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1 Introduction  and Motivation 

In this thesis the potentials of a selection of technical measures to reduce the fuel consumption 
and greenhouse gas emissions of heavy-duty vehicles (HDV)1 are described and 
assessed by simulation. 
Depending on the country in the European Union, HDV contribute from 17 to 100 % to the 
land transport of goods, in average 71 %, and from 5 to 22 % to the land transport of passengers, 
in average 9 % (1 pp. 37, 49)2 (2 pp. 221, 243) (3 p. 37). 
In 2012 the operation of HDV in the EU consumed 15 % of the oil demand, where ca. 9/10 
were imported (4 p. 67), and contributed 6 % to the overall greenhouse gas emissions3. The 
reduction of FC and GHG is necessary due to economic and ecological reasons. In addition the 
strong dependency on the oil exporters (4 pp. 26, 64) would be reduced. 

1.1 Economics - Save fuel cost 

The main economic driver is a financial benefit for the first owner due to saved fuel cost. That 
can only be reached, if  the benefit from fuel saving is higher than the additional start investment 
for a more efficient vehicle when compared to standard products. Additional parts or costlier 
components, improved for reduced energy consumption, are usually necessary to achieve 
savings. Therefore, the task is to reach the return on investment (ROI) in an acceptable payback 
period. For typical customers in Western Europe that ranges for commercially used trucks from 
1.5 to 3 years, dependent on the application (5 p. 211). 
The saving potential, investment cost and payback period of efficiency measures for typical 
HDV have been analysed based on German diesel prices mid 2014 (5 pp. 35-52). One result 
was, that not all measures are cost efficient. In the case of a tractor-trailer the components 

aerodynamic fairings at the trailer, gears with reduced friction, 
improved engine efficiency, tempo limit 80 km/h and tires with low rolling resistance 

can reach the payback in a 3 year period, but other complex measures probably not (5 p. 45). 
For the application of efficiency measures high diesel prices are supporting a short payback 
period for the first owner. So components which cause a surcharge of the vehicle but reduced 
fuel cost during the operation will be successful at first in markets with expensive fuel. 

                                                 
1 Commercial vehicles, trucks and buses, gross vehicle weight rating (GVWR, max. permitted mass) > 3.5 t 
2 Citations according ISO 690, numerical reference. E. g. (1 pp. 37, 49) means source no. (1), there p. 37 and 49, 
from list of references in this thesis, here p. 219 ff, section 6.2. 
3 HDV, EU-28, 2012: CO2 emissions of 230.1 Mt tank-to-wheel (526); converted with CO2-factors to 71.68 Mt 
fossil diesel fuel, 279.6 Mt CO2-equivalents well-to-wheel and to an energy consumption of 3.677 EJ 
well-to-wheel (208 p. 24). EU-28, 2012: Gross inland consumption of oil products ca. 24.05 EJ, 
(1 p. 119); overall GHG emissions of 4'713Mt CO2-equivalents (33). 
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An overview on the simulation procedure and the data sources is given in Figure 12. 

 
Figure 12. Calculation pri nciple of VECTO, indication of data sources18 

                                                 
18 In this sketch most components of the powertrain are shown, which can be depicted in VECTO v3.2.0/925.  
In addition portal axles can be input. The effectively utilized components depend on the application of the HDV. 
E. g. a common powertrain of long haul trucks in western Europe consists of a final drive, a retarder, a gearbox,  
a clutch, auxiliaries and an engine. 
If the HDV is equipped with multiple driven (portal) axles and/or hub gears, the gear ratios and loss maps of the 
transfer gearbox(es), the final drive(s), the portal gear(s) and the hub gears are combined to one virtual final gear 
as input for VECTO. 
In case of garbage trucks the PTO can be connected to the engine or to the gearbox. 
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2 Simulation of the energy consumption of heavy-duty vehicles 

In this chapter an overview of the simulation method is given, which was used to calculate the 
energy demand of the basis vehicle models and the possible reduction by saving measures on 
vehicle level. The approach uses the equations of longitudinal dynamics and thus is valid for 
all wheeled land vehicles, differing in powertrain19 structure and energy sources: Trains, 
on- and off-road motor-vehicles of all sizes, motorcycles and bicycles. Here it is applied to 
calculate the engine power demand and energy consumption of heavy-duty road vehicles, 
i. e. trucks and buses of gross vehicle weight rating (GVWR) > 3.5 t, with an internal 
combustion engine or electrical machine. 
The analysed models are a tractor-trailer (TT), gross combined weight rating (GCWR) 40 t, 
a delivery truck (DT), GVWR 12 t, and an urban rigid bus (RB) 18 t, compare p. 83 
section 2.6.1 for an overview and p. 166 section 5.6.1 for details. Typical target-speed driving 
cycles are available, from long haul and coach operation to municipal utility and city bus traffic, 
see p. 153 ff. section 5.4.1. 

2.1 Backward and forward simulation 

For the simulation of longitudinal vehicle dynamics one can make the main difference between 
backward and forward models, quasistatic and dynamic. 
For the backward simulation the courses of velocity and altitude or road gradient are given and 
the power at the wheels is calculated, the procedure is explained on p. 15 ff. chapter 2.2. 
The calculation flow from wheel to engines is shown in Figure 13. 

 
Figure 13. Calculation flow of a backward simulation 

The first researchers started with backward simulation, as soon as computers were 
commercially available. If so the models were modified to depict performance limits due to the 
maximum available engine power. Lukey calculated the full throttle acceleration of a Buick 
passenger car in the mid-1950ies on an IBM 650 mainframe (63). With these results as basis, a 
Buick Third Member was simulated on a complete driving cycle (64). At the same time the 
                                                 
19 Definitions used in this work: 
Powertrain. All components from the energy storages and power machines to the hubs of the driven wheels, hence 
fuel tanks, batteries, heat engines, electrical machines, auxiliary consumers, clutches, gear pairs and shafts. 
Drivetrain. All components between the power machines and the hubs of the driven wheels, hence clutches, gear 
pairs, shafts. Thus the drivetrain depicts those parts of the powertrain, which transmitt the mechanical power from 
the machine(s) to the wheels, and back in case of regenerative braking. Following this definition, a vehicle with 
wheel hub motors does not contain a drivetrain. 
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engineers at Detroit Arsenal investigated the acceleration performance of the light truck 
XM521, GVWR 2.27 t (65). In the early 1960ies the results of the simulation of a tractor-trailer 
on a typical motorway cycle were published by the GMC Truck and Coach Division (66). Also 
the computational analysis of regenerative braking of hybrid passenger cars started (67). 
More details on the current state of backward simulation is given the literature, e. g. the sections 
"quasistatic modelling" for every powertrain component in (68). 
 
In contrast to the backward model, the calculation flow of the forward simulation is from engine 
to wheel. The input values for the driver model, which is represented by a virtual controller, are 
the target velocity (vtarg), the current simulated velocity (vsim) and the desired values for 
acceleration and deceleration. The driver model generates the signals for accelerator and brake 
pedal, which are the input for the virtual vehicle controller and the model of the brake system. 
Current HDV are equipped with a sensor pedal, the signal is forwarded to the real vehicle 
controller, which actuates the engine(s) and the whole powertrain. 
From a mechanical point of view this is the calculation of a multibody system with all reaction 
forces among each other. The system consists in case of a vehicle of the moving parts of the 
powertrain20 and the driving resistance forces, acting at the wheels. The calculation scheme 
with the main feedback loops is shown in Figure 14. 

 
Figure 14. Calculation flow of the forward simulation. 

 
  

                                                 
20 For the task to simulate the FC, the parts of the powertrain can be modelled as rigid bodies, connected by stiff 
couplings. This assumption is only valid, when oscillations, e. g. due to the elasticity of gears and shafts, are not 
relevant. That is the case, if only the power demand at the driving machine(s) shall be simulated. 
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The results for the tractor-trailer and the final curves as input for VECTO (factC.d,vel,60) for the 
three analysed vehicle models are shown in Figure 20. 

 
Figure 20. Left: Correction of air drag coefficient tractor-trailer for avrg. cross wind, with  & w/o side 

panels, sources A and B. Right: Input data for VECTO for the three basis vehicle models.  
All data for effective wind velocity (vwind,eff) 3 m/s (= 10.8 km/h). 

By adding side-panels the air drag is reduced due to a lower Cd-value, compare p. 168 
Table 31, and in addition due to a lower Cd -increase by side wind. The latter effect is depicted 
by appropriate curves for the influence of the cross wind for the vehicle models without and 
with panels. For the delivery truck as solo vehicle the sensitivity towards cross wind is small, 
because the vehicle itself is short and contains no bigger gaps in the chassis. 
 
Concerning the effective wind velocity (vwind,eff) it shall be mentioned, that this value is not 
constant for all European regions or terrains beside the roads. E. g. motorways are usually 
surrounded by fields or woods, and urban streets by higher buildings. In addition vehicles drive 
in the boundary layer of the wind between the road surface and the open sky, which can be 
described by the so-called logarithmic wind profile. The effective wind velocity can be 
calculated from the wind profile and the resulting aerodynamic force, see Equation 6. 

Equation 6. Effective wind velocity (vwind,eff) for case direct headwind25. See also p. 22 Figure 21 left.

 

where: Fair,wind Force by wind, acting on vehicle body against driving direction 
hveh  Height of vehicle 
vwind  Wind velocity in boundary layer, dependent on altitude above road surface 
vwind,eff Effective wind velocity. 
vwind,ref Reference wind velocity at reference altitude zref, from wind atlas 
wveh  Width of vehicle 
z   Coordinate for altitude above ground, here the road surface 
z0   Aerodynamic roughness length. Altitude above ground, where the wind 

velocity becomes zero. 
zref  Reference height, altitude above ground where the wind velocity is known 

The aerodynamic roughness length (z0) is the altitude above ground, where the wind velocity 
becomes zero due to the surrounding terrain, e. g. grass, crops, wood or buildings. It is 
                                                 
25 Formula wind velocity (vwind) from (547 p. 131). Cd const. for all vehicle sections from ground to max. height. 

vveh in km/h
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The power curve for the alternator was interpolated from its performance map, see Figure 25 
left. In case of a constant electrical power demand this interpolated mechanical power becomes 
a characteristic curve, compare Figure 25 right. 
The input data for VECTO was the alternator performance map and a constant electrical power 
demand. The characteristic curves in Figure 25 right were used for the model of regenerative 
braking, described later on p. 62 ff. chapter 2.4.1. 

 
Figure 25. Left: Alternator performance map (Bosch). Right: Power curves for basis HDV models 

For every vehicle model generic data for the average electrical power demand is available, see 
p. 167 Table 30. The characteristic curves for the mechanical power demand from the alternator 
are calculated with the electrical power, the alternator map, its gear ratio to the engine 
crankshaft and the efficiency of the transmission from crankshaft to alternator, here 0.98. 
 
Compressor, fan and steering pump are intermittent consumers, switching regularly from low 
to high power and back, where the steering pump is not used on chassis dynamometers. During 
the driving cycle shown in Figure 24 right the fan is not engaged appreciably, a better picture 
from the measurement of another vehicle is shown on p. 213 Figure 206. 
To simulate the exact engine operation points in terms of load, detailed models for the variable 
power demand of the intermittent consumers are necessary, what increases the grade of detail 
and the burden of data collection plus model calibration significantly. An impression of the 
effort for a more in-depth model of the fan is given on p. 37 ff. section 2.3.1. It is not 
manageable to reach this grade of detail for type approval and implementation in VECTO. 
Thus the approach is to take average power values, varying by HDV class, driving cycle and 
technology stage of the device. E. g. a compressor with clutch to avoid idle losses gets a lower 
mean power than without clutch, hence the more efficient technology is privileged. 
 
