ITFT 2024

The 1t International Symposium on Intelligent Technology for Future Transportation

October 19-21, 2024 | Helsinki, Finland

Paper ID: IF106

Optimal Pathway of Battery Electric and Fuel Cell Buses in
Central Tokyo City for Carbon Neutrality in 2050

Akihiro Watabe, Faculty of Economics Kanagawa University, Japan
Jonathan Leaver, School of Engineering, Unitec New Zealand, New Zealand



I
128°

RUSSIA

/

)
I© 2011 EB, Inc.

40° -

Philippine Sea

136°
I

0 50 100150 mi
L1

|

0

PACIFIC
OCEAN

320.—‘

Niigata

Shizuoka

Fukushima

Tokyo metropolitan
area

0]
I
100 200 km 0

Tokyo prefecture (to)
10 40 60

20 20 30 40 50 mi -
1 1 1 1 |

, Tokyo city (shi)
80 km




Background Information

« Population density of Tokyo City in 2023 is 15,483 persons per km?

* In 2022, the bus transport generated 3.3 million tonnes of CO2 nationwide, and most of
them are concentrated in big cities.

« The Japanese government target of carbon neutrality by 2050 will require the bus fleet to
be transitioned to zero emission technology.



Conventional Diesel Buses Operated in Central Tokyo

Fuel economy is 2.24 km per liter

Average speed is 10.65 km per hours.

Average daily driving distance is 92 km.

Average distance between bus stops is 0.384 km.

Utilization rate of buses is 80%

About 1,500 buses are operated.



BEBs (Isuzu ERGA EV)

Weight 12360 kg
Battery Size 245.3 kWh
Power Voltage 354V
0.68 kWh/km
Electricity (30km/h
cosumption constant
driving)
Motor Maximum power 250 kW

High-voltage battery air conditioner

Electric component

— R <

. -Q- ! ' Charging inlet

In-axle motors High-voltage battery

Maximum torque 960N = m



FCBs (Toyota SOARA (Sky, Ocean, River, Air))

Weight 11610 kg

Fuel Cell

Stacks 228 kW

Motoer Maximum power 226 kW
Maximum torque 670N  m

H2 Fuel Tank 600 Liters



Purpose of the Study

* Investigate the optimal transition to zero emission BEBs and FCBs in the Central Tokyo Area for
the period of 2025-2050.

» Examines the life-cycle GHG emissions reduction

» Examines the differential total cost of BEBs and FCBs compared with conventional diesel
buses

> Examines the marginal cost of the life-cycle GHG emissions reduction



Methodology

« We adopt a system dynamics simulation model.

Clean bus growth: a stock turnover model with survival rates

LC GHG emissions from BEBs, FCBs and ICBs
» GHG emissions from well-to-tank, tank-to-wheel, truck production, FC stack production
» GHG emissions from H2 production and distribution equipment are excluded.

Calculation of LC GHG emissions
» Based on energy consumption of sources and the emission factors.
» Based on the projected clean bus growth.

Costs of BEBs and FCBs
» Capital cost, fuel cost, maintenance cost, FC stack cost



Projection of CO2 emissions

« Emissions from diesel and diesel price
» Emission factors of well-to-tank, tank-to-wheel and vehicle production are used.
> Diesel price is projected by an econometric analysis.

« Emissions from hydrogen supply and cost

» Production methods: steam methane reform with carbon capture and storage, solar and wind
electrolysis.

» Production locations: road transport, pipeline and onsite facilities without transport

« Emissions from electricity supply and price
> Electricity mix in 2030: 566% fossil fuels, 20-22% nuclear power, and 22-24% renewable energy.

» The projected electricity mix in 2050: 2% nuclear power, 17.4% hydro and 60.6% other renewable
energy.

« Emissions from battery and FC stack production
> Based on battery and/or FC stack replacement after the lifetime.



