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1 Reactive load: Inductive and capacitive loads such as motors and ballasts, present a power factor of less 
than unity to the supply. A power factor of 0.8 lead (Capacitive) or lag (Inductive) at rated loads are usual 
with 0.5 Lead or Lag considered extreme conditions. 
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� �4, & 0�" & 00�. �!" * �" �� . #. �. ��4�" & 00. �!  !� 3 & %�#� �. &  #& . �4� �) #3 ) &  �' ��& � �#!07�
 ( % �3 & � �#. �

'  �8 #%& %�!���) & �!� �%& �. #%& ��4��) & �" & 00. �!� %��9 ( 3 & � ��� �" !�) �%& �. #%& ��4��) & �" & 00. 7�� ) & �

�9 ( 3 & � �#� �!# �#. �. , 44#" #& � ��4� �!# ����/ & �, . & %��� �" !�) �%& �. #%& 7�� 0�2 &  . �4� " & �) ( % �3 & � �

!� %� !# � #� ��� �) & � !� �%& � !� %� " !�) �%& � " ) !� � & 0. �  & . ' & " �#8 & 0( 6� �4� & 8 &  ( � " & 007� � ) & � !# �

#� �!* & � #. � " 0& !� & %� �4� !� ( � ' ! �#" , 0!�& � - !��&  � !� %� ' �00, �!� �. 6� !. � �) & . & � " !� � ' ) ( . #" !00( �

/ 0�" * � �) & � 3 !. � " ) !� � & 0. � !� %�  & %, " & � �) & � & 44& " �#8 & � & . . � �4� �) & � " !�!0( . �7� � ) & � " !�) �%& �

& 9 ) !, . ��" �� �!#� . �2 !�&  6�2 ) #" ) �#. � & , . & %����- !#� �!#� ��) & �- �#. �,  & �" �� �& � ���4��) & �!# �

#� �!* & 6� / ( �!� ) , - #%#�( � & 9 " ) !� 3 & � , � #�7� 
 ( % �3 & � � & 9 ) !, . �� 4 �- � �) & �!� �%& � #. � 4& %� / !" * �
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/ ( �- & !� . ��4�!� & " # " , 0!�#�� �/ 0�2 &  �#� �����) & �#� 0& ���4��) & �!� �%& �4� � & >, . & ��4�, � , . & %�

4, & 07�� ) #. ��& " ) � #< , & �& � . ,  & . ��) !��) ( % �3 & � �!. �'  & . & � ��#� �& < , !0�< , !� �#�#& . ��)  �, 3 ) �, ��

�) & � . �!" * 7� � � " �� �#� , �, . � ) ( % �3 & � � / 0& & %� & � . ,  & . � �) !�� #- ' ,  #�#& . � %�� � ��� / , #0%� , ' �

2 #�) #� � �) & �!� �%& � 3 !. � . � & !- 7� � ) #. � / 0& & %� 3 !. � #. � " ) !� � & 00& %� ��� �) & �!# � #� �!* & � 4� � �) & �

" !�) �%& � . #%& ��4� �) & � . �!" * 6� 2 ) &  & � �) & � ) ( % �3 & � � 4� - . � 2 !�&  �!� %�) & !���� � " �- / #� #� 3 �

2 #�) ��9 ( 3 & � � #� � �) & � '  & . & � " & ��4� �) & � " !�!0( . �7� � ) #. � & � . ,  & . � ) ( % �3 & � � #. � � ���  & 0& !. & %�

�, �� #� ��� �' &  !�#� 3 � & � 8 # �� - & � �� � � 2 !. �& %� !. � �) & � ) & !�� #- '  �8 & . � & 44#" #& � " ( � !�� 0�2 �

' �2 &  . 7�

�

�#� " & � �) & � " !�) �%& �  & !" �#�� � #. � & 9 ��) &  - #" 6� !� 0! 3 & � !- �, � �� �4� ) & !�� #. � 3 & � &  !�& %�

� & " & . . #�!�#� 3 � " ��0#� 3 7� � ) & � " ��0!� �� - & " ) !� #. - � ' , - ' . � �) & � %& #�� #. & %� 2 !�&  � !� %�

3 0( " �0� " ��0!� �� �)  �, 3 ) � �) & � . �!" * � �)  �, 3 ) � . ' & " #!0� " ) !� � & 0. 7� � �  !%#!�� � . ( . �& - �

 & - �8 & . �& 9 " & . . �) & !�7�� ) & �- & - /  !� & �. ) �, 0%�� ���/ & �. , / +& " �& %����) #3 ) ��& - ' &  !�,  & . 7�

� ) & � �) &  - !0� - !� !3 & - & � �� . ( . �& - � & � . ,  & . � !� / !0!� " & � / & �2 & & � � �' �#- , - � . �!" * �

 & !" �#�� � �& - ' &  !�,  & � !� %� . �!�& � �4� ) ( % !�#�� � �4� �) & � & 0& " � �0( �& � - & - /  !� & 7� � ) & �

- & - /  !� & � / !. & %� ) , - #%#�( � & 9 " ) !� 3 & � , � #�� !0. �� ) !. � !� ' & !* � & 44#" #& � " ( � �& - ' &  !�,  & �

. #- #0! � ��� �) !�� �4� �) & � . �!" * 7� � ) & � � . �!" * � �& - ' &  !�,  & � #. � � ��� . , 44#" #& � �� 4� � �' �#- , - �

'  �%, " �#�� ��4� ' �2 &  6� ' �. . #/ 0& � #� � " !. & . ��4� 0�2 � 0�!%. �!� %� 0�2 �!- / #& � �� �& - ' &  !�,  & 6�

) & !�&  �!. . & - / 0#& . �! & �, . & %����#� "  & !. & ��& - ' &  !�,  & �< , #" * 0( 7�

�

� ' �� �- !#� . �4!#0,  & 6��) & �4, & 0�" & 00�. ( . �& - �% !2 . �' �2 &  �4 �- ��) & �/ !��&  #& . �4� �. �! �#� 3 �

, ' 7� � � " & � �) & � . �! �>, ' � . & < , & � " & � #. � " �- ' 0& �& %6� #�� / & 3 #� . � ��� '  �8 #%& � ' �2 &  � ��� �) & �

& 9 �&  � !0�� 	�/ , . 6�" �� � & " �& %����2 ) #" ) �#. �!� �#� 8 &  �&  �0�!%7�� ) & �$ & � " � & ? �. ( . �& - �) !. �!�

0#- #�& %�  & . ' �� . & � �#- & F� #�� " !� � ���  !- ' � , ' � #�. � ' �2 &  � '  �%, " �#�� � #- - & %#!�& 0( � ��� �) & �

8 !0, & ��4��) & �0�!%7�� ) & �/ !��&  #& . �. , ' ' � ���) & �0�!%�%,  #� 3 ��) #. �' ) !. & 7�

�


� !%& < , !�& �4, & 0�. , ' ' 0( �#. �%& �& " �& %�/ ( � !' #%0( �4!00#� 3 �" & 00�8 �0�!3 & 7���!" * �8 �0�!3 & �, � %&  �

0�!%& %�" �� %#�#�� �#. �" �� �#� , �, . 0( �- �� #�� & %7�� � %&  ��) & . & �" �� %#�#�� . 6��) & �- �� #�� #� 3 �

. �4�2 ! & � #. �0!�& . � �) & � . �!" * � ��� '  & 8 & � �� %!- !3 & � !�� 0�2 � #� 40�2 7� �#- #0! 0( 6� �) & �

- �� #�� #� 3 �. ( . �& - �* & & ' . �� !" * ��4��) & �. �!" * ��& - ' &  !�,  & 6�& � " 0�. ,  & ��& - ' &  !�,  & �!� %�

#. �0!�& . ��) & �. ( . �& - �!��!� ( �, � . !4& ��' &  !�#� 3 �" �� %#�#�� 7��) , ��%�2 � �#. ��) & �0!. �� & . � ��!. �

�) & � . ( . �& - � !��& - ' �. � ���  & " �8 &  � 4 �- � !� ( � - !04, � " �#�� 7� �) �, 0%� �) & � . ( . �& - � 4!#06� �) & �

/ !��&  #& . �" !� �. , ' ' � ���) & �0�!%�4� �!�/  #& 4��#- & 7�

�

2.2 �0& " � #" !0�. ( . �& - 7�0& " � #" !0�. ( . �& - 7�0& " � #" !0�. ( . �& - 7�0& " � #" !0�. ( . �& - 7����

�

� ) & �� , & ��� 0#� & �%�, / 0& �" �� 8 &  . #�� �� ���- �%& �%& 4#� & %�#� �
�	�1����>��#. ��) & �'  & 4&   & %�

� ���. ( . �& - . ��4� ) #3 ) &  � ' �2 &  �  !�#� 3 7� � ) & � '  �" & . . ��4�  & " �#4#" !�#�� �!� %� & >3 & � &  !�#�� �

�4� � 	��, �' , ���44&  . � '  & " #. & �  & 3 , 0!�#�� ��4��, �' , �� 8 �0�!3 & �!� %� 4 & < , & � " ( 7� 
�� '  �8 #%& . �

� !� . #�#�� �4 & & �� !� . 4&  ��4�0�!%�4 �- �- !#� . ����/ !��&  ( 7�� ) & �0�!%�#. �!0. ��#. �0!�& %�4 �- �

- !#� . � ) ! - �� #" . � !� %� . ' #* & . 7�7�7�7� � ) #. � #. � !� � & 9 ' & � . #8 & � " �� 4#3 ,  !�#�� � %, & � ��� !%%#�#�� !0�

& 0& " � �� #" . �/ , ���) & �!%8 !� �!3 & . �& !. #0( ��, �2 & #3 ) ��) #. �" �. �7����

�
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�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �����7��" ) & - !�#" �%#!3  !- ��4�#� �&  " �� � & " �#�� ��4�4, & 0�7��" ) & - !�#" �%#!3  !- ��4�#� �&  " �� � & " �#�� ��4�4, & 0�7��" ) & - !�#" �%#!3  !- ��4�#� �&  " �� � & " �#�� ��4�4, & 0�7��" ) & - !�#" �%#!3  !- ��4�#� �&  " �� � & " �#�� ��4�4, & 0�" & 00�!� %�� , & ��� 0#� & �#� �&  " �� � & " �#��" & 00�!� %�� , & ��� 0#� & �#� �&  " �� � & " �#��" & 00�!� %�� , & ��� 0#� & �#� �&  " �� � & " �#��" & 00�!� %�� , & ��� 0#� & �#� �&  " �� � & " �#�� ����

�

� ) & � #� 8 &  �&  � '  �8 #%& . � !� " 0& !� � . #� , . �#%!0� 8 �0�!3 & � !� %� 4 & < , & � " ( �  & 3 , 0!�& %� �, �' , ��

8 �0�!3 & 7� �#� " & � � !� . 4� - &  . � !� %� ��) &  � %& 8 #" & . � 2 #�) � �2 #�" ) � � �%& � ��2 &  � �, ' ' 0#& . �

�& � %����% !2 � 8 &  ( � ) #3 ) � � !� . #& � �� " ,   & � �. 6� �) & � #� 8 &  �&  � . ) �, 0%� 2 #�) . �!� %��) & � . ,  3 & . �

2 #�) �, ��%#. " �� � & " �#� 3 � �) & � 0�!%7� � ) & � 4, & 0� " & 00� #. �  !�& %� ��� '  �8 #%& ��* � ��, �' , �� ' �2 &  �

!� %�% !2 �!�- !9 #- , - ��4�A7A* � � #� ' , �� 4� � �) & �!, 9 #0#! ( � " # " , #�. 7� � ) & �!, 9 #0#! ( � . , ' ' 0( �

'  �8 #%& . � ' �2 &  � 4� � �) & � . ( . �& - � . �4�2 ! & 6� 8 & � �#0!�#�� 6� ) & !�&  . 6�!� %� . & � . � . 7� 
�� #. � � ���

'  !" �#" !0����" �� � & " ��0�!%. �" 0�. & �����* � ��� ��) & �#� 8 &  �&  �. #� " & �!� ( �. 0#3 ) ���8 &  0�!%#� 3 �

2 #00�" !, . & ��) & �#� 8 &  �&  ����%#. " �� � & " �7�� �. !4& �'  !" �#" & �#. ����" �� � & " ��D�G ��4��) & ��, �' , ��

 !�#� 3 � �4� �) & � #� 8 &  �&  � !. � 0�!%7� � ) & � - !9 #- , - � �, �' , �� 0�!%� . ) �, 0%� / & �  & . � #" �& %� ���

�7�* � 7� � ) & � - �%& 0� , . & %� #. � �4� � � #' �2 &  � � & 0& " �- H. � 
� ;����>
 �>��6� ����� ;� � 2 #�) � !�

2 #%& � #� ' , �� � 	� 8 �0�!3 & �  !� 3 & � B��;� 	� @� �1;� 	C6� !� %� ���;� 	� ��� 
 I � �, �' , �7� � ) & �

�8 &  0�!%� " !' !/ #0#�( � & 9 �& � %. � ������G � / & ( �� %� 2 ) #" ) � �) & � " # " , #�� /  & !* &  � � #' . 7� 
�� !0. ��

) !. � & 0& " � �� #" � . ) , �%�2 � 6� 2 ) #" ) � !" �. � 4# . �6� #� � " !. & ��4� . ) � ��%,  !�#�� ��8 &  0�!%. 7� � ) & �

" # " , #��/  & !* &  � & . ' �� %. ����'  �0�� 3 & %��8 &  0�!%�" �� %#�#�� . 7�

�

� ) & �  & " �#4#&  � & #�) &  � #. � !� . & ' ! !�& � , � #�� � � #� �& 3  !�& %� !0�� 3 � 2 #�) � �) & � #� 8 &  �&  7� � ) & �

 & " �#4#&  � 3 & � &  !�& . � �) & � � 	� / , . � %,  #� 3 � �� � - !#� . � " �� %#�#�� . F� �) #. � '  �8 #%& . � ' �2 &  � ���

�) & � #� 8 &  �&  6� 4, & 0� " & 00�!� %�  & " ) ! 3 & . � �) & � / !��&  #& . 7��#� " & � �) & � #� #�#!0� / !��&  ( 6� " ,   & � �. �

! & � �4� � !� . #& � �� � !�,  & � !� %� ) #3 ) 6� �) & �  & " �#4#&  � . ) �, 0%� / & � !/ 0& � ��� '  ��& " �� #�. & 04� 4 �- �

. , " ) � . ) � �>�&  - � �8 &  0�!%. � 2 #�) �, �� %#. " �� � & " �#�� 7� � . , !00( � / ( � #- ' �. #� 3 � !� " �� . �!� ��

' �2 &  6� 8 �0�!3 & �0#- #�7� 
�� ) !. � ���/ & �  !�& %����'  �8 #%& � �) & � / !��&  ( �" ) ! 3 #� 3 � " ,   & � �7� � ) & �

, � #�� " ) �. & � � #. ��4� � � #' �2 &  � � & 0& " �- � � � �� . &  #& . � " �� . #. �#� 3 ��4� �2 �� - �%, 0& . ��4���� �

& !" ) �2 #�) �) ���. 2 !' �" !' !/ #0#�( 7�� ) & ��, �' , ��" !� �/ & �8 ! #& %�, . #� 3 �' ��& � �#�- & �&  . �4 �- �

�D;� 	�����D;� 	7�� ) #. � #. � � & " & . . ! ( � ���0#- #�� �) & � / !��&  ( � " ) ! 3 #� 3 � " ,   & � �7� 
��!0. ��) !. �

Transitional 
Battery 

Inverter 

Rectifier 

Auxiliary 
Converter 

Converter 
Load 

230VAC 

Mains 
170-264VAC 

 

Hydrogen 

Air 

Set at 54VDC 

Nominal voltage 
48VDC 

Set at 
53VDC 

Fuel cell system 

Fuel cell 
stack 

Exhaust 
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- !� , !0� 8 �0�!3 & � 0#- #�� " !' !/ #0#�( � � & " & . . ! ( � 2 ) #0& � " ) ! 3 #� 3 � / !��&  #& . 6� 2 ) #" ) � �& � %� ���

% !2 �) #3 ) �� !� . #& � ��" ,   & � �. �#� �%#. " ) ! 3 & %�" �� %#�#�� 7�� 8 &  0�!%�2 #00� & . , 0��#� �!�' �2 &  �

0#- #�� / & #� 3 � #- ' �. & %6� " !, . #� 3 � �) & � �, �' , �� � 	� 8 �0�!3 & � ��� 4!007� � ) & �  & " �#4#&  . � ! & � !0. ��

' �2 &  �4!" �� �" �  & " �& %7�

�

� ) & �#� 8 &  �&  �!� %� & " �#4#&  �" ) �. & � �4� ��) #. �. & �, ' �/ & 0�� 3 �����) & ��& 0& " �- �3  !%& 6�2 #�) �) ���

. 2 !' ' !/ 0& � 4& !�,  & . 7� � ) & �  & " �#4#&  � !� %� #� 8 &  �&  � " �� 4# - � ��� 	�� . �!� %! %. 6� !� %� ! & �

" �- ' !�#/ 0& �2 #�) �& !" ) ���) &  7�

�

2.3 
 ( % �3 & � �. �� !3 & �!� %�%& 0#8 &  (
 ( % �3 & � �. �� !3 & �!� %�%& 0#8 &  (
 ( % �3 & � �. �� !3 & �!� %�%& 0#8 &  (
 ( % �3 & � �. �� !3 & �!� %�%& 0#8 &  ( ����

�


 ( % �3 & � � '  �8 #. #�� � . �0, �#�� . � 8 ! ( � 4 �- � 0�" !0� 3 & � &  !�#�� � B & 4� - & %� ) ( % �3 & � C6�

- & �!0� ) ( % #%& � " ( 0#� %&  � . �� !3 & 6� 0#< , & 4#& %� . �� !3 & � !� %� " �- '  & . . & %� . �� !3 & 7� � . � �) & �

#� 4 !. � , " �,  & �& 9 #. �. �4� ��) & �. �� !3 & �!� %�%& 0#8 &  ( ��4�" �- '  & . . & %�) ( % �3 & � �" ( 0#� %&  . 6�

�) & ( �! & �!�'  !" �#" !0�" ) �#" & �4� ��) & �� ��7�
� ��) & �� 7� 76��) &  & �! & �- !� ( �. , ' ' 0#&  . �" !' !/ 0& �

�4� #� %, . � #!0�3  !%& � ) ( % �3 & � � . , ' ' 0( 6� #� � . �!� %! %�� >" 0!. . �� " ( 0#� %&  . 7� � ) & . & � " ( 0#� %&  . �

! & �4#00& %�!��AD�>AD��/ ! ����) �0%�!� �& < , #8 !0& � ���4�D7�1� - ��B� � - !0�- �C7�� ) #. � �, 3 ) 0( �

� !� . 0!�& . �#� ����A7��* � ) ��' &  �" ( 0#� %&  7�� ) & �� , - / &  ��4�" ( 0#� %&  . ��� �. #�& �8 ! #& . �0#� & ! 0( �

2 #�) ��) & �/ !" * �, ' ��#- & � & < , # & %7��

����

� ) & �0�" !�#�� ��4�) ( % �3 & � �" ( 0#� %&  . �) !. ����" �� 4# - �2 #�) ��) & �" �%& ��4�'  !" �#" & �	�>����4�

�) & � �  #�#. ) � 	�- '  & . . & %� $ !. � !. . �" #!�#�� 7� � ) #. � #. � ��� & � . ,  & � . !4& �( � �4� ' &  . �� � & 06�

�' &  !�#� 3 � #� � �) & � 8 #" #� #�( � �46� � � 2 #�) � �) & � " ( 0#� %&  . 7� � � 4�!- � #� . , 0!�& %� . �!#� 0& . . � . �& & 0�

" !/ #� & ��4#��& %�2 #�) �" ( 0#� %&  � !" * . ��( ' #" !00( �) �0%. �4�,  �" ( 0#� %&  . 7�� ) & �" !/ #� & ��" �� 4# - . �

��� 
���1� B�� �1���E5����C�!� %�  !�& %� 4� � '  ��& " �#�� � !3 !#� . �� 4# & 7��#� " & � ) ( % �3 & � � #. �!�

40!- - !/ 0& �3 !. 6�" &  �!#� � & 3 , 0!�#�� . �!� %�3 , #%& 0#� & . �) !8 & ����/ & �4�00�2 & %�2 #�) � & 0!�#�� �

����) & �- !� #4�0%�%& . #3 � ��!� %�' #' #� 3 7��

�

� ) & � " ( 0#� %&  . � ! & � %#8 #%& %� #� ��� �2 �� / !� * . 6� 2 #�) � �� & � !. �  & . &  8 & 7� �!" ) � " ( 0#� %&  � #. �

" �� � & " �& %�����) & �- !� #4�0%�/ ( �!�40& 9 #/ 0& ��!#0' #' & 7�� � �#. �0!�#�� �8 !08 & �#. �'  �8 #%& %��� ��) & �

- !� #4�0%� 4� � & !" ) � " ( 0#� %&  7� � � / !� * � " �� . #. �. � �4� �2 �� " ( 0#� %&  . 6� !� 8 & � �� 8 !08 & 6� ) #3 ) �

'  & . . ,  & �3 !, 3 & 6�!� %�#. �0!�#�� �8 !08 & 6�0& !%#� 3 �����) & �!, ��- !�#" �" ) !� 3 & �8 &  � & 3 , 0!�� 7�

� ) #. � - & " ) !� #. - �!, ��- !�#" !00( � . 2 #�" ) & . � ��� �) & � / !� * � 2 #�) � ) #3 ) &  � '  & . . ,  & � & � . ,  #� 3 �

, � #� �&   , ' �& %�. , ' ' 0( ��4�) ( % �3 & � 7�� �- !� , !0��8 &  > #%& �#. �!0. ��'  �8 #%& %7�	) !� 3 #� 3 ��4�

!� " ( 0#� %&  � / !� * � #� 8 �08 & . � #. �0!�#� 3 � �) & � / !� * � , . #� 3 � �) & � " ( 0#� %&  � 8 !08 & . � !� %6� !� %�

 & ' 0!" #� 3 � �) & � " ( 0#� %&  . 7�	) & " * � 8 !08 & . � ) & 0' � ��� & � . ,  & � . !4& �( 7� � ) & � " �� � & " �#�� . � ��� �) & �

- !� #4�0%�! & �8 & � �& %��4�!� ( �#- ' ,  & �3 !. �/ & 4� & ��' & � #� 3 ��) & �' #' & 0#� & �8 !08 & 7�	( 0#� %&  . �

" !� �/ & � & ' 0!" & %�& 8 & � �2 ) & � ��) & �4, & 0�" & 00�#. �#� ��' &  !�#�� 7�

�

� ) & � - !#� � 8 !08 & � 0�2 >'  & . . ,  & � #� %#" !�� � !� %�  & 3 , 0!�� � ! & � , . & %� ��� . & �� �) & � . , ' ' 0( �

'  & . . ,  & �!. � & < , # & %7�� , & 0�" & 00�. ( . �& - . �) !8 & �!� �#� �&  � !0�'  & . . ,  & � & 3 , 0!�� �!00�2 #� 3 �

                                            
 
 
 
