minimisation objective on y-axis and the crash resistance maximisation 
objective on the x-axis. In order to assess the trade-offs and the benefits in com-
parison to the baseline model, the baseline model was plotted in the top left corner 
indicating the worst scenario. All other models present in the graph performed bet-
ter in at least one of the objective, and thus, dominating the baseline solution. 

Three designs from the Pareto frontier were deemed as potentially optimal solu-
tions and were assessed further. A more detail insight in the comparison of the 
chosen designs with the respect to the objectives is shown in Figure 3. The graph 
shows the performance measures and material properties of the best candidates in 
a parallel plot. The performance measures were defines as a crash resistance nor-
malised by the performance of the baseline model and a percentage of weight re-
duction. The graph shows that the crash resistance of the candidates is 2-3 times  
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Fig. 2. Dominating solutions and the Pareto frontier. 

 

Fig. 3. Comparison against the baseline model. 



Sustainable Design of a Side Door Reinforcing Assembly 391
 

a)  b)  

Fig. 4. Cross-sectional shapes of the selected design: a) lower cross-member, b) upper 
cross-member. 

better, while the mass can further be reduced by up to 45%. The explanation for 
such improvements is in the facts that the cross-sectional shapes of the candidates 
improved the mechanical efficiency of the materials and presence of materials 
with more favourable properties. 

Although the selected designs were equally good, the compromising solution 
was selected as the best option as the result of this parallel comparison. 

The cross-sectional shapes of the cross-members are presented in Figure 4. The 
cross-members are loaded in bending and the bending is about the vertical axis of 
the cross-section. As it can be seen, the optimisation favours shapes that increase 
their bending stiffness. Both of the shown sections tend to distribute more material 
away from the bending axis and they are oriented in such way that a corner edge is 
impacted first 

3.3   Material Selection 

A material choice was one of the unconstrained design parameters of this study 
and as a consequence materials with unrealistic properties may be preferred. This 
section looks into feasibility of the design from the aspect of the material choice. 
For that purpose, Granta’s CES Material Selector (GRANTA, 2009) was used. 
Since the objective of the study was to minimise the weight and maximise the 
stiffness, the most suitable material chart is a plot of Young’s Modulus versus 
Density (GRANTA, 2009).  
The material properties of the selected design require relatively high Young’s 
Modulus and relatively low density, both being in the range of aluminium and its 
alloys. Cost of aluminium per kilogram is higher than that of steel and a separate 
cost study would be needed to determine full feasibility of replacing steel with 
aluminium or any other “smart” material. 

4   Future Work and Conclusion 

As an extension of the author’s previous work, an optimization study of a door re-
inforcing assembly was presented. It was found that by a careful selection of the 
cross-sectional shape and usage of “smart” materials, the crash resistance is possi-
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ble to improve by a factor of 3 while reducing the mass by up to 45%. As the fu-
ture work structure efficiency as seen in the nature will be considered to compen-
sate for limitations of the traditional materials. 
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Abstract. In the past few years, there has been a variety of research on the auto-
matic driving system. However, research on overtaking between vehicles, espe-
cially implementation for the real condition seems to be somewhat neglected. In 
this study, an overtaking method using the model predictive control (MPC) has 
been introduced. A combination of continuation and generalized minimum residual 
method has been presented to optimize the system which is required to keep the 
minimal safe distance and choose the best time to make overtaking action. Also, the 
performance of the control system is verified by experiment using robot cars. 

1   Introduction 

In the past years, great development of automobile technology has been made to 
improve the movement of human beings; however, problems caused by vehicles 
have been becoming more and more severe. Traffic accidents and traffic jams are 
a major problem, which cannot be avoided by only improving automobile itself. 
Besides, some negative issues come, such as environment problems by exhaust 
emissions and automobile fuel problem [1]. 

Obviously, these problems cannot be solved only by drivers’ qualification, 
since there are many uncertainties on the road that drivers cannot deal with. There-
fore, an intelligent vehicle control system is needed. 

