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o Life Cycle Cost Model
° What is included?

° Required Inputs (assumptions)

° Format of Results

» Sources for “Base Case” Assumptions
e Base Case Results

e “Best Case” Future Cost Scenario
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of Transportatior Project Overview

This analysis was conducted using a spread-
sheet based Life Cycle Cost Model
developed for the VVolpe National
Transportation Systems Center by M.J.
Bradley & Associates. The model is
designed to allow side-by-side analysis of
multiple bus/technology types that operate on
a range of liguid and gaseous fuels. The
model will support on-going fuel cell bus
work at the Department of Transportation.

Fuel Cell Bus Life Cycle Costs
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of Transportatior Life Cycle Cost Model

» Developed specifically for this project

o Designed to be flexible
° Can analyze multiple liguid & gaseous fuels
° All major cost assumptions can be modified by user
° Can analyze buses with different useful lives

° Technology-specific cost elements included

e Up to 8 bus/technology types can be analyzed
side-by-side

Fuel Cell Bus Life Cycle Costs
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o Tt Included Cost Elements

o Capital Costs:
° Bus purchase

° Infrastructure (fuel station, depot modifications,
special tools)

« Annual Operating costs:
° Bus operator labor
° Bus maintenance
° Periodic bus overhaul
° Training
° Fuel station/depot systems O&M

Fuel Cell Bus Life Cycle Costs
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Spread Sheet Tool

Six Input worksheets for
required assumptions

- Number of buses

- Labor rates

- Bus purchase costs, etc

= —

Four output worksheets for

———— e

results of calculations

- First year operating costs

- Capital costs

- Overhaul Costs
- NPV of total life cycle costs

Fuel Cell Bus Life Cycle Costs
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Graphical Results
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: Number of buses
Operatl.ng Annual Mileage per bus
Assumptions Average In-service Speed (mph)
(‘
Bus Useful Life (yrs)
~N Discount Rate (%)
$/mi maintenance costs Financial - Federal Capital Cost Share (%)
Fuel Economy (MPDEG) Assumptions Annual Inflation Rate (%)
Bus overhaul interval & cost Fuel Costs ($/gal, $/GJ)
Labor Rates ($/hr)
Bus purchase costs —

Fuel station purchase costs
Depot modification costs

Purchase cost of special tool? Technology-Specific

Assumptions
Training (hrs/employee)
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 [ntended to evaluate current costs for Fuel Cell buses
compared to other bus propulsion options

° Fuel cell technology is in its infancy while other
technologies are mature (diesel, CNG) and maturing
(hybrid)

» Five bus/technology options were analyzed, which use
three different fuels

® Diesel Fuel:  Diesel & Diesel Hybrid buses
° Natural Gas: CNG buses
° Hydrogen: Fuel Cell & Fuel Cell Hybrid buses

» For all technologies, the base vehicle is assumed to be a
40-ft urban transit bus

Fuel Cell Bus Life Cycle Costs
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Diesel

Diesel

Diesel

Hybrid

Diesel

CNG

Natural Gas

Technology Detalls

Fuel Cell

PEM Fuel

Fuel Cell
Hybrid
PEM Fuel Cell

CNG storage

C-H, Storage

Engine Engine Engine Cell Engine Engine
Generator
5-speed Electric motor 5-speed Electric motor | Electric motor
transmission | electronics | transmission | ejectronics electronics
Energy Energy storage
storage
_ _ 3,600 psi 5,000 psi 5,000 psi
Diesel tank Diesel tank

C-H, Storage

All other bus systems assumed to be the same for all bus types

Fuel Cell Bus Life Cycle Costs
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Sources of Base Case Assumptions

USDOT National Transit Database

Annual Bus Mileage
Average in-service speed
Average in-service Fuel Economy (Diesel, CNG)

SOURCE ASSUMPTIONS

USDOE Clean Cities Alternative Fuels Price
Report (Mar 2007)

Diesel Fuel cost
CNG fuel cost

2006 APTA Transit Vehicle Database

Bus Purchase costs (Diesel, CNG, Diesel Hybrid)

