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Austrian transport emissions and status

Transport in Austria:

• 30.7 % of overall national Greenhouse

Gas (GHG) emissions.

Figure 1: Transport GHG emissions in Austria (VCÖ, 2020)

Austrian climate objectives:

• 36 % overall GHG emissions reduction

by 2030 (compared to 2005 levels)

• 2050 - carbon free energy system

Emberger, 2017; International Energy Agency, 2017; BMNT & BMVIT, 2018

Current bus (diesel) fleet:

• Graz Holding – 162 buses ≈ 10 mil km/yr

• 18 m articulated buses (97)

• 12 m solo buses (65)
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Research Objective and Methodology
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Well to Wheel Analysis (WTW) 

Well to Tank (WTT)

Production, processing and delivery of fuel

Tank to Wheel (TTW)

Vehicle operation

Life Cycle Assessment (LCA)

Market research 

(Literature review)
GREET Model

Manufacturing and 

recycling emissions

Compare the carbon footprint

(cradle to grave) of battery

dominant (BEB) and fuel cell

dominant buses (FCEB) to

choose the best available

option from both

environmental and economic

perspective.

Total Cost of Ownership (TCO)

CapEx (Capital expenditure) OpEx (Operational expenditure)
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Topology of the buses

Manufacturing Operation Disposal/Recycle
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Electricity mixes

Figure 4: European Electricity mix (IEA, 2020) Figure 5: Austrian Electricity mix (IEA, 2020) 
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Hydro
63%

Natural gas
14%

Wind
9%

Biofuels
6%

Coal
3%

Solar PV
3%

Oil
1%

Other sources
1%

Hydro
18%

Natural gas
21%

Wind
14%

Biofuels
6%

Coal
13%

Solar 
PV

Oil
1%

Other sources
0%

Nuclear
20%

Geothermal
1%

Other 
combustibles

1%

Bus Manufacturing – Europe

370 g CO2-eq/kWh - Avg EU electricity mix (IEA, 2020)

Operation (Well To Pump) – Austria

130 g CO2-eq/kWh – Avg. Austrian electricity mix

19.87 g CO2-eq/kWh – Avg. Austrian electricity mix (green)
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130 g CO2-eq/kWh – Avg. Austrian electricity mix

19.87 g/kWh – Avg. Austrian electricity mix (green)

370 g/kWh – Avg. EU electricity mix (IEA, 2020)

Diesel bus – 1300 g CO2 eq / km (Carbonindependent, 2021)

Figure 6: FCEB vs BEB GHG emissions in g CO2 eq/km.

Diesel bus
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FCEB vs BEB mileage at one full recharge

Figure 7: FCEB vs BEB mileage at one full recharge.

7

45% routes ≥ 200 km

Lifetime mileage 800,000 km

Avg. 14 hr operation per day
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(avg weight = 80 kg )
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FCEB vs BEB fleet: Lifetime GHG emissions
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Figure 8: Comparison of lifetime GHG emissions for different case scenarios.

Diesel bus fleet 

• Homogenous FCEB fleet – 162 buses

• Homogenous BEB fleet – 227 buses

• Heterogenous/mixed fleet -

• 97 BEBs (18 m)

• 65 FCEBs (12 m)

• 2030 -

• Renewable electricity mix

• Lower fuel consumption

• Lower material usage

Lifetime mileage 800,000 km
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Figure 9: TCO comparison for different case scenarios.

• Homogenous FCEB fleet = 162 buses

• Homogenous BEB fleet = 227 buses

ONC – overnight charging stations;

OPC – opportunity charging stations

Diesel bus

• Heterogenous/mixed fleet -

• 97 BEBs (18 m) - ONCs

• 65 FCEBs (12 m)
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BEB fleet FCEB fleet
Mixed fleet

(BEB 18m + FCEB 12m)

Range

Seasonal changes
• Over night charging

• Opportunity charging

• No range issues • 12 m FCEBs

TCO
• OPC: 2.3 €/km 

• ONC: 1.9 €/km
• 2.35 €/km • 2.15 €/km

Components
Li-ion batteries
• High Emissions

• Degree of recyclability

• Higher degree of 

recyclability

• Energy storage options

• Energy storage options

• Grid balance

Emission

Reduction

• 50 kt CO2 eq

• 110 kt CO2 eq

• 56 kt CO2 eq

• 136 kt CO2 eq

• 68 kt CO2 eq

• 130 kt CO2 eq

Conclusion



The information contained in this presentation remains the property of HyCentA.

