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Fuel savings potential in heavy-duty trucks

Abstract

This dudy explores the different possihilities for fud savings in US class 8 heavy-duty
trucks (GVW! > 33,000lbs). Better fud economy resulting from reduced driving resis-
tances and diesdl hybrid technology are compared. Important differences from passen
gar cas are explained. Fue cdl technology is described. Other factors such as im-
provements of driver skills are discussed.

On the bass of a Matlab-Smulink program issued by L. Guzzdla and A. Amdutz of
ETHZ [6], possble fud savings through aerodynamic drag and rolling resstance reduc-
tion for diesd trucks as wel as diesd hybrids are compared and put into relation with
the corresponding increased investment costs. Two driving cycles are used for compari-
son — ahighway and an urban cycle adapted to the dower accelerating heavy vehicles.
Compared to a basdine truck with a G-vaue of 0.62 and a rolling resstance coefficient
(RRC) of 0.007 fue consumption savings of up to 25% seem possible merely by re-
duced driving resstances (Cqvdue = 0.4, RRC = 0.005). Improved engine efficiency
and introduction of hybrid technology in combination with resstance reduction meses-
ures could increase fue economy up to 38% in highway driving and up to 50% in urban
driving.

Fud consumption reduction measures are put into relation to their costs, and modeing
results show that driving resstance reduction measures are paticularly interesting for
long haul steady speed operations, whereas hybrid technology is more effective in urban
frequent stop ddlivery use.

! The gross vehide weight GVW is the maximum alowable overdl fully loaded weight
of avehcle.
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1. Road freight transportation energy use and trends

1. Introduction and overview

Ovedl find energy consumption in the US can be roughly divided into indudtry, trans-
portation and the resdentiad and commercial sectors. These three sectors are shown in
Figure 1, which shows total US energy consumption for the period of 1970 to 1998.
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Figure 1: Consumption of Total Energy by End-Use Sector (US), 1970-98 (Ener gy
in EJ) [1, Table2.3]

It can be seen that the trangportation part has remained nearly constant at about 27%
beginning in the mid eighties. The average annud percentage change in trangportation
(1.2% for 1988-98) increases a the same pace as the total energy consumption for the
same period (1.2% for 1988-98).

Figure 2 shows highway energy use by mode’. The share in energy use of light and
heavy trucks increases during the consdered time period.

2 Highway mode includes al non-offroad use
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Figure 2: Percent Highway Energy Use by Mode® (US), 1970-97 [1, Table 2.7]
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Road freight transportation by trucks can be divided into the eight US truck classes by
weight asshown in Table 1.

Weight 1 2 3 4 5 6 7 8
Class

Weight | upto | 6,001- |10,001-|14,001-|16,001-|19,501-|26,001-| more
in 6,000 | 10,000 | 14,000 | 16,000 | 19,500 | 26,000 | 33,000 | than

pounds 33,000

Table 1: UStruck weight classes

Within the past 20 years a shift towards smaller trucks can be seen Fgure 2 & Fgure

3). One of the reasons for this shift is the increasng popularity of pick-up trucks and

gport utility vehicles for passenger transport in the US.

3 Light trucks include pickups, vans and SUV's, motorcycles are not considered in this

diagram
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Figure 3: Percentage* of numbers of trucks by US size class as reported by respon-
dentsto Truck Inventory and Use Survey (TI1US), 1977,82,87,92 [1, Table 8.4]

The contribution of the lightest category trucks with a gross vehicle weight of up to
6,000 Ibs has increased steadily. Vehicles in this category account for 44.8% of tota
truck fud use (1992), by far the largest contributor. Neverthdless, fue use of the heavi-
e class which only accounts for about 3% of the tota truck fleet, is up to 21.8%
(Figure 4), indicating that this dass has a much bigger overdl miles-per-truck ratio; a-
tualy 69,553 mi/truck-year for the heaviest class, vs 12,739 mi/(truck-year) for the
lightest class [1,Tables 8.1, 8.4]. These numbers show two large groups of trucks, which
are of paticular interest: the light trucks with a GVW of up to 10,000 pounds - because
their number is very high; and the heavy duty trucks with a GVW greater than 33,000
pounds - because their fud useis high. Figure 4 illustrates these characterigtics.

4 not GVW, seetext
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Figure4: USTruck Statisticsby GVW (per centage of vehicles and respective fue
consumption, 1992 [1,Table 8.4]

According to Komor [2], freight truck transportation in the United States represents
about 29% of total transported goods in ton-km (metric ton * km) and it consumes
about 83% of al the energy consumed by the freight trangportation sector (excluding
passenger-only trucks, naturd gas and water pipdines and internationd transport), see
Table 2. This study shows, that road freight transport is about 11 times more energy i+
tensve than rail transport. However, the road transportation system has the important
advantage of being very flexible and not depending on ralway lines. Therefore the
products trangported in the different modes differ.
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Mode Freight move- Energy use (% Energy inten+ Index (relative
ments (% of of totd) sty (kJton to railway
total ton-km) km) mode)
Rail 30 7 309 1
Freight truck 29 83 3,566 115
Weater (domes- 24 6 292 0.9
tic)
Air cargo <1 1 6,914 22.4
Oil pipdines 16 3 198 0.6
Tota 4.9%10™ ton- 6.2 EJ
km

Table 2: Freight transport energy intensities®

In generd, road transport is transporting high vadue-added goods such as machinery,
processed congtruction materias and foods, whereas barges and trains are used for
commodities like cod or other raw materids. This moda split can be attributed to the
high flexibility that the road transport system can provide.

Statigtics of the European Union show similar numbers to those presented for the US
[26]. Road transports increased steadily during the last 30 years to reach a percentage of
about 43.6% in torrkm (1,151*10° tornrkm) in the year 1996. Road transport in EU
moves mogt of the machinery and other manufactured products as well as agricultura
goods. An important part of goods (1,070*10° ton-km = 40.6%) in the EU-15 states is
transported by interstate sea mode, but these are mostly bulk materids like coad and raw
construction materials. The actud tons transported are low (750*10° tons) compared to
the tons transported by road mode (10,600%10° tons), but the average haulage distance
(1,430 km/ton for sea trgp vs 110 km/ton for road trsp) gives it a high ton-km impor-
tance [27].

® taken from Komor [2], excludes passenger transport light trucks, natural gas and water
pipelines.
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Data on the use of the different vehicle categories show that light trucks with a GVW up
to 10,000 pounds travel no further than 50 miles in 75% of the cases, transports within
this class for more than 200 miles only contribute for barely 8% of al trips. The heavy
class trucks with a GVW higher than 26,000 pounds travel for 56% within a range of 50
miles but spend a consderable part of their operation on longer trips. (Figure 5). Ranges
of more than 200 miles make up some 20% of overdl transport operation [1, Table 8.9].

Range of operations for different truck types

100%

®light
(<10000Ibs)
80%
2]
=3
% medium
5 60% 1 (10001-
- 26000Ibs)
o
>
g8 40% T o heaVy
§ (>26000Ibs)
o]
o

20% T

<50 mi 50-100mi 100-200mi 200-500mi >500mi offroad
range in [mi]

Figure 5: Percentage use (number of trips) for different truck types in function of
range[TIUS; 1, Table 8.9]

These different ranges can dso be explained by the actud use of the transports. Light
trucks are usualy used for persona trangportation (74% of the time), followed by con
druction, services and agriculturd use (7%, 5%, 5% respectively). Heavy duty trucks
are used for three main areas for-hire use, congdruction and agriculture (about 18%)
wholesdle, retail, persona and services and manufacturing (5 to 8%) [1, Table 8.11].

Figure 3 shows the actud survey weights of US trucks while on duty [19] and not
GVW. Therefore these numbers differ from Figure 4 in the sense tha a shift towards
smndler weights occurs, because the GVW is not aways reached during use (see dso
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basdine vehicle section). This is especidly true for high volume low-mass transports
(e.g. breskfast cereal packages) where vehicles get “cubed out®” before reaching GVW.

The generd datements in this study adso have importance to the European trangporta-
tion sector, which shows the same shift towards road transport asits US counterpart.

While the market of bulk products is estimated to grow a 1.3% per year, higher vaue
added products are foreseen to grow at a faster rate of 1.5 to 4% [2]. This implies a high
probability for a future shift towards the road transportation sector, since the high
growth products are bascdly transported on the road. With this transportation shift
there can adso be a larger impact of emissons caused by the increasing contribution of
road transport. Hence, the essential goa of this sudy is to show possble fud efficiency
improvements of this fast-growing transportation sector, essentidly with means of tech-
nology.

Severd different gods promote such an gpproach. Reducing the emisson of greenhouse
gases, in particular carbon dioxide, as well as pollutants such as nitrogen oxides and
particulates is an important environmental issue. The depletion of non-renewable ail is
not only of environmenta concern. The dependence on foreign oil and the dability of
oil prices can have aprimary impact on the domestic and the worldwide economy. On a
smdler scae, fud economy especidly for heavy duty trucks is a crucid factor for com-
petitiveness of atruck operator.

There are dso means of policy, such as price increase for fues, for example, which will
not be consdered in the study. Many Sudies exist on fue efficiency improvements for
passenger cars. A recent ANL study by Stodolsky et a [17] looked at fud efficiency
improvements for classes 3 to 7 ddivery trucks through hybrid technology.

In this study focus is projected on the class 8 heavy-duty trucks. The specid use pat-
terns shdl be especidly outlined and implemented into a typicd test driving cycle (see
chapter 2.3).

6 “cubed out” means that a vehicle load is limited by the available volume

Page 13



Fuel savings potential in heavy-duty trucks

2. Measures to reduce CO, emissions

2.1 Overview

There ae severd ways to improve fud efficiency and decrease CO,-emissons of
freight transport. They include:
» Technologica measures

More efficient engines

Improved transmissions

Reduction of driving resstances
» Other factors

Improved driver skills and change in behavior (eg. avoid “unnecessary” engine

idling)
There are dso other posshilities, such as the introduction of low-carbon fues (natura
gas, hydrogen, methanol) and new power units like fud cdls, which could not be con-
Sdered in this sudy with the time and resources avaladle. The potentid to improve fud
efficiency through these measures not only is redricted by technology itsdf, but dso by
their respective cods. It is rdaively inexpensive to improve the skills of a professond
driver, to teach him or her how to run a vehide in the mog fud saving manner, or to
change the behavior — that is a question of will or choice, not money. In contrast, tech
nical measures to improve fud efficiency of a vehicle can be expendve. This is not oy
true for the vehicle purchaser, but adso for the providers of the necessary infrastructure
(see chapter on FCs). The best results in CO»-emission reduction can be achieved if the
possble measures are combined. For large improvements through technica measures,
both optimized drivetrains and resistance reductions should be applied. However, costs
can increase congderably with improved technologies, and fud consumption reductions

must dway's be weighed against the corresponding costs.
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2.2 Specification of a baseline vehicle

A dating point of this sudy must be the characterization of the different truck classes,
i.e. the definition of a basdine vehicle. We concentrated on a class 8 truck because of
its large share of fud use, as shown in Figure 4. According to Truck Inventory and Use
Survey (TIUS) [19, tables?a & 7] a class 8 basdine vehicle can be characterized as a
diesd engine powered truck-tractor with single trailler combination with 5 or more axles
and an average weight of 60,000
to 80,000 Ibs. (27 —36 tons).

Figure 6: Typical US class 8
truck’

A 30,000 kg (66,140lbs) truck is
used as a standard truck. Class 8
trucks may reach a GVW of
36,287kg (80,000lbs), but since
they are not dways “weghted out” (meaning that they have reached the maximum al-
lowable weight GVW), this average number has been chosen. Trucks can aso be lim
ited by volume “cubed out” or by area if they transport light and voluminous or bulky
goods. Based on these numbers and on data from Spec Mamager™ and Informatior?
from Argonne Nationa Laboratory, the basdine class 8 truck we have chosen for anay-

gsin this report has the following characteristics.

" Shown vehicle does not correspond to the chosen imaginary basdline vehidle. (picture
taken from www.macktrucks.com)

8 persona communication by Frank Stodolsky, principa investigator at ANL, Decem-
ber 1999
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Characteristic Class 8
GVW [kg] ([Ibs]) 36,287 (80,000)
Vehicle empty weight [kg] ([Ibs]) 11,000 (24,250)
payload [kg] ([Ibs]) 25,287 (55,750)
Used average weight [kg] ([Ibs]) 30,000 (66,140)
75% payload
CD [] 0.62 (roof deflector)
Trailer gap [m] ([in]) 1.02 (40)
Vehicle height [m] ([in]) 4.09 (13'5")
Vehicle width [m] ([in]) 2.59 (102")
Frontal area [m?] 10
Engine Diesel engine® 321 kW (430hp) @

1,800rpm; 2,101Nm (1,550 Ib-ft) @
1,200rpm (turbocharged and inter-

cooled)
Displacement [L] 12.7
Cylinders |6
Tires Low profile radials
Wheel radius [m] 0.5
RRC [-] 0.007
Transmission [# of gears] Fuller RTLO-14610A; 10
Gear ratio 1st gear 9.91
Gear ratio highest gear 0.76
axle ratio 3.9
Retail price (US$) 167,000

Table 3: Baseline vehicle specifications (including trailer)

The fronta area is based on a height of 4m (13'5") a width of 2.6m (102"): the area uv
der the vehicle between the whedls is subtracted. Note that the length does not influence

the smulations since wind yaw angles are not Smulated.