30-yr T-Bill & TIPS Yields

Discount rate
Annual inflation rate

USDOE Transit Costs 1.0 Model

CNG fuel station & depot infrastructure costs

NREL Advanced Vehicle Testing Activity reports
- 1 Fuel Cell bus report
- 2 Fuel Cell Hybrid bus reports
- 2 Natural Gas bus reports
- 2 Diesel Hybrid bus reports

$/mi maintenance costs (all bus types)
Hydrogen fuel cost

Fuel Cell & Fuel Cell Hybrid bus purchase cost
Hydrogen fuel station purchase costs

Fuel Cell & Fuel Cell Hybrid bus fuel economy

Manufacturer literature/discussion with transit
maintenance managers

Overhaul costs
Overhaul intervals

Fuel Cell Bus Life Cycle Costs

11



A

U.S. Department
of Transportation

Fuel Cell Bus Life Cycle Costs

NREL Data — Fuel Cell Buses

AC TRANSIT VTA SUNLINE
Linit 4706 - 1106 11/04 - 706 1406 - 11706
40-ft Fuel Cell Hybrid 40-ft Fuel Cell 40-ft Fuel Cell Hybrid
40-ft Diesel 40-ft Diasel 40-ft CNG
) H2 Fuel Station Installation total naot repaorted 0.64 nat reparted
Ear':ltﬁ; HZ Depat Modifications total | 150 440§ 0.05
Fuel Cell Bus Purchase e ] 3.20 3601 % 310
Dty Cycle hPH 1B 14.5 13.0
Fuel mifk 8.40 312 7.3
Economy Fuel Cell Fuel Economy MF'DEQG 5o T =g
Diesel Fuel Econarny MPG 4.00 3.98 CMG = 3.32
Fuel Cost Hydrogen Cost By | % 8.00 906§ 425
Diesel Cost Boal | § 2301 % 207 CMNG = $1.10
Fuel Cell Diasel Fuel Call Diasel | Fuel Call CNG
Pl $imi ] 015§ 008] § OF1|% 008§ O005(% 008
Foweerplant Hrni ! 001 % 010 % 1504 |% 06| % o (% 005
Maintenance Drive System Fmi 5 004 )% - 5 036 | % 0oz2|% 005 | % -
Cost Fuel System $mi ] 001§ 0021 % 048 | & 0.02]% S P 0
TOTAL PROPULSION $imi ] 006 |% 0121 % 238 |%  020]% 017 (% 008
NON-PROPULSION $imi ] 054 ]% 023 % 1197 |5 034] % 027(% 018
TOTAL Himi ] 060|% 035] % 355 % 0454]% 044 [ 025
AC Transit MRELTP-560-41041 March 2007
SOURCES WTA  NRELTP-560-40615 Movernber 2006
Sunline  NRELTP-560-41001 Febroary 2007
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Data — NG & Hybrid Buses

