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Objectives and scope

Technological energy saving and greenhouse gas reduction potentials of
heavy-duty vehicles

= Standardized GHG potentials for important current or future efficiency
technologies for different vehicle classes and mission profiles

= Compatible to future European CO, certification of heavy-duty vehicles

Costs of the investigated measures for the reduction of greenhouse gases
= Additional investment costs and fuel cost savings for vehicle operators
= Cost-efficiency of GHG reduction

Strategies to promote the introduction and establishment of energy-saving
and greenhouse gas reducing technologies for heavy-duty vehicles
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Vehicle classes and mission profiles

Semi-trailer truck 40 t Delivery truck 12 t Urban bus 18 t
long-haul, regional delivery urban delivery city-bus cycle

Beispiel fahrzeugé

i, .

wikimedia.org, 200 CC BY-5A 3.0 openswisscloud.de, 2014 v;'izipedia.org, 2006, CC BY-SA 3.0

No bias towards any manufacturer. All vehicles in the models were based
on assumptions for default vehicles equipped generic technology
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Fuel-saving and GHG reducing technologies

Technology 40t long- 4.0t 12t Urban Im.plemented
haul regional urban bus in VECTO

ICE improved Yes Yes Yes Yes Yes
Exhaust heat recovery ORC Yes No No No Not yet
Gas engine Yes Yes Yes Yes Yes
Electrical hybrid (parallel, serial) Yes Yes Yes Yes Not yet
(Battery) electric No No Yes Yes Not yet
Gearbox + final drive improved Yes Yes Yes Yes Yes
Aerodynamics Yes Yes Yes No Yes
Tires Yes Yes Yes Yes Yes
Lightweighting Yes Yes Yes Yes Yes
Speed limiter, Start/Stop Yes Yes Yes Yes Yes
Auxiliaries improved Yes Yes Yes Yes Yes

Discussion of all technologies and vehicle configurations
with vehicle manufacturers and suppliers

’ Authors: Diunnebeil, Kies, Reinhard

Lambrecht, Hausberger ’ 30.01.2015 ’ 4



ﬂT ifeu - Institut fiir Energie- und Umweltforschung Heidelberg GmbH
Grazm Institut fiir Verbrennungskraftmaschinen und Thermodynamik, Technische Universitat Graz

Fuel-saving and GHG reducing potentials of single measures

Semi-trailer truck on long haul cycle, single measures

EURO VI: 34,5 L-Diesel/100km Energy consumption TTW and CO2-WTW in %
12.39 MJ/km, 1120 g-CO2e/km 0 20 40 60 80 100 120

__________________________ EURO V xxxxxxxxxxxxxxxxxxxxxxx Lt+1 104:9: '
............... - .x.x'ﬂﬂnﬁ'ﬁﬂﬂﬂ'ﬁ._r.._r. J'_ 100.0

1) ICE improved, eta + 0.01 e : ........ : .......... : : ........................... 1 97.7

2) Organic Rankine Cycle, exhaust heat m.ﬂ.qﬂ.qﬁ.ﬁxxxﬁh} ________________________ : : .......................... 1 97.0
3) Gas engine 350 kW ]:I:I:I:I:I:I:Ij:IZEEEEEIjZEEEEEEICOZ 99. Ullllll [T111111120,1

4) Electrical parallel hybrid 96.3

5) Gearbox improved : : 99.5

6) Final drive improved : : ; : 99.0

7) Aero pack 1, trailer, Cd - 16 % :: -------------------------------- : : ------------------------- ] 1 96.1

8) Aero pack 2, tractor+trailer, Cd-23 % = : : :: --------------------- 1 | 94.2
10) Tires actual, B-B-A-A-A === : = : ................................ : : .................. 7 | 96.3

11) Tires future, all axles A s : ................ : __________________ : : ...................... - 94.4

12) Super Single tires future, all A : : ___________________ : : _____________________ | 94.1

13) Leight weighting 400 kg :: ................................ : : .............................. 99.3

14) 80 km/h : : :: ------------------------ 3§ 96.6

~15) Economical auxiliary consumers J': -------------------------------- 'L 'L -------------------------- 1 99.0

The barsin the figure show the changed final energy consumption. Differing changes of GHG emissions (COze
wtw) for measures with alternative energy carriers instead of diesel are indicated separately.
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Fuel-saving and GHG reducing potentials of measure packs