This simplification of using constant power values over a cycle does not lead to a bigger 
deviation of the calculated FC. There is an almost linear relation between engine power and 
FC, with exception of very low engine load. 
Here this relation is called the "Fuel Consumption Line" (FC-line), and it was elaborated by 
other workers from the concept of the "Willans Line" (116 p. 23) (117) (118 p. 248 ff.) 
(119 pp. 9-11, 34-37) (120 p. 18 ff.) (121 pp. 19 ff., 67 ff.) (122 p. 785). 
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Figure 34. Input curves for demanded max. acceleration and min. deceleration, truck and city bus39 

 
The standard gear shift control for trucks with (A)MT is simple, see Figure 35 left. When the 
current gear is below the highest gear and the demanded engine operation point on or right of 
the "shift up" curve, the next higher gear is selected. In case of a current gear above the 1st and 
an engine operation point on or left of the "shift down" curve, the next lower gear is chosen. 

 
Figure 35. Curves for gear shift control in VECTO v2.240 

In case of AT with hydraulic torque converters the curve "shift up" refers to the engine speed 
in the next higher gear, see Figure 35 right. For the 1st gear, where the hydraulic torque converter 
is unlocked, it is shifted up as soon as possible, when the engine speed in the 2nd gear reached 
the range of maximum torque. The average losses in the hydro-mechanical 1st gear are high at 
ca. 25 %, thus the residence time in this gear is limited to the minimum. 
It shall be mentioned, that the shifting model for AT in VECTO is work in progress at the time 
of writing, hence it is provisional. As will be shown later on p. 94 ff. section 2.6.3.4, the utilised 
model of a 4-speed AT in VECTO v2.2 seems to produce an overestimation of the total FC 
especially for buses of higher mass in heavy urban traffic. 
 
The described features are the main functions of the shifting model of VECTO v2.2. In addition 
some extra-rules are regarded (54 p. 55), like an early upshift for the AMT when the engine 
speed is still below the "shift up" curve, but enough torque is available in the next gear. 

                                                 
39 Acceleration curves for truck from (149 p. 139/140), acceleration curves for city bus elaborated from 
measurement of bus line 31 Graz in 2012-04 (243 p. 136/137) (161 p. 35), rigid bus 12 m, 3.8 t payload, halt at 
every bus stop, usual driving style "aggressive". 
40 Gear shift curves truck calculated according (101 pp. 168-170). City bus shifting curves adopted to meet average 
engine speed: neng,rel,avrg = (neng,curr,avrg - neng,idle) / (neng,rated - neng,idle). Measured engine speed (neng,curr) from city bus 
with 4-speed AT, see p. 199 Table 62, first case. 
The shifting model for the early versions of VECTO v3 is similar to VECTO v2.2. The model will be completely 
reworked and will be probably available in the 2018 versions of VECTO v3. 
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2.3 Models of engine auxiliary consumers 

A new model was developed to calculate the power demand of the cooling fan, and an existing 
model for the compressor of the pneumatic system was revised to allow a more detailed 
simulation than just using constant power values as foreseen for VECTO today. 
The models can be used to determine the additional load on the engine by these consumers, or 
to generate values for their average constant power consumption. 

2.3.1 Cooling fan 

In this section a model for the simulation of the intermittent power demand of the fan is 
described. This consumer contributes ca. 0.5 % to the FC of a tractor-trailer on the Long Haul 
cycle 2015. The current approach in VECTO is to choose a constant table value for the average 
power demand. There the distinction is made between different power transmission 
technologies from engine crankshaft to fan shaft, e. g. on-off clutch or viscous clutch. 
An alternative approach is to determine the input values for a more detailed model of the fan 
and to calculate its power demand timestep by timestep. Multiple publications on HDV cooling 
systems and fans were found, but no complete model which was simple enough to be 
implemented without additional software or much programming effort (131) (132) (133) (134) 
(135) (136) (137) (138) (139) (140). Hence a new model of the cooling system was created to 
calculate the fan power demand. 
The manufacturer of HDV cooling systems MAHLE Behr GmbH, Stuttgart, kindly shared the 
measurement data of an EURO VI tractor engine 326 kW with cooling circuit, so the model 
could be validated. All measurement values shown in this chapter were provided by MAHLE. 
The engine operation when powering a typical tractor-trailer with 19.3 t payload on the old 
Long Haul cycle 2012 was simulated in VECTO. Subsequently the resulting engine cycle was 
measured on a test bench where the engine was equipped with its original cooling system, and 
the headwind was generated by a blower. 
All model parameters have been fitted based on these measurement data. 
 
The approach of the elaborated model is: 

o Determine the fan state, on or off, and its rotational speed, depending on the 
coolant temperature. 

o Model the air flow through grille, radiator, (idling) fan and engine compartment to the 
undersurface as pipe flow with flow resistances. 

o Calculate the air flow velocity with Bernoulli's principle. 
o Assume the ram pressure by headwind and the increase of static pressure by the activated 

fan as energy sources, and grille, radiator, idling fan plus engine compartment as 
flow resistances. 

o Depict the fan as additional flow resistance in idle state, or calculate its operating point 
in terms of flow velocity and pressure increase when actuated. 

o Determine the fan power consumption from a measured characteristic curve. 
o Model the heat flow from coolant to air in the radiator as characteristic curve, dependent 

on the air flow velocity. 
o Determine for each timestep the heat input to coolant and engine, calculated by the heat 

balance from the fuel energy flow and the waste heat flow to the radiator. 
o Calculate with a heat balance the temperature of coolant and engine for the next time step, 

assuming one effective thermal mass. 
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The general structure of an engine cooling system and the curve of the actuation grade for the 
fan are shown in Figure 37. 

 
Figure 37. Left: Structure of analysed engine cooling system. Right: Fan actuation grade xfan 

The cooling system consists of an inner and an outer circuit, where the radiator is located in the 
outer circuit. The coolant flow from the engine can be split by the thermostat, and a fraction 
from 0 to 100 % can be lead through the radiator. Engine's waste heat is transmitted to the 
coolant in the inner circuit and afterwards to the air flow in the radiator. Between engine and 
radiator the fan is mounted and boosts additional air, when the headwind is not sufficient to 
gain enough heat transfer. 
The thermostat is controlled by the coolant temperature at engine outlet (Tcool) and opens the 
outer circuit partly in case of higher cooling demand. If the thermostat is closed, the radiator 
can be cooled down almost to ambient temperature by the headwind and be used as low 
temperature storage for the next phase with high waste heat. 
In the model, which is described below, the thermostat is neglected and the lower limit for the 
coolant temperature is set to 82 °C by definition. 
One of the main simplifications of the model is the depiction of engine and coolant circuits as 
one effective thermal mass. In reality the lower limit for the temperature of the inner coolant 
circuit is 82 °C, hence this number was also chosen as lowest temperature of the effective 
thermal mass. If the temperature, calculated from the heat balance, compare p. 46 Equation 20, 
would become lower than 82 °C, this is neglected and it is held constant until the next phase of 
heat excess. 
 
In case of the measured cooling system the fan speed (nfan) was set by the actuation grade xfan, 
which is dependent on the coolant temperature, see Figure 37 right. The fan speed is calculated 
by Equation 10. 

Equation 10. Calculation of rotational fan speed 

 

where: nfan  Rotational fan speed, at output of viscous clutch, see Figure 38 left 
xfan  Fan actuation grade, interpolated each time step from curve Figure 37 right 
neng  Rotational engine speed 
icl,fan  Ratio of rotational speed of fan clutch to engine speed 
nfan,idle Rotational speed of idling fan 

This relation is only valid for the analysed viscous clutch, which is electronically controlled. 
For other power transmission types like viscous clutches with bimetallic temperature control or 
on-off clutches other relations have to be chosen. 
The speed ratio of fan to clutch input shaft nfan / nfan,cl is adjusted by changing the oil volume in 
the viscous clutch. A higher oil volume leads to a higher speed ratio due to more fluid friction 
between in- and output plate, a drawing is shown left in Figure 38. 
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Figure 47. Fan, simulation and measurement results, VECTO Long Haul cycle 2012, part 2 

The distinction between the states fan-off and fan-on and the magnitude of the fan power 
demand are calculated reliably, with a few exceptions, e. g. at second 40. The simple model for 
the coolant temperature matches the measurement values sometimes well and other times 
poorly. E. g. at 760 s and 2'850 s the negligence of the outer coolant circuit, where the radiator 
was cooled down to low temperatures before, leads to a deviation. If the cooling demand 
increases in that case due to higher waste heat, at first the thermostat is opened and the radiator 
heats up, hence the coolant temperature remains lower than for an already hot radiator. This 
behaviour is shown in Figure 48. 

 
Figure 48. Measurement values for coolant temperature and volume flow of inner engine and 

outer radiator circuit, simulated coolant temperature of effective thermal mass. 

The simplification of one effective thermal mass causes in the two activation phases at 760 s 
and 2'850 s a longer fan operation at higher power. The simulated fan work is 0.13 kWhmech 
higher than measured, what increases the overall mean fan power by 0.1 kWmech, hence 9 % of 
the average value. 

A summary of the mean results from measurement, from the simulation with the reference 
calibration factors and from a simulation with a parameter variation for the calibration factors 
effective heat capacity Ceng and radiator curves 2 and 3, p. 45 Figure 45, is given in Table 5. 

Table 5. Mean values; measurement; simulation with reference calibration factors (line "Simulation") ; 
parameter variation for effective heat capacity (Ceng) and heat flow coefficient curves of the radiator 

 

Tcool

|Tcool,meas - 
Tcool,sim| | Pfan,off&on Qrad
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.
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With the simple model, calibrated to the one available measurement run, the mean value for the 
fan's power demand is matched acceptably. 
It can be assumed that the grade of detail and accuracy are not good enough to depict a cooling 
system's behaviour without a preceding calibration of heat capacity and radiator curve. These 
input values influence the simulation results decisively, like shown in Table 5. Hence without 
further analysis and refinement this model is not suitable for a standardised simulation approach 
like in VECTO. 
Also it shall be stated, that the adjustment of the model to only one set of measurement data is 
insufficient to judge its quality. More comparisons are necessary to determine, if such a simple 
model works for other layouts of the cooling system or other driving cycles. These restrictions 
need to be taken into account when interpreting the further results from the model. 
 
The further analysis showed, that a detailed fan model is currently not necessary for the VECTO 
approach. The distinction between the fan as intermittent power consumer or one average 
constant power demand changes the overall FC very little, compare also p. 24 ff. chapter 2.2.3 
on the FC-line. The calibrated fan model for a tractor trailer, 330 kW rated engine power and 
19.3 t payload, was used to simulate the intermittent fan power for the VECTO truck cycles 
without Municipal utility41. The differences between the fan as intermittent or constant power 
consumer were analysed, also the saving potential of a viscous clutch, which can be decoupled 
in idling state. With such a device the idling losses from 0.1 to 0.5 kW could be avoided. The 
mean results are shown in Table 6, and for some time courses see p. 213 section 5.15. 

Table 6. Average values of simulation results for the fan's share at the overall FC at different payloads 

 FCtot in 
L/100km 

Tcool 

in °C 
nfan,on 

in 
rpm 

W fan,on 
in 
kWh 

t fan,on 
in 
%t cycle 

Pfan,off&on  

in kW  
Pfan,off&on  

ACEA 
in kW  

FCfan 

in 
%FC tot 

%FC, 
Pfan = 
const. 