of Transportation
DART WMATA KC METRO NYCT
Uni B/5 - 1/00 2101 - 9/04 4105 - 3106 10/04 - 5105
40-ft L NG 40-ft CNG 60-it Diesel Hybrid 40-ft Diesel Hybrid
40-ft Diese! 40-ft Diesal 60-ft Diesaf 40-ft CNG
Diegel Fuel Station total not reported not reported not reported nat reported
MG Fuel Station total ! 7501 % 4.00 (P ] 7.40
Capital Hybrid Depot Modifications total M (R Mone fdepot - 2 hattery conditi
(% mill) MG Depot Modifications total incl in MG fuel station | § 11.60 A, not reported
Hybrid Bus Purchase ea M A, 5 0.645 not reported
NG Bus Purchase ea not reported ! 0.34 MA, nat reported
Duty Cycle MPH 13.7-14.4 116 ME-124 B2-B5
Fuel Hybrid Fuel Economy MP G M A, 317 3z
Economy  |WG Fuel Economy MFDEG 270 232-239 &, 17
Diesel Fuel Economy MPG 3.80 2.84 2.50 2.30-2.40
MG Cost §DEG | % 0s2] % 1.50 &, ] 1.74
Fuel Cost -
Diesel Cost $/gal | % nso|] % 1.33] % 193 |5 1.78
NG Djesel CNG Djagel Hybrid Diesel Hybrid CNG
P Bmi | % 007 | § 007 ]%012-%014 |5 047] % 005|% O0D5)% 017 1§ 012
Powerplant ¥mi | % oos|§ 006 | $011-5012 |§F 011 011§ 012]% 017 |8 025
Maintenance Drive System $mio | % 002 % 001 |%001-%003 | & 0O041% 0015 - % 018§ 004
Cost Fuel System #mi | % 001 |% 001 |%001-%002 |4 0O011% 0011|% 5 & 002 | § 006
TOTAL PROPULSION Bmi | % 011 )% 008]%013-%0417 [§ 0461 % 013§  012]% 037 | § 035
NON-PROPULSION Bmi | % 029§ D45]%033-5041 [§ 043)% 031§ 034]% 086 | § 054
TOTAL $mi | % 040 ) F 053] 4%052-%053 [§ 055 )F 044§ 0460 § 1231 % 1.29
DART MREL, Dart's LMG Bus Fleet Final Resuits, October 2000
SOURCES WWATA  NRELTP-540-37626  April 2006
KC Metro NREL/TP-540-40585 December 2006
. MYCT  MWRELTP-540-40125 Movernber 2005
Fuel Cell Bus Life Cycle Costs 13
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Number of Buses
Useful Life
Annual Mileage

Average Speed

Labor Cost

Fuel Costs

Maintenance ($/mi)

Fuel Economy (MPDEG)
Bus Purchase

Fuel Station Purchase

Other Infrastructure

Fuel Cell Bus Life Cycle Costs

Major Base Case Assumptions

Cell

FC
Hybrid

12.4 MPH

$50/hr

Diesel = $2.63/gal

CNG =$2.17/DEG H2 = $6.70/kg

$0.55 $0.56 $0.56 $1.40 $1.40
3.2 4.0 2.4 2.8 5.1
$327,000 | $502,000 | $377,000 $3.2 mill $3.2 mill
$180,000 | $180,000 | $1.8 mill $3.5-$7.0 $1.7-$4.0
mill mill
$0 $45,000 | $450,000 | $875,000 $895,000
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of Tranaportation Hydrogen Fuel Station Costs

Projeacted Hydrogsn Fuel Statlon Cost for 100-Bus Flast

$100 £
L“HJ +Fual Call Busas
390 m Fual Coll Hybrid Bucos
$80 - u
B
=
2 %70 - *
= )
e $60 'S
L
§ 550 o ¢ PROPOSED BASE CASE RANGE OF COSTS $3.5 - $7.0 million
&
B 4o A m * Fuel
] Station for
O ™ 100 CHG
= P20 4 m * Buses
s PROPOSED BARBE CASE RANGE OF COSTS $1.7 - $4.0 million $1.8 mill
-
$20 H =
]
$10 -
m-o T T L] L] L] L] L = L] L]
VTA, Sunline LOW AD. HIGH AD. SFAPac: NREL HREL TAY
LHe Litle (2M02) (.11 {2008) Transk
(2072) (2002) Costs 1.0

v

<+~ Published sources used for projections
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o Trame o Base Case — First Year Costs

Average Cost per Bus
PER BUS COSTS . Diesel Fuel Cell
Diesel Hybrid CNG Fuel Cell Hybrid
Operator Labor F 1345215 1314525 1531452 | § 131452 | § 131 452
PowerPlant |[$ 4890|% S5216|% &5216|% 32500|% 32600
Propulsion }
Rslated Drive System | § - 5 5 5 5 -
Fuel System | % - ] ] 5 5 =
Annual T lsion Related | % 13040| % 13040|% 13040]% 130405 13040
Maintenance | 21-Prepulsion Relate i i | | i
Brake Relines 145715 a0 | F 1EE2|% 17491 % 929
Technology-Specific Cost | § 350 § 350 | § b b -
SUB-TOTAL § 10767| 8 104568 719,908|F% 47,389|F 46,569 ADDITIONAL DEPOT COSTS
Fuel § P7ES|F M E22|% S0778|F 90599 |§ 49530 Average Cost per Depot
TOTAL PER BUS % 178,988 | § 172,829 | % 182,138 | $ 269,832 | § 227.601 Diesel Fuel Cell
Diesel N CNG Fuel Cell X
Hybrid Hybrid
Fuel Station 0&M $ 90001% S000|%F 90000|% 262500)% 142500
Incremental Depot Systems
Maintenance ¥ e § 10001§F 21250|% 425000% 43500
Maintenance of Special Tools b e P 12201 12501% 12900% 1,200
Maintenance of Special Infrastructure 3 = 5 5 3 = 5 5 3
Annual Refresher Training P 50001 % 220001% 242501 %F 24250 % 24250
TOTAL FOR DEPOT $ 14000 % 33,250 % 136,750 | § 330,500 | § 211,500