9 Based on Detroit Diesdl Series 60
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2.3 Typical driving cycle for class 8 HDVs

Long haul trucking shows different driving characteristics than passenger transport.

Long distances are typicdly traveled at a certain constant speed. Therefore a very sm-
ple driving cycle is used to smulae the fud consumption for heavy-duty vehicles

(based on the SAE J1376 HDV driving cycle).
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Figure 7: HDV highway driving cycle
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This driving cycle describes an acceeration to a certain cruise speed (97kmvh, 60 mi/h
chosen as a sandard) followed by cruising a constant speed and a decderation. Fue
consumption predictions depend largely on the chosen driving cycle for the smulation.
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Figure 8: HDV urban driving cycle

For comparison purposes a second driving cycle is used, which smulates suburban
driving by trucks making ddiveries. Speeds are chosen not to exceed 65 kmvh (40mi/h).
It includes a combination of accelerations and decelerations and short passages a con
stant speed as shown in Figure 8.

2.4 Emission standards

Emisson sandards from the Cdifornia Air Resources Board (CARB) ae given in
grams per brakehorsepower-hour!® (g/bhp-hr) and are tabulated in the following teble
gpplicable to heavy truck engines from 1998 — 2003 [1]:

pollutart HC CO NO, PM

standard 1.3 155 4.0 0.10

Table 4: Diesdl emission standards by CARB

101 g/bhp-hr = 1.34 g/kWh
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These standards apply to diesd, methanol and al applicable gaseous-fuded heavy duty
truck engines. They would dso agoply to the proposed diesdl hybrid propulson tech
nologies. Hydrogen powered fud cdl (FC) emissons are extremdy low, whereas
methanol or gasoline fuded on board reforming FC systems have non negligible emis-
sons — most of al CO. Future more sringent standards would give the hydrogen FC
system alow-emission advantage.

Recently Crow and Dodge [36] proposed technology advancements to improve engine
efficiency and emisson controls. Among these are exhaust gas recirculation (EGR),
variable geometry turbochargers, advanced fue injection systems (common rail), turbo
compounding, lean NOy catdysts and particulate trgps. Some of these propostions are
dready implemented in recent truck engines. These authors assume NOy reductions of a
factor of 40 to be possble, hence achieving NOy emissons as low as 0.1g/bhp-h within
the next decade (2010). The particulate matter emissions were assumed to drop to a
vaue of 0.01 g/bhp-h — a factor 10 improvement. Engine efficiency was assumed to i+
creese. This shows, that diesel engines could ill become much cleaner with the intro-
duction of new technologies and their pollution penaty compared to “clean technolo-
gies’ like the fued cdl would decrease. However, there is dways a trade-off between
fud efficency and low emissons. If emisson sandards are chosen a very low vaues,
fud consumption pendties must be accepted (see section 3.2).
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2.5 Technologies considered

In this report the following technologies shall be consdered:

Fuels Powertrains Vehicle characteristics
Diesel Diesel ICE Conventional
(Methanol) Diesel hybrid Cab-over-engine design
(Hydrogen) (Fuel cell) Rolling resistance
Aerodynamic drag
Lightweight
APUs™

Table5: considered technologies

Diesdl oil and diesdl ICE are the standard fud and propulson system used. Methanol
and hydrogen and the fud cdl technology are introduced on a quditative basis for com-

parison. The different influences of vehicle characteritics are evduated for different

driving cycdes

11 Auxiliary power units
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2.6 Differences from passenger cars

Trucks differ from passenger cars in nany ways. Table 6 gives an impresson of typicd

differences:

Typica characterigtic Passenger car Class 8 truck
Annua usage [mi] (1997) 11,574 69,553
Lifetime usage [mi] 150,000 1,000,000
Cost [$] 18,000 167,000
Empty weight [kg] 1,333 11,000
Typicad payload [kg] 110 19,000
Payload to total weight retio 8% 63%
(typicd, not GVW)

Fudl used Gasoline Diesdl
Fuel economy (mpg, year) 24.6 (1999) 6.1 (1997)
Fud costs ($mi @ 1.2 0.05 0.20
Hoal)

Percentage of fuel cods of 14% 31%

total operating costs

Table 6: Differences between passenger car and heavy-duty truck (sources: [1],

[15])

The mogt obvious difference is the weight, which is about an order of magnitude higher

for class 8 trucks than for passenger cars. The increased weight raises chasss giffness

requirements and makes the introduction of some safety accessories necessary.

12 according to [1, table 8.1 for combination trucks]
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2.6.1 Braking system

The mogt important one is the braking sysem. Cars have normdly two brakes which
include the “normd” brake (usudly a hydraulic braking sysem with disc and/or drum
brakes) and an emergency brake. In a heavy truck, there must be additiona brakes that
ensure safe downhill driving on long dopes with continuous weer-free braking systems.

This is achieved with an engine exhaust brake and/or a retarder [45]. Figure 9 shows the
three externad forces acting on a descending vehicle aerodynamic drag force, rolling

resistance force, and gravity. It aso shows the necessary wear free braking force.

Fgravity

Figure 9: Forces acting on descending truck

At congant speed the three forces plus the wear free bresking force must yield a zero
vector, i.e. the sum of dl the forces must be zero. One can see that the weight force is

the only downward directed force.
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The resulting equation from this force andyss, which determines the necessary braking
power, is therefore:

rrLeh XQ >S| na + Ifdrag + IErr + IEbrake = 6 (1)
P I:brake =mg >gna - Fdrag - I:rr (2)
P F?Jrake = I:brake >Vveh (3)

where: Fer Rolling resstance force [N]
Farag  Air resistance force [N]
Forake Braking force [N]
Porake  Braking power [W]
Weh  Vehicle speed [m/g]
Men  Vehidemass [ka]
g Gravitational constant [M/s]
a Grade angle®® [-]

The engine brake is bascdly a throttle vave in the exhaugt that can be closed in order
to get draw back pressure in the cylinders. A retarder is an additional unit and acts e
ther with a hydraulic fluid comparable to a water whed or an dectrodynamic retarder,
which disspaes the energy through movement in dectromagnetic fidds producing
heat. Figure 10 shows necessary power requirements for a weighted out 36,287 kg
(80,000 Ibs) truck descending a hill of dopes ranging from 15 to 6% a different
speeds. The truck is assumed to have a RRC of 0.007, a Gy of 0.62, and a fronta area of
10 . The necessary braking power is considerable.

13 For small angles<15° one assumessina = tana = gradein %
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Figure 10: Wear-free brake power requirementsfor truck*
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Note that below a certain threshold (e.g. 1.5%) there is no power needed, but especialy
for steep dopes, there is a high power demand. It is not contradictory that the brake

power need decreases at speeds beyond 40 mph (in the 3% dope case) since the aero-

dynamic drag force increases with the square of the speed (power increases with the
third power of speed) and isin the opposite direction of travel.

14 see gppendix and text for details
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2.6.2 Payload to weight ratio

Another weight related difference is the payload to totd weght ratio, which is much

higher for trucks compared to that of passenger cars.
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50% 1

40% A

curb weight [kg]
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%age of total weight car
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Figure 11: Typical payload to total weight ratio of passenger car vs heavy duty

truck

The numbers of Table 6 and the fact that trucks are dways tried to be weighted out,
suggest that trucks do not offer such a large weight reduction potentids as passenger

cars. Truck operators dways try to weight out their trucks for hauling purposes to the
legdly dlowable weight. Therefore weight reductions in trucks would not directly af-
fect fud economy measured in L/100km or miles per gdlon, but would increase the

possible payload of the truck. The fuel consumption per ton of freight would decrease.

(see chapter 7.4)
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2.7 Models used

Two models are used to predict the fud economy of trucks on different driving cydes.
The firs modd is a Mailab-Smulink file programmed by L. Guzzdla and A. Amdutz
of ETHZ, which was modified for the truck purposes, and the second is Spec Man+
ager™ provided by Detroit Diesd Corporation. The Spec Manager™ was used essen
tidly for data purposes whereas the Matlab program was used as the basc smulation
tool.

2.7.1 Model description

The GuzdlaeAmstutz modd is a quas deady Sate gpproximation (QSSA) program,
which models the fud consumption of a vehicle on a fla route consdering Cq4, RRC,
vehicle mass, frontd area, engine and transmisson performance, and driving cycle. The
whole vehicle can be specified and values can be introduced for al the necessary speci-
fications The dmulaion of fud consumption is then performed through the addition of
dl resgances the vehide mus overcome, including intrindc vehicle resstances like
transmission losses, which are entered as average constants.

If ™/ gets infinitesmaly smal, equation (10) on page 49 is exadtly satisfied. To re-
duce cdculation complexity the quas Steady State approximetion is gpplied. This means
that for a certain lapse of time, eg. one second, the acderation behavior of the vehicle
is thought to be congant. The intervals applied to the modd prevent the use of continu-
ous functions of time and instead make possble the introduction of data for time, speed

and gearsin arrays or vectors.

2.7.2 Model application

The modd was applied to smulate a conventiond mechanica drivetrain diesd engine
powered truck and a pardld diesd-dectric hybrid. In the conventiond arrangement, the
aerodynamic drag and the rolling resstance coefficient were varied in the range of
avallable data, from 0.62 (basdline) to 0.4 (advanced truck [51]) for the G vdue and
from 0.007 to 0.005 for the RRC. The engine, based on data from Detroit Diesd [52],
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was not modified according to decreasing power needs with reduced resistances. As e
fined in the basdline vehicle chapter 2.2, a 321kW (430hp) @ 1800 rpm, 2101 Nm
(1550 Ib-ft) 12.7 L displacement inline-6 cylinder engine was used. In both cases, auxil-
iary power requirements were set to an average vaue of 10 kW.

The lines of congtant engine efficiency [g/kWh| are assumed to be horizonta in the e
gine map whereas they are actudly risng with increesng rpm (representing better fuel
economy for same power outputs at lower rpm). Hence the program doesn't take into
account the improved efficiency a lower rpm and low rpm ecolomic® driving cannot
be smulated.

For the hybrid configuration the power of the diesd ICE was downsized to fit power
requirements for cruise speed. A 187 kW (250 hp) @ 1900 rpm, 1085 Nm @ 1200 rpm
8.7 L diesdl engine is used based on an Internationa engine (Detroit Diesdl Series 40E).
The additiona dectric motor has a congtant torque of 1029 Nm up to 1200 rpm and a
power output of 137 kW (184 hp) @ 1800 rpm to meet the same power output as the
basdline diesdl, when combined with the downsized ICE.

Under a certain power threshold, which was fixed a 50 kW in order to optimize fud
consumption for the corresponding driving cycle, the vehicle is only propeled by the
electric motor. (This is of importance especidly in congested traffic, where power re-
quirements stay below this limit mogt of the time, and ICE idling can be avoided com-
pletely). Above this threshold the truck is powered only by the ICE. Whenever the
power requirement of the truck exceeds the capacity of the ICE (eg. during rapid accel-
eration), the éectricd motor power is added to the ICE's. With this arrangement the
truck can cruise for mogt of the time in the chosen highway driving cycle on the down
szed ICE only. The same configuration is used in the urban driving cycle. If battery
date of charge SOC at the end of the smulation was lower than in the beginning, a die-
s energy equivdent was added to the fue consumption in order to take into account
the energy drawn from the baitery. (Caculated with 40% ICE, 85% eectric motor and
90% battery charging efficiency).

15 see chapter 5.1 for explanation

Page 27



Fuel savings potential in heavy-duty trucks

The transmission is not changed. Optimization of transmisson and axle ratio is dso an

issue of fud efficiency, but is not conddered in this study. Gears are shifted according
to Spec Manager™ shifting schedule as shown in Table 7:

Gear | Speed @ 1200 rpm | Speed @ 1800 rpm | Speed @ gear change
1 3.7 5.6 5
2 4.9 7.4 7
3 6.6 9.9 9
4 8.8 13.2 12
5 11.8 17.8 16
6 15.6 23.5 21
7 20.7 311 27
8 27.6 41.3 36
9 36.9 55.4 49
10 48.9 73.4

Table 7 : Operating range of gears

2.7.3 Model validation

In order to test the accuracy of the modd, historical values for G, RRC and engine effi-
ciency have been introduced into the mode and the results were compared to actud fuel

consumption values based on TIUS [1]. This comparison should not be conddered as a
proof for the quaity of the mode, but should show that its results are close to redity.
The difference between the smulation result and the higtorica vaues is dways within
10%. It must be said that different vehicle characteristics are compared on this basis and

that its outcome cannot be identical.

year | Cd RRC ICE effi- Fuel cons. fuel cons.
ciency modeled (TIUS)
1977 {0.78 0.007 40 50.6 49.0
1982 0.74 0.006 415 45.8 45.2
1987 | 0.7 0.0058 43 42.8 44.4
1992 | 0.66 0.0056 46 38.7 42.8
1997 | 0.62 0.0054 48 35.8 38.6

Table 8: Input values and outcome of model validation
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Figure 12: Program validation results

The modeled fud consumption was found on the basis of a 30,000 kg truck with his-
torical values for G, RRC and engine efficiency presented in sections 3 and 4. The cho-
sen vaues are best possible vaues per year. Hence, the smulation results should show a
lower fuel consumption compared to the TIUS vaues, which are fleet average vaues.
The TIUS vdues are taken for class 8 trucks and represent an average for dl trips and
trucks (empty trips included). In addition, the load factors of trucks have increased
seadily, so that the average weight of the trucks has increased during the period of 1977
to 1997. This could be a reason, why the TIUS fud consumption vaues of 1977 and
1982 are lower than the modeled ones, since the actud average weight of these trucks
was consderably lower than 30,000 kg. Other reasons could be the lower power output
of older engines (dl smulaions run with the 321 kW engine) and the less sringent
emisson standards.