%FC, 
de- 
coupl. 

Long Haul 2012, 19.3 t 35.6 89.3 707 1.19 22 1.05 0.62 0.9 -0.08 -0.2 
Long Haul 2015, 19.3 t 31.5 87.6 662 0.38 9 0.56 0.62 0.5 -0.02 -0.2 
          0 t 22.2 82.8 off 0.00 0 0.28 0.62 0.3 0.00 -0.3 
          25.6 t 34.6 89.2 593 0.59 17 0.70 0.62 0.6 -0.03 -0.2 
Reg. Delivery '12, 19.3 t 39.5 91.1 395 0.07 14 0.36 0.67 0.3 -0.01 -0.1 
          0 t 23.7 82.5 off 0.00 0 0.22 0.67 0.3 0.00 -0.3 
          25.6 t 44.8 92.9 463 0.20 28 0.61 0.67 0.5 -0.02 -0.1 
Urb. Delivery, '12 19.3 t 50.3 92.2 397 0.13 15 0.29 0.52 0.4 -0.02 -0.1 
Construction, 19.3 t 57.5 91.0 489 0.28 25 0.55 1.05 0.7 -0.05 0.0 

Note: FCtot - Total FC of vehicle; Tcool - Coolant temp.; nfan,on - Rotational speed of fan, case "fan-on"; W fan,on - 
Work demand of fan, case "fan-on"; t fan,on - Duration of phases "fan-on"; Pfan,off&on  - Overall power of fan, cases 
"fan-off" and "fan-on"; Pfan,off&on  ACEA  - ACEA table values; FCfan - Overall FC of fan, cases "fan-off" and 
"fan-on"; %FC, Pfan = const. - Change of FCtot, when the intermittent fan power is replaced by its average 
constant value; %FC, decoupl. - Change of FCtot, when the idling fan is decoupled from the engine 

It is obvious, that the intermittent change of the fan's power demand can be neglected for the 
total FC, if a realistic value for the constant average power demand is chosen. The change in 
total FC is below 0.1 %. 
The variation of the payload from empty to full influences the engine power demand, the waste 
heat and the fan power. For the Long Haul cycle 2015 the average fan power varies from 0.3 to 
0.7 kWmech for empty and full vehicle, for the Regional Delivery cycle 2012 from 
0.2 to 0.6 kWmech. 

                                                 
41 The Municipal Utility cycle was not analysed for the fan power, because it aims at garbage trucks and consists 
of 53 % standstill. There the hydraulic pumps for lifting device and waste press consume up to 30 kWmech from 
the power take-off at engine or gearbox (525), what is not foreseen for long haul trucks. 
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2.5 Models of electrified powertrains 

In this chapter the simulation approach and the control strategy for the models of 
hybrid-electrical and battery-electrical vehicles (HEV, BEV) are described. For the technical 
data of the vehicles see p. 172, Table 34 entries B) to E), p. 178 Table 38 and for the basis 
performance map of the electrical machines (EM) p. 181 Figure 201. The hybrid types electrical 
parallel and electrical serial are shown in Figure 70. 

 
Figure 70. Structure of electrical parallel and electrical serial powertrains50 

Batt. - Battery; EM  - Electrical machine; Genset - Generator set, combination of heat engine and electrical 
machine, which works only as generator; ICE  - Internal combustion engine; SCap - Supercapacitor. 

The main distinction between parallel and serial hybrid is, that in case of the parallel layout the 
ICE and the EM can propel the vehicle simultaneously or independent on each other, where the 
serial hybrid is already an electrical vehicle with a genset as power source. 
The map of the permanent magnet synchronous machine (PMSM) was measured at the institute. 
It was scaled for the maximum torque of the different EM models, and the resulting power 
curves are shown on p. 182 ff. Figure 204 and Figure 205. 
For the electrical one-way efficiencies of the components inverter, battery and supercapacitor, 
i. e. the ratio of output power to input power for the transfer in one direction, 
the value 0.95 was assumed51. The EMs are connected by an inverter to the electrical storages, 
which converts the alternating current to/from the EM towards direct current from/to 
the battery or supercapacitor. 
Hence the round-trip efficiency between EM and storage cells for regenerative braking 
  EM output - inverter - storage input - storage output - inverter - EM input 
becomes (0.95)4 = 0.815, where inverter and storage contribute each two times 0.95. 
The efficiencies of the power conversions mechanical to electrical (EM as braking generator) 
and vice versa (EM as propelling motor) need to be considered in addition. 
EM can be operated for a certain time at overload, up to multiple continuous power. The limit 
for the duration is the temperature of the copper windings. When it becomes too high, the 
electrical insulation would melt and/or other damage occurs. The temperature course of the EM 
depends amongst others on its cooling system (air or liquid), the cooling capacity and the 
installation situation. During overload the waste heat from the EM, 5 % to 20 % of the electrical 
power, is higher than the removal by the cooling system, hence the machine heats up. 
How power and overload for real electrical vehicles are controlled is not known. 
E. g. for a parallel hybrid bus Volvo 7700 LH with an EM of 70 kWmech continuous and 
120 kWmech peak power, the limit for motor operation on the road was +75 kWmech, for 
generator operation -90 kWmech (160 p. 9). 

                                                 
50 These powertrain structures and components are treated in this thesis and are only one of manifold possibilities 
to combine energy conversion machines, energy storages and gearboxes. For more examples see the literature. 
51 Published values for the electrical one-way efficiencies of inverters, Li-Ion batteries and supercapacitors,  
mainly in the range 0.90 to 0.98, are given e. g. in (560 p. 35.41) (561 p. 925) (562 p. 5) (563 p. 56) (564 p. 25) 
(565 p. 28) (566 p. 320) (567 p. 4) (568 p. 7544) (569 p. 519) (570 p. 443) (571 p. 117) (572 p. 16) (573 p. 1999) 
(574 p. 39) (575 p. 116) (576 p. 324). 
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o A start-stop function is implemented. At every stop the diesel engine is turned off and the 
electrical consumers are fed from the battery. 

o For a SOC below 44 % the diesel engine remains running at stops or is turned on again, 
powers the EM as generator and feeds the electrical consumers to spare the battery. 

o For velocities above 15 km/h the diesel engine is turned always on and becomes 
the prime motor. 

o The power of the diesel engine is the difference between the power at the gearbox input 
shaft and the power of the EM. In case of EM operation as motor the diesel engine is 
relieved, and for load point shift its excess power is used to load the battery. 

o With the engine speed and its power the FC is interpolated from the performance map. 

An example for the model output is shown in Figure 76 and Figure 77. 

 
Figure 76. Model of diesel-electrical parallel hybrid rigid  bus, section of Urban Bus cycle, part 1 

 
Figure 77. Model of diesel-electrical parallel hybrid rigid bus, section of Urban Bus cycle, part 2 

The phases where the EM works as motor, as generator during load point shift and as generator 
during regenerative braking, are clearly visible. 

2.5.3 Diesel-electrical serial hybrid rigid bus 

For the HDV class rigid bus also the model of a serial hybrid powertrain was created. The main 
data of the bus model is given on p. 172, Table 34, "C) Diesel-electrical serial hybrid vehicle". 
The models of the (serial hybrid) electrical buses were simulated with VECTO v1.4 for 
technical reasons, and the output was the course of engine operation points for the EM. Below 
the further calculation is described, what was developed as a postprocessing in Excel. 

o The state of charge (SOC) of the supercapacitor at cycle start equals the SOC at end, what 
was reached by adjusting the SOC at simulation start. 

o The model offers the hybrid functions regenerative braking and electrical driving. 
A start-stop function was implemented indirectly. The auxiliary consumers were 
powered electrically, and the diesel engine starts only to propel the genset, when the 
supercapacitor reaches the lower SOC limit. 

o From the course of EM operation points from the VECTO output the course of electrical 
power at the EM clamps was interpolated from its performance map. 
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In addition the models were simulated with average payload, see Figure 84. 

 
Figure 84. Models of (hybrid) electrical vehicles, average payload56. Characteristic values for overload 

For the simulations with average payload the stress of the virtual electrical machines is lower 
than for full payload. E. g. the average ratio of the power to the continuous power ranges from 
0.41 to 0.89 instead 0.47 to 0.97, also the share of overload operation gets lower to 0.03 to 0.42 
instead of 0.08 to 0.46. In case of the parallel hybrid articulated bus the average ratio of overload 
to continuous power is still high at 1.79 and 2.17, but lower than for full payload. The temporal 
distribution of the overload phases showed for the parallel hybrid tractor-trailers long haul and 
delivery or for the battery-electrical delivery truck "Smith" one minute or two minutes at 
different parts of the cycle, where the share of overload was above 0.50. In case of the hybrid 
long haul tractor-trailer the longest continuous overload phase was 11/4 minute during downhill 
driving, like for the simulation with full payload. The average of the share of overload in the 
intervals of 1 minute from all models was 0.05 to 0.27, thus lower than with full payload, 
where it was 0.07 to 0.33. 
It is estimated, that the curves for maximum and minimum power of the electrical machines 
work for the simulations with average payload and real machines would likely not overheat. 
 
  

                                                 
56 Average payload: TT 14.5 t; DT 1.8 t; DTT 9.14 t; DTS 1.8 t; RB 16 Pass., 1.1 t; AB 26 Pass., 1.8 t.  
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For tractor-trailer, delivery truck and rigid bus the empty vehicle models output 21.5, 16.9 and 
38.3 L/100km. At full payload the results are 33.2, 24.2 and 50.3 L/100km, where the FC is 
with good approximation linearly dependent on the payload. 
The payload-specific GHG emissions decrease for a higher capacity usage. For the average 
loaded basis HDV models tractor-trailer, delivery truck and rigid bus the ratios of payload to 
total vehicle mass are 52, 23 and 9 %. In addition to the much more transient urban driving 
cycles this leads to significantly higher specific GHG emissions: 343 and 1221 gCO2e/tkm for 
the delivery truck and for the rigid bus respectively, vs. 62 gCO2e/tkm for the tractor-trailer. 
On every driving cycle it is prodigal to move 75 to 90 % vehicle mass for 25 to 10 % payload. 

To get an impression of possible savings, the split of engine work output is useful, Figure 89. 

 
Figure 89. Split of engine work output, basis heavy-duty vehicle models with average payload 

For the tractor-trailer model 45 % of the work are consumed by the air drag, 29 % by the rolling 
resistance of the tires, 13 % by the friction brakes at the wheels, 8 % by the drivetrain friction 
incl. idling retarder and 5 % by the engine auxiliary consumers. Thus for this vehicle class 
saving measures for air drag and rolling resistance are particularly effective. 
In case of the delivery truck model, where the Urban Delivery cycle 2012 is much slower than 
the Long Haul cycle 2015 (vavrg 30.8 vs. 79.6 km/h) and more transient, the split is another: 30, 
19, 28, 8 and 14 %. The share of air drag and rolling resistance is lower and the brake loss 
significantly higher. Also the engine auxiliaries consume a higher share. 
On the slow and transient Urban Bus cycle with the bus model (vavrg 17.7 km/h) the air drag is 
not very significant at 7 %, hence aerodynamic measures for city buses are not efficient. On the 
other hand the brake loss is high at 36 %, the drivetrain friction contributes 14 %, incl. 6 % 
losses in the first hydro-mechanical gear during drive off, and the engine auxiliaries consume 
29 % of the work. Thus for this vehicle class regenerative braking should be useful, also 
efficient auxiliaries with reduced idle losses. 

