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1-1 ����� 
��KL5hydrogen economy6��ÈÉÏoµqrstgF>���+QR>�TU

��]��C�+�R���F+�Ä����qrstgdÕÖ×Ø��B�����

x�Ák�iGg�s�� v¡�¢£��F>�øùú��c�B 
� ���áõ�¤*¥£�õ��@�¦��çÖék	�	ç§�%&��T¨�C>

�o�5©��Áèrse�6øù�ª«��Þ��c�B2004 �����º��
� 5000 ¬Ik5200txîI�®	6�áõú��B�¯���°õ´�� 10±Fâ
Þ��c�Bo����áõb� 2004 ��� 1100 ¬Ik�C�� 48GW5txî

I6�®	��B2003��o��¿:áõb� 442GW�¯��F+²³�F��´µ�

¿:+A¾µÄ��®	��b����áõú���F�µ�B 
� o���¯����ÈÉÇ5storage667��5transport6�¾¾�¶R�·¸�

³¹�¹���ºF«ß����áõ§�»�¼Rú��B<����áõ�����

C�AA �½¶>�c���<q��B2005 �¾D����KL¿À�´�	�

@� 1350 Á	sF_���Báõú����� 48±�ÂÃxÖ¾�Z���30±�¢�
18±�¡A�C>�Ä±�¿¬78���B 
� ì%����©ÍRÅ��Æ���BD���Çg}g;�5Haber process6���
�k<e�5NH36áõ5�:È��áõ�ó÷6�áõú������É7�C��

¼Þ��BÊ@É7��Ë¢+��{-�Ìc¡¢��Ã5hydrocracking6�����
¼Þ��B 
 
1-2 	
��� ! 
� ��+áõ��©Í4�����¡���ÅÆ+������¿¬78�C>�9�:

;�FcÄÍ����B 
 
1-2-1 �"��#fossil fuels$ 
Î�Ï¬ÅÆ5steam reforming6 
� ��{-�áõú��«b����`¸�ÂÃxÖ��Ï¬ÅÆ���4��Rc��

�B�Ï¬�ÐÑ 700Ò1100 f�lk5CH46F�:Óþ+Ô�>�Ý*xÖ5syngas6
�Z���BÝ*xÖ��©���FDÕ�A�5CO6^*ú��B�A@�Ý*x

Ö+Z��F���+Z��F~��B�:Óþ�äÍµ9��ÂÃxÖ+����F

Ö���B.�C��:�+×�B 
� CH4 + H2O Ø CO + 3 H2 - 191.7 kJ/mol 
ÎDÕ�A�5carbon monoxide6 
� ÐÑ 130 fÙ��Ï¬FDÕ�A�5CO6�O]Óþ+Ô�>���FÆÕ�A�

+Z��F���4���BÃâ����Õ�gh��Ï¬¾�ÚÛ>�A�+Õ�ú

��~F~F�A�FÕ�F|Ý>�c���+ Ü�ú���:Óþ+Ô�ú��Fc

Ä~���B 
� CO + H2O Ø CO2 + H2 + 40.4 kJ/mol 



Î¡A5coal6 
� ¡A�xÖ�5¬�6��¯�¡A+Ý*xÖF�lk��Ã��B 
 
1-2-2 %&'(#electrolysis$ 
� �+¿¬78���F��+Z�4���B��+Z����qrstg�Ý�µ

�~���:@Æµ��:Óþ��¯���+Z����~P}÷¾�¶¿���C��

]m5Þ³�ß:lgukµß6�àÝ��+¿¬78��>¾µcB¿¬78����

äÍµ¿:��¿¬78��¯�áõú�����@³¿µ����¯�¿¬78���

��áõ�á��âb��B 
� D4�qrstg�Ý�µ�~��95Þ³�ãä9�ghåµß6�àÝ����

�³©¿¬785high-temperature electrolysis:HTE6�æD�4���Bç©¿¬

78Fèé��F��� HTE ���@ê¹��¾�9qrstg+�:qrstg5�

A@��6��Ã�����P´n+ 2 ë����¯÷Ïon���BHTE �qrs
tg�c¹�¾�9FcÄà¸¹ú�����9¾�¿¬ýF¿¬¾��:èrgØý

Fìí�Ãú��qrstg�îÞ��BHTE�øùï<�ú��c�����uRú

����ºßðc����B 

1-2-3 )�*+,#thermochemical production$ 
� hp�ñòóÓþ5iodine-sulfur cycle6��Äµ9�:;����¯�~¿¬+¼Þ

ô���FÕ�+Z��F���B 
IS Óþ���`4���Í��õö���BAô�ÐÑ 100 f�Fhp��÷Ý@�

�@ÆÕ�òó+ø4>�hp���Fòó+Z�Óþ+Ô�ú��.��ÐÑ 400ù500
fhp���+978>���+Ö������ÐÑ 850 f�9+¼¯�òó+78�

��FÕ�+Z�B 
� ��4��äÍµqrstg�9�-�����³©¿¬78�@~P´�úcB¡

A�ÂÃxÖFc¯��:qrstg+¼¯�9�:Óþ�����áõ��ûü�:Ó

þ5direct chemical path6�4�P´÷���F¾�Dz÷��²ýú�µcBA��

øùï�ÚUÔ¾�9�:��;���<�ú����<����áõ�cA�<R

ú��cµcB 
 
1-3 	
�-.#storage$ 
� ��KL�F¯����ÈÉ4��©ÍH²�þD��Bß:��Ä�P���µq

rstg��àÝ�RÁî	dqrstgdÖI=gG5grid energy storage6+¸¹�
�������}���µ�����v�~��BRÁî	dqrstgdÖI=gGF

��z¿L�¿:��RÁî	+�O�����Rc���êUê�µqrstgÈÉw

x�ö	��BRÁî	dqrstgdÖI=gG������+¼Ä�F��>ú��

Sg+����Ã>�@��+Sg��Ã���F�·¸�³¹�¹�F��B�  
Þ³��A���5hydrocarbons6�`¸�¼Þ��àLÈÉú��B v¡�x�

Ákdlki��}g
�fgdRÁs����@�-���c��JSkdlkiF

`���BC�N���������wx+�¯���F�ÈÉ>�@�����F�



·¸�³¿Fµ�B��xÖ�qrstg�f��A���Fè��àÝ�ËbÜ�F

·¸�³c��
�Ü�F�f�¾µ@çcB�A@�ÈÉ����·¸�«�µlk

i�äÍ�µ�BÃâ������lki��`�qrstg+��A���+ÈÉ��

��äÍµlki�@��¾�«�¹Ë¹µ�B 
� xÖ�+°���
�	�@�qrstg�f�³A@��¯�lki+�ú¹��

~���lki+Ì¹���F��µcBxÖ��:+�³�����:]+�¾��

���qrstg�äÍFµ�B³c�:+¾-��F�������qrstg�î

+����B 
� C��
�	�@�qrstg�f�³c�
��5Ö�gÖdÕ�Is�¼Þ��

��6+¼ÄFcÄ¢£���+��B>¾>��
���ç©�ÐÑ�çTÖ 252.882
f� >�>AÄ���C��N!"�#$����qrstg+¼Ä�F�µ�BF

cÄ�F����%Nqrstg���îÞ��c�BC�����
��lki�

àÝ����� +&'����lki�C�()�*9�
+=�äÍ��@�ú���

*9�
��+«F]o>µcàÝ�lki�,���$?-.�/0�1>¹µ�B2

��C���±²�83ú��F>�~�����?c��qrstg�f�±²+83

���F��µcB 
� ��������©µÈÉ4�����k<e��$?���@�Ý*A����Q

R�²³���B 
 
1-3-1 /012/345678#ammonia storage$ 
� �k<e�����+�:÷�»¦>�ÅÆÇ�5����¼Þ��BA���k<e

����»¦��f+·¸�³¹���-µ¹��F÷Ýú���F�
F>�ï

©ï�»¦��B>¾~�O6@Æ+7��Fµ¹��+Z@�ú����¦���

F÷8��F~��P´�¹�9��B>¾>�:;µ�k<e���9P´�`¸�

¬��£�·¸�<cB v¡qkGk�£��ú��=qµ��x�ÁkdqkG

k+â>Åú�����F>�~¼³�B 
� �k<e��±²�áõ^ÖI�·¸�³c�FF��¦�����c>?ë+@«µ

p>c��?ë�@£³�äÍ����F��BA���k<e��`¸�©fF�

:"�O6xÖ�@<A+B�FcÄ±²N~��B 
�   
1-3-2 9:	
�;#metal hydrides$ 
� ��+ÈÉ�����:;µ���¢Þ@�$?���@+C
F>�¼Ä4�~²³

���c�B���@�Dc��¹���+ø4>�@B7���~EF��BÚUÔ

¾�$?���@�����G�Huµ�
=�~µ@Ö�>�C�Ñ�UÔ��¨=�

Ià�~µ�B�¯���KL����Jâú��c�$?���@�Kp�FÁ�pØ

+LO��~���B
�	�@�qrstg�f~³c��¥L���A�����

�è��Ëb	�@�qrstg�f�çc�F��N��B 
�Ià�$?���@�� v¡qkGk�F¯��MN�«�µ��F>�²³���B

$?���@������lki��x�Ákdlki�è��F�`�qrstgb+

7�����
� 3 ë�Ëb 4 ë�µ�B���x�Ákdlki�O¾�Z��Ú



P�J�Ëú?úA@�;�¶~´�JRéØ	�@ 2.20 	s>¾¾¾�µcB>¾>�

$?���@lki��¯�Á�pØ+êR>�Z���´�JRéØ	�@ 90 	s~

�;�^ÖI�¾¾�B 
� $?���@��9��¯�Óþ+Ô�>��
�F¯�O6~��BøùQ��

J�ú�R-�c�~���º«�Dnú³~A�<R��S¯�cµc��C���

��BÓþ�õTú�$?���@�UÔ��¯�Uµ����
�¶ºµÓþ���

$?���@�VW��B 
 
1-3-3 <=>�	
#synthesized hydrocarbons$ 
� $?���@�¢£�F>�~ÄD�²³��������+aXC
F>�`¸�A

���+¼Ä4���B�úµÅÆÇA���¾���+Y7>��¿À���Fc

Ä~���B���ÅÆ]�Z[\f�·¸�]c+�ÅÆ���?-�qrstg�

î~«�¹�ú�����¿À�¿^~³¹�¹B 
ûü�l_gs��¿À5direct methanol fuel cells6�ÅÆÇ+äÍF>µc���

¯���¿À�è��qrstgP´~Sg�f~çcB 
� IàÕ�@��¿À5solid-oxide fuel cells6��ÅÆÇµ>�JSk��lk��

ÄµÌA���+�����B��c��n7÷�ÅÆÇ+¼Ä�F³A���+�

����B>¾>�¿À�³©�µ��FFZv����%��¾¾���� v¡�

¼³�¿À�µcB 
 
1-4 ?@#transportation$ 
� ����?-�¥`Ú���àÝ����qrstg�F>�������·¸�³¹

�¹B��¿À�wxyz�C�N+A�83���S¯�cµcB 
� 2005 �a�¯�qrstg+aX4�F>��~¶c��péepØ+Ob���

��F���gh:��B�oFcÄ±²�¸���AFÄB.�¶c���Sç�éç

k¾@«lk�g���¡¢c�Sç�éçk�������B¡A+Obc�lk�

gaX�~`Ì�¶¿��B�
ÂÃxÖ5LNG6+lk�gaX����³¿�

µ�F`%��LNG�dÍ�~¯F¶·>el��äÍ���5�A@�LNG+¼Ä]

Ç�~¯F°³µ-��µ�µcB¦�fg{-ªhR���iL��[RjÝF>�6B 
� �����¦��c¾µ�qrstg�@~��^ÖI�³¹µ�BÂÃxÖFèé�

�F�`�qrstg+����àÝ�
������ÂÃxÖ� 3 ë�~µ�B>¾

~����O�k�+�\ú����¦l�
�mÇ�äÍFµ@�»n¶R~³c+�

�opzá´~³cB 
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7q�Hydrogen from Coal Multi-Year RD&D Plan 
(www.fossil.energy.gov/.../fuels/publications/programplans/
2005/Hydrogen_From_Coal_RDD_Program_Plan_Sept.pdf) 

 
A 1-1� 	
��?@B45�

 
 
 



2.� ��%C����DEFGHI�JK�
 
2-1 LMNOPQRST�	
��U2F/VWD 
íîÕf«rs� 2003��=ïtu5�DEY6�£�PQöv 12 Á	s����

�çeÕ�×Gí5hydrogen fuel initiative6+zw>�B v¡67Iéîi+����

Dzxy�z�Qv�¿:�+�1�õ�g¢�¥¦�ô�¾��"6�©ª�xÖ�w

7+��{��³µ������Ïoµwx�������A¾µÄ���wxyz+

ó|�~���B 
� ����çeÕ�×Gí�PQ���{�Ä}���p��~���� 7 Á 2,000 ¬	

s�LA��BC���PQ����¿À�äÍµ���áõ�ÈÉ67�������

wx67c>?ë�yz����¶�ú��B 
� ����çeÕ�×Gí+�¦�èÁg¨Ø�g5FreedomCAR5Cooperative 
Automotive Research66çeÕ�×GíFÛÜÝÞ���F�����¿À��/�

c>?ë�C>���@³fµ v¡wx+yz�����{�Ä}���öv 17 Á	

s+~���F+J�>�B 
 
2-2 	
��U2F/VWD 
2-2-1 	
��U2F/VWD�XY 
� íîÕf«rs�çeÕ�×Gí�wx÷�~^ÖI÷�~û���H²�.�F?@

��B 
Î���áõ^ÖI�� 
� �������áõ^ÖI���~Dz÷µ��¾�x�Ák+áõ����¾¾�

^ÖI�Äë��B����çeÕ�×Gí��x�Ák¡Fè��~C�ºß³v

µc��¿À v¡+;����Ä�������2010�A���áõ^ÖI�

ç"+ó|�BC�F`%���áÏoµqrstg���åqrstg���c�¡A

¾�~��+áõ���Ä�wx+z�ú��B 
Î���P}÷ÈÉ 
� ������qrstgFè��ÈÉP´�<cB����¿À+ v¡��R>�½

¶Q�dÍ�yþ���������ÈÉÕÖ×Ø+�÷�z�ú�µ-��µ�µcB 
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5Hydrogen-from-Coal6;�JGHiI+M�������32 �øù�JGHiI+|