Table 8 and Figure 12 show the results of the modd vaidation and the chosen input

vaues.
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3 Propulsion systems

3.1 Overview

Diesd ICEs ae the propulson technology of choice in most of today’s heavy-duty
truck transportation gpplications. The biggest advantage of the diesd engine is the
higher efficiency compared to that of gasoline engines, which influences the operating
costs of these high mileage vehicles such that the higher purchase price for the engine is
quickly offsat by the saved fud costs. There has been considerable progress in the past
that incressed the overal class 8 trucks fud economy by about 27% from 1977 until
1997 [1, TIUS] (see Figure 13).
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Figure 13: Fud economy evolution [mpg]*®

Engine efficiency has increased geadily with the introduction of turbochargers, inter-
coolers, and the turbo compound diesd engine (Scania, 1991) to reach full load effi-

18 higtoric values taken from TIUS [1], 2020 values from simulation
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ciencies of 48% today (used as basdline), which corresponds to a specific ud consump-
tion of 175 g/lkWh. Introduction of variable geometry turbochargers, high pressure in-
jection systems (common rail) in combination with optimized turbocompounding and
controls and reduced heat losses can improve efficiency even further. Gaines et d [54]
esimate fue efficiencies of 55% to be possble in 2020. Because of its high therma &-
ficdency, potentid fud flexibility, durability and reiability, the diesd ICE has the po-
tential to dominate the truck sector until at least 2020 [20].
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Figure 14: Evolution of engine efficiency from 1970 - 2020%’

7 Sources: Scaniafor historic values and ANL for 2020 value.
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3.2 Mechanical propulsion system with Diesel-ICE

Mechanicd propulson sysems condst of the power source, mostly a diesd ICE, clutch
or torque converter, transmisson, driveshaft, axle differentids and wheds There is a
wide variety of transmisson and corresponding axles, which can saisfy the broad range
of gpplications of HDVs. Mog trucks have manud transmissons because of fud econ-
omy congderations (manud transmissons with clutches are more efficient than auto-
matic transmissons with torque converters). Various manufacturers developed “think-
ing” dectronicaly controlled transmissons, which help the driver in choodng the best
gear for acertain driving mode (e.g. eectronic power shifting EPS by Mercedes).

The centrd piece of the mechanica drivetrain is the ICE. HDV diesdls have higher
compresson ratios (up to 16 for vehicle gpplications) than gasoline engines (9-11)
[23,24] and are nowadays admost exclusvely turbocharged. The higher compresson
ratio of the diesd versus the gasoline engine yidds higher pressures a the end of the
compression stroke and as a consequence, produces higher expansion stroke work. Thus
the energy converson efficiency of the engine is increased. But this is not the only rea
son. Diesdls have a better part load efficiency since they do not have throttle vaves in
the ar intake as does the gasoline engine, which cause substantia pressure drops and
higher pumping losses over the exhaust and intake strokes.

The higher pesk combustion temperatures of the diesd engine result in higher NO-
emissons compared to those from gasoline engines. Since the fud is generaly burned
overdl with excess ar (more oxygen avalable than theoreticaly necessary to com-
pletely burn the fuel) three way cataytic converters, which are used for gasoline en
gines in a dightly reductive environment (stoichiometric) are not suiteble for diesdl ex-
haust gases. The reduction of nitrogen oxides to harmless nitrogen is a much more diffi-
cult task, which has not been solved to this date. This explains the higher NOx-loads of
diesdd vs gasoline engines, which operae a oichiometric conditions (I =1), where
there is exactly enough O, to completely burn the gasoline. To catalyze exhaust emis
sons mogt efficiently (in paticular NOy) the mixture should be Stoichiometric. Lean
burning (I >1) engines like diesds therefore sometimes use additional diesdl fud to pro-
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vide a reducing agent (fud) in the exhaust gases (I 1) in order to further decrease
NOx emissons. This degrades the fud economy.

3.3 Hybrid electric powertrains

A hybrid éectric powertrain is a combination of a “norma” ICE and an dectric motor.
With this arrangement, the advantages of both the zero-talpipe emissons of the eectric
motor and the long range of the ICE can be combined. Since it is a combination of these
two systems, there are many possihilities ranging from a hybrid that is close to a con
ventiond mechanicd sysgem with only a smdl dectric motor to an dmogt purdy dec-
tric vehicle with only a smdl APU. The ultimate design choice depends on the end use
gpplication, but it seems to be most attractive to build a vehicle that is close to the
conventional mechanica sysem [17].

Electric vehicles powered by batteries have the disadvantages of limited range con
drained by battery weight and dependence on grid accessibility for recharging. The e
charging process for batteries is dow compared to the refuding of a liquid fud powered
vehide. Congdering the 90kWh battery being charged overnight within ten hours, a
power stream of 90 kW must be supplied to charge the battery theoreticaly from O to
100%. If we condder the 100-gdlon diesd tank that is filled within 5 minutes and d-
vide the energy content (13.3 GJ) through the filling time, a power stream of 44.3 MW
results. Therefore purely eectric vehicles are not feasible for truck use, since the per-
centage time in service is a very important economic issue and hence trucks cannot be
recharged for a whole night period. Additiondly the energy storage capacity would be
too low for the battery (see Figure 17).

Vehicdes ae subjected to minimum peformance criteria, including acceerations,
gradesbility, and maximum speeds, including trucks. Since the maximum peek load of
the engine is not used most of the time, al vehicles today, including trucks, tend to have
overdzed engines that do not run in their mog efficient modes — low rpm, high torque,
high load — for most of the time. Introducing hybrid technology could downsize the e+
gine to make the whole vehide sysem more efficient by providing the pesk power
needed for accderation and dope climbing with a supplemental eectric motor. Olikara
et d [37] date possble fud efficency gains with optimized series hybrid (see 3.2.1 on
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series hybrid) arrangements of up to 20 %. Gilbert and Gunn [38] predict up to 50%
fued efficency gans and condderable reductions in emissons for a CNGICE series
hybrid for a 24,000 Ibs hybrid eectric bus gpplication (remember that for diesd engines
this vaue is likdy to be amdler, snce its part load efficiency is better). In 1995 Volvo
Truck Corporation introduced their Environmental Concept Truck (ECT) as wel as a
smilar bus (ECB) based on a series hybrid powered by a gas turbine with integrated
high-speed generator. Resulting from experiences with the ECT, the FL6 Hybrid - a dis-
tribution truck - was developed in 1997 by Volvo Trucks. Two prototype trucks are cur-
rently running in dally digribution traffic in Goteborg. The truck is a series hybrid (see
3.2.1) powered by a diesdl engine and batteries, and is able to run for short periods on
batteries only (inner-city use for example), hence acting as a quas-ZEV. Volvo gates
that the main focus of the FL6 hybrid was to develop a zero emisson truck for envi-
ronmentally sendgtive cty centers. According to Volvo dmulaion, fud consumption
vaues in a typicd urban didribution driving cycle are condgderably lower (10-38%)
even if the GVW of the hybrid truck had a 3,000 kg weight penaty (14,000kg vs
11,000kg) caused by the battery packs and the eectric motor [39,40]. Toyota and
Honda introduced the Prius and Indght gasoline engine hybrid technology passenger
cars, which achieved dgnificantly increased fud economy (66mpg according to Toyota
[41] for the Prius and 61-70 mpg for the Indgght according to Honda [42]). This does not
prove that hybrid technology can be introduced without problems in the truck industry,
but it does prove tha limited and subsidized mass production of hybrid technology is

feasble
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Figure 15: Percentage engine load and rpm factors of a HDV on aflat route®®

Figure 15 and Figure 16 show engine load characteristics for a 80,000 Ibs tractor trailer
rig with a full aerodynamic package and a 370 hp engine, on a fla and a mountainous
route respectively, modeled with Spec Manager™ program provided by Detroit Diesd
Corp. They show a paticular festure of inefficient use of ICES In the case of the flat
route the engine is used 66% of the time in a 40 to 60% engine load factor mode and on
the mountainous route it is used for up to 50% of the time in a mode of less than 50%
load. During this low load operaion (downhill driving) only few fud is consumed.
However, snce ICEs ae mog efficient a full load, the engines are not operating at
ided conditions — best fud efficiency - for a consderable amount of tota use, but are
overszed, especidly in the flat route case. However, the high engine power is needed
for gradedbility, accderation and Sartability, as can be seen in the mountainous case,

18 Data from Spec Manager™ by Detroit Diesel Corp. for 280000 Ibs truck cruising
from Washington DC to Miami FL (195)
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where the engine runs for a congderable amount of time at full load (up to 27%), which
judtifies the large engine sze.
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Figur;e9 16: Percentage engineload and rpm factors of a HDV on a mountainous
route

There could ill be significant improvement if the engine were downszed to run a full
load for most of the time and a second power plant were used to provide power for peak
loads. An important part of such a hybrid arrangement would be the eectronics to con
trol the whole sysem. For example, the integration of new technologies like globa -
gtioning system (GPS), which could possbly anticipate dopes to insure that beattery
charge is on its maximum when the truck garts to cimb up a hill. Regenerative braking
could be used both as a wear-free brake, which is necessary for heavy trucks (see chap-
ter 26.1), and to increase fud efficiency. Tanja [47] dtates that regenerdative braking in
sop and go driving cycles can reduce fue consumption of up to 30%. Ancther impor-

19 Data from Spec Manager™ by Detroit Diesel Corp. for 280000 |bs truck cruising
from Los Angdes CA to Albuquerque NM (110, 115, 140)
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tant advantage of hybrids over conventiona ICE vehicles is the ability to shut down the
engine when it is not used such as during idling and coadting. In inner-city stop and go
cycles, hybrids can run on ther dectric motor only and hence increase the overdl fuel
efficdency and a the same time reduce loca emissons dragticdly. The energy Storage
capacity required for regenerative braking, which can be provided by either batteries,
supercapacitors or flywheds, can be caculaed by multiplying the necessary braking
power with the time during which the wear-free brake is used. The different storage e
vices have inherent advantages and disadvantages. Bateries function on the bass of
chemica reactions and have therefore an efficiency pendty for charging and discharg-
ing, but they have a high energy densty and are safe. Hywheds have high energy and
power dendties but safety condderations (bursting whedls can have disastrous effects)
make them difficult to contain. Ultracapacitors, on the one hand, have a high efficency
in thar charging and discharging cydes. Energy is bascdly sored in a physcd way by
separating charges and thus creating a potentia that can be used as a power source later
on. No chemicd reactions take place. On the other hand, ultracapacitors have low e

ergy dengties despite thair potentidly high power densty.

Electrical Power & Energy
Storage Comparison

Gasdine _j
__}Hydrugen

Ba‘llei‘i?E

__!Fiywheels-

_! DOE Target for Ulracapacitors - Projected

1,000 10,000 L0050
Spacilic Power (Wkg)

Figure 17: Energy and power densities of storage devices®

20 taken from www.hev.doe.gov/components/storage html
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In a chosen example (see appendix) of the basdine truck described in chapter 2.2 on a
6% dope braking for two minutes, the required energy storage device must be able to
absorb 10.5 kWh of energy. For a lead acid battery with an energy density of 35 Whikg
[all bettery data from 49] this is a theoreticd additiond weight of 300 kg. Battery power
dengity is 200 W/kg and hence the above battery would provide electrica peak power of
60 kW. Consdering current nicked meta hydride (NiMH) batteries with an energy stor-
age capacity of 70 Whikg, the necessary weight for the same example goes down to 150
kg. Neverthdess with the lower energy capacity of only 150 W/kg the pesk power of
the eectric motor would be 22.5 kW — congderably lower than in the firgt case. Using
advanced NiIMH batteries with 120Wh/kg and 220 W/kg the needed battery weight
drops down to 87.4 kg and the theoretical peak power is 19.2 kW. These battery packs
have power dengties far below the needed 313kW. Therefore, even in the case of the
165kW battery used for the smulation in section 7, not al the energy can be absorbed
by the batteries during downhill braking. Some energy must be disspated as heat or
might be stored in capacitors for short time braking. The battery pack cannot be de-
sgned as indicated with the above example however. It is a trade-off between needed
peak power, energy storage and battery weight and costs (See section 7.1 for details).
This study will not ded with this optimization.

