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Abstract

At present, human face two crucial problems of fossil fuel energy depletion and
environmental pollution. Thus, developing high-efficiency environment-friendly vehicles
to replace traditional oil-fueled vehicles has become an important issue. The driving
performances of fuel cell vehicles have been developed to approach oil-fueled vehicles.
Those vehicles have the characteristics of zero pollution emission, yet their costs still
remain relatively high. The size and pollution emission of buses are larger than other
vehicles, so the fuel cell bus should be the more environment-friendly and
potential-developed vehicle.

This study explores the interaction between supply and demand of fuel-cell buses,
and formulates supply cost functions and demand model using analytical approach. The
cost function is divided into tweparts, including fuel cell bus costs and hydrogen
refueling station cost. Fuel cell.bus costiincludes‘depreciation cost, maintenance cost and
hydrogen cost; while hydrogen refueling station cost includes average establishment cost,
average operation cost and equipment-repair cost. Variables affecting fuel cell bus
demand function are bus purchase icost;-fuel-cost per unit mileage, the maximum speed
and pollution emission per unitmileage. In addition, this study applies gray theory to
predict the trend of oil price and hydrogen price, and analyzes the influence due to the
change in fuel-price differences on bus operators’ cost. Moreover, a mathematical
programming model is formulated to determine the equilibrium demand volumes and the
optimal capital subsidy and air-pollution performance subsidy by minimizing the total
social cost subject to government subsidy budget.

The results of the case study show that the government subsidy can increase the
fuel-cell bus usage of bus operators, and at year 2021, fuel cell buses will have the
competitive advantage over oil-fueled vehicles. In addition, the more fuel-cell buses bus
operators adopt, the more air pollution will be decreased, and the more energy will be
saved. Regarding performance subsidy, the amount and frequency of subsidy is
decreasing year by year, thereby performance subsidy policy can be discontinued at year
2021, at which the total costs of fuel cell buses are less than the total costs of oil-fueled
ones. Finally, through implementing the government’s subsidy policy, the benefits of
pollution and energy saving are shown to be manifested with the increased years.

Key Words : Fuel Cell ~ Cost Structure ~ Fuel Cell Bus ~ Hydrogen ~ External Cost ~ Subsidy
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31 FEBEED BRI FELARIFRE

# > FumE (~/27) FFpIE (/D7)
1993 13.82 13.82
1994 14.18 13.88
1995 14.42 14.32
1996 14.42 14.77
1997 16.00 15.24
1998 14.30 15.72
1999 16.24 16.22
2000 17.70 16.73
2001 16,12 17.26
2002 18.91 17.81
2003 18.06 18.37
2004 — 18.96
2005 TE 19.56
2006 — 20.18
2007 = 20.82
2008 — 21.48
2009 — 22.16
2010 — 22.86
2011 — 23,58
2012 — 24.33
2013 — 2510
2014 — 25 92
2015 — 26.72
2016 — 27.56
2017 - 28.44
2018 — 29.34
2019 - 30.27
2020 — 31.23
2021 — 32.22
2022 — 33.24
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2023 - 34.29
2024 - 35.38
2025 — 36.50
2026 — 37.65
2027 — 38.85
2028 - 40.08
2029 - 41.35
2030 - 42.66
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25 R[5 0 e AR S 2 EF 5 3 B0 TR TS AL L PR AT -

BE R AT G F N R L R R R T
TR RRFFIA G I F AR AEARAY 0 2 5 7 ooz
PEANTEE AR R FLE > BN 2AFHRE T N - RepfR T
rose®id PR E LR od g RS TG LRk A I
Fr@d FEd R AFTRUL S AL RETA Ty IREE LR
Fom AP ERATREIEEI RRE G AT AR R R THEL AH K
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232 Efi oA @ik