Contact

Suhas Hegde

suhas.hegde@edu.uni-graz.at

www.hycenta.at

Slide 11Slide 11

mailto:suhas.hegde@edu.uni-graz.at
http://www.hycenta.at/


The information contained in this presentation remains the property of HyCentA.

References

• Alastair Hope-Morley., Ben Madden., & Ed Boyd. New Bus ReFuelling for European Hydrogen Bus Depots.

• Bartłomiejczyk, M., & Kołacz, R. (2020). The reduction of auxiliaries power demand: The challenge for electromobility in public transportation. Journal of Cleaner 
Production, 252, 119776, from http://www.sciencedirect.com/science/article/pii/S0959652619346463.

• Davenne, T. R., & Peters, B. M. (2020). An Analysis of Pumped Thermal Energy Storage With De-coupled Thermal Stores. Frontiers in Energy Research, 8, 
160.

• Eugene Broerman (2017). Hydrogen Compression Application of the Linear Motor Reciprocating Compressor (LMRC): DOE Hydrogen and Fuel Cells Program, 
Annual Progress Report.

• Freudiger, D. R., Bigelow, E. N., & Yurkovich, B. J. (2017). Monte Carlo simulation for optimization of hybrid fuel cell bus powertrain components. In I. Staff 
(Ed.), 2017 IEEE Conference on Control Technology and Applications (CCTA). Piscataway: IEEE.

• George Parks, Robert Boyd, John Cornish, and Robert Remick (2014). Hydrogen Station Compression, Storage, and Dispensing Technical Status and Costs: 
Systems Integration, from https://www.nrel.gov/docs/fy14osti/58564.pdf.

• Greene, D. L., & Duleep, G. (2013). Status and Prospects of the Global Automotive Fuel Cell Industry and Plans for Deployment of Fuel Cell Vehicles and 
Hydrogen Refueling Infrastructure: Office of Scientific and Technical Information (OSTI).

• Hecher, M., Eder, E., Brodacz, M., & Weinzinger, G. (2020). Feasibility study on the line operation of battery electric buses: move2zero.

• IEA (2020). Monthly OECD electricity statistics, IEA, Paris, from https://www.iea.org/reports/monthly-electricity-statistics.

• IHA (2018). Hydropower status report, from https://www.hydropower.org/publications/2018-hydropower-status-report.

• Shiau, C.-S. N., Samaras, C., Hauffe, R., & Michalek, J. J. (2009). Impact of battery weight and charging patterns on the economic and environmental benefits 
of plug-in hybrid vehicles. Energy Policy, 37(7), 2653–2663.

• Shiva Kumar, S., & Himabindu, V. (2019). Hydrogen production by PEM water electrolysis – A review. Materials Science for Energy Technologies, 2(3), 442–
454, from http://www.sciencedirect.com/science/article/pii/S2589299119300035.

• Stropnik, R., Lotrič, A., Bernad Montenegro, A., Sekavčnik, M., & Mori, M. (2019). Critical materials in PEMFC systems and a LCA analysis for the potential 
reduction of environmental impacts with EoL strategies. Energy Science & Engineering, 7(6), 2519–2539, from 
https://onlinelibrary.wiley.com/doi/full/10.1002/ese3.441.

12

https://www.iea.org/reports/monthly-electricity-statistics


The information contained in this presentation remains the property of HyCentA.