Electric motors can provide high torque even a very low rpm. ICEs on the other hand
have a poor efficiency a low load and are therefore unsuitable for stop and go cycles.
For delivery trucks (eg. UPS, FedEx, Postd delivery), hybrids would present an excel-
lent system to decrease fuel cogts [17]. Additional improvements in aerodynamic drag
should be possible due to reduced radiator Sze of asmaller engine [37].

There are three basc types of hybrid vehicle configurations — a series, a pardld and a

power split hybrid.

3.3.1 Series hybrid

In the series hybrid, a combugtion engine is connected to an eectric generator, which
can directly provide eectricd energy for the eectric propulson motors or charge a bat-
tery pack if less power is needed. The man advantage of this setup is that there is only
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one drivetrain — dectric - that goes to the wheds, which offers the possbility to intro-
duce smal and efficient whed motors. Note that the whole mechanicd driveshaft and
axle differentids can be omitted in this system.

BATTERY INVERTER

.{] D:I 00 oo
]

¢ 0o oo

= o i< €S

ENGINE GENERATOR MOTOR DRIVETRAIN

Figure 18: Series hybrid scheme®

Other important advantages are that the engine aways runs at a congtant load and can
therefore be very efficiently desgned, and the posshility to implement new power
plants other than ICEs, in paticular FCs (see section 3.3). Disadvantages include the
necessity of an eectric motor and a generator, wheress in the pardld case there is only

one unit serving as generator as well as motor.

3.3.2 Parallel hybrid

In the pardld hybrid sysem the conventiond drivetrain remains and the eectric motor
is added in pardld to the
ICE.

Figure 19: Paralld hybrid
scheme

The mechanical drive shaft
ENGINE GENERATOR/MOTOR DRIVETRAIN can therefore be powered

by the ICE, the dectric no-

tor, or both, as pesk power is required. The eectric motor acts as the generator as well

21 4| hybrid schemes taken from: www.toyota.com
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as the additiona power source, and is not divided in two units as in the series case. The
advantage of this system is the direct connection between the ICE and the wheds,
which avoids the efficiency losses of the continuous charging and discharging process
of the batteries. The ICE is supposed to run most of the time, but is downszed com-
pared to a conventiond ICE mechanicad drivetrain. For dow stop-and-go driving the
engine is stopped and the eectric motor should be designed to provide al the power
needed up to a certain threshold. With this arrangement the unnecessary idling of the
ICE can be avoided. A padld hybrid arrangement is used in the smulation for the ly-
brid truck.

3.3.3 Power split hybrid

The power split hybrid system is somewhat a mixture between the two basic configura-
tions but it is closer to the pardld hybrid. An additiona planetary gear congantly dis-
tributes the power from the ICE to the generator and directly to the whedls.

BATTERY INVERTER
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Figure 20: Power split hybrid scheme

Thus part of the energy is converted to dectricity and stored in the batteries and the
other part is provided to the drive shaft (The Toyota Prius is equipped with this latter
system).
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3.4 Fuel cells

Another promisng technology, which could not yet be smulated with the Matlab
model, shdl be described quditatively at this place. Fuel cdls are eectrochemicd de-
vices able to convert gaseous fues directly to dectric energy without combusgtion.
Therefore they are not limited by the law of the Carnot cycle, but the energy content in
the fud can theoretically be used up to its heeting vaue less the losses due to the irre-
vershility of the chemica reection. This theoretica efficiency, which is about 85% of
the energy content in the fuel, cannot be reached in red applicaions snce efficiency
drops if power (current) is drawn from the cell. The higher the current the lower the po-
tentid, and thus there is a maximum of power a an efficiency of about 60% of the theo-
retical chemical potentia of the cell?2.
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loss zone zane VW = R7 | Tone urrent [4]

Figure 21: Fud cdll (PEM) performancefor air-H, fud mix*

There are three regions in the potentia curve of the FC. The first drop in potentid is
caused by the chemicd reaction rate limitations. In the second zone the potentia drops

22 Personal communication, James Cross, A.D. Little, Inc.
23 The drop in potentia due to diffusion does not appear if pure oxygen is used
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linearly with increesng current according to Ohm's law. The third drop is caused by
diffuson problems. If ar is used as a source of oxygen, the potentia can fdl to zero. If
pure oxygen is used, this drop would not occur and the ohmic linearity would prevail.
The theoreticd potentid of the chemica reaction Vimax is only reached for zero current.

There exis a current and voltage where the power densty of the fud cdl is maximd,
i.e. the most power per area unit can be drawn from the cell. A FC should run near this
point indicated in Figure 21 as Vopt. The operating efficiency of the FC can be deter-
mined as follows

\V/

__ applied
hcdl - V

max

Therefore, the overd| efficiency on a fud energy content basis is cadculated by multi-
plying the theoreticd maxima efficiency with the operating efficiency (equetion 4) de-

(4)

pending upon operating conditions. Proton exchange membrane fud cdls (PEMFC)
seem to be the technology of choice for the near term future for transportation purposes.
Their ability to operate at moderate temperatures (20-120°C) and to respond quickly to
varying power demands provide an advantage over other FCs such as phosphoric acid,
molten carbonate, solid oxide or akaine FCs [20,21,22]. PEMFCs have come down in
price during the past years and research is aiming for further cost reduction [20,21].

Since current diesd drivetrains dready have high efficiencies of about 35-40% [20,
p.5.14], FCs will have to be very fud efficient (more than 45%) in order to be competi-
tive in the trucking transportation sector. PEMFCs could cost about 50-200 $/kW, even
with mass production according to the “five lab study” [20]. This is double to tenfold
the cost of ICEs.

As indicated in chapter 3.2.1, a combination of the FC in hybrid would be an atractive
solution on a fud efficiency bass The Seady date operation of the FC combined with
regenerdtive braking should perform at efficiencies above 60%.

Recently Bdlard Power Systems, the market leader in PEMFCs, developed the fourth
generation of their PEM gacks which have a power density of 0.88 kW per liter (1.18
hp) [30]. This order of magnitude is comparable to today’s ICEs and therefore these e+
gines could be implemented in the same space in a vehicle. Bdlard has dready shown a
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heavy-duty application with their firs ZEV bus [31] and the 275 horsepower NEBUS
[32].

The problems of fud cels are not only reated to the technology itsdf (high price) but
to the necessary infrastructure, which is currently not in place. Today's fud cdls need
hydrogen gas as fuel. This hydrogen can ether be supplied in the form of gaseous or
liquefied hydrogen or from a hydrocarbon fud, processed in a smdl quantity chemica
reactor — a reformer — on board of the vehicle. The most obvious disadvantage of gase-
ous or even liquefied hydrogen is the very low energy densty compared to liquid fuds
like diesd or gasoline (see chapter 5.3 on fuels). Hydrogen energy density on a volume
basis is about an order of magnitude smdler than it is for hydrocarbons. Hence even if a
fud cdl is aout twice as efficient as an ICE — which is a very optimigtic assumption-
the energy storage system would be dmogt five times the volume of a diesd tank. In
addition, the storage tank for gaseous H2 (compressed @ 350 bar) is 5 to 10 times nore
expendve [49] than a conventiond liquid tank. There is a posshility to avoid these
large energy storage devices by introducing the hydrogen in a form other than B —as a
liquid fud like methanol, diesd or gasoline But there are severd problems with this
dternative. As dated, the FC only works with hydrogen, and in addition, this hydrogen
gas stream must not contain CO lest the cadysts on the surfaces of the membrane
would become deactivated (intoxicated) quickly and the FC would lose its efficiency.
Reformers must therefore provide a very cleen H, stream tha is “freg’ (lower than
10ppm) from CO — a catalyst poison (other gases like nitrogen, oxygen or even CO;
may be part of this B-gas stream since they do not adsorb as strongly on the cataytic
surface as CO does). Generdly the reforming process is the production of syngas (mix-
ture of CO and H) with possbly any compound containing carbon and hydrogen atoms
by partid oxidation or steam reforming.
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The governing chemica reactions are as follows (partid oxidation) for CH, as a tem
plate carbohydrate [48]:

CH, +2:0,® CO, +2>H,0 DH = -520 [k¥mol] (5)
CH, +H,0® CO+3>H, DH =206 [kJmol] (6)
CO+H,0® CO,+H,  DH=-41[kJmol] @

The partid exothermic oxidation of the carbohydrate (5) is used in an autotherma reac-
tion scheme to provide the necessxy energy for the endothermic reaction (6), which
produces the syngas. In the shift reaction (7) the CO is transformed into CO», which is
not a catalyst poison and can be in the fud stream for the FC. The control of this proc-
ess is a difficult task especidly for a vehicle where the demand for energy supply is
changing a dl times. An intermediary dorage unit for gaseous H, seems to be unavoid-
able, so that the reformer can be driven at somewhat steedy state conditions. Otherwise
the performance of the reformer may be very poor (for transent cycles). Large-scde
production of hydrogen can strongly improve the efficiency of the reformer. Current
naturd gas reformers are highly efficient units that can be tuned for Seady Sate opera
tion (see chapter 5.3.2 on fud cycles).

Introducing a reformer into the vehicle can solve the energy dengity problem of hydro-
gen but it gives the whole FC sysem an overdl efficiency and emissons pendty. Not
only is the fud cdl less efficient, but the weight of the vehicle dso increases. The re-
former adds weight and the fud cell must be bigger in order to provide the same power
as a FC running on pure H. DOE sources [49] state a 10% weight increase for a metha-
nol reforming FC ca and a 19% weight increese for a gasoline reforming FC vehicle
compared to a H, FC system. Since the vehicle weight didribution of a truck is differ-
ent, these percentages are lower for HDV's (see chapter 2.6.2).
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4 Driving resistances

4.1 Influencing factors

Thetotal power needed to propel a vehicle must overcome four primary components:

Aerodynamic drag, caused by the friction of ar moving around the vehide while in

movement

Vehicle inertial mass whileit is accderating

Tirerolling resistance, which isthe frictiona loss of the tires

Mechanical losses, which include dl parastic losses of the engine, transmisson, as

well as auxiliary power needs of fan, dternator, fuel pump, ar compressor, and ar

conditioner

Other factors contribute in important ways to the overdl fud economy [15]; some of
them shdl be described in this section.

4.2 Aerodynamic drag

Aerodynamic drag becomes especidly important a high travel velocities [13,14]. Gen

erdly, it can be described by the following formula®:

where: Fo
la

Vrel
Cb

F =%><ra wrelzx:D(f)XA(f )

aerodynamic drag force

ar densty

relative velocity of vehidle
aerodynamic drag coefficient

cross sectiond area exposed to wind

wind yaw angle

24 All presented formulas are taken from the Matlab model

(8)

[N]
[kg/nT]
[

]
[°]
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Ealy studies have shown potential for aerodynamic drag reduction [8]. Newer extended
studies [9,10,11,12,18] showed the different technological improvements, which make
possible reductions in aerodynamic drag, and their respective fud economy effects. The
introduction of roof top deflectors and farings, cab-sSde extenders, tapering rears of the
trailer, undersde and trailer sde wall improvements are described based on wind tunne
experiments with a 1:2.5 tractor-semitrailler modd (no effects of “moving” road) as well
as on the road tests with “red” trucks [10]. Fud economy improvements of up to 15%
on the bass of a Mercedes Benz 1735 S tractor semitrailer combinaion have been
found in the experimental road tests by the introduction of farings, sde skirts, reduced
traler gap, whed covers and tapering rears. The importance of wind yaw angles is
shown [11]. This is one of the differences to passenger cars. Trucks are long vehicles
therefore the wind yaw angle can influence fue consumption dradicdly if the vehidle is
not attacked by frontd winds in a perpendicular way. The actud cross sectiona area
increases and the area where winds attack can become a multiple of the theoretical area
cdculated by multiplication of height and width of the vehicle (see chapter 4.5). Aero-
dynamic drag has been reduced by about 40% within the last 30 years. Starting with a
Cgvaue of 1.0 for a truck without any aerodynamic gear, the introduction of roof de-
flectors after the 1970ies oil crigs reduced the value down to 0.7 — 0.8. Today’s best
conventional tractor-trailers reach Cqvaues of 0.6. Further increase in this area is pos-

sible and probable.
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With cab-over-engine design, vaues down to 0.5 can be reached today (trucks have
vaues in this range in Europe, where cab-over-engines designs are $andard). Scania is
talking about Cg-vaues in the passenger car range for their 2010 concept truck. Based
on these data and data in Petrushov [51], an estimate of 0.4 is used for an advanced
truck in the smulations. Tralers are currently made separately from the trectors. Cy-
vaues as low as 0.4 can only be reached if the whole tractor trailer combination is q-
timized as a whole. Closer cooperation between truck and traler manufacturers is

needed in order to achieve the projected value.
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The measures added to the basdine vehicle can be characterized as follows;

Measure Corresponding Cy-vdue
Full aero package tractor 0.58
Reduced trailer gap, ca. 0.5m (18") 0.56
Cab over engine design 0.51
Improved trailer (Sde skirts) 0.45
Integrated advances full vehide 0.4°

Table 9: Aerodynamic drag reduction measures and corresponding Cd-values®™

4.2 Vehicle inertial mass

Vehide weaght is another important factor influencing fue consumption, especidly
while the vehicle is accderding. The inertid mass of the vehicle mugt be overcome by
the engine power while it is accderating and disspated by brakes during deceleration.
In a quad deady Sate gpproximation, as Smulated in the modd, this behavior can be
expressed by the following equation:

/Omrot O D/

Fireia = My >§ 10(“)“ ,Z,xv @m,, gL+ 10 5D 9)
where: Finertia Force caused by inertial mass of vehicle [N]
Men  Vehidemass [kg]
%M Percentage of rotating mass on vehicle [-]
V (Exact) acceleration [M/s?]
Dv Change in speed [m/g]
Dt Lapse of time for corresponding speed change [<]

25 | ower values can be reached. For mass production however, 0.4 should be attainable.
26 Data taken from Spec Manager™
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Not only must the vehicle as a whole be acceerated in the forward direction, but each
rotating device (wheds, shafts, engine, etc) must dso be accderated in its rotating di-
rection. This is he reason for the %m: term, which takes into account this acceleration
of the rotating masses as a certain percentage of the whole vehicle (a congtant of 3.5%
of the GVW isusd in the smulation).