2K F A e b L S
E i Wiz (million T kiR i‘,ﬁb:%‘ f* ¥ >3y
Nm¥d) (326D s
SMR 2.80 |Kirk-Othmer (1991 ) 6.26 22.54
1991 Coal Gasification 2.8011|Kirk-Othmer (1991) 11.57 41.65
Noncatalytic Partial Oxidation | +52.80 ..(Kirk-Othmer (1991 ) 9.83 35.39
Electrolysis 2.80 = Kirk-Othmer (1991) 20.6 74.16
1992 Biomass Gasification 2.16 (Larson (1992) 8.69 31.28
Biomass Gasification 2.26 Larson (1992) 10.03 36.11
1993 — e — —
SMR 1.34 |Leiby (1994 ) 7.46 26.86
SMR 2.14 |Leiby (1994) 6.90 24.84
1094 SMR 0.27 |Leiby (1994) 11.22 40.39
Noncatalytic Partial Oxidation 2.14 |Leiby (1994) 6.94 24.98
Noncatalytic Partial Oxidation 1.34 |Leiby (1994 ) 7.39 26.60
Noncatalytic Partial Oxidation 0.27 |Leiby (1994) 10.73 38.63
Biomass Gasification 0.720 |Mann (1995) 13.09 47.12
1995 (Biomass Gasification 0.215 |Mann (1995) 10.65 38.34
Biomass Gasification 0.022 |Mann (1995) 17.10 61.56
SMR 6.75 |Foster-Wheeler (1996)|  5.44 19.58
1996 |SMR — Berry etal. (1996) 18.31
Coal Gasification 6.78 |Foster-Wheeler (1996 ) 9.87 35.53
Electrolysis 6.75 |Foster-Wheeler (1996 ) 24.5
1997 |SMR 25.4 |Bloketal. (1997) 5.97 21.49
1998 |[SMR — Thomas et al. (1998) 8.62 31.03

[ 7L %R : Padr6 and Putsche (1999) 2 4 #13 #5312 |
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Ay e B2 fWE NG P E sy £ 2R B2 (Steam Methane
reforming; SMR )~ -k % 4 /% (Coal Gasification )~ 2L &% i» % it ;2 (Noncatalytic
Partial Oxidation )~ 2 & s ¥ it ;% (Biomass Gasification ) £ ¢ f#:% (Electrolysis) o
d & 3274 g WaE 3P > g 22 (Electrolysis) 2 @ ic § #2858 >
Bl N E A S ApHE e 2 NI RE o 4o 1991 £ 7416 (22 7)
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o X3 1239 BRIt BAWE N2 WG [ Téjpal?ﬂﬁ'lfw\ N e
(Electrolysis) £ SMR ;2 2. & » 4o-k% & ;= (Coal Gasification) 2z & ic # .9
% 35.53-41.65 (~/= 7 ) B HMF R B RY 21-25 § o AN i i }é
(Noncatalytic Partial Oxidation) 2. & ic # # = [F] % 24.98-38.63 (~/= 7 )» ¥ 2
b Té-fﬂ15 23Rk 2+ @4 %‘rsb % iv;2 (Biomass Gasification) 2z_ & % n% i
PlFR > %) £ 31.28-61.56 (~/= 7 ) 2 » 2% 2 1836 % -

43t 4 32 ¢ & 1993 & 4p B 2 3%%%&%v1£*1¥’gﬁpmg$
DR 1#@@_; R EBREL ST L RESRY kg
BBt A B2 P hE bR SRR R chiadh o 1A d TR e ghad
BoLH s - % Bl QR R AR RIIPEE AL S A - 85 % - Bl A
Goo F - B B Blciy A D RIRE R ALE (R QD) AR E S S 4 1
L Z BE AT A T AR § )RR B gt 2 gk LA s a2 > 1003 &
i 1 Rlichp B o B8 2 BRI = Blcdy @ /2 (23.33,59.84) 2 /& >
F T 4159 4 1993 £ @GR 0 e CALRE W AT
oA 335 FpEL R ERA
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% 3-3 frE & e A

e e T FEY
4, 27 = 4, ., 2 iﬂé I%+)é' % . 12 L
# i VI %3 Kk B B T EeE
(~l27) e
(~l27)
SMR Kirk-Othmer 22.54
Coal Gasification Kirk-Othmer 41.65
1991 . . L . 43.44
Noncatalytic Partial Oxidation |Kirk-Othmer 35.39
Electrolysis Kirk-Othmer 74.16
Biomass Gasification Larson 31.28
1992 | . L 33.70
Biomass Gasification Larson 36.11
1993 — — — 41.59
SMR Leiby 26.86
SMR Leiby 24.84
SMR Leiby 40.39
1994 . . L . 30.38
Noncatalytic Partial Oxidation |Leiby 24.98
Noncatalytic Partial Oxidation:|L.eiby 26.60
Noncatalytic Partial Oxidation |Leiby 38.63
Biomass Gasification Mann 47.12
1995 [Biomass Gasification Mann 38.34 49.01
Biomass Gasification Mann 61.56
SMR Foster-Wheeler 19.58
1996 |[SMR Berry et al. 65.9 5230
Coal Gasification Foster-Wheeler 35.53 '
Electrolysis Foster-Wheeler 88.2
1997 [SMR Blok et al. 21.49 21.49
1998 |[SMR Thomas et al. 31.03 31.03