In this paper, a brief look of the model predictive control (MPC) using con-
tinuation and generalized minimum residual method (C/GMRES) is presented [2]. 
Then the construction of the control system is introduced, followed by the simula-
tion of the whole overtaking control system. Finally, the performance of the con-
trol system is verified by experiment using robot cars. 

2   Algorithm of the Model Predictive Control 

In general, we assume that the state equation and constrains are as follows,  
respectively [3]: 
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( ( ), ( ))x f x t u t=                (1)

( ( ), ( )) 0C x t u t =                (2)

In the receding horizon (RH) control, the performance is evaluated by 

[ ]( ( )) ( ( ), ( ), )
t T

t
J u L x u dτ τ τ τ τ

+
= ∫                (3)

Here, τ is the virtual time, T is the length of the horizon time; x is a state variable 
vector of host vehicle and surrounding vehicles u is the control input vector.  

Equation (3) is the evaluation equation of the whole control system. In order to 
get the optimal control input, J(u(t)) should be minimized. The requirements are 
listed as follows [5]: 

x Hλ=                                 (4)

, ( ) 0xH t Tλ λ= + =        (5)

0uH =                                 (6)

Here, λ is the co-state vector of the same size with x. Hλ, Hu and Hx refers to the 
partial differential equation for λ, u and x. H refers to the Hamiltonian equation de-
fined as: 

( , , , ) ( , , ) * ( , )TH x u t L x u t f x uλ λ= +           (7)

To make the discretization of control input, we divide the prediction horizon 
[ , ]t t T+  into N sampling period: 

0 1 1( ) ( ( ), ( ),... ( ))NU t u u uτ τ τ −=                        (8)

, ( 1,2,..., 1)i

i
t T i N

N
τ = + = −                       (9)

And, ( ), ( )i ix τ λ τ  can be calculated by the eq. (4) and (5), respectively. 

At each period, an optimal control problem results in nonlinear simultaneous 
equations: 

( , , ) 0F U x t =                             (10)

With differentiation for the both side of eq. (10), we obtain: 

( ) ( ) 0U x tF U t F x t F+ + =          (11)
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After a complete calculation for one time period, the optimal control input u can 
be updated: 

( ) ( ) ( )U t t U t U t t+ Δ = + Δ              (12)

3   Model of Vehicle Driving Control 

3.1   State Equations 

As the first step of this research, a situation of surrounding vehicles driving on a 
straight motorway is considered. Only the host car can change the lane. 

Thus, the state equation of the host vehicle can be explained as longitudinal and 
lateral directions. 

0 0

0 x

x v

v u

=
=

                              (13)

0 0 yy y uω ω= − +             (14)

Where: x0, v0, u are the position, velocity and acceleration respectively. y0 is lateral 
position status, where y0 = 1, refers to the left lane, y0 = -1, for the right lane, and 
ω is an overtaking parameter. 

On the other hand, the state of surrounding cars can be described in the longitu-
dinal direction: 

1 2

i i
i i i i i i

i r rv v v

x v

v k e k e k e

=
= + +

                (15)

Where, 

i

i

i
r p i i i

i
rv p i

i d
v i i

e x x h v

e v v

e v v

= − −

= −

= −

                     (16)

1 1 1 2

2 2 1

1

( , ) ( , ) ( , )

( , ) ( , )

( , ) ( , )

i i i i
r v v rv

i i i
r v v

i i i
v v r v v

k K sgm e sgm e sgm e

k K sgm e sgm e

k K sgm e sgm e

λ λ λ
λ λ

λ λ

= ⋅ − ⋅ − ⋅ −

= ⋅ − ⋅ −

= ⋅ ⋅

 (17)



396 X. Chen and H. Ogai
 

Here, ix , iv  and d
iv stand for the position velocity and ideal velocity of the i-th 

vehicle, px and pv  for preceding vehicle. sgm function can be describes as: 

1

1 exp( )
sgm x

x
λ

λ
=

+ −
            (18)

3.2   Evaluation Function 

The vehicle performance is evaluated with the following criteria: 
1. Acceleration is small 