The same force acts on the vehicle during braking and must be dissipated in the brakes
(see sections 2.6.1).

4.3 Rolling resistance

The weight dso goes into the caculatiion of the tire rolling resstance. Equation (10)
shows that the ralling resstance of the vehicle is directly proportiond to the RRC,
which is a coefficient influenced by the frictiond properties of the road and the tire. Ac-
cording to Petrushov [51] and the Bosch handbok [45], this RRC is a function of vehicle
speed. Neverthdess it is assumed to be congant a any speed in the smulaion and the

following more generd formulais used:

Fo =My g0 (10)
where: Fer Ralling resstance force [N]
Myen Vehicle mass [kd]
g Gravitationa constant [M/s?]
m Rolling res stance coefficient (RRC) [-]

Congderable work has been done in this area to reduce RRC. Bias ply tires have been
supplanted by radias and now give way to low profile radids. Super single tires com-
pete with “normal” doubles. Sachs et d [15] gpesk of a possble fue economy gan of
3% by improved tires. Thompson et d [28] estimate that a 10% reduction in RRC yidds
a 2 percent change in the vehicle's fud consumption. Note that this sudy was made for
passenger cars, but Sachs aso cites al1% truck fud economy gain for a 2.6% RRC re-

duction. Generdly, it can be said that the rolling resstance becomes more and more im-
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portant the heavier the vehicle gets. Nevertheess, the rolling resstance is not only gov-

erned by the intringc properties of the tires, but by their maintenance. Accurate pressure
in dl tires of the vehicle is important to meet predicted fud economies and avoid
irregular wear, which can provoke increased RRC and is aso an important safety issue,

especidly for single tires. Mismaiching tires on doubles can create dip of the smdler

tire and put more weight on the bigger tire causng detrimentd effects to fud economy
and overdl tire cost [29]. Based on Bosch’'s Automotive Handbook and vaues from
ANL [45,554], RRCs of 0.005%" to 0.007 are used for modeling purposes. Truck wheels
generdly have smadler RRCs than passenger car wheds [45]. Rolling resstance has
been dragticaly reduced in the 1970ies with the introduction of radid tires.
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Figure 23: Evolution of RRC?®
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27 The value of 0.005 is not reached today and is assumed as an optimistic future value

28 higtorical datafrom ANL
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Wheress bias-ply tires had RRCs of 0.01 or more, the radias came down to 0.007. Low
profile radials got down to 0.006, and most recent types to 0.0054. RRCs of 0.005%°
were estimated possible on the basic vadue for the best tires of 0.0054 reached today.
This represents an improvement of 7.5% on a time horizon of 2020. Current tires have
RRCs between 0.007 and 0.008, depending upon the position on the truck. Trucks use
different tires on drive and steer axles as well as on the trailer. According to Michdin®,
the chosen 0.005 is a possible optimistic vaue.

The RRC-vduesareliged in Table 10:

Measure Corresponding RRC
Today's best radids largely spread on the | 0.006°"

US market

Today’s best radias (possible) 0.0054

Future super Sngle radias 0.005

Table 10: Tireimprovements and corresponding RRCs

4.4 VVehicle cross sectional area

The vehicle cross sectiond aea, which is generdly the product of height and width,
does influence fud consumption as indicated in equation (8). The larger this area, the
more power is necessary to prope the vehicle. The height depends largely upon the
specific gpplication and customer’s preferences. For transportation companies, volume
capacity can be a crucid competitive factor, and therefore reductions in cross sectiond
area are impractical and will not be consdered in this sudy. A standard width of 2.6m
(102") and a height of 4.08m (13'5") is assumed based on Spec Manager™ data and
will be used as the basdine vadues in the smulation to give a cross sectiond area of 10
. (The open area under the vehicle between the whedls (0.6 n) is subtracted).

29 A comparison with arailroad RRC of 0.001 - 0.002 shows that thisis aready alow
vaue,

30 persond communication, Olivier Brauen, Michelin France, March 2000

31 persona communication, Jack McCammond, Michelin USA, March 2000
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4.5 Vehicle length

Vehicle length is especidly important for trucks compared to passenger cars in the
presence of dde winds Incressng sSde wind yaw angles can Sgnificantly incresse fud
consumption. Krémer and Gohring [9] show the importance of sde wind effects and the
impacts of measures to reduce sde wind drag effects. Introducing side skirts for tractor
and traller — including tapering rears - reduces drag by up to 40% (note that this is not a
direct fud economy gan). Mog of the time some Sde wind effects are present in red
driving, s0 tha the effects of Sde skirts can be even more important than the here a-
plied modd would predict, as Sde winds are not consdered in the modd. Porth et d
[11] show fud economy gains of 9% in red driving tesds for a vehide induding sde
skirts compared to one without. Vehicle length reductions are limited for the same rea
0Ns as cross sectiond areq, i.e. freight capacity. The importance of vehicle length is not
conddered in the smulation and nether are wind yaw angles. Since these regtrictions
apply to dl of the consdered propulson technologies in the same manner, the effects
would dso be smilar for dl of them.
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5 Other factors

5.1 Driver skills

Driver skills can have a considerable impact on fuel economy®2. This includes progres-
gve shifting and low rpm cruise, and avoiding “red ling’ high rpm acceerations and
long idle periods. A new word used for this syle of driving is “ecolomic” driving,
meaning a combination of economic and ecological improvements in driving behavior.
Sachs et a [15] present an estimate of up to 20% in fud economy aly by enhanced
driver kills. The Verkehrs-Scherhatszentrum Vdthem (VSZV) in Vdthem, Switzer-
land provides courses in ecolomic driving, and truck fleet operators can save in average
5 to 10% in fud consumption codts after one year of having their personnd educated in
ecolomic driving®. Another study performed by VSZV in a 12 bus fleet in the city of
Grenchen (Switzerland) showed a 45% fue consumption reduction for idle periods if
drivers put the gear from “D” to “N” (neutrd gear in the automatic tansmisson, avoid-
ing energy disspation in the torque converter). For the conddered smdl flegt this pre-
sented a 1,700 L “freg” fud saving only by switching the gear.

The amount of energy tha can be saved by avoiding long idle periods — such as over-
night constant idle to keep cab hesting or A/C and other accessories running — shdl be
considered in the next chapter.

5.2 Engine idling and auxiliary power units (APUS)

According to estimates by Argonne Nationd Laboratory [43], the average long-haul
truck idles avay up to $1,790 in profits each year. Indead of letting their engines idle,
operators of class 7 and 8 trucks should consider using separate devices for cab heating
and cooling and engine warming. The payback period for such devices could be as dort
as one year, depending on use.

32 Persond experience and communication
33 Persona communication by Mr. Peter Koch, Instructor VSZV
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Devices on the market include direct-fired burners for cab and engine-block hesting,
thermd Sorage devices for hesating and cooling, and auxiliary power units for hesting,
cooling, and dectricd power. Typicdly, they consume 80-90% less fud than a truck
diesdl engine®*, produce very low emission and are slent. Reducing idling would have
ggnificant environmentad and economic benefits on the naiond levd as wdl. If dl
class 7 and 8 long-haul trucks (about 480,000 vehicles) used these devices, the totd fue
savings would be as much as 0.6% of al fud used for surface trangportation in the
United States [43]. By reducing idling, truckers have the opportunity to reduce costs on
fud, increase the overdl energy efficiency, and reduce air and noise pollution.

34 A heavy diesal engine used for cab hedting is only about 8% efficient.
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5.3 Fuels

5.3.1 Fuels and their emissions

Trucks contribute up to about half of al NOy emitted by the transportation sector today
[46]. They are expected to have a mgor contribution in the future when gasoline pas-
senger cars get even cleaner and diesel HDVs cannot meet the same standards (see
chapter 2.4.1 on mechanicd drive trains and diesd ICEs for explanation). The freight
sector could become a mgor contributor for GHG and other emissons, and it is criticd
to envisage these aspects now. Several other fuels can be used for transportation pur-
poses in internad combustion engines as wdl as in other power generators such as fud
cdls (FCs). Table 11 shows energy properties and emissions of the consdered fuds.
Note that on a per kg basis, hydrogen is by far the fud with the highest energy density.
The problem is that even in the liquefied date, hydrogen has a very low mass dengty,
hence the required volume for the fud storage on a vehicle is big compared to conven
tiond fuds like diesdl or gasoline. This is one important disadvantage of hydrogen with
respect to other fuels.

This table is a comparison of the possble fueds on a 100-gdlon energy equivdent of
died fud (13.3 GJ). It does not take into account the efficiency of the propulson sys-
tem however. This means that a more efficient diesd-hybrid or a FC system would need
less fue than the given 100-gdlon diesdl equivaent. Note that the table does not show
the overdl CO, emissons of the entire fued cycle (see next section). One can see the
high energy dendty of H, on a per mass bass and its low energy density on a per vol-
ume bads, which is the vaue of interest for transportation purposes. By comparing the
different fuels based on the energy content per volume, the outcome is consderably dif-

ferent.
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Fuel Chemical Energy con- Fuelweight Tank weight Total fuel densit Volume of  Volume of Energyden- CO:emis- COzemis-
formula tent LHV [kg] [kal system [kg/m fuel [gal] fuel [L] sity [MJ/L] sions sions
[MJ/kg] weight [kg] [kg/kg]® [kg/MJ]®
Diesel CuHzx 417" 320 42 362 856 100 379 35.7° 3.19 0.076
Gasoline C7Hiz 42.4 315 42 357 738 113 426 31.3 3.05 0.071
Methanol CH30H 20.1" 660 70 730 792 220 833 15.9* 1.38 0.07

Natural gas CH4 47.7" 280 238 518 168" 440 1666 8.0" 2.75 0.05
(CNG)

LH2 @ 20K H2 120.2" 120 133 253 31" 940 3558 37" 0 0
CH, @ Hz 120.2* 120 448 568 14" 2160 8176 16" 0 0
207bar

CH. @ 690 Hz 120.2* 120 511 631 24" 1220 4618 29" 0 0

bar

Table 11: On board storage capacities, specific heat output and CO, emissions at point of use for different fuels[5]

~ values caculated on abasis for 5 gl diesel tank; assumption volume increase by 20 (=2.7°), tank (areq) increase by 7

((@:2.72)

datafrom [4]
" datafrom [34]

#*CNG LHV [5; p.197]

" data calculated based on [5; p.292], CNG @ 15°C and 220 bar

" data calculated based on [5; p.454]

Page 56




Fuel savings potential in heavy-duty trucks

5.3.2 Fuel cycles

To benchmark different propulson and fud sysems an ovedl “wdl to wheds’ life
cycle adyss (LCA) for any conddered fud sysem must be peformed. This means
that not only the emissons and energy efficiency of the vehicle must be looked a but
adso the energy used to produce and ddiver the fued from the wel to the refuding sta
tion. This has an essantid impact on the overdl fud efficiency of a particular technol-
ogy.

For cetan fud systems like diesdl or even gasoling, the fud production part of the o-
cle is rather efficient, snce these fuds exig dmos “as a€’ in petroleum and do not
need to be synthesized (this is only partidly true for reformulaied gasoling). On the
other hand the efficiency of the vehicle pat of the cycle is poor compared to the fud
cdl. In contrast, hydrogen can theoreticdly achieve a very high efficiency in the vehicle
pat of the cycle But snce it does not naturdly exist in its dementary date, it must be
produced syntheticdly, which gives the overdl fud cyce a heavy emisson burden and
can make the whole technology look much more inefficient than it would ssem if only
the vehicle cycle were assessed. (This is true if Hy is produced by steam reforming of
naturd gas. If hydrolyss is employed as the technology to produce B, then it depends
on the type of energy power stations that produce the necessary electrica energy.)