Semi-trailer truck on Long Haul and Regional Delivery Cycle, measure packages

Energy consumption (CO2)J, values in % versus basis
Tractor-trailer, Long Haul Cycle iTractor-traiIer, Regional Delivery Cycle

Basis 34,5 L-Diesel/100km {Basis 40,7 L-Diesel/100km

0 20 40 60 80 100 {0 20 40 60 80 100
< Diesel engine oM | 89 | ST 93
e ' i m 107 {88}5 I 110 (91)
f_EIectr. parallel hybrid tnsnsns | 84 jx\\\\\\\\\\\\\\\\\\\\\\\%\\\\\\\\w | 8
= Diesel engine [ NSy 79 (0rc) S S S 87
fg Gas engine D]]II]]]J#D]]]]]J]]]]]]ID]]II]]]J]I[I[I]]J]]]] 98 (SI,JE [T - 103 (85)
o Electr. parallel hybrid sy 76 i \\\\\\\\k\\\\\\\\\\\\\\\\\\\\\\\\i 77

.

ORC could aonly be simulated for Diesel engine {pack B) ' ORC could not be simulated

The bars in the figure show the changed final energy consumption. Differing changes of GHG emissions (CO:e
wtw) for measures with alternative energy carriers instead of diesel are indicated separately.
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Importance of well-to-wheel GHG emission factors
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Semi-trailer truck 40t long-haul - Natural gas (LNG) Delivery truck 12 t - Natural gas (CNG)
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Vehicle cost changes with fuel-saving technologies

Additional investment costs and changes in running costs

Current prices for available technologies from public information sources

Market entry prices for new technologies from scientific research

Changes in running costs (e.g. AdBlue, oil and tire changes, maintenance)

Discussion of all additional vehicle costs with OEMs and suppliers

Fuel cost savings
= Annual fuel savings with average annual mileage per vehicle segment
= German fuel prices, end of 2014 (diesel, natural gas, electricity)

= Fuel cost savings for different time periods and average vehicle service life

Comparison of additional vehicle operating costs and fuel cost savings
for different time periods, calculation of payback periods

' Authors: Dunnebeil, Kies, Reinhard
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Change in costs per vehicle within 3 years

Change in costs per vehicle in the first 3 years for a semi-trailer truck in long-haul transport

-50.000 € -25.000 € 0€ 25.000€ 50.000 € 75.000 €
ICE diesel improvement, eta +0.01 -3.700€ 2.500€ |
'% Exhaust heat recovery (ORC) -4.900€ 11.000€
= Gas engine (LNG) -41.900€ 44.700€
E Electrical parallel hybrid -6.000€ 60.000€
Gear box and final drive improvement -2.300€
E aero pack 1 -6.500 €
® aero pack 2: tractor -1.400€
- R
3 aero pack 2: trailer -7.400€
-S:J aero pack 2: tractor+trailer -9.300€
§ Fuel-saving tires today: tractor -1.900€ | 200€
E Fuel-saving tires today: trailer -4.100€ | 300€
E Fuel-saving tires today: tractor+trailer -6.000€ 500€
=z Fuel-saving tires, future -9.100 € | 700¢€
E Fuel-saving tires, future + Super singles -9.500 € 1.100€
_ Lightweighting: 400kg (3%) -1.100€ J§ 1.900€ Change of fuel costs
% Speed limiter: 80 km/h -5.500 € - €
D - . — . w
Economical auxiliary consumers -1.700€ j 2.000€ = Additional technology costs

(investment + variable costs)

Authors: Diunnebeil, Kies, Reinhard
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Change in costs per vehicle within 3 years

Change in costs per vehicle in the first 3 years for a semi-trailer truck in long-haul transport

-50.000 € -25.000 € 0€ 25.000 € 50.000€  75.000€
ICE diesel improvement, eta +0.01 -1.300€

E Exhaust heat recovery (ORC)
T Gas engine (LNG)
E Electrical parallel hybrid 54.000€

Gear box and final drive improvement -2.300€
g aero pack 1 -2.000€
e aero pack 2: tractor
':g aero pack 2: trailer -1.400€
g aero pack 2: tractor+trailer 1.600€
ﬁ P Change of fuel costs
= Fuel-saving tires today: tractor -1.600€
E Fuel-saving tires today: trailer -3.800€ Additional technology costs
¢  Fuel-saving tires today: tractor+trailer -5.500 € (investment + variable costs)
z Fuel-saving tires, future -8.400€ m Total vehicle cost change
E Fuel-saving tires, future + Super singles -8.400€
_ Lightweighting: 400kg (3%) 800 €
%J Speed limiter: 80 km/h -5.500€
o . -