21

2x xL u=                    (19)

2. Lane changes do not occur frequently 

2
0( )

2
y

y

u y
L

−
=      (20)

3. The desired velocity of the host vehicle is maintained as much as possible 

2
0 0( )

2

d

v

v v
L

−=      (21)

4. Keep certain distance away from surrounding vehicles 

0 0( )( ) ( )( )s Lf Lb Rf RbL c y l l c y l l= + + − +            (22)

Here, 0( )c y  stands for the lane status: 0
0

1
( )

2

y
c y

+=  

Therefore, the evaluation function is expressed as  

x x y y v v s sL w L w L w L w L= + + +                              (23)

Here, , , ,x y v sw w w w  are their weights. 

3.3   Overtaking Model 

In the overtaking model, we focus on the yu  in eq. (14). We set it as: 

*1 2 ( )y i iu sgm l lλ= − −                                   (24)
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In this equation, il  stands for overtake decision parameter (ODP): 

max( ( , , , ), ( , , , ))i i i b b f f i il l x v x v l x v x v=     (25)

Here, *
il  is the reference ODP, and il  is the actual ODP: 

0

2 2

( )
2 2

( )1
( , , , ) ( )

1( ) 1 ( ) 1
s B

B B F
f f b b v v

F B F B

v v v
l x v x v

x x x xe λ
αα

β β
− −

−−= +− −++ +
  

(26)

Additionally, β is standardized coefficient, α is a constant coefficient.  

4   Control System Simulation 

4.1   Simulation Condition 

As we can see in Figure 1 above, the whole simulation process is set as following 
conditions: 
 
1. vehicle A is set as the host car 
2. total simulation time is set to 50s 
 

 

Fig. 1. Simulation initial condition 2. 
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Fig. 2. Simulation process. 

 

Fig. 3. Vehicles’ position.  

Figure 2 and 3 shows the whole process of the simulation, from which we can 
see the host car start to change lane at 17.0s to overtake vehicle B, and follows the 
vehicle C. 

5   Implementation  

We implement the C/GMRES algorithm of MPC method into robot cars. 
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Fig. 4. Experimental robot car’s overtaking moment. 

In order to fit our experiment conditions, a two vehicles’ overtaking model was 
made: 

 

Fig. 5. Simulation initial condition 1. 

As we can see in the Fig. 5 above, the whole simulation process is set as following 
conditions: 
 
1. set the vehicle A as the host car 
2. total simulation time is set to be 100s 
3. the preceeding vehicle B is set to move in constant speed 
4. the right lane is set to be the fast track, which the ideal speed is 100cm/s 

There’s one thing that should be concerned: how to avoid the data overflow when 
the two cars are getting too close. As we can obtain in the eq. (26), the actual ODP 
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will become very large as with the denominator decreases. Consequently, this 

work modifies the ODP equation by 2( ) 1F Bx x

β
− +  rather than 2( )F Bx x− . 

The programing code is C, and data recorded in the robot car is plotted with 
MATLAB (Figure 6).  

 

  

Fig. 6. Simulation process. 

According to the Figure 6, we obtain that the host car A decelerate and get 
close to preceding car B at first; when the real ODP was larger than the reference 
ODP, A changed the lane to overtake B. Here, we set turning angel to be maxi-
mum, so that a quick overtaking action can be obtained. After host car switch into 
the fast track, is start to accelerate until reaching the ideal speed 100cm/s.  

6   Conclusions 

In order to make driving to faster and safer, an optimal driving control assist system 
is required. In this paper, a nonlinear model predictive control method is introduced. 
And the overtake model is designed and two vehicle overtake model is confirmed by 
experiment. Moreover, we plan to apply the model into the electronics vehicles, 
which is for the elders to make the vehicle accessible for more people. 

However, our work is far from complete. Many other aspects such as fuel 
economy, road recognition, etc. should be added into the automobile control sys-
tem, to make it contribute for realizing sustainable and environmental friendly in-
telligent transportation. 
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