Based on data from different sources, Table 12 was established®. The fud cydes of the
consdered technologies are compared and the whole image is presented. It can be seen
that the conventiond gasoline and diesd fuds have the best production energy effi-
ciency of up to 88% (about 12% of the energy content in the primary fue is lost during
production) for diesd fud and 84% for gasoline. For the Fischer-Tropsch conversion of
naturd ges to diesd fud, the energy consumed per MJ loaded onto the vehicle is more
than 0.5 MJ, which is more than one third, or an efficiency of 66%.

35 table provided by Darian Unger, Energy Laboratory, MIT, March 2000; might be
subject to changes.
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Per MJ of Fuel Loaded onto Vehicle

Fuel Energy | GHG emis- NOXx PM 10
Consump- sions emissions
tion
M) [(@CasCO2) (mg) (mg)
Gasoline from |Feedstock (Recovery + 0.04 0.9 16.8 11
Petroleum Transport)
Refining 0.14 34 17.1 8.7
Transport & distribution 0.01 0.3 5.8 12.7
Total 0.19 4.6 39.7 22.5
Range of totals 0.13-0.22 2.4-5 24-54 0-32

Diesel from Pe- |Feedstock (Recovery + 0.04 1.0 13.2 0.3

troleum Transport)

Refining 0.08 2.2 9.3 1.6

Transport & distribution 0.01 0.3 4.4 10.7
Total 0.13 3.5 26.9 12.6
Range of totals 0.09-0.15 1.5-6 18-48 0-15

Diesel from NG |Feedstock (Recovery + 0.08 1.6 315 0.6
Transport)

Refining 0.43 7.9 29.5 1.3
Transport & distribution 0.03 0.8 4.6 10.7
Total 0.54 10.3 65.6 12.6
Range of totals 0.54 10.3 65.6 12.6

Methanol from |Feedstock (Recovery + 0.07 1.7 134 8.7

NG Transport)

Production 0.47 4.2 28.4 134
Transport & distribution 0.03 0.8 6.2 7.3

Total 0.57 6.7 48.0 29.4
Range of totals 0.44-0.73 1.7-7 30-234 1-43

Hydrogen from |Feedstock (Recovery + 0.06 11 9.9 0.3

NG Transport)

(gaseous H2) [Production 0.36 14.2 22.4 0.8
Compression, transport & 0.18 8.4 115.9 6.6
distribution
Total 0.60 23.6 148.2 7.7
Range of totals 0.44-0.65 23.6 148.2 7.7

Hydrogen from |Feedstock 0.00 Depends on mining of fuel for

electrolysis electric generation

(gaseous H2) |Production 1.72 64
Transport & distribution 0.93 35
Total 2.65 99
Range of totals 2.65 99

Table 12: Energy and emissions from well to tank [34]
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Methanol from natural gas requires 30 to 42% of the energy content in the gas to pro-
duce the methanol that could be filled into the vehicle's tank. This represents an effi-
ciency of 58 to 69%. Hydrogen production through steam reforming has about the same
efficdency. Hydrogen from dectrolyss depends on the efficency of the dectricity
avalable Even with today’'s most efficient combined cycde gas turbines with efficien
cies of 60%, for every MJ of hydrogen produced in the eectrolysis plant, one needs 1.7
MJ energy equivalent of gas to produce the necessary eectricity for H, production.
With a today’s typicd US dectricity mix that uses 3 MJ oil equivaent to produce 1 MJ
of dectricity and an assumed 20% transportation loss one finds an energy intendty per
MJ of H loaded onto the vehicle of 3.6 MJ. This shows the high energy intengity of this
technology, which initidly appeared to be the cleanest. For the emissons, one finds a
amilar pattern in the sense that the conventiond fuels have an advantage over the dter-
nates. An exception to that trend are the particulate emissons from Fischer-Tropsch
gynthess which are low (natura gasis used as afeed stock for this process).
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6. Cost and profitability considerations

Sachs et d [15] present a comparison of fud efficiency improvements and their reaive
costs as cost of conserved energy (CCE) expressed as dollars per gdlon of fud saved.
CCE is independent of fud prices and can be compared to present or expected future
prices. On the basgs of annud miles, the payback time of various fud-saving technolo-
gies can be caculated and the profitability assessed. A smdl GCE means that the price
for a paticular measure to reduce fud consumption is low and therefore an attractive
one. A dmilar profitability factor shal be introduced in chapter 7.5, where the percert-
age of fud saved is put into relaion with the retall pice increase (RPI) compared to the
basdine vehicle. If this factor is equa to one, the percentage fud economy increase
equas the retall price increase. Numbers bigger than one represent technologies that
give a higher percentage of fud economy increase per RPI. If the profitability factor is
smdler than one, it means that fuel economy increase percentage is smdler than the e
spective RPI percentage. This profitability factor does not depend upon fuel prices and
miles driven but upon the gpplication, i.e. driving cycle. It cannot be taken as an abso-
lute vaue, but it can be used to compare technology options within a defined gpplica
tion. To get the actud return on investment of a certain technology and application, the
truck purchaser should multiply the fud consumption improvement with the miles
driven per year to find the fued savings related to the technology in question and com-
pare it to the RPl. Tanja [47] gives quditative low cost estimates for ar resstance
measures, optimized maximum power levels, speed limiters and cruise controllers. It
gives medium to high cost edimates for mass reduction effortss RRC improvements,
electronic gear shifting and regenerative braking.

Another important cost issue is prolonged engine idling for cab-heating purposes (see

chapter 5.2).

Assumptions from Stodolsky et d [17] for the hybrid case have been applied. The data

for eectric motor and inverters was extrapolated from dataiin [17], without taking into

account possible economies of scale. The following table show codts for the origina

equipment manufacturer (OEM) as well as the corresponding retall prices and RPI for
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the hybrid versus the diesd, considering current prices for ICEs and eectric motors and
an estimated (low) price for the NiMH-battery of $115/kWh(DOE [49]):

Propulsion system Diesd Died hybrid
ICE 17,000%° 7,000%
Electric motor 0 4,000
Inverter 0 6,000
Battery pack (750kg) 0 15,500°°
Additiona controls 0 2,000
Total cost 17,000 (34,500)
Totd price™ 22,100 38,100
RM vsdiesd 0 16,000

Table 13: RPI for hybridization

These costs must be added to the common costs for a truck with a retail price of about $
137,000, depending upon the sze of order and manufacturing avallability. Another
30,000 dollars must be added for the trailer. These prices can be consdered as standard
“on the market” prices, but they do not contain any rebates. The cost of the basdine \e-
hicle was cdculated based on retal price data from Freightliner for the tractors and
Century Traler for traillers. The basdine trailer was estimated to cost $ 30,000. A 15%
price increase for sde skirts was added to obtain the 0.45 vaue for aerodynamic drag
coefficient. Another 7% price increase was assumed to improve the whole vehicle in its
aerodynamics to the target Cy of 0.4 (it is less expensve to improve the whole vehicle,
since a big part of the codts is not directly G-related, i.e. engine, cab equipment, chas-

gs, drivetrain).

3 Engine cost provided by Detroit Diesdl Corp.

37 Retil price provided by International Diesdl Engines (not multiplied with 1.3, see
text)

38 The actual cost is $ 10,000 for the battery datain 5.1; multiplied by afactor of 1.5,
thus consdering bettery lifetime[17]

39 Costs multiplied by 1.3 taking account of R& D, warranty, profit, etc. [17]
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Table 14 shows the truck retail pricesthat were used:

Truck RP truck™ RP Price Total price
trailer “advances’
Basdine 137,468 30,000 - 167,468
Aero cab 140,574 30,000 - 170,574
Gap sedls, skirts 147,680 30,000 - 177,680
COE, sedls, skirts 140,944 30,000 - 170,944
Adv. agro trailer 140,944 34,500 - 175,444
Adv. agro vehide 140,944 34,500 | 12,281 (7%) 187,725
“besdine hybrid” 153,468 30,000 183,468
Hybrid 156,468 34,500 12,281 203,249

Table 14: Truck prices

The vehicle configuration caled “basdine hybrid” can be consdered as the basdine
truck without any added resstance reduction features, but with hybrid technology. The
“hybrid” can be referred to model run # 12, presented in section 7.2, usng a diesdl av
gine with the same efficiency as the basdine truck in order to get comparable economic
data of what would be possible today. (The same comparison could be made with about

the same results for cases @ and @ or @ and ® in 7.2). In section 7.5 estimations of

RPI dhdl be given conddering the results of the smulation according to the different

fud saving messures.

40 Persona communications, Dave Cirillo, Boston Freightliner Inc., March 2000

Page 62



Fuel savings potential in heavy-duty trucks

7. Results and discussion

7.1 Simulated vehicles

As presented in the introduction, different measures dlow fue economy gains. Among
the described, only some, where smulation data was available to “prove’ assumptions
could be studied more precisdy. For other technologies, published literature data from
other sources is used for comparison (FC, section 3). The following factors were used as
varidblesin the smulation:
1. Propulsion technology

Diesd:

P ICE 12.7L 2,201 Nm @ 1,200 rpm, 321 kW @ 1,800 rpm

Diesd-dectric hybrid with:

P ICE 8.7L 1,072 Nm @ 1,200 rpm, 184 kW @ 1,800 rpm

P Electric motor: 1,029 Nm @ 1,200 rpm, 137 kW @ 1,800 rpm

P NiMH battery pack: 750 kg, 120 Wh/kg, 220 W/kg, 115 $/kg
2. Driving cyde

HDV highway driving cyde
HDV urban driving cyde

3. Driving resstance factors
Cgvalues from 0.62 (basdline) to 0.4 (advanced truck)
RRC-vaues from 0.007 (basdline) to 0.005 (advanced singletires)
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The following vehicles are consdered and “driven” in the Smulation:

Vehide Engine pesk effi- RRC Cq-vdue
ciency
Basdinediesd 2000 | 48 % (175 g/kWh) 0.007 0.62
Advanced diesdl 52 - 55% (155 - 140 0.005 0.4
2020 g/kWh)
Hybrid 2020 (para- | 52 - 55% (155 - 140 0.005 0.4
) g/kWh)

Table 15: Simulated vehicles

Reaults shdl be given not only for the above vehicles, but dso for measures that can be
introduced “on the way” to the advanced diesdl 2020. Decreases of G and RRC have
been smulated separately and combined. Potentid savings can be even higher since if
resstances are reduced, the power needs for vehicle propulsion are lowered, i.e. the er
gine can be sndler and hence in generd less consuming. For smplicity and comparison
reasons, this has not been introduced though and the same engines are used dl the time.

The basdine diesd is based on the chosen ICE with an assumed peek efficiency of
48%. The same engine was used, but with an efficiency of 52 and 55% for the advanced
2020 diesdl.

The hybrid has been defined as follows. The ICE was chosen to sustain cruise speed
power and torque for the basdline truck (184 kW @ 1800 rpm, 1085 Nm @ 1200 rpm).
The power of the eectric motor (137 kW @ 1800 rpm, 1029 Nm @ 1200 rpm) is then
added in order to match the necessary brque of 2101 Nm and the peak power of 321
kW of the basdine diesdl. A NiMH battery pack was added to the eectric motor, capa
ble of providing the 137 kW to the motor; the pesk motor torque is multiplied by an d-
ficiency factor of 1.2 (battery discharging losses and motor efficiency) to yied 165 kW
battery peak power.
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Based on DOE data for a projected NiMH battery [49] the following battery characteris-

tics were used.
Battery type Specific energy Specific power den+ Price [$/kWh]
densty [Whikg] sty [Wikg]
NiMH 120 220 115

Table 16: Battery specifications

With these data the battery pack used weighted 750kg and could provide theoreticaly
90 kWh at a price of $10,350.
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Figure 24: Sensitivity study to determine | CE threshold power

A sendtivity sudy was performed based on the fully loaded truck in the urban driving
cycle to determine the threshold below which only the eectric motor should provide
power. The urban driving cycle was chosen because it is much more sengtive to the
change in this threshold than the highway cycle, when mogt of the time the vehide is
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powered only by the ICE. The threshold of 50 kW was chosen according to the sengtiv-
ity sudy results shown in Figure 24:

It is important to note that no optimizations were performed and dl the data are there-
fore firg estimates. Engine, motor and battery sizes and costs must be consdered for the
optimization of a hybrid vehicle, in order to find minimum costs and best possble fud
economy. The downsized ICE-éectric motor combination for the hybrid was chosen to
resch same power outputs as the basdine diesd. Reduced driving resstances however
would offer an additiona downgzing of the engine. The conventiond diesd could aso
be downsized to meet the same driving performance as the more powerful basdine e+

gine.

7.2. Simulation results

7.2.1 Highway driving

The fallowing results have been found for Cy and RRC reductions and the implementa-
tion of the hybrid drive using the highway driving cyde:

run  Cqg[] RRCJ[-] Fuel cons. Fuel Drive- % ICE
[L/100km] economy train  gain eff.