Projection of Bus Costs

* Purchase costs
> Relative price of BEBs to diesel buses is 1.40 in 2050
> Relative price of FCBs to diesel buses is 1.43 in 2050

« Maintenance costs
> Based on the previous literature and the study by UC Davis.

- Battery and FC stack costs
> Battery cost is based on the literature.
» FC stack cost is based on the U.S. DOE study.



Costs of Batteries and Fuel Cell Stacks

Battery cost

- Battery costs 200
> US$ 195 per kWh in 2020 o
> US$ 40 per kWh in 2050 $ 120
* Fuel cell stack cost "
> US$ 188 per kWh in 2020 . o0 o0 J050

> US$ 60 per kWh in 2050
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BEBs and FCBs growth

Stock turnover model with a survival rate

A survival rate is obtained by the historical data of commercial bus.

Bus stocks are determined by a survival rate and sales of new buses.

Diesel buses are substituted by BEBs and/or FCBs in 2050

Bus growth Sales of New Buses
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Key Assumptions on BEBs and Batteries

« Based on the average speed (10.65 km/h) and the fuel economy (2.31 km/l) of conventional diesel buses
in Tokyo City, three patterns of speed and fuel economy are estimated.

» Case 1: 5 km/h and 1.5 km/| (PE2KINOUFS)
» Case 2: 10.65 km/h and 2.31 km/l (Daytime)
» Case 3: 20 km/h and 3.0 km/l (Morning and night)

« Based on UC Riverside study on the energy efficiency ratio between conventional diesel buses and BEBs,
we estimated the fuel economy of BEBs equivalent to Cases 1-3.

» Case 1: 0.86 km/kWh
> Case 2: 1.22 km/kWh

Morning  Peak hours Daytime Peak hours Night

> Case 3: 1.37 km//lkWh

6:00 7:00 10:00 16:00 19:00 23:00

- Battery capacity fade

> We follow a De Gennaro et al. (2020) model. . Based on daily electricity consumption, and the
assumption on the charging behavior as 20% SOC, 70% DOD, and an average temperature of 20 °C,
an average battery lifetime is estimated 5.8 years.



Key Assumptions on Fuel Cell Stacks

* Fuel cell stack endurance hours over time estimated based on the targeted analysis by Japan
New Energy and Industrial Technology Development Organization

» In 2020, 4,100 hours
» In 2030, 50,000 hours

» |tis assumed that fuel economy of FCBs is 20% better than diesel buses .

FC stack endurance hours
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Result (Life-cycle GHG emissions reduction per km)
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Result (Differential total cost per 100 km)
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Result (Marginal cost of life-cycle GHG emissions reduction)
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Result (Cumulative life-cycle GHG emissions reduction)
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Result (Cumulative differential total cost)
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Conclusions

» Life-cycle GHG emissions reduction
» SMR with CCS does not provide any benefit to FCBs over BEBs.
» FCBs reduce more emissions than BEBs for peak hours with offsite wind electrolysis.
» FCBs reduce more emissions than BEBs for daytime with onsite wind electrolysis,.
» FCBs reduce more emissions than BEBs for peak hours and daytime until 2040 with offsite wind
electrolysis by pipeline transport,.
 Economic costs
> BEBs will be economically more beneficial than diesel buses by 2040 while FCBs will be by 2045.
> BEBs will cumulatively save as much as 200 million dollars by 2050, while FCBs will not save.

* Marginal costs

> BEBs will achieve the MC level of the nationwide emissions reduction targe under Intended
Nationally Determined Contributions of $452 per tonne-CO2eq by 2035, while FCBs will achieve this
level by 2040 under onsite solar and wind electrolysis.

> BEBs vs FCBs
» The use of either BEBs or FCBs for all time zone is not the optimal solution.
» For the use of FCBs, onsite wind electrolysis is recommended.
» There is a tradeoff between maximizing emissions reduction and economic benefits.



Thank you

Question and Comments please?
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