Fuel Cell Bus Life Cycle Costs 16
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Base Case — Capital Costs

Average Cost for 100 Buses

Diesel E;E?[: CNG Fuel Cell F:;Lﬁs"
Bus Purchase (mil%$) (1) ! 3270 & 0200 % IFF00F 3J20001%F 32000
Fuel Station (mil%) ] 018§ 018§ 180 % 5251 % 2.85
Depot Changes ($mil) ! ! 0021 % 0431 % 085 % 0.87
Special Tools ($mil) ] ] 0031 % 0031 % 0031 % 0.03

Special Infrastructure ($mil) ! B ! b b
Initial Training ($mil) ! 0os|% 0os|% 007 | % 0o0s|% 0.0
TOTAL ($mil) % 3293 | % 50.50 | % 4002 % 32621|% 32383
[ OCAI SHARFE B A9 |5 1010 | % .00 % B5.24 | % B4 77
FEDERAI SHARE B 2634 % 4040 | % J2021% 26097 |F 25906

Fuel Cell Bus Life Cycle Costs
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310,00
KEY
3200 (#m,“ |
AVERAGE
¥00 LOW |
¥700
£ ;00
2500 } ! 4
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5200
¥200
s‘m L] L] L] ] ] ] | ]
2 2 1 ¥
I 3 ® ;£
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5 * Does not include the portion of capital }

_ costs paid with federal funds
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Base Case — Total Life Cycle $/bus
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o Tramnoriation Base Case — Cost Distribution

TOTAL LIFE CYCLE COSTS

Diesel

126% O 1%

The distribution of
costs for CNG
and Diesel Hybrid
buses is similar to
Diesel buses

Fuel Cell Bus Life Cycle Costs

59.9%

Fuel Cell

0.5%

51.8%

LOCAL

Depot

O&M Labor
Fuel

KEY

Bus
Qverhaul

Operator

Bus
Purchase

LIFE CYCLE COSTS

Diesel

Fuel Cell

0.9%

17.9%
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Base Case Summary

Total Life Cycle Costs for Fuel Cell buses are currently 3
times higher than costs for Diesel, CNG, and Diesel Hybrid
buses

° If only local costs are included, current fuel cell buses still
cost 60-90% more per mile to operate than Diesel buses

All cost elements are higher for Fuel Cell buses
° Capital costs 10x higher
® Overhaul costs 3x higher
° Annual Maintenance costs 2x higher
° Fuel Costs 2 -3 x higher

Capital amortization accounts for 15% of total costs with
Diesel buses, but over 50% with Fuel Cell buses

Fuel Cell Bus Life Cycle Costs 22
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ot IN€Ar Term Future Costs — “Best Case”

e The “Best Case” Scenario Is based on meeting
FTA’s near-term National Fuel Cell Bus
performance objectives...