[mpg] [%0]

1® 0.620 0.0070 38.1 6.2 conv. 0% 48
2 0.580 0.0070 37.2 6.3 conv. 2% 48
3 0.560 0.0070 36.8 6.4 conv. 4% 48
4 0.510 0.0070 35.6 6.6 conv. 7% 48
5 0.450 0.0070 34.3 6.9 conv. 10% 48
6 0.400 0.0070 33.1 7.1 conv. 13% 48
7 0.400 0.0060 31.5 7.5 conv. 17% 48
8 0.400 0.0055 30.6 7.7 conv. 20% 48
9 0.400 0.0050 29.8 7.9 conv. 22% 48
10 @ 0.400 0.0050 27.5 8.5 conv. 28% 52
11® 0.400 0.0050 26.0 9.0 conv. 32% 55
12 0.400 0.0050 27.3 8.6 hybrid 28% 48
13® 0.400 0.0050 25.2 9.3 hybrid 34% 52
14 ® 0.400 0.0050 23.8 9.9 hybrid 37% 55

Table 17: Influence of technological measures on fuel economy on highway driving
cyclefor 30,000kg truck.
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Figure 25: Fud consumption reduction potential with considered technological
measur es on highway driving cycle (refer to Table 17)

For the considered vehicles, the following table gives fue consumption vaues

Vehide Engine pesk effi- Fud consumption | Fuel economy | Improvement
ciency [%] [L/100km] [mpg] [%0]
Basdinediesd 48 (175 g/kWh) 38.1 6.2 0
2000 ©
Advanced die- 52 (155 g/kwh) 275 85 28
sel 2020 @
Advanced die- 55 (140 g/kWh) 26.0 9 32
sel 2020 @
Hybrid 2020 52 (155 g/kwh) 25.2 9.3 34
(pardld) @
Hybrid 2020 55 (140 g/kWh) 23.8 9.9 37
(pardld) ®

Table 18: Fuel economy of considered vehiclesin highway driving

Table 17 and Figure 25 show the fue consumption according to different measures m-
plemented into the vehicle for a partidly loaded truck with a typical weight of 30,000
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kg (66,140 Ibs) on the highway driving cycle. The hybrid configuration chosen was de-
scribed in 7.1

The vaues found for the advanced 2020 diesdls (©,3) and hybrids (®,®) represent
conservative vaues of what is possble in fud economy, snce the possble downsizing
of the engines due to reduced resistances is not accounted for.

If case @ is compared to case @ in Table 18 it might seem that there is only a 6% re-
duction for the hybrid versus the advanced diesd. However, if case @ is taken as base-
ling, then the possible reduction is about 9% for the hybrid @ versus the diesd with the
same specifications.

7.2.2 Urban driving

The fallowing results have been found for Cy and RRC reductions and the implementa-
tion of the hybrid drive usng the urban driving cyde:

run  Cq[] RRC[-] Fuelcons. Fuel Drive- % ICE
[L/100km] economy train  gain eff.

[mpg] [%]

1® 0.62 0.0070 53.1 4.4 conv. 0% 48
2 0.58 0.0070 529 4.4 conv. 0% 48
3 0.56 0.0070 52.9 4.4 conv. 0% 48
4 0.51 0.0070 52.7 45 conv. 1% 48
5 0.45 0.0070 52.5 4.5 conv. 1% 48
6 0.40 0.0070 52.3 45 conv. 1% 48
7 0.40 0.0060 515 4.6 conv. 3% 48
8 0.40 0.0055 51.2 4.6 conv. 4% 48
9 0.40 0.0050 50.9 4.6 conv. 4% 48
10® 0.40 0.0050 47.0 5.0 conv. 11% 52
11® 0.40 0.0050 44 .4 53 conv. 16% 55
12 0.40 0.0050 30.2 7.8 hybrid 43% 48
13® 0.40 0.0050 28.3 8.3 hybrid 47% 52
14 ® 0.40 0.0050 27.0 8.7 hybrid 49% 55

Table 19: Influence of technological measures on fuel economy on urban driving
cycle
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Badinediexd 48 (175 g/kwh) 53.1 4.4 0
2000 ©
Advanced die- | 52 (155 g/lkWh) 47.0 5 11
sel 2020 @
Advanced die- 55 (140 g/kwWh) 44.40 5.3 16
sel 2020 ®
Hybrid 2020 52 (155 g/kWh) 28.3 8.3 47
(pardld) @
Hybrid 2020 55 (140 g/kWh) 27.0 8.7 49
(pardld) ®

Table 20: Fuel economy of considered vehiclesin urban driving
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7.3 Comparison between urban and highway driving

It can be seen in urban driving, where only low speeds are reached and accelerations are
numerous, the effects of resstance reductions on fue consumption are smdl. (Table 19,
Figure 26) The implementation of more efficient drivetrans however, can increase fud
efficiency by a large amount. Fue economy gains due to aerodynamics and improved
tires can only atain about 4% increase, even for the most sophidticated cases. Imt+
provements through better engines or hybrid technology can reach vaues of admost
50% for case ®. These findings show the hybrid technology potentid for ddivery
trucks, which has adso been found by other authors[17].

In the highway driving cyde, the results are somewhat contrary to the findings in urban
driving. Fud efficiency can be increased by 20% merdy through reduced driving ress-
tances, i.e. improved aerodynamics and rolling resstance of tires. Hybrid drivetrain
gans are sndler than in the urban case, where a lot of stop and go driving is present.
Fud savings of about 9% can be achieved with hybrid drives compared to diesds. In
comparison, for the urban case, the fud efficiency improvement for the hybrid to the
comparable diesd is much higher — 40%.

Hybridization is therefore more attractive for non-highway applications. If driving ress-
tances are reduced, the cruise power needs drop by 30%. Hence the ICE could be down
szed even further and thus give an even higger advantage to the hybrid by increasing
the ICE s efficiency while it runs a higher load.

For a fully loaded class 8 basdline truck (36,287 kg), the required engine brake power in
the highway driving cycle is 268 kW (360 hp) for peak power and 152 kW (204 hp) for
cruisgng a 97 kmvh (Figure 27).
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Figure 27: Required engine power for basdinetruck in highway driving cycle

For the advanced truck these power requirements go down to 222 kW (298 hp) and 106
KW (142 hp) respectively (Figure 28).
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Figure 28: Required engine power for advanced truck in highway driving cycle

This is a 17% reduced power need for acceleration and a 30% reduced power need for
cruising.
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Figure 29: Resistance contributionsfor basdinetruck in highway driving cycle
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Figure 30: Resistance contributionsfor advanced truck in highway driving cycle

These percentages differ snce the mass stays the same and, as can be seen in Fgure 29
and Figure 30, the mass inettid contribution during acceeration is by far the bigged,
and aerodynamic drag and rolling resistance only make up about 1/3 of the totd force
needed. This effect is more pronounced for the advanced case.
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The basdine diesdl could therefore be downsized by about 17% and the ICE of the hy-
brid could be downsized in power by 30% for the advanced body truck.
The influence of weight on fud economy is condderable dso for highway driving since

the weight isafactor for the rolling resstance (equation 11).
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Figure 31: Influence of weight on fuel consumption (cases©, @, @)

Chapter 7.4 explains more on vehicle weight of trucks.
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7.4 Vehicle curb weight reduction

Mass reduction has not been investigated so far in this study. Since the payload to
weight ratio is much bigger for a truck than for a passenger car, weight reductions are
not as atractive. In addition truckers adways try to reach the GVW in order to get the
most efficient transport. Therefore weight reductions would not necessarily decrease the
fud consumption of the truck in terms of [L/100km] or [mpg], but in terms of fud used
per ton of freight trangported [L/(ton*km)]*. If iron ad sted were partialy replaced by
auminum, weight reductions for HDVs in the range of 15% seem possible [54]. Usng
magnesum may increase this number to over 20%. However, today’'s trucks aready
have a high percentage of duminum integrated in their bodies. According to Freight-
liner brochures, 90 weight-% of a Century class cab is duminum [35]. Many parts in
the chasss are made of high strength Sted!.

If the weight were reduced by 15% on the basis of an 11,000 kg tractor-trailer combina-
tion, 1,650 kg could be saved and “turned” into increased payload capacity. Hence the
payload to GVW ratio would increase from 70% to 74%. This means that in terms of
fuel used per tontkm transported for a fully loaded truck, a reduction of 4.5% in fud
used per ton of payload transported would be possible according to equation (11):

fuel consumption in [%(m]
payload [ tond

This weight reduction would therefore give an economic advantage to a lighter truck, if

it could be loaded to it's GVW. If the basdline 2000 truck with the 30,000 kg were built

1,650 kg lighter, then its weight would be 28,350 kg. On the highway cycle it would

consume 37.71 “/100km Which is decrease of about 1% compared to the 30,000 kg truck.

payload specific fuel consumption = (11

This shows that weight reductions are not as atractive for class 8 trucks as for passen
ger cars, where the weight influence is bigger because of the low payload to weight -
tio. Neverthdess, a lower curb weight is a compstition factor because of the increased
payload.

41 In this expression the tons refer to payload
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7.5 Retail price increase vs fuel economy gains

In order to present a sort of “return on investment” for increased purchase prices of al-
vanced trucks, the possible fue economy gains shal be plotted againgt the retall price
increase for the respective technology. It must be differentiated between the long haul
and the urban ddlivery gpplication.

Prices of aerodynamic measures are estimated on the bass of current Freightliner
Trucks (Century and Argosy class), where its new “Argosy” cab-over-engine type trac-
tor was assumed to have a G of 0,51*2. More advanced Grvaues down to 0.45 were
estimated for an optimized trailer.

It must be stated that low Grvaues would be reachable even before 2020 and are not
only redtrained by technology. Cab-over-engine (COE) design is less popular for rea
sons such as lower resde price, concerns about decreased driver safety in case of an a-
cident and more complicated maintenance (the cab must be tipped open to entiredy
reach the engine compartment). Therefore it is not only an economic evaudtion that is
made by truck purchasers, but more “practica” arguments are dso part of the decisions
involved when buying a truck. However, if vehicle length were limited by law, the COE
desgn would get an important advantage, since it can provide shorter tractor lengths
(thismay be another reason, why European trucks have mostly COE design).

It can be seen that fue consumption reductions through aerodynamic drag reductions
can be achieved through moderate investments of up to 7% RPI for the conventiona
vehidle. If the conventiona design is changed to COE design, a fue economy gain of
7% can be reached with an investment increase of 2%.

Rolling resstance reduction can dready be achieved today down to RRCs of 0.0054.
However it is once again the safety issue that prevents the spread for low RRC super
gngle tires. The latter do not have the redundancy of doubles and are therefore consd-
ered to be less safe. The increased costs for low RRC tires are dso low — prices of low

resistance tires are about the same as for normd tires*®. Increasing fud prices could i+

42 Note that thisis an estimate based on general dataand not a measured value.
3 Persona Communication, Jack McCammond Michelin, Feb. 2000
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crease the prices for low RRC tires however. Hence a 0.5% RPI was assumed for the
projected 0.005 RRC tire.

30.0% 4.0
-
COE design
25.0%
(] +/ =
o QO -
3 ¥ |®baseline
" © XX |®aerocab
S 20.0% 5 27 &~ |AGapseals
—
S = S |* COE design
> * o ‘8 aero trailer
g + = _g ® Advanced aero
c 150% 8 O | * Advanced radials
8 [ © ~ |* best radials 2000
o + 29 su ingle ti
- 2 .= per single tires
@) + =8 !
S 10.0% ¥ + 13 _% £ hybrid ‘
L + 5 |™advanced hybrid
* 'S 2 [*oprofiabilty |
® +«——— hybrids a3
5.0% -
A
0.0% T T T T 0.0
0.0% 5.0% 10.0% 15.0% 20.0% 25.0%

% RPI vs baseline

Figure 32: Fud consumption reduction & profitability factor** vs % RPI of base-
line vehiclein highway case

Introduction of al resstance reduction technologies can save 22% in the highway and
about 4% in the urban case for the most sophisticated type of vehicle consdered.

44 See text for more explanations (section 3)
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Figure 33: Fud consumption reduction & profitability factor vs % RPI of baseline
vehiclein urban case

The introduction of the hybrid technology adds some 9% price increase to the basdine
vehicle. The resulting fud savings are about 8.5% in the highway and 32% in the urban
caxe. If the fud consumption reductions are plotted againgt the corresponding RPIs, the
picture is congderably different. A profitability ratio (as described in chapter 6; per-
centage of fue consumption reduction compared to basdine divided by corresponding
RPI percentage) represents the economic vadue of the invesment into a certan technol-
ogy. In the urban case, invesments in aerodynamics and reduced rolling resstance “do
not pay” and their profitability factor stays below 1. The best result is achieved with the
introduction of a hybrid propulson system into an existing basdine truck.

For the highway case, which has been defined typicd for class 8 trucks, hybridization
only is the worst “improvement” based on economic arguments. Money should instead
be invested in measures reducing aerodynamic drag and rolling resstance.
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7.6 Sources of errors and uncertainties

Severd crucid characteridics are not exactly conddered in the study due to amplifica
tionsfor the smulation.