2.6.3 Check for plausibility of basis vehicle models 

In this chapter the basis models of the HDV are checked for plausibility. FC values from own 
measurements and publications were collected, and the model results were compared. 
The engine performance maps of all HDV models were compared with measurement results 
and showed conformity, and also the average efficiencies of the truck transmissions are in line 
with guidance- and default values, compare p. 180 ff. sections 5.8 and 5.9. 

2.6.3.1 Models of tractor-trailer and of delivery truck 

In the following paragraphs the basis model for a tractor-trailer, p. 87 Table 17, is compared 
with published measurement and simulation data. The collected FC numbers are shown on 
p. 192 ff. Table 56, and the calculated payload-specific GHG values on p. 194 ff. Table 57. 
The model was simulated on the cycles Flat-80km/h, Long Haul 2012 and Long Haul 2015, 
from empty to full payload in steps of 2 t. The measurands are from tractor-trailers with known 
payload, EURO III, MY ca. 2000, to early EURO VI, MY 2014. For that decade no significant 
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change in average FC is reported (45 p. 150 ff.) (46 p. 31) (47 p. 11) (48 p. 30) (49 p. 28)65, 
hence the values are comparable. The results are shown in Figure 90 and Figure 91. 

 
Figure 90. Basis model tractor-trailer, comparison with measurement, w. default correction for crosswind. 

 
Figure 91. Basis model tractor-trailer, comparison with measurement, w/o correction for crosswind. 

With the default correction for crosswind the model outputs FC values which are at the upper 
end of the scatter plot of measurement results from tractor-trailers on motorways. As described 
on p. 21 ff. at the end of section 2.2.1.3, an average effective wind velocity of 3 m/s seems to 
be too high for mid- and south-Germany, where most of the measurements took place in the 
corridors of the motorways. Thus the model was simulated without crosswind and then the 
results are in the range of measurements, or in case of the cycle Flat-80km/h below. 
It shall be mentioned that the unknown RRC of the tires of the measured vehicles and also 
uncharted properties of other components like the real air drag coefficients or the auxiliary 
consumers add additional uncertainty to the comparison. 
Thus it can only be stated that the model produces FC numbers which are in the range of 
measurement values, and the default effective wind velocity can be too high for some regions. 
A detailed validation of the model of an EURO VI tractor-trailer, which existed only virtually, 
was not possible. 

The basis model tractor-trailer was also compared to a reference model in VECTO from the 
manufacturers. In 2013 TML collected data from the European OEM to forecast FC reduction 
potentials (167). The scenario for tractor-trailers was the old Long Haul cycle 2012 with a test 
mass of 34.4 t (167 p. 9). The corresponding basis model EURO VI of this thesis with the same 
test mass outputs 32.9 L/100km. That is 1 % above the VECTO simulation result from the 
manufacturers of 32.5 L/100km for the same HDV class (167 pp. 7, 10). 

Also the basis model of the delivery truck EURO VI was compared with published FC values, 
as is described in the paragraphs below. For the numbers see p. 195 Table 59. 
The simulated FC from the basis model EURO VI with average payload, 19.0 L/100km, is in 
the range of 16.1 to 21.5 L/100km from 12 t trucks EURO V in urban delivery traffic in multiple 
European cities. For these measured trucks the average values for payload or test mass 
are not known. 
                                                 
65 The visible decrease of the avrg. FC of French tractor-trailers from 2013 on was likely caused by the introduction 
of an additional energy tax on diesel fuel, compare also the corresponding footnote on p. 9. 

Basis model tractor-trailer, with default Cd-increase by crosswind Measurement data
researched for motor-
way operation, mainly
DE, not representative
for whole EU.

payload in t

Variation of tractor-trailer model, without correction for crosswind

payload in t
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The simulation for a test mass of 11.7 t outputs 23.8 L/100km, what is also in the range of 20.5 
to 25.2 L/100km from two measured trucks EURO V with similar mass in urban traffic. The 
engines of the test trucks were of different rated power, 118 to 185 kW, hence it can only stated 
that the simulation results are in a plausible range, not more. 

2.6.3.2 Rigid city bus 12 m 

To compare the model of the rigid city bus with other 12 m buses, published FC values for this 
HDV class were researched, compare p. 199, Table 62. 

The measured FC numbers result from tests of buses with 4-speed AT and with 7-speed AT. 
The available transmissions for city buses and other urban vehicles from the manufacturers 
Allison (7-speed), Voith (4-speed) and ZF (7-speed) differ in the design. In the first gear of the 
4-speed AT the transmitted power is split between the hydraulic torque converter and the first 
mechanical gear of the planetary gearbox. In case of the 7-speed ATs the torque converter is 
mounted in front of the planetary gearbox, and in the first gear the whole engine power is 
transmitted through the converter and subsequently through the mechanical section. 
For the bus model of this thesis a 4-speed AT was implemented, but the results could be 
compared also to measurements of buses with 7-speed AT. Published numbers (168 p. 18) and 
data from buses which were measured for the VECTO project in 2016 showed, that the 
difference in FC between the two AT designs is small. For equal rigid and articulated buses, 
which differ only in a 4-speed AT or a 7-speed AT, the changes in FC on the SORT cycles and 
for road tests range from ±1 % to ±4 %. On some cycles the FC of the bus with a 4-speed AT 
was lower, in other cases the vehicle with the 7-speed AT consumed less fuel. 

The simulation results for the SORT cycles with 3.2 t payload according UITP conditions66 in 
comparison with collected measurement values are shown in Figure 92. For the measurement 
vehicles the curb weight was not known, hence the test mass was estimated. 

 
Figure 92. Fuel consumption on SORT cycles, rigid bus 12 m, measurement and simulation 

Measurand is avrg. from max. and min. found FC, where the range is also shown. Case multiple buses only. 

The simulated FC values from the EURO VI bus model are at the lower end of the range for 
EURO V vehicles and at the upper end of the EURO VI range. 

                                                 
66 SORT, test track, settings: No A/C; steering pump idle + banking; 1 x door opening; no kneeling; payload 3.2 t 
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2.6.3.3 Comparison with existing FC limits for trucks and buses 

Currently in Canada, China, Japan and the USA the FC and/or the CO2 emissions of HDV are 
limited. The vehicles are measured on a chassis dynamometer or models are simulated with 
standardised programs. The Canadian procedure is aligned to the US-American one, e. g. the 
same CO2 limits are applied, see (58 pp. 482-484) and (170 pp. 133-134). As driving cycles 
EPA GHG (CA & US), C-WTVC (CN), and JE05 plus IDM (JP) are used, compare p. 156 ff.. 
The consumption from the single parts of the cycles is weighted, dependent on the HDV class, 
and the sum is the resulting FC, which shall be lower than the limit. 
In China the vehicle is tested at maximum permitted GVW and in the USA a fix payload per 
HDV class is prescribed. The road load coefficients are determined from a coastdown 
measurement in both cases. 
In Japan the input data for the HDV models are mostly table values, only the full load curve of 
the engine, its performance map, the gear ratios and the dynamic tire radius are specific vehicle 
data. Thus only those vehicle parameters are covered, which affect the engine speed, and the 
rest is set to default. In addition the model is simulated without engine auxiliaries. 
This procedure is in fact an engine test with default vehicle models for each HDV class. 
More details for the procedures and model settings are given on p. 190 ff., chapter 5.13. 

The simulation results from the basis HDV models of this thesis with the prescribed payloads 
on the standard cycles of each national regulation are shown in Table 18. 

Table 18. Results from basis HDV models on current certification driving cycles 
Details on the test settings and the single FC limits are given on p. 190 ff. in section 5.13 

Country  Test mass 
in t 

Changes of input data FC limit  
L/100km 

FC sim. 
L/100km 

 % FCsim 
to FClimit  

 Tractor-trailer, basis model of this thesis 

China 40.00 No crosswind, steering pump 
only idle power, no A/C 

40.0 30.7  -23 

Japan 39.08 
Default vehicle model 
see p. 191, Table 55 

49.8 48.9  -2 

USA & Canada 30.64 No crosswind, steering pump 
only idle power, no A/C 

32.6 28.3  -13 

 Delivery truck, basis model of this thesis 

China 12.00 No crosswind, steering pump 
only idle power, no A/C 

25.0 20.0  -20 

Japan 7.85 
Default vehicle model 
see p. 191, Table 55 

16.7 15.2  -9 

USA & Canada 11.18 No crosswind, steering pump 
only idle power, no A/C 

30.3 23.4  -23 

 Rigid bus, basis model of this thesis 

China 18.00 No crosswind, steering pump 
only idle power, no A/C 

37.5 36.0  -4 

Japan 11.96 
Default vehicle model 
see p. 191, Table 55 

23.6 20.7  -12 

USA & Canada  Buses not covered in phase 1 until 2017 

In all cases the simulated FC and therefore the CO2 emissions from the basis HDV models 
EURO VI, MY 2014, fall short of the limits, by 2 to 23 %. Hence the models would become 
type approved in terms of CO2 emissions. 
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the A/Cs were probably smaller. Thus the bus was simulated also with a medium A/C of 
45 kWth, only for the zone central Europe. Then the calculated chiller power is 1.4 kWmech 
below the demand from the chiller of the A/C 60 kWth in whole Europe, 1.2 vs. 2.6 kWmech. 
The simulated results from all the variations are shown in Figure 98. 

 
Figure 98. Fuel consumption urban bus lines, basis & reference model 18 m artic. bus, test mass 18.3 t. 
Measurand is avrg. from max. and min. found FC, where the range is also shown. Case multiple buses only. 

As for the 12 m rigid bus, the basis model of the articulated bus 18 m EURO VI outputs FC 
values somewhere between measurement results from EURO V and EURO VI buses. 
The comparison of the basis model with the reference model shows conformity with a deviation 
from +1 to +2 %. On the slow Heavy Urban Bus cycle only the relative change from the basis 
to the reference model can be assessed. As explained below Figure 95, the provisional 
AT-model of VECTO v2.2 probably leads to an overestimation of the FC in slow 
heavy urban traffic of 5 to 6 %. 
Concerning the size of the A/C the basis model outputs 2.3 to 0.9 L/100km less FC, when 
simulated with a smaller system only for the temperature zone central Europe. 

The check for plausibility of the basis model of an articulated bus is less clear than for the other 
vehicle models. The simulated SORT results are at the upper range of or above the measured 
values from EURO VI buses and below EURO V results. In comparison with road 
measurements the results are 12 % below, 6 % below and 9.6 % above the FC of the measured 
EURO VI buses with other powertrain specifications. The comparison of the net engine cycle 
work showed a good approximation to a measured value, and the check with published FC 
numbers from line operation produced, that the model results are in or somewhat above the FC 
ranges of EURO V and EURO VI buses. 
The check of the basis model with a more credible reference model showed an acceptable 
deviation of FC from the basis model of max. +2.3 % for the urban bus cycles, see Figure 98. 
In addition it was found, that VECTO v2.2 seems to overestimate the simulated FC for 
articulated buses of higher mass with a 4-speed AT in heavy urban traffic by ca. 5 %. This is 
the result from the comparison with one single measurement, and more data is necessary for a 
better justified assessment. One reason are shortcomings in the provisional submodel of the 
automatic transmission with a hydraulic torque converter in VECTO v2.2. 
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2.6.4 Comparison of the basis HDV models in VECTO 2 and VECTO 3 

The main simulation program for this thesis was VECTO v2.2 of 2015-09-10. Afterwards the 
program was rewritten from scratch and labelled version 3, where the modelling approach 
remained similar to version 2. The basis HDV models of this thesis were implemented in 
VECTO v3.2.0/925 of 2017-07-14 to investigate the differences in FC between the old and the 
new program for identical input data. The results shown in Figure 99 and Figure 100. 