·>�B`�JGHiI�C�Ñ�©ª�xÖ+w7>µcz¿LeÜ��èfg�

�gGHk5FutureGen6~LA��B 
 
� .¡A��~)*µ����B+R+ä7>�KL*¥+�Rú�����~��Ó

�C�¡A+~¯FP´�¹�C>���c�QR��4�+_�-µ-��µ�µc;

.C�������JGHiI���¯F���?-��Ó�KLFqrstg»¼�F

¯�«�µ~���;F§î	�k DOE ¥Ù�`�JGHiI��c�ùm+zw>

�B 
� `�JGHiI�
÷µ©Íó÷��¡A�xÖ���¯�:;µ��+áõ��p

�µ4�+z_���F+����¶ºµ���Dc4�ÈÉ4�+z�ú���F�

�B 
� 
÷���2015 �A��¡A¾���+¿¬FD,�áõ��³P´¾�wxÖ

b�J�z¿L+ab���F��B¡A¾�¿¬F��+áõ�����n7÷Õ�

ZR5Partial oxidation6wx��`øù�#>wx��BC�c&÷wx�µ¯�c

����IGCC5integrated gasification combined-cycle6wx��B 
� �����C���wx+uR>�z¿L67��áõ
à�������F+×

�<-��Þ��cµcB>¾>�n7÷Õ�ZR5c�¡A�xÖ�6Ö���xÖ

+�¡AFÕ��C>�Ï¬�÷Ýú���F���cµÝ*xÖ+áõ���F�

��-mLÜ��B 
��+áõ�������Ý*xÖ�ú���
ú��.mature water-gas shift 

reactor;FcÄÊË+¼Ä�F���+°��F`%�DÕ�A�+ÆÕ�A���Ã

��B���C����:ÖçkRø�(pressure swing adsorption :PSA)wx��¯�
7Úú��B¡A¾�Ö���Ý*xÖ¾���+áõ��D/�wx��¡A¾���

cµ¿:+�¹��F+ó|� DOE ©��øù�£�£å÷¦¯��B 



� H²�^ÖI��B¡A¾���+áõ��^ÖI+"'��������7Ú¾�

xÖ�������C�	��äÍµwx+z�ú�µ-��µ�µcB��+áõ�

���.õ@F>�áõú��ÆÕ�A��7Úú��C��C�AAÈÉwx��Rú

��_¥Ü�C�wx��¯�DOE �A�/Úøù�JRéØ�~F�øùú��c

�B 

 
7q�Hydrogen from Coal Multi-Year RD&D Plan 

(www.fossil.energy.gov/.../fuels/publications/programplans/
2005/Hydrogen_From_Coal_RDD_Program_Plan_Sept.pdf) 
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s��B 
� èfg��gGHk�
à��§Æ:+�@Æ^*ÆÕ�A�+@7>�ÈÉ>µ

����0Ìwx+�¼>�?ëz¿��BC�F`%�����.õ@+áõ>�z

¿!1�õ�~uR���Ä���eÜ��B 
� èfg��gGHk�
à�¦UµN��øùQ�õ�����÷µwx´p+R-�

|}F>��¡A�xÖ�+����C�¾��z¿�«�µwxÖb���ÆÕ�A�

�Y767ÈÉ�C>���áõ+Ïo�>�����F��BäÍµTU�c&÷w

x���¦¯��~�������wx+ß��Ä�þR>�@çÝ>�@���FD


à�1��Ïo¾�ú����wx÷¾���÷�<�Ïo¾�cA�<����

�B 
� èfg��gGHk`�À"�T����÷����1�Dzxy�uGrÖ�¿:+

¸¹��FF~����¿À������~¸¹��B`øù��Þ¯�c�T���"

Ê��Ä��o�1�~£��~gÖIéÁ��às«2�3�èÁ��3o���T§

���L+ab��ê�4z���B 
� dAmerican Electric Power5Columbus, Ohio6 
� dBHP Billiton5Melbourne, Australia6 
� dChina Huaneng Group5Beijing, China6 
� dCONSOL Energy5Pittsburgh, Pennsylvania6 
� dFoundation Coal5Linthicum Heights, Maryland6 
� dKennecott Energy5Gillette, Wyoming6 
� dPeabody Energy5St. Louis, Missouri6 
� dSouthern Company5Atlanta, Georgia6 
 

 
7q� http://www.futuregenalliance.org/about/timeline.stm 
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4-11 2005q°L±�²³´	
��#Nuclear Hydrogen Research$ 
� gh:��øùçeÕ�×Gí����+áõ�����³©åÓþ+uR>���á

õwx�yz�¦�>�c�Bgh:qrstgd°:dwx�5Office of Nuclear Energy, 
Science and Technology6�M��� DOE���JRéØ�DEF>��³©åÓþ+



uR>���áõøù��c� 2005�e�f��.� 3��øù�PQ�ÛA��B 
Îi=Ø�k«:�.òóhp�(M5The Sulfur-Iodine Cycle6;��:Óþ��5��

·67<iÁkR+uR>�Óþõö�7�; 
ÎG¨kvdK��kÖ«:�.^kSiI9�Ã����ÕÁ^kd�g}ç	djé

�îiÖ5Silicon Carbide Ceramics6; 
ÎpGÖ^kÕk«:�.69övsg�5Salt Heat Transport Loop6��
/0ZR
F9öv�7; 
 
� C���øù��«åæ¾�wxÖ�7µc��áõ+gh:qrstg¾�<�ú�

��F+ó|�~���8÷���9 4�¢gh:��¯���áõ�i<kÖI=g

Õ¨k��µ'�c²³��B 
 
4-12 H2A1µ\3¶·75�¸¹º 
� �áÏoqrstg��øùL5National Renewable Energy Laboratory6����

F�9:��¯����7�5Hydrogen Analysis�H2A6Rsg�+©�>���áõ

^ÖId<is+yz>�c�BH2A <is��D;>�7�4�Flmn�³c3X�

äÍn�@Û�~���B��îÕfdèJg7�§gs+þR>����áõ�4

�Í���{���^ÖI+P���BH2A�¾M��F��áõ�©µ<is���

ZWú��¡A�ÂÃxÖ�}ç~�Ö�¿¬78Fc¯�ÚUÔ¾���áõ4���

c���ú��c�B 
H2A Rsg���k}g����øùL��/���:x��Í�^*ú��BC�

��³�©Í��9:Q5Key Industry Collaborator�KIC6z�¾� 16����>�
ZW�)â+J¸���F7��<isyz�<=>�c�Báõ<is�âã���

� Q �   Ü � 2 3 + _ O > Q R  � � � Ä �

www.hydrogen.energy.gov/h2a_analysis.html�>?ú��c�B 
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����i���»´ 
� ���JRéØ�øù�?-�wx´p���=³FC�Fú+b�ó¶��¦@�

AB�ÁF¦@Ö�ÁFâ³�BDOE ���JRéØ�C��`�JRéØ�M7�

�Tøù�*}F>�ABú��¦@�ÁF¦@Ö�Á+ÊD>�c�B2005 �e�

f�����JRéØÀ"��JGHiI� 8��¦@�"@�5Ä+D����¦@6B

C���³��̀ �e�f£�¦@AB�Á��Ù�f� 22�¾� 48��«�°�>�B 
� 2005 ��� 100 +©³�p�µ�JGHiI��A¯�?@����JRéØ�{

�ÄÁ��C�Á+�R÷�°�>�c¹eÜ�@�¦@AB��Á~¦@ÖÁ~

°³�c¹~�FMNú��B 
 
 
 
 
 



 
7q�FY 2005 Progress Report(�²�� 1) 
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4-14 DOE	
����i�¿�D¶U5 
� 2005 � � p � � ^ ã ú � � DOE � � � J R é Ø � p H í j ç I

5www.hydrogen.energy.gov6��íîÕf«rs�������çeÕ�×Gí�øù

yzQv�ºN+ÝÞ���m��B`pHíjçI����/��pefgÖ+��

��TU���3X�wx�8uFc¯��m�>?ú��c�BA��qrstg�P

´���áÏoqrstg����T�/��pHíjçI�£¾���������¿

À��>�EFQ�G>�c�¦·�pHíjçI�ûü�-�HuµÁki~5Ýú�

�c�B 
 
4-15 2005L�À�� 
� DOE���JRéØ� 2006 � 5��}gGe�s�gÁkIk���.�J+y��

øùQv+ZW>�B300 +©³��JGHiI��c��HD���=³um�wxu

m��¯�B��F��¿Àwx������I�����c� 150��åüx¾�µ�
JW���300!+��JGHiI�Ä+ 200��JGHiI��>ZW+<=>�p�

µz_�m�)â+5��B 
� T�JGHiI�©KøùQ5PI6��AF����z_�m�)â+ê[>����

øù�����BC�F`%��DOE �wxyzn[Q�5Technology Development 
Managers6��C����m+L�f�øù�m�4{n�PQ3·�
��QR��B

���J��y�¾�É���øù�JGHiI�ZWy7�µ¯�cµcBZW�|

}��www.hydrogen.energy.gov/annual_review05.html�>?ú��c�B 



5. � jgfÁ\2/Â��%C�75�7FE� 
#The California Fuel Cell Partnership$

 
5-1 jgfÁ\2/Â��%C�75�7FE��ÃÄ 
� �Áèrse�s��¿ÀSgITgÕî�5The California Fuel Cell Partnership 
(CaFCP)6��31��XÛt¾�µ�Jò����¯������¿À¡����+ó|

�Ût��B v¡�g�g+����ï��]����¿Àwxyzz��©µ�

X��BM�X 20 (
F��X 11 (
^*ú��5"Ê�N6B��Fsï��©

��µ¯�c�����¿Àøùyz�ºo�«åæ��B 
� M�Xz� 
� dDaimlerChrysler 
� dFord 
� dGeneral Motors 
� dHonda 
� dHyundai 
� dNissan 
� dToyota 
� dVolkswagen 
� dBP 
� dChevron 
� dShell Hydrogen 
� dBallard 
� dUTC Power 
� dNational Automotive Center 
 
� M�Xï�]� 
� dCalifornia Air Resources Board 
� dSouth Coast Air Quality Management District 
� dCalifornia Energy Commission 
� dU.S. Department of Energy 
� dU.S. Environmental Protection Agency 
� dU.S. Department of Transportation 
 
� ��X 
� dAlameda-Contra Costa Transit District 
� dSunline Transit Agency 
� dSanta Clara Valley Transportation Authority 
� dInstitute of Transportation Studies, University of California, Davis 
� dAir Products and Chemicals 
� dProton Energy Systems 



� dPraxair 
� dISE Corporation 
� dHydrogenics Corporation 
� dPacific Gas and Electric Company 
� dZTEK Corporation 
  
5-2 jgfÁ\2/Â��%C�75�7FE��JÅ 
�CaFCP��X��2004Ò2007�A9:
�+����FÝ�>�?@�C��

������¿À¡�����{-�øùyz��BA��a�������¿Àwx5�

A@�¡�þR����¿Àwx6+~ÄD�+���A"�+'�FF~�� v

¡F���¹c>?ë+��àF9:���FE°êë+���B��âÄ�àF��

èÁgI5«b�¡+LO��uGrÖ�Ú�¾�Ût6�����¹=?+Ë¹§Ë�

�+����B2008�!O�
��A�3A¯�cµcB 
 
5-3 jgfÁ\2/Â��%C�75�7FE���  
� CaFCP�©µóô�.� 4N��B 
ÎèÁgIdi<kÖI=gÕ¨k�<=�CaFCP ���X�y>��³ 300 i��
�¿À¡5}Ö~L�6��5+�)��By7��JjkGHsÖ67C�(PF�j

ié�kIQjkèékÕÖ^§Ë�2007�A�<=ú�µ-��µ�µcB 
Î��i<kÖI=gÕ¨k�<=�CaFCP ��X��i<kÖI=gÕ¨keÜ+�

����������¹L+(?��B 
Î��������E°êë�CaFCPF�X��§Ë�����¿À¡F���¹L+,

-5���¹������§4 Ó
���Q�ø×+=�BC�F`%����¿À

¡F���¹L����c�+å·��B �  
ÎDz���?-�½¿�E��M��CaFCP ��Dz«�F3bR�y>���¿À

¡�uN+ST���F���½¿�á¿+³��FF~����1�?-����

�67��¿À¡�yz��Q5¦��u6�����Ût6FäÍµVê+>����

�{-�23�K�À���+_O��B 
 
 
 
 
 
 
 
 
 
 
 



6. � UCµUÆ4� H2 �4¿�UÇ3����i 
#Hydrogen Pathways Program$

 
6-1 H2�4¿�UÇ3����i 
� �Áèrse�«:içuÖÕ�a�øùL5Institute of Transportation Studies�
ITS-Davis6�øù>�c� H2 SÖpHçvd�JRéØ5  Hydrogen Pathways 
Program 6�� v¡{-�����+øù��«:øùF>��ºo�«åæ¾��0

Ì�~�FâÞ��c�BITS-Davis�©��� H2 SÖpHçvd�JRéØ���Á

èrse�sï��/U�]�� v¡�g�g���÷qrstgT��9:��¯

������c�B 
� CaFCP ��X~�� v¡�g�g8 ����Áèrse�s��A 100 i!
+��`�R¡+����c�B` 8 ��óô��2007 �A�C�Á+���¡¾�

SUVA�Çc¡U 300i�°���F��B 
� H2 SÖpHçvd�JRéØ�7�Q�.�F?@��B 
� dBP America Inc. 
� dNissan Motor Co., Ltd. 
� dConocoPhillips 
� dShell Hydrogen (US) 
� dExxonMobil 
� dToyota Motor Sales, U.S.A., Inc. 
� dDepartment of Energy 
� dAmerican Honda Motor Company 
� dAir Products and Chemicals, Inc. 
� dChevron 
� dU.S. Department of Transportation 
� dHyundai Motor Company 
� dTotalFinaElf 
� dGeneral Motors Corporation 
� dNatural Resources Canada (NRCan) - Ressources naturelles Canada (RNCan) 
� dSubaru 
� dCalifornia Department of Transportation 
� dUnited States Environmental Protection Agency 
� dPetrobras 
� dPacific Gas and Electric Company 
� dIndian Oil Corporation Limited 
� dSouthern California Edison 
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� o����]��£���K!1�wxÖb��Ó�â��U{�����0+����>�

��=�AAc¹FÕ�V�5NOx6�w7b� 2010���@¾�°���FP�ú��Bo

a��5DOT60��5Maritime Administration�MARAD6�C���K�wxÖb�°�>

���Ù�wxÖ��wx+yz>�<R�ú��ÄF�.qrstgwx�JRéØ5Energy 
Technologies Program�ETP6;FWX¯� 2000�¢�5¯�¾�&^÷µøùyz��4>�c

�B 
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� `�JRéØ�©Íó÷��v:P´n{+FwxÖb��+<���wx���+V��F

F~��qrstg�/wx�ï��/23+0����elú���F��BC��{¾Ä


÷µeÜF>�.� 6����B 
� dcYFµ�Sèrg�kÖ�����¦��KiglFwx�Y¿ 
� d��iGg�sdqkGk�Å�5diesel retrofits6�emulsified fuel���5water injection6�

SCR�particulate traps 
� d¢£���ÂÃxÖ�}ç~iGg�s����Ý*iGg�s 



� d³fwx���¿À�³P´xÖdlguk 
� døù�wxY¿�£¤�FwxÖ�· 
� d��ý���¾-�efgv=lg��J�pHíjçI��=�k×çÕ¨k 

MARAD�`�JRéØ������+Rc���¿À�øùyz��wxÖy�+�³fw

xF>��Ë�-���<=ú��c���  
�MARAD�`�JRéØ�"�§4 Ó
�����/z��«:F�9:��¯�wxÖb

��+Ïo���M�ÕÖ×Ø�øù��4>�c�B���C�
Þ+×�� 
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7-2-1¶0µWZÓP�	ÔÕÖ 
� MARAD� 2002� 9��SCXèHÁgv�5SCX Ferries,Inc6F_`yz���+Z|>��

Áèrse�sjkiGq{�0+�`¼Þ���£|��wxÖ��ÕÖ×ØFÕ�V�

5NOx6�Sèrg�kÖ+V��øù��4>�B 
`�JGHiI¼Rú���£|���M/VpHÖIèrçs5M/V Westfoil6FcÄ�Ù�

�p��£|FprglgGHîIM�ÕÖ×Ø+[?>�c�B¥ú 85èGgI�149���
\+����F���BqkGk��4c�iIJçIdiGg�s 12v92 TA��B 
oqrstg�5DOE6��pHÖId}gGe�«:�v:���øùL5Mobil Source Testing 

Laboratory6�9:+�»���F`øù+��>�c�B`øùL�wxÖb+�·��B�

��*�����SCX èHÁgv�C��c¯�p�µ�+(���BC�àÝ���ÂÃxÖ

5LNG6�p��£|����F>�²ýú��B`%��MARAD��LNG+¼¯��£|�

+]�ú��àÝ�LNG�¸¹=³F^ÖI+V��VW¶+M7��B 
 
7-2-2×UØµW7Ù\�	ÚÛF4Vi 
� MARAD���+�`�5Water Transit Authority�WTA6FB&GèÁgI5B&G Fleet6�p

rs^gvdqkGe�ÁkR5Walthers Engineering6��Áèrse�«:}giÁgÕF�9

:�"�jkèékÕÖ^�}ç~iGg�sF��ÕÖ×Ø5Water Injection System�WIS6
+øù>�c�B 
y7wx���9_¬����5combustion air water inject6F}ç~iGg�s�B100FB20
��B����áÏoµNFÆÕ�òó67ÆÕ�A��w7b�âµc�F�uN��B¼

Rú��qkGk�iIJçIdiGg�s 12V-71��B 
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MARAD��E°»è5EPA6F�9:�"�efghgi�Fa��5DOT6��$M7�
�¯��èHÁg¾�w7ú��xÖ�b+�����JRéØ+y�>�BPQ� 680¬	s

��B 
`�JRéØ�Aô�efghgi��Ë�èHÁg+¦·>�©çòóiGg�s5Ultra 

Low Sulfur Diesel�ULSD6+��>�wxÖb+����wx+`@¥Ü�C��+þR>�w

x+<���R>�C�����+Ëa�Kõ+Y¿>��P}��½ú����ºèHÁg��

R��B 
 



7-2-4 ¢äÖ�åæµW7Ù\3Z080ç,#Large Vessel Diesel Engine Retrofit$ 
�MARAD��lk�g+���F��«�����iGg�sdqkGk+Å����F+ó|

>�EPA�Jjk�sÖ�����Áèrse�«¬��YJ�5California Air Resources Board�
CARB6FPQ�øù�m+bc£��B«��¾�w7ú��Õ�V�+ 25±��>���P
´+{+ú��c²³��B 
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� �K���¿À+�R>�ÄFcÄ�Ü����¿Àv¹¿:ÕÖ×Ø���
�«�ú�^

��ê�µ�K�?-�M�:de�<��Óþ��¾f¾�¾¾¯�c�B 
� MARAD�Õf�dSg�5Sure Power6F�9:��¯��2002� 6���¿ÀÕÖ×Ø
��ÁgkdSgde�Óþ��¾ßÄ¾�<�+�¯�BÕf�dSg�ÕÖ×Ø��2
c� 200kW5�JîI6ÁkÕ��¿ÀFèéçKçgs5flywheel6�qrstgÈÉgeî
I¾�^*ú��B 
� `�JGHiI��ÕggGgdÕÖ×Øv�5Seaworthy Systems,Inc.6���4�+y

z>�c�B0��/�å�	����K���¿À����TUå·�å�+?-�cµc�

��o�h9�5American Bureau of Shipping�ABS6Fo¿¬¿h:�5Institute of Electrical and 
Electronics Engineers�IEEE6�Dz�K�SgdÕÖ×Ø��c�C�	��?·>�c�i

å·�`�JGHiI��Rú��B 
 
7-3-1 ëÎì�í 
� `����"Ê��Ä�ºn 9UÔ��ú��B 
 
Îìîï Îìðñ ê��ò óo 

1.1 ~�=gÕ¨k���n�607��de 100± ABS Ý  ̂
1.2 ~�=gÕ¨k���n�307��de 110± ABS Ý  ̂
1.3 ~�=gÕ¨k���n�Ä%��ÚUÔ¾�de ABS Ý  ̂
2.1 §s×gG�¶·n�de 0ù100± ABS/IEEE Ý  ̂
2.2 §s×gG�¶·n�de 150± ABS/IEEE Ý  ̂
2.3 §s×gG�¶·n�de 300± ABS/IEEE ÎÝ  ̂
3.1 de�v���èÁgiqkÕg�å·� 

100±-0±-50±-100± 
ABS 

 
Ý  ̂

3.2 de�v���èÁgiqkÕg�å·� 
0±-75±-100±-25±-0± 

IEEE 
 

Ý  ̂

4.1 Sé=sd~�=gÕ¨k ABS/IEEE Ý  ̂
 
7-3-2  Îìóo��� 
� ôÎìîï 1-1 
� Õf�dSg�ÕÖ×Ø�èsSg 60 7j���¾ßÄ¾�×ÖI��B§s×gG

~¶·>�}ÖdèÁgiqkÕg5bus frequency6~�³ 0.03±50.02 Hz6>¾��>µ¾

¯�B 
� ôÎìîï 1-2 
Õf�dSg�ÕÖ×Ø�·^§s×gGF·^èÁgiqkÕg�?c�èsSg�



110±5352 kWe6 307�j���¾ßÄ¾�×ÖI��B§s×gG~¶·>�}ÖdèÁ

giqkÕg5bus frequency6~�³ 0.07±50.04 Hz6>¾��>µ¾¯�B 
� ôÎìîï 1-3 
� Õf�dSg�ÕÖ×Ø�·^§s×gGF·^èÁgiqkÕg�?c��de��v��

=³"4%�j���¾ßÄ¾�×ÖI��B§s×gG~}ÖdèÁgiqkÕg~¶·>�

geîIZv��±²�á�µ¾¯�B 
� ôÎìîï 2-1 
� Õf�dSg�ÕÖ×Ø��·^de�k)50Ò100±Q0Ò320kw6��?c�·^§s×

gG�l2.5±!�M¸�j�¾ßÄ��¾�×ÖI��B�«mn��277§sI%�´§s

I50.36±6�¯�B��ÁÆ��Ý^c��l7§sI5l2.5±6+«��"í�BA����

¿À�§s×gG~¶·>�c�5D���-1.08±�~ÄD��-1.44±�¯�6B 
� ôÎìîï 2-2 
� Õf�dSg�ÕÖ×Ø��«�µde5·^¿o� 150±6��v�Ï³�¶·>�§s

×gGj�+�Rú���F���¾ßÄ¾�×ÖI��BìcC�	����¿À�·^

§s×gG�ºF«ß�v�ô�·¸�¶·>�j��¯�B 
� ôÎìîï 2-3 
Õf�dSg�ÕÖ×Ø���M§s×gG5480 v6ìp��©õde5·^��SÕ×G

� 300±Q960 kWe6���%~M¸�¿:+¸¹��¾ßÄ¾�×ÖI��B�¾� 2p
��?-�}Öd§s×gG�mn� 58.7§sIÎÝ^Fµ¯�B 
� ôÎìîï 3-1 
� Õf�dSg�ÕÖ×Ø��¦·�de�v�=³"å·�èÁgiqkÕg�yþ��

¾ßÄ¾�×ÖI��BÚUÔ¾�de�%��·ú��|}�}ÖdèÁgiqkÕg��«

mn� 0.13±50.08 Hz6�5p!��� 0.03±50.02 Hz6!��äôq¯�B 
� ôÎìîï 3-2 
� 3-1 F`��×ÖI�m5de��vÝ�Uµ�6��BÚUÔ¾�de�%��·ú��

|}�}ÖdèÁgiqkÕg��«mn� 0.6±50.36 Hz6�2p!��� 0.08±50.05 Hz6
!��äôq¯�B 
� ôÎìîï 4-1 
� Õf�dSg�ÕÖ×Ø��Ýeú��·^de�vk)520Ò100±Q32Ò320kw6�?c

��de7Î+¶·5z¿]�·^SgÝe�l15±6ú���F���¾ßÄ¾�×ÖI

��Bde��v�c�+r��k)��¯�B 
 
7-3-3  óõ 
� ×ÖI|}��300±�de5��¿À�¾¾�M¸de� 3 ë6�×ÖI!1���Ý^

�¯�B���s 2-3��c��ì���×ÖIú�µ-��µ�µcB 
2002� 6��¯���¿À����TUå��m�mt�ú�������C��2+¼R��

�¿À��c��@��+uR���¿À����å��2+{-��¿À�@]���ûÄB

��<������Õf�dSg�ÕÖ×Ø�C�Ñ�ÕÖ×Ø+öÝ÷�Ü�F��K{-�

�¿À��¦��K¿¬å�5shipboard electrical regulations6�c�+r��~�FÄÞ��F

|��-�B 



7-4 MARAD���%C�� 
� MARAD � 2003 �a��K{-��¿À�yz����H²F>� DOT ���Z�n�
5Hydrogen Working Group6�"Ê�N+|u>�c�B 
Î���ÂÃxÖ+uRàLAIéîi�����F+Fc����à�ÂÃxÖ�Ã]+?

Ë>��à¿¬78>���+Ö��F�äÍ�Ñ����è��µ³Fµ�B 
Î���¹�¾M~��v«���ÈÉ�½ô=?�@Dc��~¼6�êcB 
Î��ÈÉ��w>�@�ç©ÈÉ>�@����Ý@�>�@>µ-��µ�µcB 
Î�K�¶ºn�USCG�å��ABS�åx��@�äÍ!+���ñú��?C����B 
 
� >¾>��K�wxÖ���íy��~��µ¹�qkGk���+Åú���F�Õ�

V�FÆÕ�A��w7b+���øù�.9�&^�>�c�BMARAD���67��¿À�

JGHi§5Hydrogen & Fuel Cell Projects6�"���¿À�øùyz��:>�c�B�¯�

MARAD�Â·���K{-��¿À�©µlç���.�}UÔ���B 
 %(ö

#Electrolyte$ 
%C÷± 

#Cell Temp$ 
nøº

#Efficiency$ 
ÁkÕ5Phosphoric Acid�PA6 �
 zÑ 450f 38 - 40% 
{ ç A Õ 6 5 Molten 
Carbonate�MC6 

�
 zÑ 1200f 45 - 55% 

n=IàÕ�@5Tubular Solid 
Oxide�SO6 

I
 zÑ 1800f 45 - 55% 

��I
Õ�@5Planar Solid 
Oxide�SO6 

I
 zÑ 1800f 45 - 55% 

�JIk�ÃÝ5 Proton 
Exchange Membrane�PEM6 

I
 zÑ 180f 38 - 40% 
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7-4-1�úÖ/jµû7P��� 
� MARAD �������¿Àøù�£�~
÷µ~��o����i�g5United States 
Merchant Marine Academy�UUMMA6<=ú��c�B 
`��i�g���áÏoqrstg���wx+yz£�5kW���I
³7hà��¿À

5hydrogen PEM fuel cell6ÕÖ×Ø�º¾�10 kWF 1.4 kW�ãä¿ÀÕÖ×Ø5photovoltaic 
systems6�1 kW�ß:z¿ÊË���z¿]��w��ÈÉ52400 psi6+øù£��B 
 