2 K-class cylinder Dimensions: 1460mm (H), 230mm (D), Weight: 65 kg. 
3 Lower heating value of hydrogen: 33.39kWh/Kg, 1m3 of hydrogen = 0.89 grams. 
4 CP-4 of BCGA 
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�) & - � ��� / & � . , ' ' 0#& %� !�� �>�� � ! � BA� � ! � J � A��� �!C7� � � 40!- & � !  & . �� � #. � " �� � & " �& %� #� �

. &  #& . � 2 #�) � �) & � - !#� � 8 !08 & ��� � �) & �%#. � #/ , �#�� � . #%& � ��� '  & 8 & � �� !� ( � 40!- & . �  & !" ) #� 3 �

�) & �" ( 0#� %&  . �. ) �, 0%�!�. #�& �4# & �#- ' #� 3 & �, ' �� �!� %�& � �&  ��) & �' #' & 2 � * 7���!#� 0& . . �. �& & 0�

' #' #� 3 � #. � , . & %� �)  �, 3 ) � �, �� %#. � #/ , �#�� 7� � � 4!#0>. !4& � . �0& � �#%� 8 !08 & � #� �&  0�" * & %� 2 #�) �

. !4& �( � . & � . � . � #� %�� . � " �� �!#� & %� #� � �) & � ' #' & 0#� & � � & ! � �) & � 3 !. � . �,  " & 7� � ) #. � " , �. ��44�

) ( % �3 & � � . , ' ' 0( � #� � & 8 & � �� �4� 3 !. � � � 4# & � %& �& " �#�� 7� � ,  �) &  �  & " �- - & � %!�#�� . � ! & �

!8 !#0!/ 0& �4 �- �
 �$ ����4� �. & ��#� 3 ��) & �%& �& " �#�� �0& 8 & 0�4� ��) & �) ( % �3 & � �. & � . � . 7��

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �����7�
 ( % �3 & � �. �� !3 & �" !/ #� & ��2 #�) �8 & � ��' #' & .7�
 ( % �3 & � �. �� !3 & �" !/ #� & ��2 #�) �8 & � ��' #' & .7�
 ( % �3 & � �. �� !3 & �" !/ #� & ��2 #�) �8 & � ��' #' & .7�
 ( % �3 & � �. �� !3 & �" !/ #� & ��2 #�) �8 & � ��' #' & . ����
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3 � #. * �� . . & . . - & � �7� #. * �� . . & . . - & � �7� #. * �� . . & . . - & � �7� #. * �� . . & . . - & � �7����

�


 ( % �3 & � �0#* & �!� ( ���) &  �& � &  3 ( �" !  #&  �#. �) #3 ) 0( �40!- - !/ 0& �!� %�" !� �4� - �& 9 ' 0�. #8 & �

- #9 �,  & . � 2 #�) �!# � & 8 & � �!�� 0�2 � " �� " & � � !�#�� 7� � ) & � 40!- - !/ #0#�( �  !� 3 & � #. � 8 ! #& . � 4 �- �

�G � B��2 &  � � 0!- - !/ 0& � �& 8 & 0C� ��� D�� G � / ( � 8 �0, - & � #� � !# 7� � & #� 3 � �%�,  0& . . � !� %�

" �0�,  0& . . 6�#��!0. ��/ ,  � . �#� �8 # �, !00( �#� 8 #. #/ 0& �40!- & �#� �%!( 0#3 ) �7�
�. �. - !00&  �- �0& " , 0! �

. #I & � #� "  & !. & . � �) & � " ) !� " & . � �4� 0& !* !3 & � �)  �, 3 ) � "  !" * . � !� %� +�#� �. 7� �#� " & � �) & � ) , - !� �

/ �%( � " !� � ���  & " �3 � #. & � . #3 � . � �4� %& "  & !. #� 3 � ' &  " & � �!3 & � �4� �9 ( 3 & � � #� � !# 6� 0& !* #� 3 �

) ( % �3 & � � #� �!� " 0�. & � & � 8 # �� - & � �� " !� � 0& !%� ���!. ' ) ( 9 #!�#�� 7� � ) & � � !�,  & ��4� �) & �  #. * . �

#� 8 �08 & %� ) !. � ��� / & � " 0& ! 0( � , � %&  . ���%� 4 �- � �) & � �� . & �7� � �� & �) & 0& . . 6� ) ( % �3 & � � ) !. �

/ & & � � , . & %� #� � �) & � 4��%� !� %� ' & � �" ) & - #" !0� #� %, . � ( � 2 #�) � !� � & 9 " & 00& � �� . !4& �( �  & " � %7�

� ) & �' &  " & ' �#�� ��4�) ( % �3 & � �!. �!� �, � . !4& �4, & 0�) !. ����/ & ��!" * 0& %�2 #�) �. � #" ��!%) &  & � " & �

���. !4& �( �- & !. ,  & . 7�

�

� � #. * �!. . & . . - & � ��) !. ����/ & �" !  #& %��, ��0�" !00( �!���) & �. #�& ��4�#� . �!00!�#�� �����!* & �#� ����

!" " �, � �� ' �. . #/ 0& � ) !I ! %. � 2 #�) � '  & 8 & � �#8 & � - & !. ,  & . � #- ' �. & %� #4�  & < , # & %7� 
�� !0. ��

. ) �, 0%� #� " 0, %& � ) !I ! %. �! #. #� 3 �%, & � ���!" " #%& � �. �!� %� - #. , . & ��4� �) & � & < , #' - & � �� ���!�

 & !. �� !/ 0& � & 9 �& � �7� 
� 4� - !�#�� � �� � �) & � � !�,  & � �4�  #. * . � " !� � / & � 4�, � %� �� � �) & � K
 & !0�) �

!� %��!4& �( ��9 & " , �#8 & H�/ ��* 0& ��K
 �$ ���=��� �4, & 0�" & 00. �!� %��) & # � #. * . 7��8 &  ( �) !I ! %�) !. �

���/ & �!%% & . . & %����- #� #- #I & ��) & � #. * �!. �0�2 �!. � & !. �� !/ 0( �' �. . #/ 0& 7��

�

� ) & � 
 � L � ��!� !0( . #. � 4� � �) & � #� . �!00!�#�� � , . & %� 4� � �) #. �  & ' � �� 2 !. � " !  #& %��, �� & ! 0#&  �

4� �!�%#44&  & � ��#� 8 & . �#3 !�#�� 7�� ) & �3 !. �. �� !3 & �!� %�4, & 0�" & 00�. ( . �& - �2 &  & ��) & �'  #� " #' !0�

! & !� 4� � 
 � L � �� !� !0( . #. 7� � ) #. � 2 !. � " !  #& %� �, �� 2 #�) � � � 	� 2 ) �� 2 &  & � / & . �� ' 0!" & %� ���

'  �8 #%& � #� 4� - & %��' #� #�� . ��4� �) & � ' �. . #/ 0& �  #. * . �!� %�  & 8 #& 2 & %� 2 #�) �!#%��4� �) & � 
 ��7�

� ) & �- & !. ,  & . �, � %&  �!* & � �#� " 0, %& %�, . #� 3 �!�40!- & �!  & . �� 6�'  & . . ,  & � & 0#& 4�8 !08 & 6�!� %�

& ! �) �/ �� %#� 3 ��4��) & �' #' & . �, . & %�4� �4, & 0�%& 0#8 &  ( 7�� & �!#0. ��4��) #. �" !� �/ & �4�, � %�2 #�) #� �

�) & �� � 
� & ' � ��� � � �K�������=��#�0& %�K
� 8 & . �#3 !�#�� �#� ���A�* � �4, & 0�" & 00�/ !. & %�� ��K7�� � �

�) #. �  & ' � �6� �) & � 4, & 0� . , ' ' 0( � 2 !. �  �, �& %� ���!�%#44&  & � �� 0�" !�#�� � / ( �!� " &  �#4#& %�!3 & � " ( 7�

� ) #. �2 !. �0& !* ��& . �& %�, . #� 3 �� #� �3 & � �!� %�) ( % �3 & � ����/ & �" &  �#4#& %�. !4& �4� �, . & 7�� �4!#0>

. !4& � ) ( % �3 & � � . & � . � � #� � �) & � ! & !� 2 !. � " �� � & " �& %� ��� !� � & 9 #. �#� 3 � . !4& �( � " �� � �0�

. ( . �& - 6� 2 ) #" ) � �' & � . � �) & � #� " �- #� 3 � . , ' ' 0( � . �0& � �#%� 8 !08 & 7� � ) #. � 2 !. � �& . �& %� 4� �

" 0�. #� 3 ��4��) & �. �0& � �#%�8 !08 & �/ & 4� & �, . #� 3 ��) & �4, & 0�" & 00�. ( . �& - 7�

�

� ) & �  #3 ) �� - & �) �%� �4� ' 0!" #� 3 � ) ( % �3 & � � , . #� 3 � & < , #' - & � �6� !%& < , !�& � ' !. . #8 & �

8 & � �#0!�#�� 6� ) ( % �3 & � � . & � . � . 6� !� %� 4# & � %& �& " �� . � - #� #- #. & � �) & � %!� 3 &  � / ( � #. �0!�#� 3 �

. , ' ' 0( � #� � " !. & ��4� 0& !* !3 & �%,  #� 3 � �) & � �& . �#� 3 7� � . & ��4� . , #�!/ 0& � " �� � & " �� . � !� %� & ! �) �

/ �� %#� 3 � - #� #- #. & � �) & � 4# & �  #. * �%, & � ��� 4 #" �#�� �� � . �!�#" �%#. " ) ! 3 & � #3 � #�#�� 7� 
�� #. �!0. ��

. !4& � '  !" �#" & � � ��� ���, . & � & < , #' - & � �� " !' !/ 0& ��4� '  �%, " #� 3 � . ' ! * . �� � � !* & %�40!- & . � #� �

�) & � 8 #" #� #�( 7� � ) &  - !00( � '  ��& " �& %� 4, & 0� " & 00�!� %� & < , #' - & � �� . , " ) � #� 8 &  �&  �!� %�  & " �#4#&  �

 & %, " & � �) & � " ) !� " & ��4� 4# & � #� � �) & � & < , #' - & � �� / ( � - #� #- #. #� 3 ��' &  !�#�� � �& - ' &  !�,  & . 7�

� ) & ( � !0. �� #� " 0, %& � " ,   & � �� 0#- #�#� 3 � 4, � " �#�� � '  & 8 & � �#� 3 � �) & � %!� 3 &  � �4� . ) � �� " # " , #��

" �� %#�#�� . 7�� ) & . & �! & �/ ( �� ��- & !� . �& 9 ) !, . �#8 & �/ , ��. &  8 & ��� 0( ����#00, . � !�& ��) & �8 ! #�, . �

2 !( . ��4�!%% & . . #� 3 ��) & �) !I ! %. 7�

�

� � 4, & 0� " & 00� � ��� #� . �!00& %� " !� � % !2 � �� � / !��&  ( �  #. * � !. . & . . - & � �� & 9 ' &  �#. & 7� ;� �� � � �

�' & � � " & 00� / !��&  #& . � " !� � 8 & � �� ) ( % �3 & � � 3 !. � #� ��� �) & � / !��&  ( �  ��- 7� �!4& �( � '  !" �#" & . �

�/ . &  8 & %� #� � �) & . & � . #�, !�#�� . � " !� � / & � !' ' 0#& %� ��� �) & � 4, & 0� " & 00� #� . �!00!�#�� 7� � ) & � �� 0( �
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%#44&  & � " & �/ & #� 3 ��) !��#� �!� ( �� � - !0�" �� %#�#�� 6��) & �4, & 0�" & 00�!� %�. , ' ' 0( �. ( . �& - �%��� ���

 & 0& !. & �3 !. 6�2 ) &  & �!. �/ !��&  #& . �%�7�

�



 
 