Appendix A

Table 1: Energy mix – China, Europe & Austria (IEA, 2020)

Europe

GWh % share

Nuclear 935670 22.47%

Coal 928032 22.29%

Natural gas 866763 20.82%

Hydro 615403 14.78%

Wind 384832 9.24%

Biofuels 166409 4.00%

Solar PV 120482 2.89%

Oil 64807 1.56%

Waste 50519 1.21%

Geothermal 18012 0.43%

Other sources 6298 0.15%

Solar thermal 5883 0.14%

Tide 526 0.01%

Austria

GWh % share

Hydro 41213 60.74%

Natural gas 9914 14.61%

Wind 6030 8.89%

Biofuels 4570 6.74%

Coal 3620 5.34%

Solar PV 1438 2.12%

Oil 717 1.06%

Waste 336 0.50%

Other sources 13 0.02%
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Appendix B

Total Cost of Ownership (Euro/km):

𝑇𝐶𝑂 =
V+F+P+D+I+M+𝑸−R

𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑚𝑖𝑙𝑒𝑎𝑔𝑒
…………………………………….. (i)

• V - cost of one Bus, 

• F - fuel cost over the lifetime of one bus, 

• P - powertrain (battery/fuel cell stack) replacements cost, 

• D - drive train maintenance cost per year per bus, 

• I - refueling/recharging infrastructure costs per bus, 

• M - infrastructure maintenance cost per year per bus, 

• R - re-sale value of the bus,

• Q – Opportunity/Fast charging slot.
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Appendix C

Slide 15

Parameters

BEB 12 m FCEB 12 m

Source Comments
year 2020

2030 

Target
year 2020

2030 

Target

Vehicle cost (V)
Sales cost 

(Euros)
520000 390000

Sales cost 

(Euros)
610000 430000

(Morrison, Stevens & 

Joseck, 2018); 

(New Bus ReFuelling for 

European Hydrogen Bus 

Depots)

Fuel cost (F) Euro/kWh 0.1 0.1 Euro/kg H2 6 4

Consumption - 2020 (220 

kWh/100 km & 8 kg/100 km); 

2030 (220 kWh/100 km & 6.5 

kg/100km)

Resale value (R) Euros 25000 30000 Euros 30000 40000

Powertrain -

replacement costs (K)

Battery pack 

>350 in Euros
87500 70000

100 kW FC 

stack price in 

Euros

62500 50000 (New Bus ReFuelling for 

European Hydrogen Bus 

Depots)
Drive train maintenance Euro/year/bus 15000 10000 Euro/year/bus 30000 15000

Refuelling/Recharging 

station infra cost

Recharging 

station (Euros)
250000 200000

Refuelling 

station (Euros)
3000000 2500000

Fast charging slot Euros per slot 20000 15000 Jefferies and Göhlich 2020

Refuelling/Recharging 

station infra 

maintenance cost

Euros 6000 5000 10000 8000
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Fuel Cell Bus – Solaris Urbino 12 m Source Battery Electric Bus – Solaris Urbino 12 m Source

Components
Weight 

(kg)
Quantity Replacements Components Weight (kg) Quantity Replacements

Li ion NMC (30 

kWh)
300 1 2 Shiau et al. 2009

Li ion NMC (395 

kWh = 79kWh x 5)
790 5 2 Shiau et al. 2009

PEMFC stack (70 

kW)
140 1 2

Freudiger, Bigelow and 

Yurkovich, 2017; Stropnik

et al., 2019; Ballard-

FCveloCity-HD Spec 

Sheet, 2020

Type 4 H2 tanks 80 5 -
Greene, Duleep, 2013 

review

Traction Motor 3000 1 - default value - scaled Traction Motor 3000 1 - default value - scaled

Vehicle assembly 

disposal recycling
13000 1 - default value

Vehicle assembly 

disposal recycling
13000 1 - default value

Chassis 3500 1 - default value - scaled Chassis 3500 1 - default value - scaled

Vehicle body 4500 1 - market research Vehicle body 4500 1 - market research

Vehicle tire 

replacement
45.36 8 2 default value

Vehicle tire 

replacement
45.36 4 2 default value

Electronic controller 60 1 - default value Electronic controller 60 1 - default value