[ %4 &k : Padr6 and Putsche (1999) % 7 3 2 |
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34 AR T HES X RIRE

e LR REETHoE [
(=~/2>7) (=]

1991 43.44 43.44
1992 33.70 39.63
1993 41.59 38.75
1994 30.38 37.89
1995 49.01 37.04
1996 47.77 36.22
1997 21.49 35.41
1998 31.03 34.62
1999 — 33.85
2000 — 33.10
2001 — 32.36
2002 o 31.64
2003 e 30.93
2004 S 30.24
2005 = 29.57
2006 - 28.91
2007 = 28.27
2008 — 27.64
2009 — 27.02
2010 — 26.42
2011 — 25.83
2012 — 25.25
2013 — 24.69
2014 — 24.14
2015 — 23.60
2016 — 23.08
2017 — 22.56
2018 — 22.06
2019 — 21.57
2020 — 21.09
2021 — 20.62
2022 — 20.16
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2023 — 19.71
2024 — 19.27
2025 — 18.84
2026 — 18.42
2027 — 18.01
2028 — 17.61
2029 — 17.22
2030 — 16.83
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1 354 13 10 2022286.5 | 646681.5 | 1375605 338424
2 26.2 30 22 4666815 | 1640484 | 3026331 250472
3 34.6 4 3 622242 209560.5 | 412681.5 | 330776
4 44.6 2 1 311121 173560.5 | 137560.5 | 426376
5 27 12 9 1866726 | 628681.5 | 1238044.5 | 258120
6 43.4 6 4 933363 383121 550242 414904
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7 49.1 30 22 4666815 | 1640484 | 3026331 | 469396
8 54 16 12 2488968 | 838242 | 1650726 | 516240
9 22.4 14 11 2177847 | 664681.5 | 1513165.5 | 214144
10 20.6 6 4 933363 383121 550242 196936
11 37 3 2 4666815 | 191560.5 | 275121 353720
12 43.7 26 19 4044573 | 1430923.5 | 2613649.5 | 417772
13 26.8 2 1 311121 | 173560.5 | 137560.5 | 256208
14 29.6 20 15 3111210 | 1047802.5 | 2063407.5 | 282976
15 32.5 15 11 2333407.5 | 820242 |1513165.5| 310700
16 32 15 11 2333407.5 | 820242 | 1513165.5| 305920
17 37.6 24 18 3733452 | 1257363 | 2476089 | 359456
18 42.2 16 12 2488968 | 838242 | 1650726 | 403432
19 26.6 16 12 2488968 | 838242 | 1650726 | 254296
20 38.1 3 2 466681.5 | 191560.5 | 275121 364236
21 47.6 15 11 2333407.5 | 820242 | 1513165.5| 455056
22 25.2 1 1 155560.5 | 18000 | 137560.5 | 240912
23 52.2 18 13 2800089 | 1011802.5 | 1788286.5 | 499032
24 32.3 10 7 1555605 | 592681.5 | 962923.5 | 308788
25 34.6 32 24 4977936 | 1676484 | 3301452 | 330776
26 28 6 4 933363 383121 550242 267680
27 54 16 12 2488968 | 838242 | 1650726 | 516240
28 47.6 15 11 2333407.5 | 820242 | 1513165.5| 455056
23t | 10249 386 284 60046353 4 20979171 | 39067182 | 9798044
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1 24.6 2 1 224007.12 | 124963.56 99043.56 235176
2 25 30 22 3360106.8 | 1181148.48 | 2178958.32 | 239000
3 22 1 1 112003.56 12960 99043.56 210320
4 19.6 30 22 3360106.8 | 1181148.48 | 2178958.32 | 187376
&) 26.8 18 13 2016064.08 | 728497.8 | 1287566.28 | 256208
6 11.3 1 1 112003.56 12960 99043.56 108028
7 35 31 23 3472110.36 | 1194108.48 | 2278001.88 | 334600
8 36.4 1 1 112003.56 12960 99043.56 347984
9 23.4 5 4 560017.8 163843.56 | 396174.24 223704
10 33.8 35 26 3920124.6 | 1344992.04 | 2575132.56 | 323128
11 47.4 57 42 6384202.92 | 2224373.4 | 4159829.52 | 453144
12 30.5 18 13 2016064.08 | 728497.8 | 1287566.28 | 291580
13 25 30 22 3360106.8 | 1181148.48 | 2178958.32 | 239000
14 32 42 31 4704149.52 | 1633799.16 | 3070350.36 | 305920
15 38.1 4 3 448014.24 | 150883.56 | 297130.68 | 364236