7-4-2 ¶0f�0F4B�ÌÏ43Ù�3f�g7 
� jkèékÕÖ^���+�`�5Water Transit Authority�WTA6��wxÖd�JdèHÁ

g�yz��á÷�@Û«c�B��¿À+�K�M��þR��ÞF>��óú��?@�

yzú����jkèékÕÖ^|é�çs���}~5Treasure Island6FjkèékÕÖ^�

+|X�+�`]�F>�QRú��B 
� `�JGHiI����¿À.qkGk;�ºN+ÝÞ��B��¿À�}î×Ág�¿¬+�

@�}î×Ág�¿¬<glg+v¾>�C����J�é+íÂú���FcÄ��c&÷µ^

���B2 c� 200kW��¿ÀqkGkµ���\ 49�+���èHÁg+%\ 12_îI
]�ú���F���B 
� D4���ÈÉ�M:ÕÖ×Ø�@~��µH²Fµ�Ïon���B�+}Ö�àÝ���Õ

Ák¨g�.lkidè�gØ5tank farm6;+y#�@�-�C�� 8¬�4èGgI�xÖ



+ÈÉ���F�Â·ú��Blkidè�gØ�«�ú� 20èGgI�20èGgI�éèGg

I¹�c�µ�B 
�Í�H²���+�����¿ÀuR����å���BUSCG���A�ÂÃxÖ��

�¼R+½���F���B����¿À+¼ÄàÝ~ÂÃxÖ��F`�|}�µ��F��A

��BC������ÂÃxÖ�>û��xÖ�>û�«¬�@Ìc�FF��w�
=qa�

���F�½ÏÖ���Fµ�B 
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7-5  �üýþ�F4Vi��}#Naval Sea Systems Command�NAVSEA$ 

MARAD� 2003��o0��!ÕÖ×Ø��n5Naval Sea Systems Command�NAVSEA6è
GéisèG�n��0�wxÖ���JRéØ5Navy Emission Test Program6���>�B�

K{-wxÖdÕÖ×Ø�yz+ó|>�5UÔ���F 6UÔ�wxÖ��wx+��>�c�B

�KÕÖ×Øyz�5Ship Systems Engineering Station6��ÁgkdqkGk��øùL5Marine 
Engine Test Laboratory6���+<=>�c�B 
� ���¼Þ��qkGk� 2ÖIJgi� 12V-71 iIJçIdiGg�s���ú��c�

��FÕÖ×Ø�"Ê�F?@��B 
 



� ���¼Þ���� 
� dF-765iGg�sNo.2�Ô¬6 
� dJP-55��]_��6 
� dÝ*5Fischer TropschiGg�s6 
� diGg�s5òó�·¸�âµc~�6 
� d}ç~iGg�s5«�¾�Z�����sqÖlg6 
 
� ���¼Þ��ÕÖ×Øc�ÊË 
� d��%C÷Ý5Fuel Catalyst Additive6 
� d_¬��ÕÖ×Ø5Air Humidification System6 
� dÕÁk¨gdSg]Ç5Cylinder Power Assemblies6 
� d���(�Ä)�7]5Mini-Sac Injectors6 
� dèGslg5Active Regenerated Particle Filter6 
� dð¤:uR���5Ý]5Centrifugal Soot Collector6 
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8-1 �� 
� �Ký�����uR��¦�o0��C�Ñ���0��óú��c�Bo0���¯�

rÝ¿:]�5integrated electric plants6+��5c��+6�êë��?e+bc£��B¿

:���M�ÕÖ×Ø�Dz������¹54¬%�FâÞ��c�6��
�vF����úcB 
��¿À��xÖdlguk�iGg�sdqkGkFUµ@��9+äÍF>µc�F¾��

Õ�V�+w7>µcB>¾~�?e+~������9qkGk�è��SgdÕÖ×Ø+7

�>�ÎË��B�A@��
�c¾µ�n7�~Îë��BC�|}����á¦o:+

³�������n+{+ú���F~ÏoFµ�B 
� ��¿À��0��K�F¯����P´�{+�-µ¹�çwxÖF?e���nFcÄu

N��@�C���A���^ÖI+"�"'��F�~µ�B 
o0�øù�5Office of Naval Research�ONR6���A��R��¿À5Shipboard Service Fuel 

Cell�SSFC6�JRéØ�"���¿À+����R�����ÚUÔ~�øùyz�PQ+Û«

��B 
C�DEF>��{çAÕ6à5Molten Carbonate�MC6F�JIk�ÃÝà5Proton Exchange 

Membrane�PEM6FcÄ 2UÔ��JIlç�+yz>�c�B2000��0��èfqsjsd

qTGg�5FuelCell Energy, Inc.6�yz>�MC��¿À+�R���F+3��c�BPEM
��¿À�4��<R��{-�øù��S¯�cµcB 

MC��¿À�yz�	¯���JJMA5John J. McMullen Associates, Inc.6Fo^gÖIxg	

øùyzjklg5USCGC6F�Jò�MC ��¿À�äÍFµ��KR^k�fgldÕÖ

×Ø67C����çklgèHçÖ�yz+���B� <��¼Þ�����^gÖIxg	�

�GkiG�çlgFcÄ�K��B��l�ég;�iGg�sz¿]5600kW64c+[?

>�C�¾�z¿ú��¿¬+MC��¿À��@�Æ���J�é+í�FcÄ~���B 
� "Ê��2005�67 2010����¿À�óôÀ+xÖdlgukz¿ÊËFèé>�~��

�B 
 
 
 Ï43®7Æ0 

�%�� 
2005L�a� 
�����%C 

2010L�a� 
�����%C 

g e î I 
 �

(ft3/kW) 
1.1 2 1.7 

geîIËb(lb/kW) 27.2 40 30 
��P´n(%)  
@ 50%�de 

16 40 70 

áõ^ÖI($/kW) 1600 1500 1200 
 
 
 



 
7q�U.S. Navy Shipboard Fuel Cell Program5�²��106 

A 8-1� 	���%C%´���

�

 

7q�U.S. Navy Shipboard Fuel Cell Program5�²��106 
A 8-2� 	���%C����i®Ui4¯8G7\�



 
7q�U.S. Navy Shipboard Fuel Cell Program5�²�� 106 

A 8-3� ��%C�Ï4®7Æ0
µW7Ù\Z080��ÌÏ4���

�

 

7q�Fuel Cells on the High Seas5�²�� 126 
A 8-4� ��%C�nø�



 
7q�U.S. Navy Shipboard Fuel Cell Program5�²��126 

A 8-5� ��%C����£�

 
 
8-2 fGZ\�\3Z�87�üý��� 
� èfqsjsdqTGg� 2003�a�o0�F�9 2M��+Z|>�o0�KR��¿Àw

xY¿���JRéØ(U.S. Navy Marine Fuel Cell Technology Verification-Trainer Program)�~F�
KR��¿Àwx�yz�"�R������F+3��B��{-���¿Àwxyz�«4

�èfqsjsdqTGg��`��öv 95¬ 4,000	s+,-�B 
� `�JRéØ�ó÷��.�Í���h�LA��B 
ÎiGg�s��+¼R��ûü��¿À5Direct Fuel Cell�DFC6+yz>�0�c§F0�

���@�-� 
� Î��¿ÀDFC300Az¿ÊË�vZ+<��� 
� Î�Ágk��¿À��Þ�1�Q���+ºß�� 
 
� `�JRéØ��ONR�n[��öv 260 Á	s�øùyzeÜ�èfqsjsdqTGg

F����C�Dn��B2000���¾�zP>�%�PQöv� 460 ¬	s�¯�B��ø

ùyzeÜ� 2003��a¾�9 2M�5¯�c�B`�JRéØ�����C�Ñ�Ût���

çk«:F�çk0���i�g5Maine Maritime Academy6��B�Q��KR��¿À�<
�ï�1~±²µ¹]o��¾ßÄ¾+�½���µ+}��B 
�  
8-3fGZ\�\3Z�87����� 
� ONR�ú���2006� 8��èfqsjsdqTGgFp�µ��+Z|>�BKR��¿À



5ship service fuel cell�SSFC6z¿ÊË5power plant6�2+i<kÖI=gÕ¨kF�.�¢�

�+5c���6��¿À�JIlç��?e����m�PQ� 250¬	s��B����

�ó÷��³P´��¿Àwx+¼¯��.Õî�dK×sdSg5ship hotel power6;F���
�z¿ÕÖ×Ø�P´n+{+ú���F��B0�����QR���Ä�èfqsjsd

qTGg�� �yz>�DFC5Direct Fuel Cell6z¿ÊË+0�R�
��5iGg�s�G

HîI��6~v¹�ÄÅ�>�c�B 
�
������ÈÉ�F¯��·¸�Hu���DFCz¿ÊË¼ÄÙ�Ûò5òó+@�

¹6>µ-��µ�µcFcÄÐN���BèfqsjsdqTGg�C���
��¾�òó

+@���
��+�lkdxÖ��Ã��FcÄD/�o�+ÕgØ=Ö��ÄZ[ÊË+y

z>�BC�ÊËáõú���lkdxÖ���¿Àz¿ÊË���F>�¼Þ��B�£W�

¾�¶ºµ��¸¹ÕÖ×Ø��B 
DFCz¿ÊË��K�?-�z¿ÊËF>��[Â÷µ83��@�0�����[?���

�¿ÀÕÖ×Ø�F¯�«�µÙ�~��BDFCz¿ÊË���9ú�ô�z¿ú��]mF>

��~¯F~iÁgk¾��¾µÊË��B 
7q�http://www.fce.com/site/products/about.html 
 
� èfqsjsdqTGg�`%��ÅÆ�JjÖ��¯�A���¾���+Y7��´p÷µ

4�+yz>�c�B��4����¿À�£�~³c¿¬P´n+O��~���BC�Å

ÆÊËFD,�]o��KR��¿À5Ship Service Fuel Cell�SSFC6��DFC�0����

Zv���Ä��C�o:+�����~�����A�<���¯�SSFC�]o���

F�º�-m��BC��.�¢�SSFC��0�����<RÏoµÈÉ�F���+<�

��ÅÆ�JjÖ�?e��B 
� `�JGHiI���xîIh��K��¿Àz¿ÊË+yz>�0����Êë���F+

ó|� ONR���øùyz�DE��BèfqsjsdqTGg����KR<Gfgs�

äÍFµ�ËÍµ^*n7�<�Fº
÷i^çk+��>�c�Bc&÷µz¿n7�^r��

îIs¨k}Ág�<���³�?@�C���0��!ÕÖ×Ø��n5Naval Sea Systems 
Command�NAVSEA6�èGéisèG�n������C��KR¼R<��<=ú��e

Ü��B 
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8-4üý����k��������� 
ONR��P´÷z¿+<���p�µ��¿Àwx�c¯¹M�ÕÖ×Ø+øù>�c�BONR
�øù£�iGg�s�ÃÕÖ×Ø��èé÷ç^ÖI��¦�c>?ë+�����ÈÉ��

��QR��FcÄuN���FMNú��B�  
� ONR� 2004��¯�500 kW5�JîI6�iGg�s���Ã]+<�£��BC�

�Ã]��PEM ��¿ÀF�Ãn���BiGg�s����òó�LA��c����b¿À

z¿ÊËý�QR�������Ã]��¯���+ò�����Ã>�ò���+Õ� ¡FÓ

þú���FÆÕ�òó��Ãú�����F7Ú��B`<���qrstg�5DOE6�
�ç¨Kdèrgsv��qkGe�ÁkR¢E°øùL�Þ��c�B 
 
8-5 �Z[\]7����������� 
� 0��A��qrstg�5DOE6�oqrstgwxøùL5National Energy Technology 
Laboratory�NETL6F�9:��¯����¿ÀFÂÃxÖ+QR>wxÖb���+ó|>�

c�BNETL��DOE�ºoab�� 15ÑL���øùL�D��@�DOE�����¿
Àøùyz�F¯��«�øù¶M7Ý~��BNETL���ÂÃxÖ£¤jklg5Strategic 
Center for Natural Gas�SCNG6FcÄn���@�ONR�NAVSEA�USCGF9:>���K
���¿ÀuR+øù>�c�B 
�¯�øùú��c�©µ��¿À���ÁkÕà��¿À5Phosphoric acid fuel cell�PAFC6�
{çAÕ6à��¿À5Molten carbonate fuel cell�MCFC6�I
Õ�@��¿À5Solid oxide fuel 
cell�SOFC6�KR��¿À5Ship Service Fuel Cell�SSFC6�ÇçíÁî	�}UÔ���B 
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5 www.marad.dot.gov/NMREC/conferences_workshops/jan%2029-30%202002/hooie.pdf6 
A 8-7� ��%C����



ôPAFC 
� PAFC ��%N�yz��F<R����~z�>���¿Àwx��BDOE ��ô�

5DOD6+����º��õ� 20�!+�Þ�¯�øùú��C��~����PQ�öv}

Á	s+©³�~�F_���Bç©��¿À�£��ÅÆú��A�����¾�7�wxÖ

�Wñ��ºßâb���F¾�MNú��c�B 
ôMCFC 

MCFC��¡A¾�ûüZRú����¿À�yz�F~µ¯� 1960�¢�¾����ú��B

������¿À�¡A+ûüuR��FcÄøù�Ñ�øù�è����"j�µ¯�~���

¡A¾�xÖ+@7>���¿À�uR��FcÄøù�Rc�c�B 
ôSOFC 
� SOFC��/0+ô»Iàjé�îi¿8Æ+¼ÄBIàjé�îi¿8Æ��@Dc��>

úFcÄ�
¿8Æ�¥³�H²+83��B���jé�îi�?-��¦µç~kT�´+<

�ú�����zÑ 1830f5ÐÑ 1000f6ÕÖ×Ø+Zvú��äÍ���BC�©f��

A�����nÅÆ�Ïo�@�ÊË¾�z����9+z¿ÊË��uR���F¾�P´

n�úcB 
ôSSFC 
� +��F?@� 
ô�UDgE� 
0��øù>�c�ÇçíÁî	M�ÕÖ×Ø��xÖdlgukF��¿À+§R���F�

��P´�{++ó|�~���B��¿À�-�qrstgP´� 60±��³���xÖdl
gukF�§R��¯� 70±A"�+'��F�ÏoFMNú��BA��Ñ�ÕÖ×Ø�è�

�F�Õ�V�FA����wxÖb�âµ¹�qrstgP´�úcFcÄuN~��B 
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I.  INTRODUCTION

 In cooperation with industry, academia, national 

laboratories, and other government agencies, the Department 

of Energy’s Hydrogen Program is advancing the state of 

hydrogen and fuel cell technologies in support of the 

President’s Hydrogen Fuel Initiative.  The initiative seeks to 

develop hydrogen, fuel cell, and infrastructure technologies 

needed to make it practical and cost-effective for Americans 

to choose to use fuel cell vehicles by 2020.  Significant 

progress was made in fiscal year 2005 toward that goal.