Brake Fluid 0.45 1 12 default value Brake Fluid 0.45 1 12 default value

Engine/Powertrain 

Coolant
50 1 12 default value - scaled

Engine/Powertrain 

Coolant
50 10 12 default value - scaled

Transmission Fluid 0.45 1 12 default value Transmission Fluid 0.45 1 12 default value

Windshield Fluid 25 1 12 default value - scaled Windshield Fluid 25 1 12 default value - scaled

Power Steering Fluid 0.45 1 12 default value Power Steering Fluid 0.45 1 12 default value
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Appendix D - Bus components weightage
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Fuel Cells and battery production: GHG emissions
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Manufacture - FCEB and components

Type 4 H2 tanks

FC stack

Li ion Battery stack Regenerative braking

AC with heat pump

Thermal management system

65% Carbon fiber reinforced Plastic

High pressure vessels
32 kg CO2-eq/kg

Copper Wire 17.27g

Steel 0.5kg

Nickel 19.13mg

Aluminum 0.17kg

Glass Fiber-

Reinforced Plastic
25.92g

Styrene-butadiene 

Rubber
64.62g

Platinium (South 

Africa)
0.18g

Nafion 117 Sheet 6.2g

PTFE 25.65g

Silicon 0.54g

Graphite 2.73g

Plastic Product 0.17kg

Iron 0.76g

Carbon Paper 21.4g

2.4 kg CO2-eq/kg

5.5 kg CO2-eq/kg

108 kg CO2-eq/kg

1.18 kg CO2-eq/kg

7.84 kg CO2-eq/kg
Traction motor and transmissions

EU electricity mix (IEA, 2020)

407 kg CO2-eq/kWh (Alberto & Laura, 2018)
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Manufacture - BEB and components

Body Components (1 kg)

Copper Wire 25 g

Steel 71 g

Aluminum 58 g

Glass 88 g

Styrene-butadiene Rubber 27 g

Plastic Product 0.21 kg

Magnesium 8 g

Other Vehicle Materials 43 g

Carbon Fiber-Reinforced Plastic 0.47 kg

Li ion Battery NMC 111 components (1 kg)

Engine/Powertrain Coolant 43.01g

Copper Wire 0.12kg

Steel 6.19g

Aluminum 0.24kg

Glass Fiber 4.85g

High-Density Polyethylene 3.61g

Polyethylene Terephthalate 

Resin
2.06g

Polypropylene 11.04g

Graphite 0.16kg

PVDF 21.53g

LiPF6 16.13g

Dimethyl Carbonate 45.02g

Ethylene Carbonate 45.02g

N-Methyl-2-pyrrolidone 1.76g

Battery Management System 36.56g

NMC(111) 0.25kg

3.06 kg CO2-eq/kg

8.92 kg CO2-eq/kg

14.59 kg CO2-eq/kg

EU electricity mix (IEA, 2020)

407 kg CO2-eq/kWh (Alberto & Laura, 2018)
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TTW - BEB
BEB Manufacturer Solaris Urbino 12

Overall length [m] 12

Passenger capacity [no.] 80

Motor rater power [kW] 2x125 kW

Battery type Li-ion NMC

Battery capacity [kWh] 395 kWh (5x79 kWh)

Recharging time apprx 5 hours

Range [km] (220 kWh/100 km) 200

Source Solarisbus, 2019

Traction

(2.20 kWh/ km)

Heating

(22 kW)

Cooling

(14 kW)

ηRc = 93%
740 kWh

(2.96 kWh/ km)

14 hours operation

≥ 250 km

50 avg passengers

7950 kg payload

636 kWh

(2.54 kWh/ km)