 
Figure 99. Basis truck models, comparison of FC, simulation with VECTO v2.2 and v3.2.0/925 

 

 
Figure 100. Basis bus models, comparison of FC, simulation with VECTO v2.2 and v3.2.0/92575 

When interpreting the results of v3.2.0/925 and the resulting deviations v2 to v3, it shall be 
considered, that v3 is still an intermediate version and will be further refined until the final 
release for the official certification in 2019. 
For the truck cycles Long Haul 2015 and Regional Delivery 2016 the deviation is small, but 
becomes higher for the more transient Urban Delivery 2017 cycle. The biggest deviation was 
found at -5.2 % for the rigid bus with 16 passengers on the Heavy Urban Bus cycle. 
For the time being it can be stated, that the older VECTO 2 outputs FC numbers with deviations 
of max. ca. ±5 % when compared to an intermediate version of the new VECTO 3. For the truck 
models the max. deviation is ca. -4 %, and for the average loaded rigid bus it is biggest at 
ca. -5 %. The main reason for the simulated changes of the FC from the bus models is the 
reworked and improved submodel for the automatic transmissions in v3.2.0/925. 
 
  

                                                 
75 The input data for the bus models needed to be modified slightly to work with VECTO 3, e. g. in case of the 
acceleration curves for the bus models. This is the explanations for the small deviations for the FC numbers 
VECTO 2 to the other results from this work. 
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E. g. for truck gearboxes a reduction of the losses in a range from 17 to 66 % was measured, 
reached by different techniques (189 pp. 123-126). 

For this thesis lump sum 25 % decrease of the mechanical friction in the gearbox and final drive 
were assumed without focusing on single measures. This was depicted by changing the maps 
of the torque losses. The model of the power split 1st gear of the AT was not altered. 

The tractor-trailer model was also analysed for a retarder with clutch. During idling this device 
causes losses up to 1.6 kWmech, compare p. 23 Figure 23 right, and a consumption of 1.5 % of 
the input work. E. g. Scania offers retarders with clutches (198 p. 14). 

The simulation results for reduced drivetrain friction are saving potentials of 1.4 %, 1.2 % and 
1.7 % for the HDV models tractor-trailer, delivery truck and rigid bus, plus additional 1.3 % 
for the tractor-trailer with disengageable retarder. 

For tractor-trailers retarder idle losses of max. 1.5 kW are known (199 p. 84). But the effect of 
its omission could not be determined due to the measurement uncertainty of ca. 1.6 %, what 
was the width of the 95 % confidence interval (199 p. 92). 

3.1.5 Start-stop automatic and efficient engine auxiliaries 

For the urban vehicles the effect of a start-stop automatic was investigated, where the engine is 
turned off during longer stand phases. Because the Long Haul cycle 2015 contains only 1.5 % 
stand phases, start-stop was not analysed for the tractor-trailer model. 
For the auxiliary technology level "current" these devices were chosen: A compressor with 
clutch, a variable steering pump and LED lighting with reduced electrical power demand. 
The rigid bus was equipped in addition with a variable hydraulic fan, insulation of glazing and 
side walls plus an A/C with 3-point control with reduced energy demand. 
At level "future" for the truck models also the viscous fan drive becomes disengageable and the 
steering pump gets an electrical drive to avoid its idle losses. In the future bus model fan and 
steering pump become electrified, what adds the need for a 2nd alternator. The future bus A/C 
was simulated with a continuous power control, see also p. 29 ff. section 2.2.3.1. 

In addition regenerative braking with alternator and compressor was simulated in the level 
"future" for the urban vehicles. This level was chosen, because the electrification allows the 
gain of propulsion energy for the auxiliaries during braking with the alternator(s). 
The models and assumptions for regenerative braking with auxiliaries and start-stop are 
described on p. 62 ff. chapter 2.4.1 and chapter 2.4.2. 

The simulation of the start-stop function for the basis auxiliaries resulted in a decrease of FC of 
2.3 % for the delivery truck and 5.7 % for the rigid bus. 
The auxiliaries "current" offer saving potentials of 1.0 %, 1.2 % and 6.3 % for the models 
tractor-trailer, delivery truck and rigid bus. At stage "future" the potentials increase to 1.5 %, 
2.4 % and 11.7 %. 
If the models for regenerative braking with alternator(s) and compressor are applied to the 
future auxiliaries, a possible FC reduction of 3.7 % and 13.6 % was calculated for delivery truck 
and rigid bus, compared to the basis models. 
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Figure 108. EcoRoll (ER) and Look-Ahead Coasting (LAC) , tractor trailer model, section of LH15 cycle 

On the downhill section starting at 57.5 km the model with EcoRoll accelerates up to 87.2 km/h, 
driven by the positive gradient force. Hence on the following part with less road gradient, where 
powering becomes necessary, the fuelling starts later when the surplus of kinetic energy is 
consumed and the velocity gets near 59.0 km close to its target value. For the subsequent 
braking event the model with Look-Ahead Coasting starts earlier at 61.2 km to decelerate and 
thus the fuelling duration becomes shorter. 
In VECTO v2.2 a preliminary version of EcoRoll was implemented, therefore the deceleration 
before the crest at 57.5 km and the subsequent coasting until and not below the target velocity 
at 59.0 km did not work. Nevertheless a fuel saving was calculated for every EcoRoll phase. 
For the tractor-trailer a fuel saving by EcoRoll of 1.4 % and with EcoRoll plus 
Look-Ahead Coasting of 1.7 % was calculated for the cycle LH15. 
At full payload 26.6 t and only with EcoRoll the saving potential is 2.3 % on the LH15 cycle 
and 4.0 % on the more hilly LH12 cycle. 

The result with full payload and EcoRoll on the hilly motorway cycle LH12 meets the 
measurement from three tractors, also with full payload in wavy terrain. A reduction from 0.4 % 
to 5.9 % was determined, dependent on the OEM (241 p. 18). Savings of 3 % to 5 % were 
already simulated in the early 2000s by an OEM for a US tractor-trailer (242 p. 7). 

3.1.9.2 Urban vehicles, limited deceleration 

For the urban vehicles with frequent braking EcoRoll is not effective, hence only the 
deceleration was limited to -0.8 m/s². This limit was found during a preceding project with a 
parallel hybrid city bus (243 p. 136) (244 p. 6). It is especially useful for hybrid vehicles with 
limited generator power of the electrical machine. The less braking power is lost due to strong 
deceleration, the more kinetic energy can be recuperated and the fuel saving potential becomes 
higher. The effect is shown in Figure 109. 

 
Figure 109. Limited deceleration, vehicle velocity and power at wheels (changing road gradient not shown) 
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Every braking event becomes longer and therefore the duration of fuel supply shorter. 
In addition hybrid vehicles with a low ratio of electrical power to vehicle mass can recuperate 
more kinetic energy during regenerative braking. In case of harsh deceleration the braking 
power usually exceeds the max. generator power of a small electrical machine, hence more 
kinetic energy is lost in the friction brakes at the wheels. During soft deceleration the average 
braking power becomes lower, thus for the same HDV also with a smaller machine a significant 
part of the kinetic energy can be recuperated. This was one of the outcomes from a preceding 
research project with a diesel-electrical parallel hybrid city bus (161 pp. 15 ff., 57 ff.). 

With the basis model of the delivery truck a reduction of FC of 0.7 % was simulated on the 
urban delivery cycle (0.9 stops/km), and for the rigid bus on the urban bus cycle (3.0 stops/km) 
the saving potential was 2.2 %. 
On the other hand the driving time got longer, 1.9 min/100km for the delivery truck and 
14.8 min/100km for the bus. For one round of 40 km on the Urban Bus cycle this results in 
+6 min. A compromise between fuel saving and timeliness needs to be found by the drivers. 

3.1.10 Stoichiometric gas engine 

The application of gas engines with LNG or CNG as fuel was simulated for every vehicle class. 
One engine map for a gas-fuelled HDV engine of stoichiometric type was available, the specific 
rated power was 26 kWmech per litre displacement, at 1900 rpm. The displacement was adapted 
to meet the rated power of the equivalent diesel engines, and the full load curves for the gas 
engines are shown on p. 181 ff. Figure 200 and Figure 201. To reach the rated power at the 
same velocity like the diesel vehicles, the gear ratio of the final drive was adapted due to the 
different rated engine speeds: Gas 1900 rpm compared to diesel with 1800 or 2200 rpm, 
depending on the basic diesel engine simulated for the single vehicle types. 
The results for the acceleration performance of the HDV models with gas engines are shown 
on p. 179 ff. in section 5.7.7 and showed no worsening towards the diesel HDV models. 

The performance map of the gas engine was compared to published measurement data and 
showed good agreement, compare p. 185 ff. Table 42 and Table 43. A minimum brake specific 
fuel consumption (bsfc) of ca. 195 to 200 g/kWh is currently usual for stoichiometric gas 
engines as treated in this thesis. 

In case of gas engines with direct injection and a lean burning concept, which are available for 
HDV or under development, the best bsfc is lower at ca. 180 to 183 g/kWh (245 p. 19) 
(246 p. 128) (247 p. 12). 

For the tractor-trailer model a LNG tank with liquefied natural gas was assumed, for the urban 
vehicles CNG tanks with gaseous, pressurised gas. 

For the rigid city bus with a gas engine one test was found which could be compared directly. 
The data of the specimen is given on p. 203 Table 64 "Road measurement", first entry, the 
results for the FC from measurement and simulation80 are shown in Figure 110. 

                                                 
80 Stuttgart Line 42, road, settings: No A/C; stand at all 52 bus stops; no door opening or kneeling 
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Figure 110. CNG-fuelled rigid bus, stoichiometr. gas engines, comparison of measurement and simulation. 

The regenerating alternators were calculated like described on p. 62 ff. in section 2.4.1, and on 
p. 91 it is explained, that the difference in FC is small between buses with 4- or 7-speed AT. 
As mentioned for the previous checks of models on Stuttgart Line 42, the small deviations 
between the unknown real driving cycle and the own GPS tracks as basis for the VECTO input 
add a few % uncertainty to the comparison. 

The FC for the gas vehicles tractor-trailer, delivery truck and rigid bus was simulated to 25.9, 
17.4 and 39.3 kg/100km. The resulting energy consumption (EC) in terms of lower heating 
value (LHV) and GHG in comparison with the basis diesel models is shown in Figure 111. 

 
Figure 111. Simulated energy consumption and GHG emissions for diesel and gas models, 

stoichiometric gas engines, average payload 
DT - Delivery truck, LH15 - Long Haul cycle 2015, RB - 12 m Rigid bus, TT - Tractor-trailer, 

UB - Urban Bus cycle, UD12 - Urban Delivery cycle 2012 

Because of the engine process, the efficiency of the analysed stoichiometric gas engines is lower 
than for the diesel engines of the same rated power, what is the reason for the increase of EC. 
But due to the lower LHV-specific GHG of the gaseous fuels, LNG 0.268 and CNG 0.245 
versus diesel 0.325 kgCO2e/kWth, nevertheless a reduction of GHG is possible. 

The simulated excess consumption of fuel energy in comparison with diesel-fuelled vehicles is 
at the lower end of measured values. Published values for tractor-trailers and rigid city buses 
are given on p. 195 Table 58 and p. 202 Table 64. For a CNG-fuelled tractor-trailer 28 % more 
energy consumption were measured and for city buses the range was +18 to +38 %. 
The simulated values from the two HDV models are +17.8 % and +20.6 %. 