Smplified engine maps are used. They do not take into account that for the same torque
requirement, low rpm modes are more efficient. As explained earlier, ecolomic driving
can not be smulated for this reason. Implementation of precise engine maps with spe-
cfic fud consumption [g fud/kWh] for each torque-rpm point would improve the mod-
eling accuracy.

Tire RRCs are taken as average values, and speed dependence has not been consdered
due to lack of exact data Trucks normdly have different tires on drive and steer axles
and on the traler. For precise smulation these different tire types must be consdered
and axle load factors must be introduced. It cannot be the god of this study to present
precise data of fud consumption, but to give an impresson of possible gains for differ-
ent measures.

Cgvaues ae wdl-described in the literature and therefore they present the data with
lowest uncertainties. As described earlier, Sde wind effects are not consdered and they
can be of big importance for long vehicles [14]. The actud aerodynamic drag can more
than double due to sde wind, because the drag coefficient increases and the respective
“frontal” area increases up to 26 nf for a vehide of 16m in length and a wind yaw angle
of 15 degrees.
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8. Conclusions and proposals for further research
This dudy shows that fud effidency improvements of heavy-duty trucks can be
achieved by the three factors as described in section 2. These are resistance reduc-
tions, optimized propulson systems and other factors such as driver kills.
Some of the possible measures are “zero cost” and can be changed only by changing
minds. The mogt obvious example is the idling of automatic transmissons in the
“N” instead of the “D” mode. Ecolomic*® driving is another example. Money spent
on education for personnd has a very short payback time of under one year. Avoid-
ing unnecessary idling isaso alow cost meansto reduce fuel consumption.
Technologicd measures are larger investments. Aerodynamic drag reduction fea
tures can increase the purchase price of a vehicle by 12% for the lowest Gy of 0.4
consdered in this study. As presented before, COE design can provide an aerody-
namic improvement of about 12% in G and 7% in fue consumption a alow RP of
2%.
Low resstance tires could improve fud efficiency by 10% according to the findings
of this sudy. Bariers to the introduction of super singles (improved single tires
used for trucks) are not only higher price but safety consderations, snce the redun+
dancy of doubles is lost and therefore there is no second tire in the case of a tire
blowout. However, super singles have been proven safe at present.
Hybrid technology can improve heavy-duty truck fue economy drasticaly depend-
ing on the driving cyde. For long haul highway driving this (expensve) solution
could only be profitable to the purchaser if fud prices were higher than today. With
a retall price increase of $16,000 on the basis of $167,000 for the basdine vehicle,
the payback period through fud savings based on a congant fud price of 0.4 $/L
(1.5%/gal) and 100,000 km driven per year (4,000 L fud saved per year) would be
10 years (not consdering inflation and depreciation). If fuel prices are higher (in the
EU for example), this number changes however, and could reach vaues of 4 years

for fud prices of 1$/L. Note that these assumptions are true for long haul trucking

45 see section 5.1 for explanation
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only. For ddivery trucking, the hybrid configuration would be more dtractive in
any case. Making the same caculations with this $167,000 basdine truck and only
50000 km/year driven in an urban ddivery truck, a fue consumption reduction of
11420 L would result. With a fue price of 04 $L (1.5%gd) the payback time
would be 3.5 years, for fud prices of 1$/L the breskeven point is reached after only
14 years. Diesd hybrids represent a viable dternative to conventiona diesds not
only regarding the vehicle itsdlf, but dso the exidting fuding infrastructure.

On the bass of the underlying knowledge, improvements in resstance reduction,
epecidly COE desgn, for long haul trucks and implementation of hybrid technol-
ogy for ddivery trucks should be envisaged by trucking companies.

In order to present a picture of dl the propulson technologies, further research
should be performed in the area of fuel cell powered trucks, and compressed natural
gas (CNG) powered Otto engines, which can provide very low NOy emissons but
have lower efficiency than the diesd. Smulation with these two propulson tech
nologies should be possble on the bass of the Matlab program. Thus, fud economy
behavior of FC and CNG-ICE technology in trucks could be assessed. In addition,
series-type hybrids could be examined and the hybrid sysem optimized. In combi-
nation with the fud cyde emissons an ovedl fud efficdency and cost “winne”
might possibly be found among these technologies
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9.2 Tables supporting figures shown

Table to Figure 2

Year| Autos Percent- Light Percent- Other Percent- Buses Percent-  Total highway Total highway
[trillion Btu] age autos trucks age light trucks age other [trillion Btu] age buses [trillion Btu] [EJ]
[trillion Btu]  trucks  [trillion Btu]  trucks
1970 8527 73.0% 1540 13.2% 1503 12.9% 109 0.9% 11679 12.32
1971 8970 72.7% 1686 13.7% 1569 12.7% 108 0.9% 12333 13.01
1972 9547 71.9% 1895 14.3% 1722 13.0% 106 0.8% 13270 14.00
1973 9836 70.5% 2105 15.1% 1902 13.6% 109 0.8% 13952 14.72
1974 9332 69.5% 2083 15.5% 1904 14.2% 113 0.8% 13432 14.17
1975 9321 67.7% 2386 17.3% 1939 14.1% 119 0.9% 13765 14.52
1976 9844 67.3% 2605 17.8% 2046 14.0% 129 0.9% 14624 15.43
1977 9940 65.7% 2799 18.5% 2268 15.0% 132 0.9% 15139 15.97
1978 10140 64.0% 3022 19.1% 2539 16.0% 135 0.9% 15836 16.71
1979 9629 62.3% 3057 19.8% 2644 17.1% 137 0.9% 15467 16.32
1980 8798 60.4% 2976 20.4% 2651 18.2% 139 1.0% 14564 15.37
1981 8695 59.9% 2964 20.4% 2706 18.7% 143 1.0% 14508 15.31
1982 8695 60.4% 2839 19.7% 2707 18.8% 146 1.0% 14387 15.18
1983 8814 59.9% 2995 20.4% 2757 18.7% 145 1.0% 14711 15.52
1984 8857 58.8% 3202 21.3% 2846 18.9% 154 1.0% 15059 15.89
1985 8954 58.2% 3422 22.3% 2842 18.5% 161 1.0% 15379 16.22
1986 9162 57.8% 3636 22.9% 2903 18.3% 154 1.0% 15855 16.73
1987 9179 56.8% 3827 23.7% 2990 18.5% 157 1.0% 16153 17.04
1988 9180 55.5% 4096 24.7% 3117 18.8% 159 1.0% 16552 17.46
1989 9251 55.1% 4173 24.9% 3196 19.0% 163 1.0% 16783 17.71
1990 8707 52.2% 4467 26.8% 3329 20.0% 163 1.0% 16666 17.58
1991 8048 49.0% 4793 29.2% 3396 20.7% 174 1.1% 16411 17.31
1992 8188 48.3% 5134 30.3% 3460 20.4% 182 1.1% 16964 17.90
1993 8389 47.9% 5375 30.7% 3567 20.4% 192 1.1% 17523 18.49
1994 8494 47.2% 5530 30.7% 3772 21.0% 202 1.1% 17998 18.99
1995 8519 46.4% 5717 31.1% 3950 21.5% 179 1.0% 18365 19.38
1996 8622 45.9% 5936 31.6% 4033 21.5% 194 1.0% 18785 19.82
1997 8743 45.6% 6189 32.3% 4069 21.2% 184 1.0% 19185 20.24
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Table to Figure 3
GVW 1 2 3 4 5 6 7 8
class
pounds | O- 6001- 10001- 14001- 16001- 19501- 26001- over
6000 10000 14000 16000 19500 26000 33000 33000
year
1977 | 66.0 17.9% 3.1% 1.3% 2.1% 3.4% 1.5% 4.6%
%
1982 | 77.8 11.6% 1.6% 0.9% 1.0% 2.4% 1.0% 3.8%
%
1987 | 85.4 6.5% 1.2% 0.5% 0.6% 1.7% 0.8% 3.3%
%
1992 |854 7.9% = 1.2% 05%  0.5% 1.2% 07%  2.8%
%
Table to Figure 4

GVW class Number of

Percentage of Average annual

Average fuel

Gallons of fuel

Percentage of

(pounds) trucks trucks miles per truck economy use (millions) fuel use
(mi/gal)

0-6000 37,068,163 62.61% 12,739 17.23 27,397 44.76%
6001-10000 17,519,216 29.59% 11,610 13 15,646 25.56%
10001-14000 349,301 0.59% 15,814 9.48 583 0.95%
14001-16000 127,219 0.21% 14,420 9.19 200 0.33%
16001-19500 209,158 0.35% 4,876 8.21 124 0.20%
19501-26000 | 1,859,529 3.14% 11,746 7.26 3,008 4.91%
26001-33000 197,985 0.33% 30,074 6.64 897 1.47%
more than 1,870,183 3.16% 39,832 5.58 13,353 21.82%

33000

Total 59,200,754 100% 13,282 10 61,208 100%
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Table to Figure 10

Speed [mi/h]: Speed Speed [m/s]: Fg[N] Fg[N] Fg[N] Fg[N] 15% 3.0% 45% 6.0%
[km/h]:
0 0 0 0 5186 10525 15865 0 0 0 0
10 16.1 4.47 0 5112 10452 15791 0 23 47 71
20 32.2 8.94 0 4891 10231 15570 0 44 91 139
25 40.25 11.175 0 4725 10065 15404 0 53 112 172
30 48.3 13.41 0 4522 9862 15202 0 61 132 204
35 56.35 15.645 0 4283 9622 14962 0 67 151 234
40 64.4 17.88 0 4006 9346 14686 0 72 167 263
45 72.45 20.115 0 3693 9033 14372 0 74 182 289
50 80.5 22.35 0 3343 8683 14022 0 75 194 313
Truck weight [Ibs]: 80000
Truck weight [kg]: 36287 Frr: 5493.6
Frontal Area [m2]: 10
Co: 0.62
Gradel [%]: 1.5%
Grade2 [%]: 3.0%
Grade3 [%]: 4.5%
Grade4 [%]: 6.0%
RRC: 0.007
Air density [kg/mg]: 1.19
Grav. Cst [kg*m/sz]: 9.81

Needed storage capacity (batteries) for a
certain downhill slope:

Speed [mi/h]: 50
Grade [%]: 6.0%
Time [min]: 2

Battery energy density [Wh/kg]: 35
Battery power density [W/kg]: 200

Percentage of energy stored [%]:  100%

Needed storage [kWh]: 104
Theoretical battery weight [kg]: 298.5

Battery peak power [KW]: 59.7
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Table to Figure 15

rom | 0-800 801- 1001- 1201- 1301- 1401- 1501- 1601- 1701- 1801- sum
1000 1200 1300 1400 1500 1600 1700 1800 1925

0-10 6 0.2 0.2 0.1 0.1 4.4 0 0 0 0 11
11-20 0 0 0 0 0 1.3 0 0 0 0 1.3
21-30 0 0 0 0 0 2.6 0 0 0 0 2.6
31-40 0 0 0 0.9 0 2.1 0 0 0 0 3
41-50 0 0 0 0 0 26.9 0 0 0 0 26.9
51-60 0 0 0 0 0 40.7 0 0 0 0 40.7
61-70 0 0 0 0 0 2.7 0 0 0 0 2.7
71-80 0 0 0 0 0 2.3 0 0 0 0 2.3
81-90 0 0 0 0 0 1.3 0 0 0.1 0 1.4
91-100 0 0 0 0.1 1.5 4.5 0.4 0.6 1.1 0 8.2
Total 6 0.2 0.2 1.1 1.6 88.8 0.4 0.6 1.2 0

Table to Figure 16

rom | 0-800 801- 1001- 1201- 1301- 1401- 1501- 1601- 1701- 1801- sum
1000 1200 1300 1400 1500 1600 1700 1800 1925

0-10 5.3 0.1 0.1 0.1 0.1 14.5 0 0 0 0 20.2
11-20 0 0 0 0 0 2.4 0 0 0 0 2.4
21-30 0 0 0 0 0 4.6 0 0 0 0 4.6
31-40 0 0 0 0 0 5.6 0 0 0 0 5.6
41-50 0 0 0 0 0 6.5 0 0 0 0 6.5
51-60 0 0 0 0 0 18.2 0 0 0 0 18.2
61-70 0 0 0 0 0 7.4 0 0 0 0 7.4
71-80 0 0 0 0 0 3.8 0 0 0 0 3.8
81-90 0 0 0 0 0 4.5 0 0 0 0 4.5
91-100 0 0 0 0.3 5.2 9 2.6 3.8 5.8 0.1 26.8
Total 5.3 0.1 0.1 0.4 5.3 76.5 2.6 3.8 5.8 0.1

Truck load factors®®

Payload percentage efficiency | 0-25%  25-50%  50-75%  75-100%
Contribution 35% 11% X 45%
Thisyields an overall load efficiency of about 53% (all numbers taken as mean values)

46 qupplied by BFS
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Table to Figure 31
Weight |Fuel consumption diesel Fuel consumption diesel Fuel consumption hybrid
baseline advanced advanced
11000 28.31 20.56 18.37
30000 38.12 27.52 25.2
36287 41.31 29.78 27.13
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