 

11 

4 � ��� 
� $ �� ��� 
� $ �� ��� 
� $ �� ��� 
� $ �����

��

� � " �- '  & ) & � . #8 & � �& . �� '  �3  !- - & � #- '  �8 & . � �) & � , � %&  . �!� %#� 3 � �4� �) & � . ( . �& - 6� #�. �

�' &  !�#�� � , � %&  �%#44&  & � �� 0�!%#� 3 � " �� %#�#�� . 6�!� %� �) & � #� 40, & � " & . ��4� ' ! !- & �&  . � 0#* & �

�& - ' &  !�,  & 6��, �' , �� ' �2 &  �& �" 7���- & ��4��) & �' ! !- & �&  . �! & �� ���%# & " �0( �- & � �#�� & %�

#� � �) & � . ' & " #4#" !�#�� . � !. � �) & ( � ! & � 3 & � &  !00( � � ���  & 0& 8 !� �� 4� � - �. �� , . &  . 7� �! !- & �&  . �

0#* & ��#- & ����. �! ��, ' �, � %&  �8 ! #�, . �" �� %#�#�� . 6��#- & ���� !- ' �, ' �� �%�2 � ����!�" &  �!#� �

' �2 &  ��, �' , �6�" !� ��� 0( �/ & �4�, � %�/ ( �& 9 �& � . #8 & ��& . �#� 3 7�� ) #. �%!�!�) & 0' . �3 !#� �!�%& & ' &  �

, � %&  . �!� %#� 3 � �4� �) & � . ( . �& - 6� 2 ) #" ) � #� � �,  � 6� #� "  & !. & . � , . &  � " �� 4#%& � " & 7� �#� " & � �) & �

3 & � &  !0�" ) ! !" �&  #. �#" . ��4�!���� �/ !. & %�4, & 0�" & 00�! & �* � �2 � 6�#��#. �' �. . #/ 0& �����& . ��) �2 �

2 & 00��) & �. ) � �" �- #� 3 . �) !8 & �/ & & � ��!* & � �" ! & ��4�#� �%& . #3 � #� 3 ��) & �'  �%, " �7��

�

� ) & . & � ' ! !- & �&  . � " ) ! !" �&  #. & � �) & �  & . ' �� . & ��4� �) & � 4, & 0� " & 00� . ( . �& - � 2 #�) � " ) !� 3 & � #� �

0�!%� >� 2 ) & �) &  � !� . �& ' � � � 3  !%, !0� " ) !� 3 & F� M , #" * &  � �) & � � !� . #�#�� � �#- & 6� 0�2 &  � �) & �

� !� . #�#�� !0� / !��&  ( � " !' !" #�( �  & < , # & %� >� #�� !0. �� . #3 � #4#& . � �) & � #- '  �8 & %� %( � !- #" �
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Remote Bus Voltage
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Transient Observation

-20

-10

0

10

20

30

40

50

60

70

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Minutes

P
ow

er
 r

el
at

ed
 p

ar
am

et
er

s

H2 Usage
Stack Power
Stack Voltage
Stack Current
Converter Out Current
Battery Current
Aux Current

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �EEEE7�	�0%�. �! �� & . #. �#8 & �0�!%6�A* � 7��  !� . #& � ��' ! !- & �&  . �;. ��#- &7�	�0%�. �! �� & . #. �#8 & �0�!%6�A* � 7��  !� . #& � ��' ! !- & �&  . �;. ��#- &7�	�0%�. �! �� & . #. �#8 & �0�!%6�A* � 7��  !� . #& � ��' ! !- & �&  . �;. ��#- &7�	�0%�. �! �� & . #. �#8 & �0�!%6�A* � 7��  !� . #& � ��' ! !- & �&  . �;. ��#- & ����

�

� , & 0� #� �!* & � #� "  & !. & . 6� 2 ) #0& � . �!" * � 8 �0�!3 & � %& "  & !. & . � !� %� " ,   & � �� % !2 � � #� "  & !. & . 7�

� , 9 #0#! ( �" ,   & � ��#� "  & !. & . �%,  #� 3 �� !� . #�#�� ����' �2 &  �, ' ��) & �/ 0�2 &  . �!� %�. & ��0& . ����!�

. �& !%( � 8 !0, & � < , #" * 0( 7� � ) & � 4, & 0� " & 00� / & 3 #� . � ��� �, �' , �� ' �2 &  � 2 #�) #� � A�>A�� . & " �� %. 6�

2 ) &  & !. ��) & �2 ) �0& �'  �" & . . ��!* & . �!/ �, ��!�- #� , �& 6����. & ��0& �����) & ��' �#- , - �8 !0, & . 7�

System Efficiency (%)

-10

0

10

20

30

40

50

60

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Minutes

E
ff

ic
ie

nc
y 

(%
)

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �A�A�A�A�7��( . �& - �& 44#" #& � " ( �4� �A* � �0�!%7��( . �& - �& 44#" #& � " ( �4� �A* � �0�!%7��( . �& - �& 44#" #& � " ( �4� �A* � �0�!%7��( . �& - �& 44#" #& � " ( �4� �A* � �0�!%����

�

� ) & � & 44#" #& � " ( � B4#3 ,  & � A�C� #. � !� " !0" , 0!�& %� 4#3 ,  & 7� � ) & � !- �, � �� �4� ) ( % �3 & � � , . & %� #. �

" !0" , 0!�& %�#� %# & " �0( 6�, . #� 3 �. �!" * �8 �0�!3 & �!� %�" ,   & � ��8 !0, & . �!. �2 & 00�!. �* � �2 #� 3 ��) & �

� , 9 #0#! ( � ' �2 &  � " �� . , - ' �#�� 6� 8 !0, & . � 4� � . ( . �& - � & 44#" #& � " ( � " !� � / & �%& �&  - #� & %7� � ) & �



 
 
 

19 

3  !' ) �#� %#" !�& . ��) !���) & �. ( . �& - �#. �- � & �& 44#" #& � ��!��) #3 ) &  �' �2 &  �#� ��) & �#� #�#!0�. �!3 & . 7�

� ) #. � #. � " �� 4# - & %� 2 #�) � 4#3 ,  & . � �4� & 44#" #& � " ( � !�� ) #3 ) &  � ' �2 &  � %& 0#8 &  & %7� � #3 ,  & � AA�

. ) �2 . ��) & �& . �#- !�& %�" �� . , - ' �#�� ��4�) ( % �3 & � 6�#� �. �!� %! %�0#� & . �' &  �- #� , �& �%,  #� 3 �

�) & � �& . �� %,  !�#�� 7� � ) #. � ���6� #. � !� " !0" , 0!�& %� 8 !0, & � / !. & %� �� � �) & � ' �2 &  � %& 0#8 &  & %7� � 
��

. ) �, 0%�/ & �� ��& %��) !��4, & 0�" & 00�. �!" * �& 44#" #& � " ( � & %, " & . �!��) #3 ) &  �' �2 &  F��) #. �#. �%, & ����

#� �&  � !0� & . #. �!� " & �2 #�) #� ��) & �" & 00. 7�

�

H2 Usage

-5

0

5

10

15

20

25

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Minutes

H
2 

( S
lm

 )

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �AAAAAAAA7�	�0%�. �! �� & . #. �#8 & �0�!%6�A* � �7�	�0%�. �! �� & . #. �#8 & �0�!%6�A* � �7�	�0%�. �! �� & . #. �#8 & �0�!%6�A* � �7�	�0%�. �! �� & . #. �#8 & �0�!%6�A* � �@@@@��. �#- !�& %�, . & ��4�) ( % �3 & ���. �#- !�& %�, . & ��4�) ( % �3 & ���. �#- !�& %�, . & ��4�) ( % �3 & ���. �#- !�& %�, . & ��4�) ( % �3 & � ����

�

� ) & � " ) !� 3 & � #� � . �!" * � 8 �0�!3 & � / & " �- & . � " 0& ! � 2 ) & � � !� ) #3 ) &  � 0�!%� 0#* & � �7�* � � #. �

" �� � & " �& %7� 
� � 4#3 ,  & � A�6� �) & � 8 �0�!3 & ��4� �) & � . �!" * � !�� 1�;� 	�!���' & � � " # " , #��% �' . � ���

��;� 	�2 ) & � �" �� � & " �& %�����7�* � 7�

Stack Voltage

0

10

20

30

40

50

60

70

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Minutes

V
ol

ta
ge

 ( 
V

 )

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �A�A�A�A�7�	�0%�. �! �� & . #. �#8 & �0�!%6��7�* � 7���!" * �;�0�!3 & �;. ��#- &7�	�0%�. �! �� & . #. �#8 & �0�!%6��7�* � 7���!" * �;�0�!3 & �;. ��#- &7�	�0%�. �! �� & . #. �#8 & �0�!%6��7�* � 7���!" * �;�0�!3 & �;. ��#- &7�	�0%�. �! �� & . #. �#8 & �0�!%6��7�* � 7���!" * �;�0�!3 & �;. ��#- & ����



 
 
 

20 

� ) & �. �!" * �" ,   & � ��' & !* . �!��! �, � %�AD��� �B4#3 ,  & �A1C�4� �!�' & !* �0�!%�#� ��) & �#� 8 &  �&  �4� �

�7�* � 7� ) & � . �!" * � #. � 3 & � &  !�#� 3 � . 0#3 ) �0( � 3  & !�&  � �) !� � �7E� * � � 2 #�) � !�  !�& � �4�

" �� . , - ' �#�� ��4���7���. 0- �B��!� %! %��#� & . �' &  �� #� , �& C7�

Transient Observation

-20

0

20

40

60

80

100

120

140

160

180

200

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Minutes

P
ow

er
 r

el
at

ed
 p

ar
am

et
er

s

H2 Usage(Slm)

Stack
Power(kW)

Stack
Voltage(Volts)

Stack
Current(Amps)

Converter Out
Current(Amps)

Remote Bus
Voltage(Volts)

Battery
Current(Amps)

Aux
Current(Amps)

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �A�A�A�A�7�	�0%�. �! �� & . #. �#8 & �0�!%6��7�* � 7��  !� . #& � ��' ! !- & �&  . �;. ��#- &7�	�0%�. �! �� & . #. �#8 & �0�!%6��7�* � 7��  !� . #& � ��' ! !- & �&  . �;. ��#- &7�	�0%�. �! �� & . #. �#8 & �0�!%6��7�* � 7��  !� . #& � ��' ! !- & �&  . �;. ��#- &7�	�0%�. �! �� & . #. �#8 & �0�!%6��7�* � 7��  !� . #& � ��' ! !- & �&  . �;. ��#- & ����

4.3.2 	�0%���! ��	!' !" #�#8 & �0�!%��

�

� � & !" �#8 & �0�!%�#- ' �. & . �) #3 ) &  �0�. . & . �#� ��) & �#� 8 &  �&  6��) &  & / ( �#� "  & !. #� 3 ��) & �' �2 &  �

%& - !� %��� ��) & �4, & 0�" & 007�� & !" �#8 & �0�!%. �" �, 0%�/ & �#� %, " �#8 & �� �" !' !" #�#8 & 7�
� %, " �� . ��4�

. , " ) � ' �2 &  �  !�#� 3 � ! & � � ��� & !. #0( � !8 !#0!/ 0& 7� � ) &  & 4� & � " !' !" #�� . � ! & � , . & %� ��� . & ��

& 9 � & - & � ' �2 &  � 4!" �� � " �� %#�#�� . 7� � ) & � 0�!%. � 8 ! ( � #� � �) & � ' �2 &  � 4!" �� �  !� 3 & � �4� �7��

�& !%����!�. & 8 &  & �" �� %#�#�� ��4��7��0& !%6�2 ) #" ) � & 40& " �. �!�' �. . #/ 0& � & !0�0#4& �. #�, !�#�� 7��

�

��!%�

B* � C�

��2 &  �

� !" �� �

	��0!� ��

�& - ' �

B�	C�

� #- & ����

� , 00�

0�!%������

B. C�

�  !� . #�#�� �

/ !��&  ( �

" ,   & � ��

B�& !* 6�� - ' . C�

	�� 8 &  �&  �

��2 &  �

B* � C�

��!" * �

' �2 &

 �B* � C�

� � � � � � �

�� �7���& !%� �A� ��� ��7D� �7��1� �71��

�� �7���& !%� ��� ��� ��7�A� �7�E�� �7D1�

�� �7���& !%� �A� �1� DA7��� �7�1A� �7DD�

� � � � � � �

� !/ 0& �� !/ 0& �� !/ 0& �� !/ 0& �����7�	!' !" #�#8 & �0�!%#� 3 �2 #�) �" �0%�. �! �7�	!' !" #�#8 & �0�!%#� 3 �2 #�) �" �0%�. �! �7�	!' !" #�#8 & �0�!%#� 3 �2 #�) �" �0%�. �! �7�	!' !" #�#8 & �0�!%#� 3 �2 #�) �" �0%�. �! �>>>>, ' �" �� %#�#��, ' �" �� %#�#��, ' �" �� %#�#��, ' �" �� %#�#�� ����

4.3.3 	�� " 0, . #�� 7�

�


��#. �. & & � �4 �- �8 ! #�, . ��& . �. 6��) & �4, & 0�" & 00�. ( . �& - � !- ' . ����4, 00��, �' , ��' �2 &  �2 #�) #� �!�

- #� , �& 7� � ) & ��' &  !�#�� ��4� �) & � � , & 0� " & 00>� ���. ( . �& - � #. � . !�#. 4!" �� ( � 4� �!00� / ��) �!" �#8 & �

!� %�  & !" �#8 & � 0�!%. � �� � !� " �0%� . �! �� , ' 7� � ) & � . ( . �& - � #. � , � !44& " �& %� / ( �  & 0!�#8 & 0( � 0�� 3 �



 
 
 

21 

' &  #�%. ��4� . �!� %/ ( �!� %� . �! �. � , ' �  & 0#!/ 0( � #� � & 8 & � ���4� ' �2 &  � 4!#0,  & 7�	& 00� 40��%#� 3 � #. �

!8 �#%& %�/ ( � & 3 , 0! �- !#� �& � !� " & �" ( " 0& �#� " � ' � !�& %�#� ��) & �. ( . �& - 7�

�

4.3.4 � & . #. �#8 & ��& . �. 7�

�

��!/ #0#�( � #. � #� 8 & . �#3 !�& %� 4� � �) & � 2 ) �0& �  !� 3 & � �4� !" �#8 & � !� %�  & !" �#8 & � 0�!%. � !�� 0�� 3 &  �

�& . ��%,  !�#�� . 7�� ) & � & . #. �#8 & ��& . �. �! & �" �� %, " �& %�!��. �& ' . ��4�A* � 7��� ) & � & !" �#8 & ��& . �. �

! & �" �� %, " �& %�!��. & 0& " �& %�' �#� �. �/ & �2 & & � ��7���& !%�!� %��7���& !%7�
�

� !/ 0& �� !/ 0& �� !/ 0& �� !/ 0& �����7��&  4� - !� " & �!��8 ! #�, . � & . #. �#8 & �0�!%. �7��&  4� - !� " & �!��8 ! #�, . � & . #. �#8 & �0�!%. �7��&  4� - !� " & �!��8 ! #�, . � & . #. �#8 & �0�!%. �7��&  4� - !� " & �!��8 ! #�, . � & . #. �#8 & �0�!%. �����

4.3.5 � & !" �#8 & �B	!' !" #�#8 & �0�!%C�� & . �. 7�

�

��!%�

B* � C�

��2 &  �

� !" �� �

	��0!� ��

�& - ' �

B�	C�

� #- & ����

� , 00�0�!%�

B. C�

�  !� . #�#�� �

/ !��&  ( �

" ,   & � ��

B�& !* 6�� C�

	�� 8 &  �&  �

��2 &  �

B* � C�

��!" * �

' �2 &  �

B* � C�

� � � � � � �

A7��� �7���& !%� ��� ��� ��7�E� A7��A� �7A�O �

A7��� �7���& !%� ��� A1� ��7��� A7�1E� A7���

�7�� �7���& !%� �1� AE� �D7��� �7DED� �7A��

�7�� �7���& !%� ��� A�� �E7E�� �7E��� �7���

�� �7���& !%� ��� A�� 117DE� �7���� �7�A�

�
O � %%#�#�� !0�' �2 &  �%, & ����
 & !�&  �!� %�
 & !�&  �4!� �

� !/ 0& �� !/ 0& �� !/ 0& �� !/ 0& �����7��&  4� - !� " & �!��8 ! #�, . �" !' !" #�#8 & �0�!%. �7��&  4� - !� " & �!��8 ! #�, . �" !' !" #�#8 & �0�!%. �7��&  4� - !� " & �!��8 ! #�, . �" !' !" #�#8 & �0�!%. �7��&  4� - !� " & �!��8 ! #�, . �" !' !" #�#8 & �0�!%. �����

4.3.6 	�� " 0, . #�� �

�


� � 4#3 ,  & � A�6� !� � #� "  & !. & � �4� 1A�� � !��. � 4 �- � �) & � �) # %� - #� , �& � ��� & #3 ) �� - #� , �& � #. �

!�� #/ , �& %�����) & �) & !�&  �!. . & - / 0( �!" �#8 !�#� 3 ����2 ! - �, ' ��) & �" !/ #� & �7��#� " & ��) & �. �!" * �

#. ��� 0( �!���A�	6��) & �) & !�&  . �! & �. 2 #�" ) & %��� ����) & !��, ' ��) & �. �!" * 7�� ) #. �) !. �!��2 �>4�0%�

& 44& " �� �4� ) & !�#� 3 � / ( � #� "  & !. #� 3 � �) & � ' �2 &  � %& - !� %� �� � �) & � . �!" * � �) &  & / ( � #� "  & !. #� 3 �

�) & �) & !���, �' , ���4��) & �. �!" * 6�!� %�. & " �� %0( ��) & �) & !�&  . �!" ���� ��) & �" ��0!� ��!� %�#� �&  � !0�

!# 7�

�

��!%�

B* � C�

��2 &  �

� !" �� �

	��0!� ��

�& - ' �
B�	C�

� #- & ����� , 00�

0�!%�
B. C�

�  !� . #�#�� �

/ !��&  ( �" ,   & � ���
B�& !* 6�� C�

	�� 8 &  �&  �

��2 &  �
B* � C�

��!" * �

' �2 &  �
B* � C�

� � � � � � �

A� � �� � �A� ��� ��7E�� A7�AE� �7AA�

�� � �� � ��� A�� �E7A�� �7��E� �71��

�� � �� � ��� D� ��7��� �7A�1� �7�1�

�� � �� � ��� A�� 1�7��� �7A�A� �7�A�

�7�� � �� � ��� A�� D�7�D� �71�� �7A�



 
 
 

22 

� ,  #� 3 ��) & �'  & 8 #�, . � & ' � ���4�!�A* � �4, & 0�" & 00�" �� 4#3 ,  !�#�� 6��) & �� !� . #�#�� ��#- & �2 !. �#� �

�) & � !� 3 & ��4���>���- #� , �& . 7�� ) #. �#. �� ���!" " & ' �!/ 0& �4� �!�'  �%, " ���) !��) !. ����- !�" ) ��) & �

" ) ! !" �&  #. �#" . ��4�!�/ !��&  ( �/ !� * 7�� & " & � ��%& 8 & 0�' - & � �. �) !8 & �/  �, 3 ) ���) #. ��#- & �%�2 � �

��� 0& . . � �) !� � !� - #� , �& 6� 2 ) #" ) � #. � !� 8 !. �� #- '  �8 & - & � �� %, & � ���  & . & ! " ) � !� %�

%& 8 & 0�' - & � �7�

�

Stack Power

-0.5

0

0.5

1

1.5

2

2.5

3

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0

Minutes

P
ow

er
 ( 

kW
)

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �A�A�A�A�7���!" * �' �2 &  �!��A* � �0�!%7���!" * �' �2 &  �!��A* � �0�!%7���!" * �' �2 &  �!��A* � �0�!%7���!" * �' �2 &  �!��A* � �0�!%����

7

Stack Power

-1

0

1

2

3

4

5

6

7

0.0 5.0 10.0 15.0 20.0 25.0

Minutes

P
ow

er
 ( 

kW
)

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �A�A�A�A�7���!" * �' �2 &  �!���7��* � �0�!%7���!" * �' �2 &  �!���7��* � �0�!%7���!" * �' �2 &  �!���7��* � �0�!%7���!" * �' �2 &  �!���7��* � �0�!%����

�



 
 
 

23 

Stack Power

-0.5

0

0.5

1

1.5

2

2.5

3

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0

Minutes

P
ow

er
 ( 

kW
)

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �A1A1A1A17���!" * �' �2 &  �A7���* � ��7���& !%7���!" * �' �2 &  �A7���* � ��7���& !%7���!" * �' �2 &  �A7���* � ��7���& !%7���!" * �' �2 &  �A7���* � ��7���& !%����

�

Stack Power

-1

0

1

2

3

4

5

6

7

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Minutes

P
ow

er
 ( 

kW
)

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �ADADADAD7���!" * �' �2 &  �4� ��* � ��7���& !%7���!" * �' �2 &  �4� ��* � ��7���& !%7���!" * �' �2 &  �4� ��* � ��7���& !%7���!" * �' �2 &  �4� ��* � ��7���& !%����

�

� ) & � �& . �. � #� %#" !�& � . !�#. 4!" �� ( � �' &  !�#�� � 4� � / ��) � !" �#8 & � !� %�  & !" �#8 & � 0�!%. � #� �

%#44&  & � ��  !� 3 & . 7� � � %, & � 40, " �, !�#�� . � ! & � � ��� � ��#" & !/ 0& � #� � �) & � �, �' , �� 8 �0�!3 & � !� %�

' �2 &  7� � ) & � . ( . �& - � , . , !00( �  & !" ) & . � . �!/ 0& � �' &  !�#�� � , � %&  � . �& !%( � . �!�& � < , #" * 0( � !. �

#� %#" !�& %� / ( � �) & � 3  !' ) . 7� 
 #3 ) &  � " ��0!� �� �& - ' &  !�,  & 6�!� �!' '  �9 #- !�& � #� %#" !�#�� ��4�

�) & �. �!" * ��& - ' &  !�,  & 6� & . , 0�. �#� �!�< , #" * &  �. �! ��, ' ��#- & 7�� ) & �& 44#" #& � " ( �!0. ��#� "  & !. & . �

. 0#3 ) �0( �2 #�) ��& - ' &  !�,  & 7�



 
 
 

24 

4.3.7 ��!* �� & . �. 7�

�

��!* ��& . �. �! & �" �� %, " �& %����%& �& " ��8 ! #!�#�� . �#� �' &  4� - !� " & �2 ) #0& �. #- , 0!�#� 3 �!" �, !0�

- !#� . �0�. . �" �� %#�#�� �4� � & 0!�#8 & 0( �0�� 3 &  �%,  !�#�� . 7�� � 0#* & �!�/ !��&  ( ��' &  !�& %�� ��6�!�

4, & 0�" & 00� , � ��#- & �#. ��� 0( �0#- #�& %�/ ( �!8 !#0!/ #0#�( ��4�) ( % �3 & � 7�

�

� ) #. ��& . ��#. �" �� %, " �& %�!�� !�& %�0�!%�B�) �, 3 ) �/ !" * �, ' �. ( . �& - . �! & � & " �- - & � %& %�� ���

����' &  !�& �!�� !�& %��, �' , �C6�4� �%,  !�#�� ��4�!� �) �,  7�;! #!�#�� �#� ��) & �4, & 0�" & 00�. ( . �& - �

#. ��/ . &  8 & %�!� %�8 &  #4#& %�4� �%& 8 #!�#�� . �4 �- �� � - !07�� ) #. �#. � & ' & !�& %�!4�&  �!� �#� �&  8 !0�

�4����- #� , �& . ��2 #" & �. , " " & . . #8 & 0( 7�

�

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �A�A�A�A�7���!" * �' �2 &  �%,  #� 3 �7���!" * �' �2 &  �%,  #� 3 �7���!" * �' �2 &  �%,  #� 3 �7���!" * �' �2 &  �%,  #� 3 ��)  & & �. , " " & . . #8 & � , � .�)  & & �. , " " & . . #8 & � , � .�)  & & �. , " " & . . #8 & � , � .�)  & & �. , " " & . . #8 & � , � . ����

�

� ) & � . ( . �& - � . �!/ #0#. & %� < , #" * 0( � !� %� ' &  4� - & %� 2 #�) � . �& !%( � ' �2 &  � �, �' , �� %,  #� 3 � !00�

�)  & & � , � . 7�� ) & ��) &  - !0�- !� !3 & - & � ��- !#� �!#� . �!� ��' �#- , - �. �!" * ��& - ' &  !�,  & �!��!00�

�#- & . 7� � ) & � & 44#" #& � " ( ��4� �) & � '  �" & . . � #� "  & !. & . �!. � �) & � �& - ' &  !�,  & �  & !" ) & . �!� . �& !%( �

!� %��' �#- , - �8 !0, & 7�

�



 
 
 

25 

�
�

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & �AEAEAEAE7��( . �& - �& 44#" #& � " ( �%,  #� 3 �. �!* ��& . �. �4� ��)  & & �" �� . & " , �#8 & � , � .7��( . �& - �& 44#" #& � " ( �%,  #� 3 �. �!* ��& . �. �4� ��)  & & �" �� . & " , �#8 & � , � .7��( . �& - �& 44#" #& � " ( �%,  #� 3 �. �!* ��& . �. �4� ��)  & & �" �� . & " , �#8 & � , � .7��( . �& - �& 44#" #& � " ( �%,  #� 3 �. �!* ��& . �. �4� ��)  & & �" �� . & " , �#8 & � , � . ����

�

4.3.8 	�� " 0, . #�� �

�

� ) & � . �!* � �& . �. � %& - �� . � !�& � �) & � !/ #0#�( � �4� �) & � . ( . �& - � ��� �' &  !�& � 0�� 3 � ) �,  . �

" �� �#� , �, . 0( � 2 #�) �, �� !� ( � - !04, � " �#�� 7� 
�� #. � !0. �� !/ 0& � ���  & 3 , 0!�& � #�. � �& - ' &  !�,  & �

2 #�) #� � �) & � . ' & " #4#& %�  !� 3 & 6� !� %� - !#� �!#� � #�. � �' &  !�#�� !0� & 44#" #& � " ( 7� � ) #. � #. � �) & �

. " & � ! #��4!" & %�%,  #� 3 �!�. &  #�, . �4!#0,  & 6�2 ) &  & �- !#� . �' �2 &  �" �, 0%�/ & �, � !8 !#0!/ 0& �4� �

�2 �� ) �,  . �� � - � & 7� 
��%& - �� . � !�& . � �) & � 4, & 0� " & 00� #. � " !' !/ 0& ��4�  & 0#!/ 0( � . &  8 #� 3 �!. �!�

/ !" * , ' � . ( . �& - 7� � � ) & � . ( . �& - � � & 8 &  � 4!#0& %� ��� . �! ���� �!� ( ��" " !. #�� F� �) #. � 4,  �) &  � #. �!�

�& . �!- & � ������) & �. ( . �& - � & 0#!/ #0#�( �!� %��) & � & 0#!/ #0#�( ��4�- �%&  � �4, & 0�" & 00�. ( . �& - . 7�

�

4.4 � ( � !- #" ���!%��& . �� ( � !- #" ���!%��& . �� ( � !- #" ���!%��& . �� ( � !- #" ���!%��& . �����

�

� � �( ' #" !0� / !" * � , ' � !' ' 0#" !�#�� � #. � !� . &  8 &  �  ��- 6� * & ( � 0#3 ) �#� 3 6� � � " �- - , � #" !�#�� �

/ !" * , ' 7� � �. ���4� �) & . & �! & � . �& !%( � 0�!%. 6� 2 #�) �, �� 0! 3 & � 40, " �, !�#�� . � #� �%& - !� %7� 
�� #. �

#- ' � �!� �� ��� , � %&  . �!� %� �) & � / & ) !8 #�,  � �4� �) & � 4, & 0� " & 00� . ( . �& - � 4� � . 2 #�" ) #� 3 � � �

 !- ' #� 3 �0�!%. 7�

�



 
 
 

26 

� ) & � �& . �� . & �, ' � " �� . #. �. � �4�  & . #. �#8 & � !� %�  & !" �#8 & � 0�!%. � !%%& %� !� %�  & - �8 & %� #� �

%#44&  & � ��. & < , & � " & . ����. #- , 0!�& �. 2 #�" ) #� 3 �0�!%. 7�� , & 0�" & 00. �! & �" !' !/ 0& ��4�. , ' ' 0( #� 3 �

!� ( � 0�!%7�� � ) #. �#. �!" ) #& 8 & %�/ ( � - & !� . ��4�' �2 &  � " �� %#�#�� #� 3 7�� � � � ' , 0. & %�0�!%. 6� �) & �

" �� � �00&  � 2 #00� 3 & � &  !00( � . & & * � ��� �, �' , �� �) & � !8 &  !3 & � ' �2 &  6� , . #� 3 � �) & � � !� . #�#�� !0�

. �,  " & ����- & & ���) & �' & !* 7��� ) #. �'  �- ��& . �/ & ��&  �. ( . �& - �& 44#" #& � " ( �2 ) #0. ��- #� #- #. #� 3 �

. � & . . ��� �/ ��) �� !� . #�#�� !0�. �,  " & �!� %�4, & 0�" & 00�. �!" * �!0#* & 7�

�

4.4.1 ��!%�. 2 #�" ) #� 3 ��& . �. >�� " �#8 & 7�

�

� & . #. �#8 & � 0�!%. � ! & � !%%& %� !� %�  & - �8 & %� #� � . �& ' . � �4� A* � � !� %� �* � 7� � �� �/ . &  8 & � �) & �

2 � . �>" !. & 6�. �& ' . ��4��* � �! & �, . & %7�� ) & �' &  #�%�/ & �2 & & � �. , " " & . . #8 & �#� "  & !. & . �#. ��2 ��

- #� , �& . �!� %��)  & & �- #� , �& . �4� �A* � �!� %��* � �0�!%. 6� & . ' & " �#8 & 0( 7�
��#. � & %, " & %������ & �

- #� , �& �4� ��) & ��* � �. & < , & � " & 7�� ) & �* & ( �' ! !- & �&  . ��/ . &  8 & %�#. ��) & �� !� . #& � ��/ !��&  ( �

" ,   & � ��% !2 � �%,  #� 3 �!� �#� "  & !. & �#� �0�!%6�, . #� 3 �2 ) #" ) ��) & �- !9 #- , - �. �& ' �#� "  & !. & ��4�

0�!%6�. , . �!#� & %�/ ( ��) & �4, & 0�" & 00�" �, 0%�/ & �4�, � %7�

�

4.4.1.1 ��!%�. 2 #�" ) #� 3 �2 #�) �A* � �#� "  & - & � �7�

������ ����P �	��0!� ���& - ' �����	�

��!%�
B* � C�

��!" * �
��2 &  �B* � C�

	�� 8 &  �&  �
��2 &  ������������������������������������������������������

B* � C�

�  !� . #�#�� �� !��&  ( ��
�& !* �	,   & � ��B� C�

��!%�����������������
� ,  !�#�� �

A� A7��� A7�1� AE7E�� ��- #� �

�� �7��� �7�� �7�� ��- #� �

�� �7��� �7�� �7�� ��- #� �

�� �7��� �7A� �� ��- #� �

�7�� �7A� �71� �� ��- #� �

�� �7��� �7A� �7AD� ��- #� �

�� �7��� �7A�� �7A� ��- #� �

�� �7��� �7A�� �7��� ��- #� �

A� A7�1� A7�� �7�E� ��- #� �

� !/ 0& �� !/ 0& �� !/ 0& �� !/ 0& �����7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 �A* � �0�!%.7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 �A* � �0�!%.7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 �A* � �0�!%.7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 �A* � �0�!%. ����

4.4.1.2 ��!%��2 #�" ) #� 3 �2 #�) ��* � �#� "  & - & � �7�

�

�

�

�

�

�

�

����

� !/ 0& �� !/ 0& �� !/ 0& �� !/ 0& �11117��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 ��* � �0�!%.7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 ��* � �0�!%.7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 ��* � �0�!%.7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 ��* � �0�!%. ����

��!%�

B* � C�

��!" * �

��2 &  �

B* � C�

	�� 8 &  �&  � ��2 &  ��������

B* � C�

�  !� . #�#�� �

� !��&  ( � �& !* �

	,   & � ��B� C�

��!%�

� ,  !�#�� �

�7�� �7��� �7DE� �D7��� ��- #� �

�7�� �7��� �71�� A�7E�� ��- #� �

�7�� �7A�� �7D�� �� ��- #� �



 
 
 

27 

4.4.1.3 � , 00���!%��2 #�" ) #� 3 �

�

��!%�

B* � C�

��!" * �

��2 &  �

B* � C�

	�� 8 &  �&  � ��2 &  ������������������������������������������������������

B* � C�

�  !� . #�#�� �� !��&  ( ��

	,   & � ���& !* �������

B� C�

��!%�

� ,  !�#�� �

�7�� A7AE� �7�D� E71A� A�- #� �

�7�� �7��� �7DA� �E7EA� A�- #� �

�7�� A7��� �7D�� �� A�- #� �

�7�� �7��� �71E� AA71�� A�- #� �

�7�� A7�A� �7D�� �� A�- #� �

�7�� �7�D� �7DA� ��7D� A�- #� �

�7�� �7AA� A7�� �� A�- #� �

�7�� �7��� �7�1� �A7��� A�- #� �

�7�� A7�A� �7D�� �� A�- #� �

�7�� �7�A� �71�� �D7��� A�- #� �

� !/ 0& �� !/ 0& �� !/ 0& �� !/ 0& �DDDD7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 ��* �7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 ��* �7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 ��* �7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 ��* � ����

�

4.4.2 ��!%�. 2 #�" ) #� 3 ��& . �. �>�� & !" �#8 & 7�

�


� �  & !" �#8 & � �& . �. 6� �) & � 0�!%. � ! & � !%%& %� !� %�  & - �8 & %� #� � . �& ' . � A* � � ��� A7�* � � 2 ) #0& �

- !#� �!#� #� 3 ��) & �' �2 &  �4!" �� �!���7��& !%7�� ) & �2 � . �>" !. & ��& . ��#. �" !  #& %��, ��2 #�) �. �& ' . �

�4��7�* � 7�

�

4.4.2.1 ��!%�. 2 #�" ) #� 3 �!���7���& !%7�

�

�

��!