Congress Clears Path for Hydrogen

In 2005, Congress demonstrated overwhelming support 

for the hydrogen economy through several activities.

Energy Policy Act of 2005.  EPAct 05 was signed into 

law by President Bush on August 8, 2005.  Title VIII, the 

Spark M. Matsunaga Hydrogen Act of 2005, focuses on 

hydrogen and indicates the strong support of Congress for 

research, development, demonstration, education, and codes 

and standards for hydrogen and fuel cell technologies.  Title 

VIII authorizes $3.28 billion for research and development, 

demonstrations, and studies over five fiscal years aimed at 

getting hydrogen-powered automobiles on the road by 2020.  

In addition, numerous other titles call for hydrogen and fuel-

cell related tax and market incentives, new studies, 

collaboration with alternate fuels and renewable energy 

programs, and broadened demonstrations.  The timeline 

established by Congress matches perfectly with the 

milestones established by the Department in the Hydrogen 

Posture Plan published in February 2004 in support of the 

President’s Initiative.  

House Caucus.  The House of Representatives launched a 

Hydrogen and Fuel Cell Caucus on June 28, 2005 with an 

“End Dependence Day” kick-off in Washington, D.C.  The 

Caucus, co-chaired by U.S. Representatives Charles Dent, 

Bob Inglis, John Larson and Albert Wynn, is a bipartisan 

group of House members and industry participants dedicated 

to promoting hydrogen as an alternative to petroleum-based 

fuels.  The Hydrogen and Fuel Cell Caucus plans to support 

the President’s Hydrogen Fuel Initiative and other hydrogen-

related activities.  The Senate has a similar organization, the 

Senate Hydrogen and Fuel Cell Caucus, which is co-chaired 

by Senators Byron Dorgan and Lindsey Graham.

President Bush participates in refueling of GM’s fuel cell 

vehicle at Shell’s hydrogen station in Washington, DC, on 

May 25, 2005.  During this visit, Under Secretary of Energy 

David K. Garman updated President Bush on progress 

under the Hydrogen Initiative.  President Bush also received 

technology updates from BP, Chevron, DaimlerChrysler, 

Ford, GM, Hyundai, and Shell senior managers. 

Accompanied by Congressional leaders and Energy 

Secretary Samuel Bodman in Albuquerque, New Mexico, 

President Bush signs the Energy Policy Act of 2005 into law.

The House Hydrogen & Fuel Cell Caucus Kicked Off on �
June 28, 2005
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Appropriations.  In past years, Congress funded fuel cell and fossil-related hydrogen research through the 

Interior and Related Agencies Appropriations Act, while basic science and renewable and nuclear-related 

hydrogen research was funded through the Energy and Water Development (EWD) Appropriations Act.  

Beginning in FY 2006, Congress will fund all DOE hydrogen activities through the EWD appropriations.  

For FY 2005, Congress appropriated $224.7 million for the President’s Hydrogen Fuel Initiative compared 

to the FY 2004 appropriation of $155.8 million.  For FY 2006, President Bush requested $259.5 million 

(appropriations yet to be finalized as of publication date).  These numbers include support for hydrogen and 

polymer fuel cell R&D across four DOE offices – Energy Efficiency and Renewable Energy; Fossil Energy; 

Nuclear Energy, Science and Technology; and Science – and the Department of Transportation.

International Partnership for the Hydrogen Economy (IPHE) Endorses Ten Hydrogen Projects

IPHE Projects to Advance Hydrogen Economy

• Hydrogen Delivery Using Natural Gas Pipelines

• Solar Driven High Temperature Thermochemical 

Production of Hydrogen

• Reversible Solid State Hydrogen Storage for Fuel Cell 

Power Supply System

• Advanced Membranes

• Fuel Cell Testing, Safety and Quality Assurance 

(FCTESqa)

• Application of Gradient Porous Composite MEAs for 

Different Types of Fuel Cells

• HyWays - The Development and Detailed Evaluation 

of a Harmonised “European Hydrogen Energy 

Roadmap”

• HySafe – Safety of Hydrogen as an Energy Carrier

• Solar Hydrogen From Reforming Of Methane

• Clean Urban Transport For Europe - Ecological City 

TranspOrt System (CUTE - ECTOS)

Led by Under Secretary of Energy David K. 

Garman, the 16-member IPHE Steering Committee 

met in Kyoto, Japan, on September 14 and 15, 2005, 

and endorsed ten collaborative hydrogen and fuel cell 

research, development and demonstration projects.  

According to Under Secretary Garman, “These efforts 

have the potential to significantly advance the move 

towards a hydrogen economy.”

All projects are collaborative in nature with 

multiple IPHE members as sponsors.  Results and 

lessons learned from the projects will be disseminated 

to all IPHE members and will be made available to the 

public.  These selections are the first IPHE recognition 

provided to collaborative research projects on 

hydrogen and fuel cell development.  Detailed 

information is available on the IPHE website 

(www.iphe.net). 

Hydrogen Federal Advisory Committee and Interagency Task Force Being Established

The Energy Policy Act of 2005 authorized establishment of 

a Hydrogen and Fuel Cell Technical Advisory Committee 

(HTAC), a follow-on to the Hydrogen Technical Advisory Panel 

authorized by the Hydrogen Future Act of 1996.  This Federal 

Advisory Committee will be comprised of 12 to 25 expert 

members from domestic industry, academia, professional 

societies, government agencies, Federal laboratories, previous 

advisory panels, as well as financial, environmental, and other 

appropriate organizations.  The Committee will review and 

make recommendations to the Secretary on (1) the 

implementation of programs and activities under Title VIII, 

Hydrogen, of the Act; (2) the safety, economical, and 

environmental consequences of technologies for the production, 

distribution, delivery, storage, or use of hydrogen energy and fuel cells; and (3) the Secretary’s plan to conduct 

the programs under Title VIII.  The HTAC member selection process and initial meeting will take place in FY 

2006.
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At the Federal government level, inter-department/agency cooperation is also critical to the success of the 

President’s Hydrogen Fuel Initiative.  Shortly after the President's announcement in early 2003, the White 

House Office of Science and Technology Policy established the interagency Hydrogen Research and 

Development Task Force.  The Task Force serves as the key mechanism for collaboration among the eight 

Federal agencies that fund hydrogen-related research and development.  It developed a web site 

(www.hydrogen.gov) to widely communicate the goals of the President's Hydrogen Fuel Initiative and 

encourage greater collaboration and sharing of information on hydrogen technology development activities.  

The Energy Policy Act of 2005 also underscored the need for interagency collaboration at the federal level by 

requiring the President to establish a Hydrogen and Fuel Cell Technical Task Force chaired by the Secretary of 

Energy with representatives from other departments and agencies with hydrogen and fuel cell programs.  The 

act defines numerous planning and execution activities for this task force, all tied to ensuring efficiency in use 

of taxpayer resources.

National Research Council Reviews FreedomCAR and Fuel Partnership

REVIEW OF THE RESEARCH PROGRAM

OF THE

FREEDOMCAR AND FUEL PARTNERSHIP

First Report

2005

Committee on Review of the FreedomCAR and Fuel Research Program

Board on Energy and Environmental Systems
Division on Engineering and Physical Sciences

Transportation Research Board

NATIONAL RESEARCH COUNCIL
                                    OF THE NATIONAL ACADEMIES

THE NATIONAL ACADEMIES PRESS
Washington, D.C.

www.nap.edu

The DOE engaged the National Academies to 

review and report on the FreedomCAR and Fuel 

Partnership, a collaborative effort among the DOE, 

USCAR (Ford, Chrysler, and General Motors), and five 

major energy companies (BP, Chevron, 

ConocoPhillips, ExxonMobil, and Shell).  The 

Partnership seeks to develop advanced vehicle and 

fueling infrastructure technologies to reduce our 

Nation’s dependence on imported oil and minimize 

harmful emissions without sacrificing freedom of 

mobility and freedom of vehicle choice.  In August 

2005, the National Academies’ National Research 

Council (NRC) press release reported that “the 

Partnership is well-planned and identifies all major 

hurdles the program will face,” and acknowledged the 

significant progress already made by the Partnership 

toward overcoming the many technical barriers.  The 

press release quoted Craig Marks, chair of the NRC 

review committee and retired Vice President for 

Technology and Productivity at Allied Signal, Inc., as 

follows:  “The goals of this program are extremely 

challenging and success is uncertain, but it could have 

an enormous beneficial impact on energy security and 

the U.S. economy.  Although it is still too early to 

speculate whether the program will achieve its long-term vision, it is making significant headway.”

The report (available at http://www.nap.edu/books/0309097304/html/) stated that hydrogen storage in 

vehicles is the program’s most difficult long-term challenge.  Other areas with key findings and 

recommendations included safety, codes and standards, systems analysis, environmental effects, and public 

awareness.  This report followed approximately 18 months behind the NRC February 2004 release entitled 

“The Hydrogen Economy: Opportunities, Costs, Barriers, and R&D Needs.”  Together, these two important 

independent assessments of the nation’s hydrogen program have provided critical inputs to the strategy and 

planning for the next decade of hydrogen, fuel cell, and vehicle research and development.
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Hydrogen Research Cost Target Revised to Be Energy Resource Independent and Competitive 

with Future Technologies

The research target for hydrogen 

production cost has been changed 

based on anticipated future 

technologies, including projected 

gasoline prices and relative fuel 

economies of future vehicles which 

will be in competition with the 

hydrogen fuel cell vehicle.  The new 

methodology provided a hydrogen 

research cost of $2.00-3.00/gge 

(delivered, untaxed, 2005$, by 2015), 

which is independent of the feedstock 

or delivery pathway used to produce 

and distribute hydrogen.  

The upper boundary is based on the expected ratio between fuel cell vehicle and evolved gasoline internal 

combustion engine vehicle fuel economies in 2015, and represents a threshold cost to be used to screen or 

eliminate pathway options that cannot demonstrate an ability to meet the research goal.  The lower boundary is 

based on the expected ratio between fuel cell vehicle and gasoline hybrid-electric vehicle fuel economies in 

2015, and defines a lower hydrogen research cost goal to be used to prioritize projects for resource allocation.  

The hydrogen goals at both boundaries were then calculated using gasoline prices projected by the Energy 

Information Administration (EIA) for the year 2015, expressed in 2005 U.S. dollars.  In the EIA High A case 

selected, the U.S. economy is more vulnerable to limited oil supplies from foreign sources due to the increasing 

world and U.S. oil demand, resulting in higher oil prices.

The hydrogen cost goal may be changed in the future if warranted by changes in vehicle system energy 

efficiency characteristics and/or gasoline price projections.

Program Continues to Reduce High-Volume Fuel Cell Cost Projections

Membrane
Humidifier

4%

Enthalpy Wheel
Humidifier

3%

H2 Blower and
Ejector

4%

CEM and Air
Filtration

13%

HX, Coolant
Pumps, and Fan

4%

Membrane
Humidifier

4%

Stack
63%

Misc (Valves, 
Sensors, and

Piping)
6% Assembly

3%

Fuel Cell System Cost - 80 kW Direct H2

(110 $/kW, net power)

For hydrogen vehicles to be cost competitive with 

other technology vehicles, it is critical that the high-

volume production cost of fuel cells be competitive 

with that of other power systems on a net power basis.  

Therefore, achieving the DOE and FreedomCAR and 

Fuel Partnership $30/kW cost goal by 2015 is one of the 

most critical technical targets of the DOE Hydrogen 

Program.

In the early 1990s, DOE estimated that the high-

volume (500,000 units per year) fuel cell cost was 

approximately $3,000/kW, i.e., two orders of magnitude 

above our goal.  Over the last 15 years, through private 

and taxpayer investment in research, fuel cell costs have 

steadily decreased.  Analysis by TIAX LLC shows that 

we are now approaching a high-volume cost of �
$110/kW (bettering the 2005 target of $125/kW) and 

continuing to make steady progress toward $30/kW.  In Courtesy of TIAX LLC
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FY 2006, DOE will commission and independent peer review of the assumptions and methodology used in this 

analysis to determine whether the result is valid.  Although progress has been substantial, further cost 

reductions are becoming increasingly challenging as we try to achieve $45/kW by 2010 on the way to the 2015 

goal.

Manufacturing R&D for the Hydrogen Economy in Planning Stage

Courtesy of Ballard Power Systems

In early 2005, under the sponsorship of the 

Manufacturing Interagency Working Group (IWG) of 

the Committee on Technology, National Science and 

Technology Council (NSTC), an effort began to focus 

our nation’s manufacturing research and development 

(R&D) on three priority areas: Manufacturing for the 

Hydrogen Economy, Nanomanufacturing, and 

Intelligent and Integrated Manufacturing Systems.  

DOE has taken the lead on the first of these, and the 

DOE Hydrogen Program has assumed responsibility 

within the Department to plan this effort.