395 kWh

440 kWh

Auxiliary power Systems Nominal power

Lightning 1–2 kW

Passenger information systems, ticket vending 

machine 1–3 kW

Charging of 24 V board batteries 0,5 - 2 kW

Air compressor 3–6 kW

Hydraulic pump 2–4 kW

Air condition 10–16 kW

Heating 5–25 kW

Source Bartłomiejczyk & Kołacz, 2020

45% routes ≥ 250

Lifetime mileage 800,000 km

Hecher, Eder, Brodacz, & Weinzinger, 2020

New Bus ReFuelling for European Hydrogen Bus 

Depots

Regenerative braking

(recovery = 20%)
214 kWh

45 kWh

345 kWh

Need

Figure 14: TTW Austria BEB

9.34 kg CO2-eq/ 395 kWh
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TTW - FCEB

Refuelling station

Traction
(8 kg /100 km; 2.66 kWh/ km)

Heating
(22 kW)

Cooling
(14 kW)

FCEB Manufacturer Solaris Urbino 12

Overall length [m] 12

Passenger capacity [no.] 80

Motor rater power [kW] 2 x 110 kW

Fuel cell manufacturer Ballard

Fuel cell system power [kW] 70

Hydrogen cylinders (@350 bar) [no.] 5

Hydrogen storage capacity [kg] 37.5

Battery type Li-Ion

Battery capacity [kWh] 30

Refueling time apprx 12 min

Range [km] upto 350 km

Source Solarisbus, 2019

ηRf = 85%

728 kWh

(2.91 kWh/ km)

532 kWh

840 kWh

(3.36 kWh/ km)

14 hours operation

≥ 250 km

50 avg passengers

4280 kg payload

1250 kWh

Shiva Kumar & Himabindu, 2019

George Parks, Robert Boyd, John Cornish, and Robert Remick, 2014; Eugene 

Broerman, 2017; Sdanghi, Maranzana, Celzard, & Fierro, 2019

New Bus ReFuelling for European Hydrogen Bus Depots

45% routes ≥ 250

Lifetime mileage 800,000 km

Regenerative braking

(recovery = 20%)

522 kWh

180km

718 kWh

270 km

410 kWh

122 km

Leftover

Figure 15: TTW Austria FCEB

43.5 kg CO2-eq/ 37.5 kg H2
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WTT gaseous H2 – FCEB (Austrian electricity mix)

18.5 gCO2-eq/kWh

48 g CO2-eq/kWh

12 g CO2-eq/kWh
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IHA, 2018

IEA, 2020

130 g CO2-eq/kWh

6.77 kg CO2-eq/kg H2
0.28 kg CO2-eq/kg H2

0.17 kg CO2-eq/kg H2

7.5 kg CO2-eq/kg H2

30 km

Refuelling station
@350 bar

ηCm = 94%

2.2 kWh/kg H2

ηE = 65%

54 kWh/kg H2

1.02 kg CO2-eq/kg H2 58.4 kWh/kg H2

1.1 kg CO2-eq/kg H2

0.01 kWh/kg H2

30 km

H2

17.86 ug CO2-eq/kg H2

0.04 kg CO2-eq/kg H2

Underground Storage

56.15 kWh/kg H2
0.97 kg CO2-eq/kg H2

1.05 kg CO2-eq/kg H2

5 km
≈ 0 g CO2-eq (lifetime) 

Underground Storage

Figure 16: WTT Austria FCEB

ηRf = 85%

80%

15%

5%

0.04 kg CO2-eq/kg H2
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WTT electricity – BEB (Austrian electricity mix)

18.5 gCO2-eq/kWh

48 g CO2-eq/kWh

12 g CO2-eq/kWh

19.87 g CO2-eq/kWh

130 g CO2-eq/kWh

Pumped thermal 

electricity storage

Opportunity (150/300/450 kW)

Overnight (50 kW)

9.34  kg CO2-eq/ 395 kWh

63 kg CO2-eq/ 395 kWh

ηp = 80%

0.0221 kg CO2-eq/kWh

(Davenne & Peters, 2020)

IHA, 2018

IEA, 2020 Figure 7: WTT Austria BEB

ηRc = 93%

80%

5%

15%