3.1.11 Diesel-electrical parallel hybrid vehicles 

All HDV models were simulated with a diesel-electrical parallel hybrid powertrain, for the 
structure see p. 72 Figure 70 left. The main benefit of hybrids is the possibility to recover a part 
of the kinetic energy during braking, by running the electrical machine in generator mode to 
charge the battery. In addition the hybrid models were equipped with a start-stop function. 
The simulation approaches are described on p. 73, chapter 2.5.1 "Diesel-electrical parallel 
hybrid trucks" and p. 75, chapter 2.5.2 "Diesel-electrical parallel hybrid buses". For the data of 
the vehicle models see p. 172 Table 34, "B) Diesel-electrical parallel hybrid vehicles". 
To check the driving performance of the models with (hybrid) electrical powertrains, these were 
simulated with max. payload for full load acceleration and on demanding hilly and/or transient 
driving cycles. No significant slowdown in comparison with the basis models of conventional 
HDV were found, for the detailed results see p. 179 ff. section 5.7.7. 

Stuttgart Line 42, test mass 15.6 t, three regenerating alternators
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The comparison of measurement and simulation for rigid delivery trucks on multiple driving 
cycles with conventional and parallel hybrid electrical powertrains, is shown in Figure 115. 

 
Figure 115. Measured and simulated fuel savings for conventional and hybrid electrical delivery trucks 

For the case "Chassis dyno" the simulated change in FC from hybrid to conventional conforms 
well for the transient urban cycle WVUC, medium for the faster HD UDDS and not for the 
certification cycle EPA GHG. In the latter case the measured hybrid truck consumed 6 % more 
fuel than the conventional one, and in the simulation the FC is 2 % below. Because the dyno 
settings are not known, a more detailed analysis was not possible. 
In the second case "Test track" the simulated relative change of FC fits well to the measured 
difference between hybrid and conventional. 

For the conventional and hybrid delivery tractor-trailers results were available for 
measurements on the chassis dyno and for 1 year of real world urban delivery traffic in 
Miami, FL. By chance the average characteristic values of the real world traffic were similar to 
the VECTO cycle UD12-flat83, hence this cycle was also analysed. For the vehicles the 
road load coefficients were known. The results are shown in Figure 116. 

 
Figure 116. Measured and sim. fuel savings for conventional and hybrid electrical delivery tractor -trailers  

Here the relative changes in FC from the dyno are not met in two of three cases. For the urban 
cycles WVUC and CILCC the measured saving is significantly higher than simulated. Only for 
the HHDDT cycle with a high share of motorway driving the relative change from hybrid to 
conventional, a small saving, is met. For real world urban delivery the deviation from the 
simulated to the measured change of FC is also obvious, but at least smaller than for the dyno. 

Further road measurements and long-term fleet tests, published by other researchers, resulted 
in changes of FC from hybrid to conventional trucks in a range from -24 % to +0.5 %, where 
the majority of recorded changes was around -10 %. The collected numbers are shown on 
p. 197 ff. Table 60, "Road measurement" and "Fleet operation". 

                                                 
83 (253 p. 7), Real world: weighted averages: vroll,avrg 36.5 km/h, 1.0 stops/km, ki 0.468 1/km; UD12-flat: 
vroll,avrg 38.2 km/h, 0.9 stops/km, ki 0.479 1/km. Characteristic values for UD12-flat simulated with model of 
conventional delivery tractor-trailer, test mass 19.5 t 
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Thus the hybrid bus was also simulated with the lower average power demand of an electrical 
A/C with continuous control, what increased the saving potential to 31.3 % on the UB cycle. If 
the assumption of a continuously controlled electrical A/C is right for all measured hybrid 
buses, could not be determined by remote diagnosis. But the additional saving effect of a more 
efficient A/C for city buses is clear and can be depicted with the model. 
Depending on the state of technology of the A/C, the parallel hybrid bus model produces saving 
potentials which are in the range or slightly above of measured changes of FC. 

3.1.11.4 Articulated bus 

To assess the model of the parallel hybrid powertrain for buses complementarily, the vehicle 
model for an articulated hybrid bus was created, see p. 178 Table 38, "AB-PHEV, 
Diesel-electrical parallel hybrid articulated bus". 
For articulated hybrid buses three numbers for the absolute FC and/or the change towards 
conventional vehicles were found, compare p. 211 Table 72. 

The FC on the SORT 2 cycle is available for a parallel hybrid articulated bus. Here the main 
technical data of the measured vehicle is known, hence a similar model could be set up. 
The results of the comparison are given in Figure 121. 

 
Figure 121. Parallel hybrid artic . bus, test mass 21.4 t, measurement result (257 p. 9), own simulation86 

Missing parameters for the model are the tire rolling resistance, details on the auxiliaries, the 
performance maps of diesel engine and electrical machine and the whole hybrid control. Facing 
these uncertainties, an approximation of -7 % to the measured FC is acceptable. 
In comparison with the simulated SORT results for the articulated diesel bus, see p. 94 
Figure 96, the model of the articulated parallel hybrid bus outputs savings from 34 % to 35 %. 
That is somewhat above the savings on the SORT cycles, which were calculated for the rigid 
parallel hybrid bus, as will be shown later on p. 119 in Figure 127. 

For Luzern data is published (258 p. 16/17) from a 1 year comparison between an unspecified 
articulated bus EURO VI and a parallel hybrid articulated bus Volvo 7900LAH, where the 
technical data is available. The exact velocity patterns are not known, only the average 
velocities from 13 to 26 km/h of 7 bus lines, which point to heavy urban to suburban routes. 
In addition for Aarau the FC of a Volvo 7900LAH in mixed urban bus traffic with average 
values similar to SORT 2 is available for 2015/2016 (259 p. 15). 

                                                 
86 SORT, test track, settings: No A/C; steering pump idle + banking; 1 x door opening; no kneeling; payload 5.0 t 
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3.1.12 Diesel-electrical serial hybrid vehicles 

The model of the rigid city bus was also simulated with a serial hybrid powertrain. The structure 
is shown on p. 72 Figure 70 right, and the model is described on p. 77 chapter 2.5.3. 
Like the parallel hybrid HDV, also this model was checked with max. payload for driving 
performance and could follow the basis bus, for details compare p. 179 ff. section 5.7.7. 
For a bus with powertrain specifications similar to the model published FC values are given on 
p. 206 Table 67. The simulated FC for SORT and the comparison are shown in Figure 123. 

 
Figure 123. Serial hybrid rigid bus, avrg. measurement (260 p. 30) (261 p. 13) (262 p. 81), own simulation88 

In this case the model EURO VI meets the measured FC of a serial hybrid bus EURO V with a 
few percent deviation. Because technical details for the measurement vehicle like rolling 
resistance, air drag and hybrid control are unknown, this is acceptable. 

Also the simulated FC of the serial hybrid bus and the reduction versus a conventional vehicle 
on the Altoona cycle were investigated and compared with measurement data, see Figure 124. 

 
Figure 124. Serial hybrid rigid bus, measurement results from (263 p. 41) (264 p. 40), own simulation89 

On the Altoona cycle the absolute consumption is not met, but the relative change from hybrid 
to conventional vehicle is depicted acceptably. The simulated very small saving and the 
measured surcharge of FC during the third cycle part, constant driving at 64 km/h, are 
interesting. Because of the double power conversion in generator and electrical machine, the 
drivetrain losses from engine to wheel shafts are higher than for a conventional bus. That effect 
can lead to a higher FC of the serial hybrid bus, since no brake energy can be recovered on 
constant speed cycles to compensate these losses. 

                                                 
88 SORT, test track, settings: No A/C; steering pump idle + banking; 1 x door opening; no kneeling; payload 3.2 t 
89 Altoona, test track : No A/C., steering pump idle + banking, door opening every stop, no kneeling. Test masses 
measurement and simulation: Conventional 15.1 t, serial hybrid 15.4 t. 
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3.1.13 Comparison of parallel and serial hybrid powertrain for rigid buses 

To check, if the models of the parallel and serial hybrid bus are plausible when compared with 
each other, the results from the cycles SORT 1-2-3, (Heavy) Urban Bus, Suburban & Interurban 
Bus plus Long Haul 2015 were compared, where the latter two cycles were limited to 80 km/h 
due to model restrictions. For the SORT results see Figure 127 and Figure 128. 

 
Figure 127. Simulation results SORT cycles, conventional, parallel- and serial hybrid bus models 

On the cycles SORT 1 and 2 the saving potential from the parallel and serial hybrid bus model 
is nearly the same, on the SORT 3 the parallel bus consumed less fuel. 

 
Figure 128. SORT 3 cycle, 3rd trapezoid. Parallel and serial hybrid electrical bus (P.HEV, S.HEV), 

mech. power at wheels and at electrical machine. Fuel consumption for conventional and hybrid buses. 

During regenerative braking the serial hybrid has got an advantage by the high generator power 
of its motor-generator, -240 kWmech vs. -120 kWmech for the parallel hybrid. Hence more braking 
power can be recovered by the serial hybrid, as is shown in Figure 128 middle. 
While driving with the diesel engine the parallel hybrid takes advantage of its good powertrain 
efficiency due to the mechanical power transmission. The serial hybrid powertrain comprises 
three power conversions, mechanical to electrical in the generator, electrical to electrical in the 
inverter and electrical to mechanical in the motor-generator, what causes significantly higher 
losses and a FC surcharge, see Figure 128 right. This effect causes the FC penalty on the SORT 
3 cycle in comparison to the parallel hybrid bus model. The SORT 3 is the fastest of the SORT 
cycles, where the diesel engine is utilised most. 

The hybrid architecture, parallel, serial or power-split, does not determine the generator power 
of the electrical machine(s) (EM). It would be also possible to construct a parallel hybrid with 
a big and a serial hybrid with a small EM. But there are practical requirements to be considered. 
In a parallel hybrid the EM is only the second propulsion machine to relieve the diesel engine. 
Also the total mass of the powertrain needs to be limited, which consists of diesel engine, 
mechanical gearbox, EM and battery. A serial hybrid is in fact an electrical vehicle with a genset 
as power source and needs an EM of a minimum size. Torque and power at the wheels shall be 
sufficient to reach similar acceleration values like conventional vehicles. Hence the EM of a 
serial hybrid is in most cases bigger than of parallel hybrid. 
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Figure 130. Average values for rolling velocity, tractive work and drivetrain efficiency for ICE power 

Due to the powertrain characteristic the parallel hybrid bus model accelerates slightly less than 
the conventional and serial hybrid models, what was also found during a preceding project in 
collaboration with bus drivers (161 p. 51). This leads to less tractive work at the wheels in 
comparison to the serial hybrid, in addition to the lower curb weight of 11.7 vs. 12.3 t. The 
differences in the acceleration behaviour reflect the real behaviour of drivers to use a higher 
available engine torque for a better driving performance, also for HDV. 
Another reason for the higher FC from the serial hybrid bus model is its lower drivetrain 
efficiency when driving with the diesel engine, caused by the triple power conversion in 
generator, inverter and EM. 