16 26.2 30 22 3360106.8 | 1181148.48 | 2178958.32 | 250472
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17 34.4 6 4 672021.36 275847.12 396174.24 328864
18 18.6 5 4 560017.8 163843.56 396174.24 177816
19 43.6 4 3 448014.24 150883.56 | 297130.68 416816
20 38.2 1 1 112003.56 12960 99043.56 365192
21 39.2 1 1 112003.56 12960 99043.56 374752
22 45.6 1 1 112003.56 12960 99043.56 435936
23 26 12 9 1344042.72 | 452650.68 | 891392.04 248560
24 15.6 2 1 224007.12 124963.56 99043.56 149136
25 26 4 3 448014.24 150883.56 | 297130.68 248560
26 35 6 4 672021.36 275847.12 396174.24 334600
27 23.6 2 1 224007.12 124963.56 99043.56 225616
28 23 2 1 224007.12 124963.56 99043.56 219880
29 22.8 4 3 448014.24 150883.56 | 297130.68 217968
30 30.8 3 2 336010.68 137923.56 198087.12 294448
31 31 11 8 1232039.16 | 439690.68 | 792348.48 296360
32 27.6 25 19 2800089 018261.36 | 1881827.64 | 263856
33 27.6 10 7 1120035.6 426730.68 | 693304.92 263856
34 18.8 25 19 2800089 918261.36 | 1881827.64 | 179728
35 24.5 9 7 1008032.04 | 314727.12 693304.92 234220
36 29.3 17 12 1904060.52 715537.8 1188522.72 | 280108
37 17.1 3 2 336010.68 | 137923.56 198087.12 163476
33 | 10554 | 488 359 © 54657737 '{. 19101099 35556638 | 10089624
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By | RicmIdE | RETH RERIAE | AREEE | NREGRE
2B g | (22/EE) | (27/8) CIED
1 13 10 900,000 300,000 5,868,000
2 30 22 1,980,000 660,000 12,909,600
3 4 3 270,000 90,000 1,760,400
4 2 1 90,000 30,000 586,800
5 12 9 810,000 270,000 5,281,200
6 6 4 360,000 120,000 2,347,200
7 30 22 1,980,000 660,000 12,909,600
8 16 12 1,080,000 360,000 7,041,600
9 14 11 990,000 330,000 6,454,800
10 6 4 360,000 120,000 2,347,200
11 3 2 180,000 60,000 1,173,600
12 26 19 1,710,000 570,000 11,149,200
13 2 1 90,000 30,000 586,800
14 20 15 1,350,000 450,000 8,802,000
15 15 11 990,000 330,000 6,454,800
16 15 11 990,000 330,000 6,454,800
17 24 18 1,620,000 540,000 10,562,400
18 16 12 1,080,000 360,000 7,041,600
19 16 12 1,080,000 360,000 7,041,600
20 3 2 180,000 60,000 1,173,600
21 15 11 990,000 330,000 6,454,800
22 1 1 90,000 30,000 586,800
23 18 13 1,170,000 390,000 7,628,400
24 10 7 630,000 210,000 4,107,600
25 32 24 2,160,000 720,000 14,083,200
26 6 4 360,000 120,000 2,347,200
27 16 12 1,080,000 360,000 7,041,600
28 15 11 990,000 330,000 6,454,800
B3 386 284 25,560,000 8,520,000 | 166,651,200
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2 30 22 1,425,600 475,200 9,294,912
3 1 1 64,800 21,600 422,496
4 30 22 1,425,600 475,200 9,294,912
5 18 13 842,400 280,800 5,492,448
6 1 1 64,800 21,600 422,496
7 31 23 1,490,400 496,800 9,717,408
8 1 1 64,800 21,600 422,496
9 5 4 259,200 86,400 1,689,984
10 35 26 1,684,800 561,600 10,984,896
11 57 42 2,721,600 907,200 17,744,832
12 18 13 842,400 280,800 5,492,448
13 30 22 1,425,600 475,200 9,294,912
14 42 31 2,008,800 669,600 13,097,376
15 4 3 194,400 64,800 1,267,488
16 30 22 1,425,600 475,200 9,294,912
17 6 4 259,200 86,400 1,689,984
18 5 4 259,200 86,400 1,689,984
19 4 3 194,400 64,800 1,267,488
20 1 1 64,800 21,600 422,496
21 1 1 64,800 21,600 422,496
22 1 1 64,800 21,600 422,496
23 12 9 583,200 194,400 3,802,464