The Hydrogen Fuel Initiative focuses on 

researching, developing, and validating critical 

hydrogen and fuel cell technologies.  As industry 

prepares for its commercialization decisions on these 

technologies around 2015, it is crucial that manufacturing processes be developed concurrently to (1) reduce 

the costs of hydrogen systems to levels competitive with petroleum-based systems, and (2) build the necessary 

manufacturing infrastructure and supplier base to support the hydrogen economy.  In July 2005, DOE began 

planning by holding a “Workshop on Manufacturing R&D for the Hydrogen Economy.”  Participants from 

industry, government, national laboratories, and academia reviewed the current state of R&D and identified 

manufacturing R&D needs for systems that produce, deliver, store, and use (e.g., fuel cells) hydrogen.  The 

findings of this workshop will be used to prepare an R&D roadmap for release by January 2006.

Hydrogen Program Gains Momentum with New Projects

The breadth and depth of research, development, and demonstration activities within the DOE Hydrogen 

Program were significantly enhanced during FY 2004 and 2005 with the initiation of new competitively 

selected projects totaling approximately $510 million ($755 million with private cost share), subject to 

appropriations.  These projects will work to overcome critical technology barriers and to bring hydrogen and 

fuel cell technology from the laboratory to the showroom.  New projects span the following technology areas:

• Basic Science:  Selected 70 projects ($64 million over three years) in basic research to address the 

fundamental science underpinning hydrogen production, storage, and end use.

• Hydrogen Production and Delivery:  Began funding 65 new hydrogen production and delivery projects 

($107 million over four years) in 2005, covering renewable, nuclear, and coal-based hydrogen production 

and delivery technologies.

• Hydrogen Storage:  Initiated a National Hydrogen Storage Project ($150 million over five years) that 

includes three Centers of Excellence, over 20 independent projects addressing applied research, and 

incorporating new basic research projects.  

• Fuel Cells:  Initiated five projects that address critical fuel cell cost and durability issues for transportation, 

consumer electronics, and other applications ($13 million over three years).
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• Technology Validation:  Established a national vehicle and infrastructure “learning demonstration” project 

($170 million for four teams over six years) to measure progress and help guide research and development.

• Education:  Created three Hydrogen Technology Learning Centers, held pilot “Hydrogen 101” Workshops 

for state and local governments in six states, and launched middle school and high school curricula and 

teacher professional development programs ($5 million over five years).

Basic Research Addresses the Program’s Key Technical Challenges

The Basic Energy Sciences (BES) office within the DOE Office of Science is a 

critical member of the DOE Hydrogen Program team, providing fundamental research 

in the most technically challenging areas facing the Program.  This basic work 

complements the applied research and development projects conducted by the Offices 

of Energy Efficiency and Renewable Energy; Fossil Energy; and Nuclear Energy, 

Science and Technology.  In May 2005, Secretary of Energy Samuel W. Bodman 

announced the selection of over $64 million in BES research projects addressing 

hydrogen and fuel cell technologies in the following five areas:

• Novel Materials for Hydrogen Storage 

• Membranes for Separation, Purification, and Ion Transport

• Catalyst Design at the Nanoscale

• Solar Hydrogen Production

• Bio-inspired Materials and Processes 

These five technical focus areas were identified during DOE’s May 2004 workshop sponsored by BES on 

“Basic Research Needs for the Hydrogen Economy.”  The 2005 awards include over 50 preeminent research 

organizations in 25 states, and typically are funded for three years.  A more detailed description of the research 

as well as listings of the projects awarded in each of the five categories is found in Section II of this report.

Hydrogen-from-Coal Projects Awarded by the Office of Fossil Energy

In FY 2005 the Office of Fossil Energy announced the award of 32 clean coal research projects to advance 

President Bush's goal to develop a coal-fired zero emissions power plant.  This initiative will also advance 

other energy-related policy initiatives in hydrogen and climate, including the FutureGen zero-emissions power 

plant of the future.  Secretary Bodman stated, “Coal is our most abundant fuel resource.  It's important that we 

find ways to use it in a cleaner, more efficient way in order to provide the energy needed to continue our 

economic growth and job creation.  All of these projects are an investment in our Nation's energy and 

economic security, present and future.”  Among the objectives of the research specifically related to hydrogen 

and fuel cells are (1) improved and new methods of producing pure hydrogen in coal gasification, and �
(2) hydrogen handling and safe storage.

Projects Awarded for Nuclear Hydrogen Research in FY 2005

The nuclear hydrogen initiative focuses primarily on hydrogen production technologies that utilize high-

temperature nuclear reactors to produce hydrogen.  In support of the DOE Hydrogen Program, this initiative 

within the Office of Nuclear Energy, Science and Technology awarded three projects during FY 2005 related to 

the production of hydrogen via high-temperature processes (thermochemical and high-temperature 

electrolysis).  These awards were to (1) Clemson University for “The Sulfur-Iodine Cycle: Process Analysis 

and Design Using Comprehensive Phase Equilibrium Measurements and Modeling,” (2) Johns Hopkins 

University for “Silicon Carbide Ceramics for Compact Heat Exchangers,” and (3) University of Wisconsin for 

“Salt Heat Transport Loop: Materials Corrosion and Heat Transfer Phenomena.”  This important research 
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paves the way for demonstration of large-scale, emission-free production of hydrogen with nuclear energy, and 

eventually integrating a hydrogen production demonstration with a Generation IV nuclear reactor.

Learning Demonstration Kicks into High Gear in 2005

Secretary of Energy Samuel Bodman and Under 

Secretary David Garman kick off the National Hydrogen 

Learning Demonstration in Washington, D.C.

The National Hydrogen Learning Demonstration 

commenced this year with a kick-off event at the National 

Hydrogen Association Annual Hydrogen Conference 2005 in 

Washington, D.C.  Over the course of five years the four 

selected teams will work to assess the status of hydrogen 

infrastructure and fuel cell vehicle technology against time-

phased, performance-based targets.  Everything from fuel cell 

durability and efficiency to vehicle range and fuel cost will be 

tested under a variety of climate and use conditions, 

employing several hydrogen infrastructure options.

Data acquired through the vehicle and infrastructure 

technology demonstration projects will be used to refocus 

research and development, benchmark technology status, and 

raise public awareness of hydrogen technology.  Each project 

includes a comprehensive safety plan, an activity to assist in 

developing codes and standards, and a comprehensive, 

integrated education and training campaign.  Teams are 

DaimlerChrysler and BP, Ford and BP, General Motors and 

Shell, and Chevron and Hyundai-Kia, and also are supported by hydrogen suppliers, fuel cell suppliers, electric 

utility and/or gas companies, fleet operators, system and component suppliers, small businesses, universities 

and government entities.  The new Energy Policy Act of 2005 strongly supports the Learning Demonstration 

effort as an important element of the Program’s push toward a 2015 commercialization decision.

H2A Models Support Transparency in Program Analysis Activities

Example H2A Distributed Natural Gas Hydrogen Production Cost Sensitivity 

Analysis

The National Renewable Energy 

Laboratory, in collaboration with industry, 

led the Hydrogen Analysis (H2A) group in 

developing a hydrogen production cost 

model.  The H2A model addresses the need 

for consistent analysis methodology and 

transparent reporting independent of 

hydrogen production pathway.  This cash 

flow analysis tool, which assesses the 

minimum hydrogen cost (including a profit 

factor) for a variety of hydrogen production 

pathways, will be used by the Program, its 

contractors, and stakeholders to evaluate 

technologies on a common basis, to assess 

technology tradeoffs, and to aid systems 

analysis efforts.  The H2A forecourt and 

central hydrogen production models have 

been peer reviewed and beta tested using 

several hydrogen production pathways, 
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including coal, natural gas, biomass, electrolysis, and forecourt receiving and dispensing.  An H2A model 

assessing hydrogen delivery options has also been developed and beta tested and will be issued in FY 2006.

The H2A group is composed of members from national laboratories, industry, and academia.  In addition, 

it has sixteen Key Industry Collaborator (KIC) companies which have supported the analysis and model 

development, providing key recommendations and peer review functions.  The production models are 

currently available through http://www.hydrogen.energy.gov/h2a_analysis.html, so that all interested parties 

can utilize them.

Hydrogen Program Participants Demonstrate Ability to Innovate

One measure of the innovation and robustness of a research and 

development program is the numbers of patents applied for and 

granted.  Each year, the DOE Hydrogen Program tracks the number 

of patents that are filed by or awarded to projects sponsored by the 

Program.  During FY 2005, eight patents were issued to Hydrogen 

Program projects, including one international patent.  In addition, a 

large increase in the number of patent applications occurred in 2005 

(48) compared to the previous year (22).  With over 100 new 

projects starting in 2005, the Program can expect these numbers to 

continue to be strong over the next several years.  Congratulations 

to all researchers whose work is critical to the Program’s success 

and is being acknowledged via the patent process.

DOE Hydrogen Program Launches New Website

A new DOE website launched in 2005 provides a 

focal point for all Department of Energy activities 

under the President’s Hydrogen Fuel Initiative.  The 

website includes news, documents, announcements, 

and descriptions of technologies.  It contains 

convenient links which take the user directly to the 

hydrogen and fuel cell areas within the office-specific 

websites of the Offices of Energy Efficiency and 

Renewable Energy; Fossil Energy; Nuclear Energy, 

Science and Technology; and Science.  The site is 

developed and maintained by the Systems Integration 

office of the Program, and its URL is 

www.hydrogen.energy.gov.
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2005 Annual Merit Review and Peer Evaluation Held in Arlington, Virginia

The DOE Hydrogen Program held its annual review in May in 

Arlington, Virginia.  This was the largest review to date, with Principal 

Investigators (PIs) of 300 projects providing oral briefings or poster 

presentations.  A panel of 150 technical experts covering all aspects of 

hydrogen and fuel cell technologies conducted peer reviews of 200 of 

those projects.  The findings and recommendations of the peer 

reviewers are used by the project PIs to guide their future work, and by 

the Technology Development Managers at DOE to make programmatic 

and funding decisions for the upcoming fiscal year.  Those projects that 

were not peer reviewed were typically ones that had just started in the 

six months preceding the May meeting.  Hydrogen Program projects 

from the Offices of Fossil Energy and Nuclear Energy, Science and 

Technology were also part of the process for the first time.  This gave 

the hydrogen community and its stakeholders the opportunity to see the 

full breadth and depth of the DOE program in one venue.  The Office of 

Science, whose hydrogen and fuel cell-related awards were announced 

the same week as the review, provided an overview of its emerging 

program and will be more fully involved in the 2006 meeting as its projects begin to make progress.  The 

proceedings and final report from the 2005 review can be found on the Program’s website at �
http://www.hydrogen.energy.gov/annual_review05.html.  The 2006 meeting is scheduled to be held May 16-19 

in Washington D.C.

We are pleased to present the U.S. Department of Energy’s Hydrogen Program Annual Progress Report for 

Fiscal Year 2005.  The accomplishments of 286 projects currently sponsored by the Hydrogen Program are 

presented herein.  Preceeding each technology area (e.g., storage, fuel cells, etc.), DOE Technology 

Development Managers provide an overview that summarizes the progress made in each area.  We welcome 

suggestions for improving the ability of the Hydrogen Program to impact the realization of a hydrogen 

economy.

Steve Chalk, Program Manager

DOE Hydrogen Program
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II  Basic Research

The Basic Energy Sciences (BES) office within the DOE Office of Science 

supports the DOE Hydrogen Program by providing basic, fundamental research in 

those technically challenging areas facing the Program, complementing the applied 

research and demonstration projects conducted by the Offices of Energy Efficiency 

and Renewable Energy; Fossil Energy; and Nuclear Engineering, Science and 

Technology.  In May 2005 Secretary of Energy Samuel W. Bodman announced the 

selection of over $64 million in BES research and development projects aimed at 

making hydrogen fuel cell vehicles and refueling stations available, practical and 

affordable for American consumers by 2020.

A total of 70 hydrogen research projects were selected to focus on fundamental science and enable 

revolutionary breakthroughs in hydrogen production and storage, in addition to new fuel cell technologies.  

Participants in the projects include more than 50 research organizations in 25 states.  The organizations include 

academic institutions, industry, and national laboratories. 

The projects address five technical focus areas identified during 

the Department of Energy’s May 2003 workshop on “Basic 

Research Needs for the Hydrogen Economy.”  The key finding of 

that workshop was summarized as follows:  “Bridging the gaps that 
separate the hydrogen- and fossil-fuel based economies in cost, 
performance, and reliability goes far beyond incremental advances 
in the present state of the art.  Rather, fundamental breakthroughs 
are needed in the understanding and control of chemical and 
physical processes involved in the production, storage, and use of 
hydrogen.  Of particular importance is the need to understand the 
atomic and molecular processes that occur at the interface of 
hydrogen with materials in order to develop new materials suitable 
for use in a hydrogen economy.  New materials are needed for 
membranes, catalysts, and fuel cell assemblies that perform at much 
higher levels, at much lower cost, and with much longer lifetimes.  
Such breakthroughs will require revolutionary, not evolutionary, 
advances.  Discovery of new materials, new chemical processes, 
and new synthesis techniques that leapfrog technical barriers is 
required.  This kind of progress can be achieved only with highly 
innovative, basic research.” 

The BES initiatives are part of a comprehensive, balanced portfolio of basic and applied research, 

technology development, and learning demonstration projects aimed to significantly advance President Bush’s 

Hydrogen Fuel Initiative.  The projects were selected through an open, merit-reviewed, competitive solicitation 

process.  The $64 million will be provided to the awardees by the Department over three years, subject to 

Congressional appropriations.  

Following are brief descriptions of the five technical areas addressed by the BES program, along with the 

project titles and organizations of the 70 awards.
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A.  Novel Materials for Hydrogen Storage�

On-board hydrogen storage has been identified by both 

the National Academy of Sciences and the DOE as a key 

technology for the successful implementation of a hydrogen 

economy.  However, significant scientific challenges remain, 

highlighting the need for further basic research.  Within the 

hydrogen storage topic, 17 projects will be awarded to 10 

universities and 6 national laboratories (Table 1).  A broad 

range of research in hydrogen storage is covered by these 

selected projects, including complex hydrides; 

nanostructured and novel materials; theory, modeling, and simulation; and state-of-the-

art analytical and characterization tools to develop novel storage materials and methods.  