° Bus Purchase Cost < 5x Diesel bus = $1.6 mill
° Fuel Cell stack durability 20,000 - 30,000 hrs

° Double fuel economy of Diesel bus = 6.4 MPDEG
... and DOE'’s 2015 goal for hydrogen cost

° <$3/kg (untaxed) in 2005 dollars = $3.39/DEG

Fuel Cell Bus Life Cycle Costs 23
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of Tranaportaton Other “Best Case” Assumptions

* To meet fuel economy goal, assume that Fuel
Cell buses must use hybrid propulsion

« Other Major assumptions:

$/mi propulsion maintenance costs < 2x Diesel
= $0.20 - $0.40/mi

Hydrogen fuel station cost < 2x cost of similar capacity CNG
station

= $1.8 mill (for station approx %% size of CNG station)
Fuel cell stack replacement cost %2 of base case cost
= $50,000
Hybrid battery replacement cost 2/3 of base case cost
=$20,000

Fuel Cell Bus Life Cycle Costs
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$17.00

Best Case — Total Life Cycle $/mi

$15.00

$13.00

KEY

$11.00

HIGH
AVERAGE

E 000

Fuel Cell premium

$7.00

reduced to $3.30/mite

+

$5.00

$3.00

$1.00

Fuel Cell Bus Life Cycle Costs

Diesel Hybrid

Fuel Cell Hybrid
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o Trameaariation Best Case — Local* Life Cycle $/mi

$11.0C

$10.0C
KEY

$3.0C HG
e || [

$7.0C

¥ so0c

Fuel Cell premium :

$5.0C T ¢ ¥ reduced fo $0.58/mile

$4.0C

$3.0C

$2.0C
,1 m 1 1 1 1 1 1 1

Diesel

Hybrid

CNG
Fuel Cell Hybrid

* Does not include the portion of capital

_ costs paid with federal funds
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EOpenstorLabor  WBusPuchese Einesincire HBus Overheu MBusMainbinance CFuel T Depot O% M
$40
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Fuel Cell Hybrid
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U oenarme  Best Case — Local* Life Cycle $/bus

| BCperatorLabor mBusPurchase Minfrastuchre mBusOverhau mBusMaintenance CIFusl CDepotO&M |
$25

mii . i , i
I i :
]

* Does not include the portion of capital
costs paid with federal funds

Lifecycle Costs Per Bus ($mil)
- { 1 3
= n =

3
TS

Fuel Cell Hybrid
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of Transportation Effect of Hydrogen Price

Effect of Hydrogen Cost on "Best Case™ Fuel Cell Bus
Life Cycle Coste

Hydrogen Fuel Cost ($/DEG)
Fuel Cell Bus Life Cycle Costs

DOE Target 31000
Pr
/ I-Iydmig-n ce $0.00
Total $8.00
Fuel Cell Bus Costs
Local , $7.00 g
: $5.00
——————————————— - B, DN B s s o S B B =S S 6
Diesel Bus Costs $5.00 g
—————————————————— e o —— e — o o o !
“o g
Current ! With all other "Best Case”
1 Ayarogen : assumpiions held constant $3.00 ﬁ
Price : Fuel Cell buses would never
: ; match the cost of Diesel 3200
buges even If the hydrogen
fuel was free $1.00
. T T T T . T T T m
80 [ 5.0 50 40 30 20 10 0.0
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of Tranaportatior Best Case Summary

o Under the “Best Case” near-term scenario, if
all FTA and DOE cost targets are met, total
life cycle costs for Fuel Cell Hybrid buses fall
by 40% compared to the base case, but

° Total per-mile costs will still be $3.30/mi more than
total costs for Diesel buses

° Local per-mile costs will still be $0.58/mi more
than local costs for Diesel buses

o Under the Best Case scenario the greatest
contributor to increased life cycle costs for
Fuel Cell Hybrid buses is still the bus
purchase price

Fuel Cell Bus Life Cycle Costs

30



A

U.S. Department

of Tranaportation Best Case Summary (cont.)

* With all other best case assumptions held
constant the purchase price of a Fuel Cell
Hybrid bus would have to fall significantly for
life cycle costs to match those of a diesel bus:

° $500,000/bus to match diesel local life cycle costs (~
equivalent to current Hybrid Diesel bus price)

° $350,000/bus to match diesel total life cycle costs
(less than the price of a current CNG bus)

« Even if hydrogen fuel was free, life time fuel
cost savings from a Fuel Cell Hybrid bus would
not exceed the Best Case assumed bus purchase
price premium compared to Diesel buses

Fuel Cell Bus Life Cycle Costs
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