24 2 1 64,800 21,600 422,496
25 4 3 194,400 64,800 1,267,488
26 6 4 259,200 86,400 1,689,984
27 2 1 64,800 21,600 422,496
28 2 1 64,800 21,600 422,496
29 4 3 194,400 64,800 1,267,488
30 3 2 129,600 43,200 844,992
31 11 8 518,400 172,800 3,379,968
32 25 19 1,231,200 410,400 8,027,424
33 10 7 453,600 151,200 2,957,472
34 25 19 1,231,200 410,400 8,027,424
35 9 7 453,600 151,200 2,957,472
36 17 12 777,600 259,200 5,069,952
37 3 2 129,600 43,200 844,992
B3 488 359 23,263,200 7,754,400 151,676,064
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2005l 1955 | 2957 | 35000000 | S | 284 | 18237980 | 751609500 | 1646004000
2006| 2038 | 2087 |3saooooo | P | 388 | 1g334020 | ©49B62000 | 1858836000
T | 362 | 14700000 | 919711300 | 1855606000
2007| 20.82 2827 | 29160000 | S | 288 | 13288490 | 647779700 | 1553808000
T | 364 | 13080000 | 806518900 | 1748568000
2008| 2148 | 2764 | 26244000 | S | 299 | 11829400 | 565561500 | 1477447000
T | 366 | 11622000 | 703830600 | 1651742000
2000| 2216 | 27.02 | 23619600 | S | 292 | 10571710 | 487484400 | 1405229000
T | 369 | 10309800 | 609828600 | 1564175000
2010| 2286 | 2642 | 21257640 | S | 294 | 9186284 | 431087600 | 1354647000
T | 371 | 9128820 | 527832600 | 1484993000
2011| 2358 | 2583 |19131876 | S | 296 | 8365552 | 393124600 | 1284204000
T | 373 | 8065938 | 446875400 | 1413427000
2012| 2433 | 2525 |17218688 | S | 297 | 7436875 | 343853500 | 1231703000
T | 376 | 7109344 | 376146500 | 1348842000
2013| 2510 | 2469 | 15496820 | S | 299 | 6414765 | 298286800 | 1195316000
T 1378, | 6248410 | 311713200 | 1290508000
2014| 25.92 2414 | 13947138 || S1|1 39, | 5640561 | 207048000 | 1154117000
T | 381 | 5473569 | 302952000 | 1238047000
2015/ 26.72 23.60 | 12552424 |29 298 | 4793155 | 172927700 | 1125734000
T1383 | 4776212 | 257072300 | 1190437000
2016| 2756 | 2308 | 11297181 | O [ 805 | 4206374 | 131187400 | 1089801000
T | 385 | 4148591 | 218812600 | 1147624000
2017| 2844 | 2256 |10167463 | S | 307 | 3882588 | 80604670 | 1045143000
T | 388 | 3583732 | 105851500 | 1109127000
2018| 2934 | 2206 | 9150717 | S | 309 | 3175994 | 59726050 | 1030106000
T | 390 | 3075358 | 65067700 | 1074450000
2019| 30.27 2157 | 8235645 | S | 310 | 2743867 | 28037160 | 1004287000
T | 392 | 2617823 | 27771140 | 1043273000
2020 3123 | 2109 | 7412081 | S | 312 | 2265964 | 5000000 | 986611200
T | 395 | 2206040 0 1015267000
2021| 3222 | 2062 | 6670873 | S | 314 | 2066684 0 970889600
T | 397 | 1835436 0 975767000
2022| 3324 | 2016 | 6003785 | S | 316 | 1828490 0 953524900
T | 399 | 1501893 0 966982300
S| 318 | 1540883 0 935544700
T | 402 | 1201703 0 947393000
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2024| 3538 | 1927 | 4863066 | S | 320 | 939751 0 924226100
T | 404 | 931553 0 928845700
2025/ 36.50 18.84 | 4376760 | S | 322 | 923447 0 911980500
T | 206 | 688380 0 898312600
2026| 3765 | 1842 | 3930084 | S | 323 | 570560 0 901095700
T | 209 | 469542 0 892426000
2027| 3885 | 1801 | 3545175 | S | 325 | 505008 0 884505300
T | 411 | 272588 0 886154000
2028| 40.08 17.61 | 3190658 | ° | 327 | 112108 0 881992500
T | 414 | 95320 0 874834700
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