Table 1.   Novel Hydrogen Storage Materials 

Institution Project Title

Massachusetts Institute of 
Technology

Theory and Modeling of Materials for Hydrogen Storage

Washington University In Situ NMR Studies of Hydrogen Storage Systems

University of Pennsylvania Chemical Hydrogen Storage in Ionic Liquid Media

Colorado School of Mines Molecular Hydrogen Storage in Novel Binary Clathrate Hydrates at Near-Ambient 
Temperatures and Pressures

Georgia Institute of Technology First-Principles Studies of Phase Stability and Reaction Dynamics in Complex Metal 
Hydrides

Louisiana Tech University Understanding the Local Atomic-Level Effect of Dopants In Complex Metal Hydrides 
Using Synchrotron X-ray Absorption Spectroscopy and Density Functional Theory

University of Missouri, Rolla In-Situ Neutron Diffraction Studies of Novel Hydrogen Storage Materials

University of Georgia Integrated Nanoscale Metal Hydride-Catalyst Architectures for Hydrogen Storage

Tulane University Molecular Design Basis for Hydrogen Storage in Clathrate Hydrates

Southern Illinois University First Principles Based Simulation of Hydrogen Interactions in Complex Hydrides

Massachusetts Institute of 
Technology

High Throughput Screening of Nanostructured Hydrogen Storage Materials

Pacific Northwest National Laboratory Control of Hydrogen Release and Uptake in Condensed Phases

Brookhaven National Laboratory Atomistic Transport Mechanisms in Reversible Complex Metal Hydrides

Ames Laboratory Complex Hydrides - A New Frontier for Future Energy Applications

Lawrence Berkeley National �
Laboratory

A Synergistic Approach to the Development of New Classes of Hydrogen Storage 
Materials

Oak Ridge National Laboratory Atomistic Mechanisms of Metal-Assisted Hydrogen Storage in Nanostructured 
Carbons

Savannah River National Laboratory Elucidation of Hydrogen Interaction Mechanisms with Metal-Doped Carbon 
Nanostructures

(17 projects, $19.8 million over 

three years)
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B.  Membranes for Separation, Purification, and Ion Transport�

Novel membranes are needed to selectively 

transport atomic, molecular, or ionic hydrogen and 

oxygen for hydrogen production and fuel cell 

applications.  The 16 projects selected, which include 13 

universities and 3 national laboratories, address 

integrated nanoscale architectures; fuel cell membranes; 

and theory, modeling, and simulation of membranes and 

fuel cells (Table 2).

  

Table 2.   Membranes for Separation, Purification, and Ion Transport 

Institution Project Title

University of Utah Computer Simulation of Proton Transport in Fuel Cell Membranes

Clemson University New Proton-Conducting Fluoropolymer Electrolytes for PEM Fuel Cells

Carnegie Mellon University Rapid Ab Initio Screening of Ternary Alloys for Hydrogen Production

Rensselaer Polytechnic Institute Sol-Gel Based Polybenzimidazole Membranes for Hydrogen Pumping Devices

Lehigh University Porous and Glued Langmuir-Blodgett Membranes

University of Pennsylvania The Development of Nano-Composite Electrodes for Natural Gas-Assisted Steam 
Electrolysis for Hydrogen Production

Case Western Reserve University Theory, Modeling, and Simulation of Ion Transport in Ionomer Membranes

University of Tennessee A Unified Computational, Theoretical, and Experimental Investigation of Proton 
Transport through the Electrode/Electrolyte Interface of Proton Exchange 
Membranes Fuel Cells Systems

Vanderbilt University Template-Assisted Fabrication of Well-Defined Diffusion/Catalyst/Ionomer 
Networks

California Institute of Technology Polymer Functionalized Zeolite Proton Exchange Membranes (PFZ-PEM) for 
Medium Temperature (<299°C) Fuel Cells

University of Rochester Composite Fuel Cell Membranes Containing Aligned Inorganic Particles

University of North Carolina, Chapel Hill Proton Exchange Membranes for Next Generation Fuel Cells

Cornell University Novel Intermetallic Catalysts to Enhance PEM Membrane Durability

Lawrence Berkeley National Laboratory Nanocomposite Proton Conductor

Los Alamos National Laboratory Fundamentals of Hydroxide Conducting Systems for Fuel Cells and Electrolyzers

Pacific Northwest National Laboratory Charge Transfer, Transport, and Reactivity in Complex Molecular Environments:  
Theoretical Studies for the Hydrogen Fuel Initiative

B.  Membranes for Separation, Purification, and Ion Transport (16 projects, �
$12.3 million over three years)
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C.  Catalyst Design at the Nanoscale 

Catalysis plays a vital 

role in hydrogen production, 

storage and use.  

Specifically, catalysts are 

needed for converting solar 

energy to chemical energy, 

producing hydrogen from 

water or carbon-containing 

fuels such as coal and biomass, increasing efficiency in hydrogen storage kinetics, 

and producing electricity from hydrogen in fuel cells.  Nanoscale catalyst designs 

will be explored through 18 projects involving 12 universities and 5 national 

laboratories (Table 3).  Research areas include innovative synthetic techniques; novel characterization 

techniques; and theory, modeling, and simulation of catalytic pathways.   

Table 3.   Catalyst Design at the Nanoscale 

Institution Project Title

University of Pittsburgh Multiscale Tailoring of Highly Active and Stable Nanocomposite Catalysts

Tufts University Nanostructured, Metal-Ion Modified Ceria and Zirconia Oxidation Catalysts

Massachusetts Institute of Technology Instability of Noble Metal Catalysts in Proton Exchange Membrane Fuel Cells: 
Experiments and Theory

University of Wisconsin Atomic-Scale Design of a New Class of Alloy Catalysts for Reactors Involving 
Hydrogen: A Theoretical and Experimental Approach

University of California, Santa Barbara Nanostructured Metal Carbide Catalysts for the Hydrogen Economy

University of Wyoming eNMR for In-Situ Fuel Cell Catalyst Characterization

Yale University Novel Reforming Catalysts

Texas A&M University Theory-Guided Design of Nanoscale Multi-Metallic Catalysts for Fuel Cells

Johns Hopkins University Nanoengineered Mesoporous Metals with Monolayer Thick Precious Metal Catalyst 
Skin

University of Illinois Reversible Dehydrogenation of Boron Nanoclusters

Texas Tech University Strategies for Probing Nanometer-Scale Electrocatalysts: From Single Particles to 
Catalyst-Membrane Architectures

Arizona State University A Surface Stress Paradigm for Studying and Developing Catalyst and Storage 
Materials Relevant to the Hydrogen Economy

University of Illinois Cathode Catalysis in Hydrogen/Oxygen Fuel Cells

Argonne National Laboratory Fundamental Studies of Electrocatalysis for Low Temperature Fuel Cell Cathodes

Stanford Linear Accelerator Center Development and Mechanistic Characterization of Alloy Fuel Cell Catalysts

Brookhaven National Laboratory Metal Oxide-Supported Platinum Monolayer Electrocatalysts for Oxygen Reduction

Sandia National Labs- Albuquerque Design of Novel Nano-Catalysts for Improved Hydrogen Production

Oak Ridge National Laboratory Nanoscale Building Blocks for Multi-Electron Electrocatalysis:  The Oxygen 
Reduction Reaction in Fuel Cells and Oxygen Evolution in Water Electrolysis

C.  Catalyst Design at the Nanoscale (18 projects, $15.8 million over three years)
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D.  Solar Hydrogen Production

Efficient and cost-effective conversion of sunlight to hydrogen by splitting water is a major enabling 

technology for a viable hydrogen economy.  Hydrogen production via solar energy conversion will be studied 

through 13 projects at 8 universities, 1 industry company, and 3 national laboratories (Table 4).  The projects 

address nanoscale structures; inorganic and organic semiconductors and other high-performance materials; and 

theory, modeling, and simulation of photochemical processes.  

Table 4.   Solar Hydrogen Production 

Institution Project Title

Colorado State University A Combinatorial Approach to Realization of Efficient Water Photoelectrolysis

California Institute of Technology Sunlight-Driven Hydrogen Formation by Membrane-Supported 
Photoelectrochemical Water Splitting

University of Arizona "Electrochemically Wired” Dye-Modified Dendrimers and Semiconductor 
Nanoparticles in Sol-Gel Thin Films: Toward Vectorial Electron Transport in Hybrid 
Materials and Solar-Assisted Hydrogen Production

University of California, Santa Cruz Hydrogen Generation Using Integrated Photovoltaic and Photoelectrochemical Cells

Pennsylvania State University Dye-Sensitized Tandem Photovoltaic Cells

Purdue University Biomineralization Inspired Electrochemical Fabrication of High Performance 
Photoelectrodes for Solar Hydrogen Production

Pennsylvania State University Photoelectrochemistry of Semiconductor Nanowire Arrays

University of Washington Real-Time Atomistic Simulation of Light Harvesting and Charge Transport for Solar 
Hydrogen Production

Nanoptek Corporation Bandgap Tailoring of Thin-Film Photocatalysts by Coating onto Stress-Inducing 
Nanostructured Templates

Virginia Polytechnic Institute �
and State University

Photoinitiated Electron Collection in Mixed-Metal Supramolecular Complexes: 
Development of Photocatalysts for Hydrogen Production 

Brookhaven National Laboratory Catalyzed Water Oxidation by Solar Irradiation of Band-Gap-Modified 
Semiconductors

Pacific Northwest National Laboratory Fundamental Investigations of Water Splitting on Model TiO2 Photocatalysts Doped 
for Visible Light Absorption

National Renewable Energy 
Laboratory

Ultra-High Efficiency Solar Hydrogen Production via Singlet Fission in Molecules and 
Exciton Multiplication in Quantum Dots

D.  Solar Hydrogen Production (13 projects, $10 million over three years)
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E.  Bio-inspired Materials and Processes

Fundamental research into the molecular mechanisms underlying biological hydrogen production is the 

key to our ability to adapt, exploit, and extend what nature has accomplished for our own renewable energy 

needs.  Bio-inspired materials and processes for hydrogen production will be investigated through 6 projects at 

5 universities and 1 national laboratory (Table 5).  Research includes enzyme catalysis; bio-hybrid energy 

coupled systems; and theory, modeling, and nanostructure design. 

Table 5.   Bio-Inspired Materials and Processes 

Institution Project Title

Pennsylvania State University A Hybrid Biological/Organic Half-Cell for Generating Dihydrogen

University of Washington Hydrogenases of Methanococcus Maripaludis

North Carolina State University RNA Mediated Synthesis of Catalysts for Hydrogen Production and Oxidation

University of Georgia Fundamental Studies of Recombinant Hydrogenases

University of Pennsylvania Modular Designed Protein Constructions for Solar Generated H2 from Water

National Renewable Energy Laboratory Structural, Functional, and Integration Studies of Biocatalysts for Development of 
Solar Driven, Bio-Hybrid, H2-Production Systems

E.  Bio-inspired Materials and Processes (6 projects, $7 million over three years)
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4. Demand: Hydrogen Demand in 2040 for FCVs 

 

Basic Research 



1

DOE Hydrogen Program Record 

Record #:        5008 Date:   December 28, 2005
Title: 

  Hydrogen Demand in 2040 for FCVs 
          

Items:

- 64 million metric tons of hydrogen would be needed to power 300 million 
hydrogen fuel cell vehicles in 2040. 

- 300 million FCVs would be 80% of the vehicle fleet of 375 million vehicles 
projected for 2040 

Data/References:

The following values were based on the VISION Model: Description of Model Used to 
Estimate the Impact of Highway Technologies and Fuels on Energy Use and Carbon 
Emissions to 2050. Singh M., A. Vyas, and E. Steiner, Argonne National Laboratory, 
December 2003, ANL/ESD/04-1 (www.transportation.anl.gov/pdfs/TA/299.pdf).

1- 375 million vehicles projected for 2040 in the U.S. Vehicles refer to light duty vehicles 
as defined in the model. 

2- 300 million FCVs is based on the model's assumption of the following FCV market 
sales rates: 4% in 2018, 27% in 2020, 78% in 2030, and 100% by 2038.  

3- 13,000 miles per light duty vehicle in 2040. (Also from Transportation Energy Data 
Book: Edition 23-2003, Table 7.4 (7-4). 

4- 24.3 miles per gallon for conventional light duty vehicles in 2040.

5- 2.5 is the assumed ratio of FCVs miles per kg (or gge) of hydrogen to miles per gallon 
of gasoline for conventional vehicles. 

Calculations:

300 million Fuel cell vehicles x 13,000 miles per vehicle per year = 3,900 billion miles 
driven per year 

24.3 miles per gallon for conventional vehicles x 2.5 factor for fuel cell vehicle in 2040 = 
60.75 miles/kg of H2 for a fuel cell vehicle.  



2

3,900 billion miles divided by 60.75 miles/kg of hydrogen = 64 million metric tons of 
hydrogen required.  

Originator:  Fred Joseck, Mark Paster 

Approved by:  JoAnn Milliken Date:    January 3, 2006
Title: 

Hydrogen Demand in 2040 for FCVs 
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5. MARAD ET Program: Maritime Administration 

 

Energy Technologies Program  
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Basic Research 



 

This issue provides 
updates on a number 
of our major program 
activities, including the 
establishment of new 
research partnerships 
with the Naval Sea 
Systems Command 
(NAVSEA) and SCX 
Ferries, Inc.   Also pro-
vided are the results of 
completed technology 
demonstrations re-
garding fuel cells, a 
nitrogen oxides (NOx) 
reduction technology, 
and biodiesel fuel. 

See page 3 of the 
Newsletter for a fea-
tured article by Mary 
Culnane of the San 
Francisco Water Tran-
sit Authority (WTA).  
Steady progress to-
ward the development 
of a zero-emission fuel 
cell ferry is described 
therein.   
    
The diagram on page 
5 depicts the U.S. na-
tional energy supply 
and consumption as 
published by the En-

INTRODUCTION 

MARAD AND SCX FERRIES SIGN RESEARCH AGREEMENT 
The Maritime Admini-
stration (MARAD) en-
tered into a Coopera-
tive Research Agree-
ment with SCX Ferries, 
Inc.  The agreement, 
signed on September 
10, 2002, will examine 
the performance of ni-
trogen oxides (NOx) 
and particulate matter 
(PM) emission control 
systems aboard a hy-
drofoil ferry serving the 
San Diego, CA, com-
muting area.  
 