From the comparison above it can reasoned, that the single models for hybrid rigid buses seem 
to be plausible. E. g. the influences of drivetrain efficiency and acceleration behaviour are 
depicted accurately. 
The result, that the model of the parallel hybrid rigid bus output less FC than the serial hybrid, 
is in contrast to the outcome from a preceding project (5 p. 92). The reasons are amongst others 
completely revised and improved models and an error in the simulation program PHEM, 
which was applied to the parallel hybrid bus. The error was found after the end of the preceding 
project and was fixed manually for this work in the postprocessing. 
The question, if a parallel or serial hybrid bus is more efficient, could not be answered finally. 
Multiple different simulation programs (VECTO v1.4 & v2.2, PHEM) were utilised in 
combination with custom postprocessing routines in MS Excel. The vehicle models were 
aligned as well as possible for road load, driving dynamics and drivetrain losses, but the 
remaining uncertainty is higher than in case of one universal simulation tool. 
For the future theoretical analysis of different hybrid concepts the application of one 
standardised simulation program for all vehicle models is highly recommended. 
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Looking at alternative powertrains instead of diesel-only, the gas engines, measure A), offer 
potentials for GHG reduction from 3 % to 14 %. The energy consumption increases by 15 % to 
21 % due to the lower efficiency of the analysed stoichiometric gas engines in comparison to 
the basis diesel engines. The low GHG factors of liquefied and compressed natural gas allow 
nevertheless a reduction of GHG emissions. 
With the diesel-electrical parallel and serial hybrid powertrains, measures B) and C), the fuel 
consumption is reduced by 2 % to 25 %, dependent on driving cycle and vehicle type. 
In case of the battery-electrical vehicles, measures D) and E), the electricity demand from the 
grid was simulated to be 55 to 71 % lower than the consumption of lower heating value from 
the diesel tanks of the conventional vehicles. The resulting GHG emissions well-to-wheel, 
calculated with the GHG factor for the ENTSO-E-Mix  2014 (0.34 kg-CO2e/kWhel, 
(268 p. 37)), were 53 % to 69 % lower than for the diesel vehicles. 
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With exception of the potentials for lightweighting and the improved diesel engine, the 
consumption factors are similar. Multiplied to an overall value, the measures which were 
analysed by both labs resulted in a possible fuel saving of 11 to 14 %. That the method of 
multiplication of single CF is admissible, was shown above, compare p. 129 Table 26. 

An additional overview of efficiency measures for European trucks, based amongst others on 
an extensive literature review and interviews with industry experts, is given in 
(276 pp. 37-39). Because only the saving potentials and no details on the vehicle models are 
given, the results were not compared in detail with this thesis. 
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4 Summary and outlook 

In this thesis a selection of efficiency measures to reduce the fuel consumption (FC) of 
European heavy-duty vehicles (HDV) was analysed, and the reduction potentials were 
simulated. Efficiency is motivated by saved fuel costs, by lower emissions of greenhouse gases 
(GHG) and by a reduced dependence on oil imports. In addition the probable future 
decarbonisation of all economy sectors will create the need for HDV with low CO2 emissions. 
In any case an acceptable payback period and/or regulative inducements for saving measures 
are the pre-condition for the commercial success. 
The analysis of efficiency measures was done with the simulation of longitudinal vehicle 
dynamics with the program VECTO which will be mandatory from 2019 for the CO2-labelling 
of new European trucks. The buses will follow later. Because HDV are produced on-demand 
from a modular system and a high number of possible variants is reached per model, such a 
simulation-based approach is the most cost-efficient way to cover all possible vehicle variants. 
In Canada, China, Japan and the US similar procedures with own simulation programs are 
already mandatory to proof the compliance with CO2-limits. 

The inputs for VECTO are characteristic parameters to determine the power consumption of 
every relevant vehicle component, which are explained in the theory chapter. Amongst others 
the parameters for rolling resistance, air drag, masses and inertias, gearbox friction, 
auxiliary power and engine performance are input values to simulate FC and GHG on 
standardised driving cycles. 
New models were created to calculate the power demand of the cooling fan and the saving 
potential of regenerative braking with auxiliaries. For the compressor of the pneumatic system 
an existing model was further elaborated. To determine the compressor power, its operation 
and the air consumption of a truck during tests on a chassis dynamometer and on the road 
were measured. 

Gas engines were considered by changing the engine performance map. To depict further 
alternative powertrains like diesel-electrical parallel and serial hybrids plus battery-electrical 
vehicles, new models were created, and for parallel hybrid buses an existing model was revised. 
For the HDV-classes long haul tractor-trailer (TT), max. permitted mass 40 t, urban delivery 
truck (DT) 12 t, and urban rigid bus (RB) 18 t the fuel saving potential for multiple measures 
to reduce the power demand was simulated on appropriate driving cycles. Amongst others the 
effects of reduced rolling resistance, air drag, curb weight, gearbox friction and auxiliary power 
were investigated. The focus was set on realistic measures, where the components are already 
available or will probably be introduced into the market in the next ten years. 
An extensive effort was spent to collect and sort measurement values for the FC and energy 
consumption (EC) of multiple vehicle variations to check the simulations for plausibility. 

The analysis of the single saving measures resulted in potentials for the reduction of FC in a 
range from 1 % for current bus tires up to 9 % for future aerodynamics of tractor-trailers, or 
14 % for future bus auxiliaries with regenerative braking. For biodiesel as partial replacement 
for fossil diesel a maximum reduction of GHG of 35 % was calculated. 
Looking at alternative powertrains, a surcharge in fuel energy from 15 to 21 % was found for 
stoichiometric gas engines, where the GHG emissions decreased by 14 to 3 % due to the lower 
GHG-factor of natural gas. For the hybrid powertrains a saving potential from 2 to 25 % was 
simulated depending on the use case, such as long haulage or dense urban traffic. It was also 
found that higher savings from hybrid buses in fleet tests resulted likely from smaller and/or 
more efficient air conditioning systems, which further increased the potential of the 
hybrid systems. The highest saving is possible with battery-electrical vehicles, where the EC 
was reduced by 55 to 71 % and GHG emissions by 53 to 69 %. 
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As second step the single saving measures were bundled to packages and simulated for all 
powertrain concepts. The level "current" can be already implemented, the equipment is there, 
and the level "future" can be applied when the components become subsequently available in 
the near future. The resulting saving potentials for the HDV models with the technology bundles 
"current" and "future" are shown in Figure 140. 

 
Figure 140. Simulated potentials for reduction of energy consumption and GHG emissions of HDV101 

For the assessment of alternative powertrains also the change towards the diesel vehicle of the 
equal technical level is important, not only the comparison with the diesel model "basis". 
E. g. the parallel hybrid bus "future" offers a saving of 50.0 % versus the diesel bus "basis". But 
when compared with the diesel bus "future" the saving becomes 27.2 %, what is only slightly 
better than the parallel hybrid bus "basis" versus the diesel bus "basis". Thus for a fair 
comparison HDV with alternative powertrains shall always be compared to diesel vehicles 
which are equipped with the same efficiency components. 

Also HDV with conventional diesel powertrains offer significant saving potentials for energy 
consumption and GHG emissions. Blends of fossil diesel and synthetic diesel from regenerative 
sources could contribute further to the necessary decrease of GHG. Hence it can be assumed 
that the diesel engine in combination with a mechanical gearbox will remain a strong competitor 
for alternative propulsion systems in terms of total cost of ownership and GHG emissions. 

From a technical point of view considerable lower values for energy consumption and GHG 
emissions from HDV are feasible or will be enabled by new components. The possible 
reduction is highest for battery-electrical vehicles. The political task is to generate financial and 
regulative incentives to make more efficient vehicles attractive for potential customers. 
 

                                                 
101 "Basis", standard tech. 2014, FC fossil diesel [L/100km]: Tractor-trailer 27.8, delivery truck 19.0, bus 41.0. 
Energy consumption tank-to-wheel, GHG well-to-wheel. Basis model tractor-trailer with 3-axle trailer and max. 
mass 40 t, optimised model with 2-axle trailer and max. mass 38 t. For other fuel than diesel the GHG reduction 
is labelled separately (Gas engines: Stoichiometric types). For the comparison of the parallel and serial hybrid 
buses see p. 119 section 3.1.13 and the remarks on p. 121. In case of battery-electrical vehicles 10 % charging 
losses grid-to-battery are added. GHG-factor electricity for the ENTSO-E-Mix 2014, grid continental Europe: 
0.34 kgCO2e/kWhel. Radioactive waste of ca. 7.1 10-7 kg-radioact./kWhel needs to be considered in addition. 
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For future theoretical work on fuel efficiency measures for HDV all vehicle models should be 
simulated with the same program, e. g. prospective versions of VECTO with hybrid- and 
battery-electrical powertrains, or if so with other tools. That was not possible for this thesis, 
because the whole VECTO project was work in progress, where the focus was set at the 
beginning on conventional diesel powertrains. 
Also more HDV types can be analysed, here a tractor-trailer 40 t, a delivery truck 12 t and a 
rigid bus 18 t were chosen as examples. 
Only a selection of fuel efficiency measures was analysed, which covered some of the most 
relevant technologies, but was not complete. More efficiency measures are available, and 
new ones are continuously developed, which need to be assessed. 
Examples are wire-electrical long haul trucks, which are fed by a pantograph directly from 
the grid; regenerative braking with the steering pump; final drives with lower gear ratios to 
reduce speed and friction of the engines of long haul trucks; platooning to reduce the air drag 
of the rear trucks; and overlong trucks with two semitrailers, which are already permitted in 
Sweden and multiple countries outside of Europe. 
A standardised simulation procedure for the energy consumption of HDV is a very cost efficient 
way to rate fuel saving components for effectiveness, and to compare them at equal conditions. 
In any case the simulation results need to be checked for plausibility by comparing them to 
measurement results from multiple independent sources. 
Thus the simulation will only be one tool for the future vehicle development, and the validation 
of the models with measurement results remains indispensable. 
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EGR Exhaust gas recirculation 
EM Electrical machine 

ENTSO-E European Network of Transmission System Operators for Electricity 
EPA-GHG EPA GreenHouse Gas cycle 
ER EcoRoll, powertrain control function 
ESC European Steady state Cycle, duty cycle for heavy-duty diesel engines 
ESS Energy Saving System, air compressor with reduced idle losses 

ETC European Transient Cycle, duty cycle for heavy-duty diesel engines 
ETF Empty trip factor, share of trips without payload at overall mileage 
FC Fuel consumption, usually ratio of (consumed fuel) to (driven distance) 
FC-line Fuel consumption line, linear relation between fuel consumption and engine power 

FDHDT Freeway-Dominant Heavy-Duty Truck cycle 
FE Fuel efficiency, usually ratio of (driven distance) per (consumed fuel) 
FL Full load, max. power of internal combustion engine 
FTP Federal Test Procedure, US duty cycle for heavy-duty diesel engines 

GCWR Gross Combined Weight Rating, max. permitted weight of truck and trailer 
GDP Gross domestic product 

GEM Greenhouse Gas Emissions Model, c/o USEPA 
gen. Generator operation 
genset Generating set, electrical generator powered by heat engine 

GES Gaz à Effet de Serre (French for greenhouse gas) 
GHG Greenhouse gas 
GVW Gross vehicle weight, current value, curb weight plus payload. 
GVWR Gross vehicle weight rating, max. permitted vehicle weight 
HC Hydrocarbons 
HD UDDS Heavy Duty Urban Dynamometer Driving Schedule cycle 
HDV Heavy-duty vehicle, maximum permitted vehicle mass > 3.5 t 
HEV Hybrid electrical vehicle 
HHDDT Heavy Heavy-Duty Diesel Truck cycle 
HUB VECTO Heavy Urban Bus cycle 
HVAC Heating, Ventilation and Air Conditioning 

HVACCO2SIM Heating, Ventilation and Air Conditioning Carbon Dioxide Simulator, Fraunhofer IVI 
ICE Internal combustion engine 
IDM Interurban Driving Mode cycle 
IG Inffeldgasse cycle 
IUB VECTO Interurban Bus 
JE05 JE05 cycle 
KCM King County Metro bus cycle 
LAC Look-ahead coasting, powertrain control function 
LF Load factor, usage of maximum payload during laden trips 
LH12 VECTO Long Haul cycle 2012 
LH15 VECTO Long Haul cycle 2015 
LHV Lower heating value 
Li -Ion Lithium-ion battery type 
LNG Liquefied natural gas, 6 bar, -140°C 