Economical auxiliary consumers 300€

Several technologies with payback within the first 3 years

Authors: Diunnebeil, Kies, Reinhard
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Payback periods with today’s costs

Semi-trailer truck Semi-trailer truck Delivery truck 12t Urban bus 18t

40t long-haul 40t regional deliv. urban delivery
ICE improved +1 % 0.9 2.0 3.5

Exhaus heat recovery 6.8 -

Powertrain 0.7

Gas engine 3.4 5.3

Parallel hybrid 40.2 22
Electric - 25.7

Electric with intermediate charge -

Gearbox and final drive improved 0.1
Aero- Aero 1 2.1
dynamics | aerg 2: tractor 10.7
Aero 2: trailer 2.4
Aero 2: tractor+trailer 3.5
Rolling Fuel-saving tires: actual 0.1 0.3 0.7 0.3
resistance | pjel-saving tires: future 0.1 0.2 0.8 0.3
El:;l;:i\g;i;lres: future + 0.2 0.5 )
Others :Lgdr;t:’\[/iiifhting: 3 % weight 59 9.8 7.9 31
Speed limiter 80 km/h 0.0 0.0 -
Start-Stop system + speed limiter - - 3.1 6.7
Optimized auxiliaries 3.5 10.4 11.8 4.9

Legend of payback periods | <3 years »3-6 years »6 years, but within vehicle service life Not within vehicle service life
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Specific GHG abatement costs of single technologies

€

[additional technology costs (€)] — [fuel costs savings (€)]

GHG abatement costs (

Specific GHG abatement costs of technological measures for a semi-trailer truck in long-haul

tons COZe)

[GHG emission reduction (tons CO2e)]

transport depending on the reference period

3years E:;ozﬁt 6 years Egz)ozlet vehicle service life (8 years) Elcxz)oz/et
1 Speed limiter 80 km/h -370 € Gas engine (LNG) —3.756 € Gasengine (LNG) —4.81119 €
2 Gearbox and final drive improved -363 € Speed limiter 80 km/h -3370 € Speed limiter 80 km/h -3?0 €
3 Fuel-saving tyres today: trailer -342 € Gearbox and final drive improved —3&53 € Gearbox and final drive improved —363 €
4 Fuel-saving tyres future -341 € Fuel-saving tyres today: trailer —3%12 € Fuel-saving tyres today: trailer —3%12 €
5 Fuel-saving tyres today: all axles -338 € Fuel-saving tyres future —3{’}1 € Fuel-saving tyres future —3.1’41 €
6 Fuel-saving tyres today: tractor -329 € Fuel-saving tyres today: all axles —338 € Fuel-saving tyres today: all axles —338 €
7 Fuel-saving tyres future + supersingles -327 € Fuel-saving tyres future + supersingles —335 € Fuel-saving tyres future + supersingles —336 €
8 ICE dieselimproved -124 € Fuel-saving tyres today: tractor —329 € Fuel-saving tyres today: tractor —329 €
9 Aero pack1 -115 € Aeropack1 -Z#B € Aeropack1 —2?5 €
10 Aero pack 2: trailer -70 € Aero pack 2: trailer -2?.0 € Aero pack 2: trailer -258 €
11 Aero pack 2: tractor+trailer EG € Aero pack 2: tractor+trailer -1$2 € Aero pack 2: tractor+trailer —2@7 €
12 Economical auxiliary consumers Es€ Economical auxiliary consumers —1$2 € Economical auxiliary consumers -2@7€
13 Lightweighting 2 PG € |ICE dieselimproved —1%17 € |ICEdieselimproved —153 €
14 Exhaust heat recovery with ORC 4&7 € Lightweighting —2i47 € Lightweighting —128 €
15 Gas engine (LNG) 6 ﬂ7 € Exhaust heat recovery with ORC *18 € Exhaust heat recovery with ORC —$7 €
16 Aero pack 2: tractor 9@5 € Aero pack 2: tractor 2#8 € Aero pack 2: tractor 1123 €
17 Electric parallel hybrid 3.3/ Electric parallel hybrid 1,4@ € Electric parallel hybrid 1,051 €

Number of technologies with negative GHG abatement costs increases
with longer reference periods

Authors: Dunnebeil, Kies, Reinhard
Lambrecht, Hausberger
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Marginal abatement costs (MAC)

MAC curves semi-trailer truck 40 tons long-haul
- Diesel Package B -
==Payback period expected: 3 years