SCX is conducting a 
one-year hydrofoil ferry 
commuter demonstra-

tion from Oceanside to 
San Diego under an 

arrangement with the 
Port of San Diego and 
the California Depart-
ment of  Transporta-
tion (CALTRANS).  

The M/V WESTFOIL, 
the vessel to be used 
in the project, is 
equipped with a new 
hydrofoil, ride control 
and waterjet propul-
sion systems.  It is 85 
feet in length and ca-
pable of carrying 149 
passengers.  The ves-
sel  will be leased from 
Pacific Marine, Inc., of 
Honolulu, HI, and 
Hornblower Marine, 
Inc., will be responsi-
ble for its daily opera-
tions. The WESTFOIL  
has four Detroit Diesel 
12v92 TA engines  

(Continued on page 2) 
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FALL 2002 NEWSLETTER NO. 02 

EENERGYNERGY T TECHNOLOGIESECHNOLOGIES  

ergy Information Ad-
ministration's Annual 
Energy Review 2000.  
It provides data on the 
source of energy and 
its production (do-
mestic or imported).  It 
also shows that trans-
portation consumes 
almost 27 percent of 
the Nation's energy. 
 
For subsequent is-
sues, we continue to 
invite and encourage 
informative articles 
from our readers. 

Fuel Cells 2 

Zero-Emission 
Ferry 

3 

Navy Testing 4 

Water Injection 
and Biodiesel 

4 

Energy Chart 5 

Inside this issue: 

The company is also 
seeking to extend the 

demonstration to points 
in the Los Angeles area 
as a method of relieving 
traffic congestion from 
the I-5 corridor. 

WESTFOIL 

Revised 02/03 



each rated at 1050 BHP at 2300 RPM.  

The SCX agreement with the Port of San Diego 
requires the installation of emission control sys-
tems aboard the vessel.  The company is cur-
rently considering using a combination of water 
injection systems for NOx reduction and a low 
sulfur diesel fuel for sulfur oxides (SOx) and PM 
reductions.   
 
The Department of Energy has agreed to assist 
in the research program by committing the ser-
vices of West Virginia University’s Mobile Source 

(Continued from page 1) 

SCX Ferries 

Testing Laboratory.  This mobile lab will be util-
ized to perform the emission measurements 
early next calendar year. 
 
Should the ferry operation prove successful, 
SCX may build new vessels.  Liquefied natural 
gas (LNG) will be one of the fuels considered 
for the new hydrofoil design.  As part of the pre-
sent Cooperative Research Agreement, MA-
RAD will sponsor a study assessing the poten-
tial supply and comparative costs of using LNG 
in the proposed SCX operating areas. 
 
POC: sujit.ghosh@marad.dot.gov 
 daniel.gore@marad.dot.gov 

PAGE 2 ENERGY TECHNOLOGIES 

What will it take to get fuel cells aboard ships?  A 
first step in the process is to determine whether a 
fuel cell-based, electrical-power generating sys-
tem can actually respond to highly variable ship-
board electrical or propulsion loads. 
 
Accordingly, MARAD and SurePower Corpora-
tion entered into a Cooperative Research Agree-
ment to test and observe a fuel cell system’s re-
sponse to simulated marine power loads. The 
SurePower system incorporates two 200 kW 
phosphoric acid fuel cells and a flywheel energy 
storage unit.   
 
Seaworthy Systems, Inc., was enlisted to develop 
the testing protocol.  Some creativity was in-
volved as  fuel cells are not addressed by marine 
regulatory agencies or classification societies.  

FUEL CELLS—ABOARD SHIP? 
Additionally, fuel cells figuratively combine the 
prime mover and generator into a single unit.   
A combination of American Bureau of Shipping 
(ABS) and Institute of Electrical and Electronics 
Engineers (IEEE) requirements for power sys-
tems installed aboard ships were ultimately util-
ized.  These tests are summarized in the below 
table.  
 
The tests demonstrated that the system met all 
regulations as they apply to rotating, alternating 
and direct current generators, with the excep-
tion of the 300% overload test.  The latter nega-
tive outcome may have resulted from monitor-
ing equipment limitations.  It is intended that a 
re-test can be conducted in 2003. 
 
POC: carolyn.junemann@marad.dot.gov 

 

 

Test No. Description Organization 

1.1  Operational Reliability, 60 min, 100% load ABS 

1.2  Operational Reliability, 30 min, 110% load ABS 

1.3  Operational Reliability, 4 hours, various loads ABS 
2.1  Voltage Stability, +/-2.5% VAC of rated voltage - 0-100% load ABS/IEEE 
2.2  Voltage Stability, 150% load, starting ABS/IEEE 

2.3  Voltage Stability, 300% load, momentary ABS/IEEE 

3.1  Frequency regulation during load change - 100%-0%-50%-100% ABS 

3.2  Frequency regulation during load change - 0%-75%-100%-25%-0% IEEE 

4.1  Parallel Operation, load sharing stability ABS/IEEE 

Fuel Cell Tests Performed 



 

As with the transit bus units, the ferry would 
carry a roof-mounted “tank farm” of hydro-
gen cylinders, amounting to some 80,000 
standard cubic feet of gas.  This tank farm 
would encompass a volume of  20 feet by 20 
feet by 3 feet.  
 
An issue not yet fully addressed is regulatory 
approval of a hydrogen fuel system.  The 
U.S. Coast Guard has approved natural gas 
fuel for ferries in some cases, and it is hoped 
that the same design techniques used for 
natural gas would result in approval of hy-
drogen.  In this connection, it should be 
noted that both gases are lighter than air and 
both have been carried in liquefied and com-
pressed forms (although at present only 
compressed hydrogen is being considered 
for the ferry).  
 
WTA’s fuel cell ferry design project is sched-
uled for completion in early to mid 2003.  At 
that time, WTA will hopefully be positioned to 
obtain funding for construction of a true zero-
emission ferry and to lead the way in explor-
ing a possible new future for ferry propul-
sion. 

FEATURED ARTICLE 
SAN FRANCISCO ZERO-EMISSION FERRY 

PAGE 3 ENERGY TECHNOLOGIES 

This article was contributed by: Mary Culnane, San Franisco’s Bay 
Area Water Transit Authority (WTA) and Chris McKesson, John 
J. McMullen Associates (JJMA). 
 
San Francisco’s Bay Area Water Transit Author-
ity (WTA) is actively developing a fuel cell pow-
ered ferry in order to move toward a zero-
emissions future.  The envisioned vessel will 
showcase the marine application of fuel cells for 
propulsion and provide an opportunity to gain es-
sential operational experience.  The vessel is in-
tended to serve Treasure Island, approximately 
three miles from the San Francisco city front. 
 
WTA awarded a contract to John J. McMullen 
Associates (JJMA) to develop design drawings 
for the vessel.  JJMA’s stated intent is to keep the 
points of innovation to a minimum, insofar as that 
is consistent with the fuel cell concept.  This 
means that it will not develop a specialized hull 
design, but will instead attempt to develop a pro-
pulsion package that is compatible with a number 
of suppliers’ “catalog” ferry designs.   
 
Further, JJMA intends to use an off-the-shelf fuel 
cell in its design.  Following acceptance of the 
design, WTA will procure the vessel in a conven-
tional bid process, and the major fuel cell compo-
nents will be owner furnished. 
 
The design is focused on fuel 
cell “engines” being devel-
oped for use in transit buses.  
For example, two 200 kW bus 
“engines” would be sufficient 
to drive a 49-passenger ferry 
at about 12 knots, even after 
accounting for the weight of 
the system. 
 
Another, potentially larger, 
issue is the matter of fuel 
storage.  Again, following a 
philosophy of “minimum inno-
vation”, the current thought is 
to simply carry compressed 
hydrogen gas to fuel the cell.  

Hydrogen

Oxygen

 

Zero Emission Fuel Cell Technology

                 For Ferryboats

      Electric Motor    Propeller

BatteryFuel Cell

Emissions:

Water Vapor

Heat



NAVY EMISSION TEST PROGRAM 

PAGE 4 ENERGY TECHNOLOGIES 

MARAD has joined forces with NAVSEA-Philadelphia in a Navy  Emission  Test Program.  Com-
mencing  January 2003, the testing of five fuels and six emission reduction technologies (see below) 
will be conducted by the Ship Systems Engineering Station’s Marine Engine Test Laboratory.  All 
equipment and fuels will be tested on a reconditioned, naturally aspirated, two-stroke, 12V-71, De-
troit Diesel engine.   
 
Program objectives are to assess performance and criteria pollutants generated by the various fuels and 
abatement technologies under controlled laboratory conditions.  Subsequently, a shipboard evaluation will 
be conducted to assess reliability and durability of one or two combinations of optimal technologies.  Par-
ticular attention will be given to NOx and PM emissions.  The engine model is very common within the 
workboat fleets of the Navy, Army, other federal agencies, and commercial maritime industry.  Results will 
be disseminated to all interested fleet operators. 

 

The  test plan incorporates a total of 25 configurations utilizing International Organization for Stan-
dardization (ISO) 8178 propulsion, generator, and auxiliary engine test cycles.  Performance data 
will be collected in addition to emission measurements of NOx, PM, hydrocarbons (HC), carbon 
monoxide (CO) and opacity.  Particulate matter will be broadly characterized both physically in terms 
of size  and chemically  in terms of composition. 
 
Other partners for the testing program include the Office of Naval Research, California Air Re-
sources Board, South Coast Air Quality Management District, Environmental Protection Agency, and 
Department of Energy.   
 
POC: robert.behr@marad.dot.gov and daniel.gore@marad.dot.gov 

Equipment to be Tested 

Fuel Catalyst 
Additive 

Air 
Humidification 

System 

Cylinder Power 
Assemblies 

Mini-Sac 
Injectors 

Active 
Regenerated 
Particle Filter 

Centrifugal 
Soot Collector 

In June 2002, Blue and Gold Fleet and the San 
Francisco WTA released the results of emission 
testing conducted on the 400-passenger ferry 
MV OSKI. The OSKI is powered by twin two 
stroke, 12V-71, Detroit Diesel engines. The test-
ing established NOx and PM emissions for 
baseline operation with low sulfur diesel fuel, for 
a 20% blend of biodiesel, for 100% biodiesel, 
and for a continuous water injection system with 
both low sulfur diesel and 100% biodiesel fuel. 

The biodiesel fuel was a soy based methyl-ester 
type. Biodiesel is a renewable energy source 
that reduces greenhouse gases and particulate 
matter. However, biodiesel often increases NOx 
emissions. In order to reduce NOx, a continuous 
water injection system was installed to inject 
finely atomized water droplets in the engine’s 
intake air system. Water injection reduces maxi-
mum combustion temperatures and conse-
quently reduces NOx emissions. 

(Continued on page 6) 

FERRY ENGINE CONTINUOUS WATER INJECTION AND 
BIODIESEL TEST RESULTS 

Fuels to be Tested 
F-76 

(Similar to 
Diesel No. 2) 

JP-5 
(Military  
Aviation) 

Synthetic 
(Fischer 

Tropsch Diesel) 

Diesel 
(Ultra Low 

Sulfur) 

Biodiesel 
(Soy Based 

Methyl-Ester) 
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Phone: (202) 366-1924 
Fax: (202) 366-7197 

 
 

Newsletter comments and distribution 
inquiries point of  contact  

regina.farr@marad.dot.gov 

400 Seventh Street, SW 
Washington, DC 20590 

1-800-986-9678 
x61924 

U.S. DEPARTMENT OF TRANSPORTATION 
MARITIME ADMINISTRATION 

OFFICE OF SHIPBUILDING AND MARINE 
TECHNOLOGY 

C H E CK OUT O U R  
W E B S IT E 

http://www.marad.dot.gov/
nmrec 

CNG — compressed natural gas 

CO — carbon monoxide 

CO2 — carbon dioxide 

HC— hydrocarbons 

NOx — nitrogen oxides 
O2 — oxygen 

PM — particulate matter 
SOx — sulfur oxides 

THC — total hyrdrocarbon 

The following bar charts provide brake specific NOx and PM emis-
sions for each condition tested. At the data points tested, B20 pro-
duced a NOx increase ranging from 2-11% and the B100 increase 
ranged from 5-20%.  The water injection system, which was only 
operated at higher powers, reduced NOx by averages greater 
than 20%.  B100 generally reduced PM emissions by over 50%. 

 

 

 

 

 

 

Exhaust gas composition was measured with an Enerac Model 
300 portable emission analyzer. PM was measured by weighing 
the accumulation of particulate on a quartz filter with no dilution 
tunnel.  Formal fuel performance tests were not conducted, but 
the operator stated there was no noticeable change in consump-
tion when the continuous water injection system was applied. 
 
Blue and Gold, a ferry operator in San Francisco Bay, managed 
the project with MARAD as a co-sponsor. The water injection 
equipment was purchased from MA Turbo/Engine Ltd. of Vancou-
ver, British Columbia.  The biodiesel fuel was purchased from 
World Energy, Inc. Testing and test reports were by Walther Engi-
neering. 
 
POC: daniel.gore@marad.dot.gov 

(Continued from page 4)   

Ferry Engine Test Results 

 

ENERGY 
TECHNOLOGIES  
NEWSLETTER . . .  
 
serves as a forum to convey 
timely articles of interest.  You 
can find this and additional in-
formation on our web site at 
marad.dot.gov/nmrec 

Technology Demonstrations  

We welcome the opportunity to publish on our web site the status 
and/or results of demonstration projects in which you are engaged.  
If you are willing to share such information with our readers, please 
contact MARAD’s Office of Shipbuilding and Marine Technology. 
 
POC: regina.farr@marad.dot.gov 
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7. MARAD_toDOT: Maritime Hydrogen and 

 

Fuel Cell Initiatives 
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