LPS Load point shift, electrical machine works as generator during driving and is propelled by 
excess power from internal combustion engine 

LUB LowCVP UK Bus cycle 
meas. Measured 
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PEM,el Electrical power of electrical machine, input (motor, > 0), output (generator, < 0) 
PEM,mech Mechanical power, electrical machine, output (motor, > 0), input (generator, < 0) 
Peng,gross Gross engine power 
Peng,gross,hybrid Gross engine power hybrids, reduced by motor power from electr. machine 
Pfan,avrg Average mechanical fan power, at input shaft of fan clutch 
Pfan,cl Mechanical power at fan clutch input shaft 
Pfan,hub Mechanical power at fan hub 
Pgrad Power to overcome (uphill) or brake (downhill) the gradient force 
PICE Mechanical power output from internal combustion engine 
Pinert,dt Mechanical power demand of rotating drivetrain parts, from clutch to wheel shafts 

Pinert,eng 
Power to overcome (engine speed increasing) or brake (engine speed decreasing) 
the inertias of moving engine parts 

Pinert,veh 
Power to overcome (acceleration) or brake (deceleration) the inertias of the 
masses of vehicle, payload and rotating drivetrain parts 

Pmech Mechanical power 
pmisc Air pressure in vessel for miscellaneous consumers 

PORC,card 
Mechanical output of ORC power machine, transmitted to cardan shaft, decreased 
by 10 % transmission losses 

PORC,mech Output of mechanical power at shaft of expander of ORC process. 
pram,fr Ram pressure by headwind, at vehicle front 
pram,u Ram pressure by headwind, at vehicle undersurface 
Prat Rated engine power 
Proll Power to overcome the rolling resistance 
pstat Static pressure 
pstat,fr Static pressure vehicle front, ambient pressure plus ram pressure headwind (pram,fr) 

pstat,u 
Static pressure at vehicle undersurface, ambient pressure plus ram 
(under-) pressure by headwind (pram,u) 

Psteer,idle Average mechanical idle power steering pump 
Psteer,steer Average mechanical steering power 
psusp Air pressure in vessel for air suspension 
pvessel Air pressure in vessel 
Pwh Power at wheel hubs to drive or brake the vehicle 
q Subscript, counting index for time steps 
rdyn Dynamic rolling radius of driven wheels 
RPA Relative positive acceleration, according (278 p. 34) 
RRC Average rolling resistance coefficient, weighted by share of axle load 
RRCcl,upper Upper RRC from tire efficiency class, e. g. B: 4.9 N/kN, C: 5.9 N/kN ... 
RRCi Rolling resistance coefficient of tires at axle "i" 
Rs,air Specific gas constant for dry air, 287.2 J/(kg·K) 
s Distance 
shi Share of axle load "i" at vehicle's total weight force 
sim Subscript, related to simulation 
sin Sinus 
smeas,max Maximum measured distance of driving cycle 

stoich Subscript, stoichiometric 
T Temperature 
t Time 
Tair Air temperature 
Tair,vs,avrg Average air temperature in vessels 
Tamb Ambient temperature 
Tbr,fr,in Air temperature in vessel front brake 
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Figure 145. LH12 - Long Haul cycle, 2012 (282 p. 1/45) 

 
Figure 146. LH15 - Long Haul cycle, 2015 (149 p. 79) 

 
Figure 147. MU - Municipal Utility cycle (garbage truck), 2017, (283) 

 
Figure 148. RD12, Regional Delivery cycle, 2012 (282 p. 1/36) 

 
Figure 149. RD16 - Regional Delivery cycle, 2016 (284 p. 16) 

 
Figure 150. SUB - Suburban Bus cycle, 2015 (285 p. 93) 
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Figure 151. UB - Urban Bus cycle, 2012 (282 p. 1/55) 

 
Figure 152. UD12 - Urban Delivery cycle, 2012 (282 p. 1/47) 

 
Figure 153. UD17 - Urban Delivery cycle, 2017 (286) 

5.4.1.1 Variations of VECTO target speed driving cycles 

 
Figure 154. UB-hilly - Like Urban Bus cycle 2012, road gradient scaled with factor 1.554 

 

o UD12-flat : Like Urban Delivery cycle 2012, see above, but without road gradient. 
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5.4.2 Further driving cycles 

 
Figure 155. Altoona cycle (287 pp. 6-3 ff.), derivate from (288 p. 12). Weightings, I to III: 3/7, 2/7, 2/7 

 
Figure 156. BJBC - Beijing Bus Cycle (289 pp. A-6) 

 
Figure 157. Brsw - Braunschweig bus cycle (290) (291) 

 
Figure 158. C-WTVC - Chinese World Transient Vehicle Cycle (292 p. 23 ff.) 

 
Figure 159. CBD (SAE) - Central Business District bus cycle (SAE) (288 p. 12) 
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Figure 160. CILCC - Combined International Local and Commuter Cycle (293) 

 
Figure 161. Düsseldorf bus cycle (294 p. 101 ff.) 

 
Figure 162. EPA GHG - EPA GreenHouse Gas cycle (170 pp. 149/150, 185). 

Valid for GEM phase 1 until 2017, used in this work. Phase 2: Road gradient for constant parts (60 p. 74132). 

 
Figure 163. FDHDT-A - Freeway-Dominant Heavy Duty Truck cycle A (249 p. 101) (295 p. 165) 

 
Figure 164. FIGE truck driving cycle (296 p. 68), basis for ETC 
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Figure 165. Flat-80km/h driving cycle: 100 km, flat.  

Stand 10 s, acceleration until target speed 80 km/h, constant 80 km/h, braking, stand 10 s 

 
Figure 166. Graz bus cycle (297 p. 21/22) (298 p. 76 ff.) 

 
Figure 167. HD UDDS - Heavy Duty Urban Dynamometer Driving Schedule 

(299 p. 74 ff.) (300 p. 570 ff.) 

 
Figure 168. Helsinki 1 bus cycle (301 p. 8) 

 
Figure 169. Helsinki 2 bus cycle (301 p. 9) 
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Figure 170. HHDDT - Heavy Heavy-Duty Diesel Truck cycle (302 p. 142) 

 
Figure 171. IDM - Interurban Driving Mode cycle (303) 

 
Figure 172. IG - Inffeldgasse cycle, measurement of air consumption of brakes, 2015-02-24 

 
Figure 173. Japanese JE05 cycle (304) 

 
Figure 174. KCM - King County Metro bus cycle (305 p. 19) 



 

                160         

 
Figure 175. LUB - LowCVP UK Bus cycle (306 p. 4 ff.) 
MLTB - Millbrooks London Transport Bus cycle (307) 

 
Figure 176. Manhattan bus cycle (308 p. 8/9) 

 
Figure 177. NYBus - New York Bus cycle (309 p. 4/5) 

 
Figure 178. OCBC - Orange County Bus Cycle (310 pp. C-1 ff.) 

 
Figure 179. Paris bus cycle (311 p. 4) 
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Figure 180. Pick-up - Pick up, delivery, utility and service operations driving cycle (312 p. 6) 

 
Figure 181. SN - Smith Newton truck cycle (269 p. 7) 

 
Figure 182. SORT 1 - Standardised OnRoad Test 1 bus cycle (313 p. 11 ff.) 

 
Figure 183. SORT 2 - Standardised OnRoad Test 2 bus cycle (313 p. 11 ff.) 

 
Figure 184. SORT 3 - Standardised OnRoad Test 3 bus cycle (313 p. 11 ff.) 

 
Figure 185. Stockholm bus cycle (314 p. 17) 
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Figure 186. Stuttgart bus line 42, own GPS measurement 2016-03-24 

 
Figure 187. WHVC - World Harmonized Vehicle Cycle (315 p. 61 ff.) (316 p. 28 ff.), basis for WHTC 

 
Figure 188. Wien bus line 26A, GPS measurement 2015-12-11 

 
Figure 189. Wundschuh truck cycle, measurement of fuel consumption, 2010-10-15 

 
Figure 190. WVUC - West Virginia University City cycle (317) 
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5.7.7 Driving performance of models with alternative powertrains 

Each model of the basis technology level with gas engine or (hybrid) electrical powertrain was simulated 
with max. payload for full load acceleration and on a demanding hilly and/or transient driving cycle. 
For the acceleration test the distinction was made for charged and discharged battery in case of parallel 
hybrid electrical HDV ("ch." & "disch."). The driving performance in terms of acceleration and average 
rolling velocity (vroll,avrg) was compared to the basis vehicle models with a conventional diesel 
powertrain, see Figure 192 to Figure 195. 

 
Figure 192. Full load acceleration on flat: Models tractor-trailer s, deliv. tractor -trailer s, articulated buses. 

 
Figure 193. Full load acceleration on flat: Models delivery trucks. 

 
Figure 194. Full load acceleration on flat: Models rigid buses. 

 
Figure 195. Avrg. rolling velocity, models full payload. Standard curves for acceleration &  deceleration. 

Payl. 25.8 t
cycle LH12

Payl. 5.6 t
cycle UD

Payl. 14.7 t
cycle UD

80 Pass.
cycle HUB

130 Pass.
cycle HUB
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Figure 202. Full load and drag curves for diesel engines, rated power 210 to 350 kW 

 
Figure 203. Full load and drag curves for diesel engines, rated power 154 to 185 kW, and for gas engines 

 
Figure 204. Full load curves for motor- and generator operation of the electrical machines 

for parallel hybrid vehicles. The basis performance map, see Figure 201, is scaled to the generator torque. 
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5.15 Fan power demand 

In Figure 206 to Figure 208 some simulation results for the fan operation are shown. The model is 
described on p. 37 ff. chapter 2.3.1. The main result from measurement and simulation is, that the fan is 
only engaged during longer phases of high engine load, i. e. for uphill driving or full load acceleration. 

 
Figure 206. Tractor -trailer 330 kW, payload 19.3 t, Long Haul cycle 2012, measurement by MAHLE 

 
Figure 207. Tractor -trailer 330 kW, payload 19.3 t, Long Haul cycle 2015, own simulation 

 
Figure 208. Tractor -trailer 330 kW, payload 19.3 t, Regional Delivery cycle 2012, own simulation 

 
Figure 209. Tractor -trailer 330 kW, payload 19.3 t, Urban Delivery cycle 2012, own simulation 

 
Figure 210. Tractor -trailer 330 kW, payload 19.3 t, Construction cycle, own simulation 
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5.16 Miscellaneous 

The calculation flow of the model for the compressor power, which is the starting point for the 
analysis on p. 55 ff. in section 2.3.2.2, is shown in Figure 211. 

 
Figure 211. Simulation approach for compressor from Ricardo (115 p. 79) 

5.16.1 Utili sed simulation programs 

An overview of the applied simulation programs is given in Table 74. 
Table 74. Simulation programs. 

Program 
name 

version no. Release data Used for 

VECTO 3.2.0/925 2017-07-14 Comparison of basis HDV models in VECTO v2 and v3 
VECTO 2.2 2015-09-10 Main simulation program 
VECTO 1.4 RC 7 2013-11-29 Electrical vehicles and serial hybrid bus 
PHEM 11.4 2014-04-01 Tractor-trailer, simulation of exhaust gas: mass flow 
PHEM 7.2 2013-07-09 Parallel hybrid bus 
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