3.000 € ==Payback period expected: 6 years
vehicle service life (8 years)
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Specific GHG reduction per vehicle

' Authors: Dunnebeil, Kies, Reinhard

Lambrecht, Hausberger ' 30.01.2015 13



Ty

ifeu - Institut fiir Energie- und Umweltforschung Heidelberg GmbH
Institut fiir Verbrennungskraftmaschinen und Thermodynamik, Technische Universitat Graz

GHG savings potentials with negative abatement costs

Vehicle class an

d Measure package

mission profile

Semi-trailer truck
40 t, long haul
cycle

Diesel A

Natural gas (LNG) A
Parallel hybrid A

Natural gas (LNG) B
Parallel hybrid B |

Combined GHG
mitigation
potential of the

package

24% |

Partial GHG mitigation potentials
of individual measures in the package
with negative GHG abatement costs
After 3 years After 6 years  Within vehicle
service life

12%

High relevance of considered reference period for
GHG savings potentials without additional abatement costs
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Cumulated abatement costs

Cumulated abatement costs semi-trailer truck 40 tons long-haul

- Diesel Package B -

==Payback period expected: 3 years
60.000 € - ===Payback period expected: 6 years
vehicle service life (8 years)

40.000 € - ---cumulated additional investment costs

80.000 €

€
S
S
]
2
2 20.000 €
2
‘é’ 0€ -~ '
o)
< -20.000 € 0 2%
g
S
S -40.000 €
)
_'g -60.000 € /
S Maximum /
S -80.000 € cost savings
-100.000 €
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Thank you for your attention!

Questions?

Frank Diinnebeil

ifeu - Institut fur Energie- und
Umweltforschung Heidelberg GmbH
WilckensstrafBe 3

69120 Heidelberg

Fon: +49 (0) 6221 / 47 67 -0
Fax: +49 (0) 6221 / 47 67 -19
E-Mail: frank.duennebeil@ifeu.de

Antonius Kies

Graz Technical University

Institute for ICE and Thermodynamics
Inffeldg. 19

AT-8010 Graz

Fon: +43 316 873 30283
E-Mail: Kies@ivt.tugraz.at
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Fuel-saving and GHG reducing potentials of measure packs

Delivery truck and city bus, measure packages

Energy consumption (CO2), values in % versus basis
Delivery truck, Urban Delivery Cycle | City bus 12 m, Urban Bus Cycle

Basis 20,9 L-Diesel/100km i Basis 42,2 L-Diesel/100km
0 20 40 60 &80 100 ED 20 40 60 80 100

Diesel engine | . _ S 92 i _ = 93
Gas engine | 1 m 109 rSEJi ||||||||'||||||||I|||||||||'|||||||||||||||| mm 115 (87)

i Electr. parallel hybrid § 85 i : %) 84

E Electr. serial hybrid E W\m - 74
Battery electr. vehicle : 1 33 |":+‘:+‘_..'i KRR [ | 29 (38)
Battery electr. vehicle + charging- [ ] i e [ ] 26 (34)
S Diesel engine [T, SETTTTTS 83 i T 85
Gas engine; 97 r?SJE ||||||||||||||||!||||||||[|||||||||||||||| n 105 (79)

< Electr. parallel hybrid | Y 75 i | 76

E Electr. serial hybrid . i l 65
Battery electr. vehicle 29 (38)} mxzem ‘ 26 (34)
Battery electr. vehicle + charging i 23 (31)

The barsin the figure show the changed final energy consumption. leferlng changes of GHG emissions (CO-e
wtw) for measures with alternative energy carriers instead of diesel are indicated separately.
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Scenarios of future payback periods

Average payback periods in years with  with future costsin 10years

today’s scenario A scenario B

Semi-trailer truck parallel hybrid - with battery replacement
40 tlong-haul - without battery replacement

Semi-trailer truck parallel hybrid - with batteryreplacement
40 tregional delivery - without battery replacement

Deliverytruck 12t parallel hybrid - with batteryreplacement
- without battery replacement

electric

Urbanbus18t parallel hybrid - with batteryreplacement
- without battery replacement

serial hybrid

electric
electricwith intermediate charge

»6 years, but within Not within vehicle ser-
vehicle service life vice life

Legend of payback

periods =3 years »3-6 years

Hybrid and electric vehicles become economically viable
if investment costs can be reduced considerably in future

Authors: Diunnebeil, Kies, Reinhard
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