%�
B* � C�

��2 &  ��

� !" �� �

��!" * �

��2 &  �

B* � C�

	�� 8 &  �&  �

��2 &  ������������������������������������������������������

B* � C�

�  !� . #�#�� � � !��&  ( �

�& !* �	,   & � ����B� C���

�

��!%���

� ,  !�#�� �

A� �7���& !%� A71D� A7�A� �� ��- #� �

�� �7���& !%� �71�� �7��� �� ��- #� �

�� �7���& !%� �71�� �7�A� �� ��- #� �

�� �7���& !%� �711� �7A�� �� ��- #� �

�� �7���& !%� �71A� �7AE� �� ��- #� �

�� �7���& !%� �7��� �7�A� �� ��- #� �

A� �7���& !%� A7�E� A7�A� �� ��- #� �

� !/ 0& �� !/ 0& �� !/ 0& �� !/ 0& �����7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 �A* � �0�!%. �2 #�) � & !" �#8 & �0�!%7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 �A* � �0�!%. �2 #�) � & !" �#8 & �0�!%7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 �A* � �0�!%. �2 #�) � & !" �#8 & �0�!%7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 �A* � �0�!%. �2 #�) � & !" �#8 & �0�!%����



 
 
 

28 

4.4.2.2 ��!%�. 2 #�" ) #� 3 �!���7���& !%7�

�

� !/ 0& �� !/ 0& �� !/ 0& �� !/ 0& �EEEE7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 � & !" �#8 & �0�!%. ��4�!���7��0& !%7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 � & !" �#8 & �0�!%. ��4�!���7��0& !%7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 � & !" �#8 & �0�!%. ��4�!���7��0& !%7��&  4� - !� " & �2 ) #0& �. 2 #�" ) #� 3 � & !" �#8 & �0�!%. ��4�!���7��0& !%����

4.4.2.3 � , 00���!%�. 2 #�" ) #� 3 �!���7���& !%7�

�

��!
%�

B* � �

��2 &  �
� !" �� �

��!" * �
��2 &  �

B* � C�

	�� 8 &  �&  �
��2 &  ������������������������������������������������������

B* � C�

�  !� . #�#�� �
� !��&  ( ��& !* ����

���	,   & � ��B� C�

��!%���
� ,  !�#�� �

�� �7���& !%� �7��� �7A�� ��7A�� A�- #� �

�7�� � �� � A7�E� A7A�� �� A�- #� �

�� �7���& !%� �7��� �7A�� �17DA� A�- #� �

�7�� � �� � A7�E� A7A�� �� A�- #� �

�� �7���& !%� �7��� �7A�� ��7�1� A�- #� �

�7�� � �� � A7�E� A7A�� �� A�- #� �

�� �7���& !%� �7��� �7A�� ��7A�� A�- #� �

�7�� � �� � A7�E� A7A�� �� A�- #� �

�� �7���& !%� �7��� �7A�� A�7��� A�- #� �

� !/ 0& �� !/ 0& �� !/ 0& �� !/ 0& �A�A�A�A�7�� , 00�0�!%�. 2 #�" ) #� 3 �!���7���& !%7�� , 00�0�!%�. 2 #�" ) #� 3 �!���7���& !%7�� , 00�0�!%�. 2 #�" ) #� 3 �!���7���& !%7�� , 00�0�!%�. 2 #�" ) #� 3 �!���7���& !%����

4.4.3 	�� " 0, . #�� 5�

�

� ) & � 4, & 0>" & 00� . ( . �& - � ' &  4� - . � . !�#. 4!" �� #0( � #� � %( � !- #" � 0�!%� �& . �#� 3 7� � ) & � 4, & 0� " & 00�

. ( . �& - � %& - �� . � !�& . � #�� " !� � ) !� %0& � . �& ' � #� "  & !. & � �4�  !�& %� �, �' , �� 2 #�) � �) & � ) & 0' � �4�

� !� . #�#�� �/ !��&  #& . 7�� . �!�. ( . �& - 6�#�. ��' &  !�#�� �#. �. #- #0! ����!�/ !��&  ( �/ !� * 7�
��" !� �/ ( �

#�. & 046� . , ' ' 0( � !� . �& ' � #� "  & !. & � �4� A7��* � 6� 2 ) #" ) � #. � ��G � �4� #�. �  !�& %� ' �2 &  � 2 #�) �, ��

% !2 #� 3 � �� � / !��&  ( � . , ' ' � �7� � � ) #. � #. � !� * & ( � ���  & 0#!/ #0#�( � !. � . � & . . #� 3 � �) & � / !��&  ( �

#� "  & !. & . ��) & �" ) !� " & ��4�/ !��&  ( �4!#0,  & 7���) �, 0%��) & �0�!%�" ) !� 3 & �/ ( �0& . . ��) !� �A7��* � �

�) & �. �!" * �!� %�" �� � �00&  �" !� �- & & ���) #. �%& - !� %�#� . �!� �0( 7��$  & !�&  ��) !� ��) #. �!� %��) & ( �

/ !��&  ( �#. �" !00& %����%& 0#8 &  ��) & �. ) � �4!00�4� �!�/  #& 4��#- & 7�

�

�

�

�
��!%�

B* � C�

�

��2 &  �

� !" �� �

��!" * �

��2 &  �
B* � C�

	�� 8 &  �&  �

��2 &  ������������������������������������������������������
B* � C�

�  !� . #�#�� ��

� !��&  ( ��& !* ��
	,   & � ������B� C�

��!%�

� ,  !�#�� �

A� �7���& !%� A7��� A7AD� ��7D�� ��- #� �

��7�� �7���& !%� �7A�� �7DD� �7E�� ��- #� �

A� �7���& !%� A7�E� A7A�� �� ��- #� �

� � � � � �



 
 
 

29 

4.5 
� 8 &  �&  �� & . �. 7
� 8 &  �&  �� & . �. 7
� 8 &  �&  �� & . �. 7
� 8 &  �&  �� & . �. 7����

�

� � %�, / 0& � " �� 8 &  . #�� � � ��� ) !. � �) & � !%8 !� �!3 & � �4� !� " �� �#� , �, . � �, �' , �� 8 �0�!3 & �

2 !8 & 4� - �, ' �� �� !� . 4&  ��4�0�!%�4 �- �- !#� . ����/ !��&  ( �/ !� * �� �8 #" & �8 &  . !7�� ) & �� ���

, . & %�!%) &  & . ����
�	�1����>��" 0!. . #4#" !�#�� ��4�%�, / 0& �" �� 8 &  . #�� �� ��7�

�

� ) & ��, �' , ��2 !8 & 4� - . �) !8 & �/ & & � ��/ . &  8 & %�2 ) #0& �'  �8 #%#� 3 � !�& %�' �2 &  ��4��* � ��� �

4!#0,  & ��4� - !#� . �!� %� & �,  � ��4� - !#� . 7� � ) & ( �%�� � ��� . ) �2 �!� ( �%#' . �� �%#. " �� �#� , #�#& . �

0#* & �' ) !. & �" ) !� 3 & 7�� ) & �� !� . #�#�� �' �2 &  �#. �. , ' ' 0#& %�/ ( �/ !��&  ( �!� %��) & �4, & 0�" & 00�. �!" * �

. �! �. �, ' �2 #�) #� �!�- #� , �& �!. �'  & 8 #�, . 0( ��/ . &  8 & %7�� ) & �- !#� . �!� %�#� 8 &  �&  ��, �' , ��! & �

� ���. ( � " )  �� #I & %6�) & � " & ��) & �' ) !. & �%#44&  & � " & �/ & �2 & & � ��) & ��2 ��2 !8 & 4� - . �B4#3 ,  & ����

!� %��AC7� ) & �� & 9 ��. & ���4��& . �. �%& !0�2 #�) ��) & �" ) !� 3 & �#� �#� 8 &  �&  �8 �0�!3 & �2 ) & � �" ) !� 3 & �#� �

0�!%#� 3 � #� � 0�!%#� 3 � �!* & . � ' 0!" & 7� � ) #. � #. � �/ . &  8 & %� B4#3 ,  & � ��C� !�� 2 ) #0& � . 2 #�" ) #� 3 � #� �

 & . #. �#8 & �0�!%. ��4�A* � �!� %�4�, � %����/ & �8 &  ( �. �!/ 0& 7�

�

� ) & �- !#� . �' �2 &  �4!" �� �4� ��) & �" ,   & � ��% !2 � �/ ( ��) & � & " �#4#&  �#. �- & !. ,  & %����/ & �� & ! �

� �� 6�" �� 4# - #� 3 ��) & �!" �#8 & �' �2 &  �4!" �� ��& " ) � #< , & . �, . & %�/ ( ��) & � & " �#4#&  7�

�

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & ���������7�� !#� . �4!#0,  & �!��4, 00�0�!%��4��7�* �7�� !#� . �4!#0,  & �!��4, 00�0�!%��4��7�* �7�� !#� . �4!#0,  & �!��4, 00�0�!%��4��7�* �7�� !#� . �4!#0,  & �!��4, 00�0�!%��4��7�* � ����

�



 
 
 

30 

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & ��A�A�A�A7�� !#� . � & �,  � �!��4, 00�0�!%��7�* �7�� !#� . � & �,  � �!��4, 00�0�!%��7�* �7�� !#� . � & �,  � �!��4, 00�0�!%��7�* �7�� !#� . � & �,  � �!��4, 00�0�!%��7�* � ����

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & ���������7�
� 8 &  �&  �8 �0�!3 & �!��#� "  & !. #� 3 �. �& ' �0�!%. ��4�7�
� 8 &  �&  �8 �0�!3 & �!��#� "  & !. #� 3 �. �& ' �0�!%. ��4�7�
� 8 &  �&  �8 �0�!3 & �!��#� "  & !. #� 3 �. �& ' �0�!%. ��4�7�
� 8 &  �&  �8 �0�!3 & �!��#� "  & !. #� 3 �. �& ' �0�!%. ��4�A* �A* �A* �A* � ����

�



 
 
 

31 

4.6 	�� " 0, . #��	�� " 0, . #��	�� " 0, . #��	�� " 0, . #�� ����

�

� ) & �' &  4� - !� " & ��4��) & �4, & 0�" & 00�2 ) #0& �'  �8 #%#� 3 �' �2 &  ����8 ! #�, . ��( ' & . ��4�0�!%. �) !. �

/ & & � � . �, %#& %7� 
�� ) !. � ' &  4� - & %�  & 0#!/ 0( � , � %&  � " �0%� @� . �! �� , ' � " �� %#�#�� . � !� %�

��) &  2 #. & 6� #� � 8 ! #�, . � ' �2 &  �  !� 3 & . 7� � ) & � . ( . �& - � 2 !. � !/ 0& � ��� ) !� %0& � %( � !- #" �

0�!%#� 3 6� , ' � ��� #�. �  !�& %� �, �' , �� 2 #�) �, �� !� ( � - !04, � " �#�� 7� 
�� !0. �� 2 !. � !/ 0& � ���  , � �

& 44#" #& � �0( � !� %� '  �' &  0( � 4� � �) & � 0�� 3 &  � %,  !�#�� � �4� �& . �#� 3 � #� � . �!* � �& . �. 7� � �� !� ( �

" �� %#�#�� ��) & �. ( . �& - �!02 !( . �. �! ��, ' �#� �0& . . ��) !� �!�- #� , �& 7�

�

� ) & � - �� �) 0( � " �� %#�#�� #� 3 � " ( " 0& . � 2 &  & � !0. �� �/ . &  8 & %� ��� / & � & 44& " �#8 & 7� � ) & � � 	� / , . �

. ( . �& - � !02 !( . � - !#� �!#� . � �) & � / !��&  #& . � #� � " ) ! 3 & %� " �� %#�#�� 7� �#�) &  � !� ) #3 ) � / !��&  ( �

%#. " ) ! 3 & � " ,   & � ��� � 0�2 &  #� 3 � / , . � 8 �0�!3 & 6� . #3 � #4( #� 3 � 0�. . ��4� - !#� . � ' �2 &  6� � #3 3 &  . �

�) & �4, & 0�" & 00�. �! ��, ' F�2 ) &  & �/ ( �#��#. �!/ 0& ���� & >" ) ! 3 & ��) & �/ !��&  #& . �4� ��) & �� & 9 ��' �2 &  �

0�. . 7�� ) #. �!0. ��& � . ,  & . ��) &  & �! & �� ��4!0. & �� �� , #. !� " & �. �! ��@�, ' =. 7�� ) & �" !' !" #�( ��4��) & �

/ !��&  #& . �! & �- � & � �) !� �!%& < , !�& 6� . #� " & � �) & � / !��&  #& . � �) & - . & 08 & . � " !� � '  �8 #%& �  !�& %�

' �2 &  � , ' � ��� A�� - #� , �& . 6� 2 ) &  & !. � �) & � 4, & 0� " & 00� !02 !( . � . �! �& %� , ' � #� � 0& . . � �) !� � !�

- #� , �& 7�

�

� ) & � . �4�2 ! & � " �� � �0. � ! & � ) #3 ) 0( � #� 4� - !�#8 & � !� %� !00�2 � & 9 �& � . #8 & � �' &  !�� �

#� �&  8 & � �#�� 7� � ) #. � !00�2 . � !� � !#� & %� �' &  !�� � ��� & !. #0( � %#!3 � �. & � � �  & " �� %#�#�� � �) & �

. ( . �& - 7�� ,  #� 3 ��) & �" �,  . & ��4��& . �#� 3 ��) & �. ( . �& - �2 !. �. , / +& " �& %����!��0& !. ��A���. �! �>

. ��' . 7�
��) !. �� & 8 &  �4!#0& %����. �! ��, ' �" �  & " �0( �!� ( ��#- & 7�� ) & �. ( . �& - �) !. �'  �8 & %�#��#. �

" !' !/ 0& ��4� . &  8 #� 3 �!. �!� & 0#!/ 0& � / !" * � , ' �. ( . �& - 7� � ) & � �& . �#� 3 �) !. �  & . , 0�& %�#� �!�3  & !��

" �� 4#%& � " & �#� ��) & �'  �%, " ��!� %�#�. �' ��& � �#!0�#� ��) & �/ !" * �, ' �#� %, . � ( 7�

�

� �4#3 ,  & ��4�. 0& 2 � !�& ��4�' �2 &  �#. �, . & 4, 06�/ , ��" �, 0%�� ���/ & �4�, � %�2 #�) �, ���) & �) & 0' ��4�

. ' & " #!0� & < , #' - & � �7� � ( � � !�,  & 6� �) & � 4, & 0� " & 00� " !� � ��� #� "  & !. & � #�. � �, �' , �6�

#� . �!� �!� & �, . 0( 7� � ) & � , . & � �4� / !��&  #& . � #�. & 046� �) �, 3 ) � !� 8 &  ( � . - !00� � , - / &  � !� %�

" !' !" #�( 6� #. � . �- & �#- & . � . & & � � !. � !� 2 & !* &  � 0#� * � #� � �) & � . ( . �& - 7� � %8 !� " & . � #� � , 0� !�

" !' !" #�� � �& " ) � �0�3 ( � ) !8 & � & � !/ 0& %� . �- & � - !� , 4!" �,  &  . � ��� & 0#- #� !�& � / !��&  #& . �

!0��3 & �) &  7� � 0� !� " !' !" #�� . � ! & �  !�& %� 4� � ) #3 ) � � , - / &  � �4� " ) ! 3 & >%#. " ) ! 3 & � " ( " 0& . �

2 #�) � ) #3 ) � " !' !" #�( 7� � �) &  � - !� , 4!" �,  &  . � - !( � !%!' �� �) #. � �& " ) � �0�3 ( � !. � #�� �44&  . �

3  & !�&  � & 0#!/ #0#�( ��8 &  �/ !��&  #& . 7�

�

�



 
 
 

32 

5 � 
�	� ��
� � �� � ��� � 
	
�� 	�� 
�	� ��
� � �� � ��� � 
	
�� 	�� 
�	� ��
� � �� � ��� � 
	
�� 	�� 
�	� ��
� � �� � ��� � 
	
�� 	� ����

�

�44#" #& � " ( ��4�� , & 0�" & 00. �, � 0#* & �" �- / , . �#�� �& � 3 #� & . �#. �� ���#� � #� . #" !00( �0#- #�& %7�� !" �� . �

. , " ) �!. � #� �&  � !0�  & . #. �!� " & � 0#- #�� �) & � & 44#" #& � " ( �!" ) #& 8 & %� / ( � 4, & 0� " & 00. � #� � '  !" �#" & 7� 
� �

" !0" , 0!�#� 3 � �) & � & 44#" #& � " ( � !" ) #& 8 & %� #� � �) #. � #� . �!00!�#�� 6� � !� . - #. . #�� � 0�. . & . � ! & � � ���

�!* & � � #� ���!" " �, � �7� 
� �!%%#�#�� 6�%, & � ��� , . & ��4� �) & � - & !. ,  & %�!� %� < , ��& %� 4#3 ,  & . � 4� �

) #3 ) &  �& � %�' �2 &  � !� 3 & ��) & �2 � . �>" !. & �& 44#" #& � " ( �" !� �/ & �!  #8 & %�!�7�

�

� ) & � - !9 #- , - �  !�& � �4� " �� . , - ' �#�� � �4� ) ( % �3 & � � #. � �!* & � � 4 �- � �) & � . ' & " #4#" !�#�� . 7�

� ) & �4, & 0�" & 00�. �!" * �, . & . �1����!� %! %��#� & . ��4�) ( % �3 & � �' &  �- #� , �& �2 ) & � �%& 0#8 &  #� 3 �!�

0�!%��4��* � 7�1������ �#. �!�2 � . ��" !. & �. " & � ! #��!� %�2 !. �� & 8 &  �!" �, !00( �. & & � �%,  #� 3 �

�& . �#� 3 7� � ) & � & < , #8 !0& � �� & 0& " � #" !0� & � &  3 ( � #� � �) & �1�� 0#� & . ��4� ) ( % �3 & � � , . #� 3 � �) & ��
 ;�

8 !0, & ��4�) ( % �3 & � �#. �!' '  �9 #- !�& 0( �A�7�* � 7�
��" !� �/ & �! 3 , & %��) !��%, & �����) & �, . & ��4�!�

) , - #%#4#&  � #� � �) & � . ( . �& - � ( �, � " �, 0%� , . & � �) & � 
 
 ;� - , " ) � 0#* & � #� � !� " �� %& � . #� 3 � 3 !. �

/ �#0&  7� � ) & � . �!" * � '  �%, " & . � !� ) #3 ) &  � ' �2 &  � �) !� � �, �' , �� 4� � ' �2 &  #� 3 � �) & � !, 9 #0#! ( �

0�!%. 7� � ) & �!" �, !0� ' �2 &  � " �� . , - & %�/ ( � �) & �!, 9 #0#! ( � " # " , #�. � #. �%#44#" , 0�� ���%& �&  - #� & �

!�� !� ( � 3 #8 & � � �#- & � %, & � ��� � �� >' &  #�%#" � �' &  !�#�� � �4� �) & � ) & !�&  . � !� %�  !%#!�� � 4!� 6�

2 ) #" ) �" �� . , - & ��) & �- �. ��' �2 &  7�
� . �& !%��4�4#� %#� 3 ��) & �& 44#" #& � " ( ��4�& 0& " � �>" ) & - #" !0�

& � &  3 ( � " �� 8 &  . #�� 6� !� 4#3 ,  & � �4� 4, & 0� " & 00� '  �" & . . � & 44#" #& � " ( � " !� � / & � " !0" , 0!�& %7� � ) #. �

�!* & . �#� ���!" " �, � ���) & �' �2 &  �" �� . , - & %�/ ( ��) & �. ( . �& - 7�� ) #. �4#3 ,  & ��4�& 44#" #& � " ( �!0. ��

" �8 &  . � �) & � 0�. . & . � #� � �) & � � 	>� 	� " �� 8 &  �&  � , . & %� #� � �) & � 4, & 0� " & 00� . ( . �& - 7� � ) , . 6� !� �

�8 &  !00�4#3 ,  & ��4�& 44#" #& � " ( �4� �" �� 8 &  . #�� ��4�" ) & - #" !0�& � &  3 ( ����& 0& " � #" !0�& � &  3 ( �" !� �

/ & �%&  #8 & %�4 �- ��) & . & �!/ �8 & �8 !0, & . 6�2 ) #" ) �#. ��D7�G 7�

�

�

� #3 ,  & �� #3 ,  & �� #3 ,  & �� #3 ,  & ���������7��44#"7��44#"7��44#"7��44#" #& � " ( �#� ��) & �'  �" & . .#& � " ( �#� ��) & �'  �" & . .#& � " ( �#� ��) & �'  �" & . .#& � " ( �#� ��) & �'  �" & . . ����

�

� ) & � & 44#" #& � " ( � �4� #� 8 &  �&  . � 8 ! #& . � / & �2 & & � � - !� , 4!" �,  &  . 7� � . #� 3 � �) & � 8 !0, & � �4�

& 44#" #& � " ( ��4�E�G � '  �8 #%& %� 2 #�) � �) & � . ' & " #4#" !�#�� . ��4� �) & � ' ! �#" , 0! � / & #� 3 � , . & %6� �) & �

" �- ' 0& �& � . ( . �& - � & 44#" #& � " ( � #. � " !0" , 0!�& %� ��� / & � !�� ��G 7� � ) #. � 4#3 ,  & � #. � ! �, � %� �) & �

- !9 #- , - �& 44#" #& � " ( �!" ) #& 8 & %�#� �'  !" �#" & �4� ���� �4, & 0�" & 00. 7�

�


- '  �8 & - & � ��#� �& 44#" #& � " ( �2 #00�. &  8 & ����& 9 �& � %��) & � , � ��#- & ��4�!�3 !. �#� . �!00!�#�� 7��
4�

�) & � 4, & 0� " & 00� , . & %� �) & � 3 !. � - � & � & 44#" #& � �0( 6� ( �, � " !� � 0��* � ��� . & & � 3  & !�&  �  , � �#- & . 7��

� 0�) �, 3 ) 6� !. � �) & � !' ' 0#" !�#�� � #. � � ��6� & 44#" #& � " ( � #. � � ��� . & & � � !. � !� - !+� � ) ,  %0& 6� �) & �

0�!%�#. ��) & �'  #� #�( 7��� !� ( �/ & 0#& 8 & ��) !���) & �4, & 0�" & 00�� ���2 #00�'  �8 #%& �3  & !�&  �4, & 0����

& 0& " � #" !0�& 44#" #& � " ( ��8 &  �!�' & � �0�� �%#& . & 0�3 & � . & �7��� ) #. �2 !. �/ & ( �� %��) & �. " �' & ��4��) #. �

 & ' � ��!� %�2 #00�� ���/ & �" �- - & � �& %��� �4,  �) &  7�

�

 
Fuel Cell 

Stack 

 
Inverter 

� = 90% 

Process efficiency, � =34 % 

� = 37.8% 



 
 
 

33 

6 �
� ��	� 	���� � � ���
� $�
� ��	� 	���� � � ���
� $�
� ��	� 	���� � � ���
� $�
� ��	� 	���� � � ���
� $ ����

�

�

� ) & �4, �,  & ��4��) #. ��& " ) � �0�3 ( �!. �!�/ !" * �, ' �. ( . �& - �2 #00�%& ' & � %�!�0����� �#�. �' &  " & #8 & %�

" �. �7��#� " & ��) & ��& " ) � �0�3 ( �) !. �� ���- !�,  & %�0#* & �/ !��&  ( �� ��=6��) & �#� #�#!0�" !' #�!0�" �. ��

2 #00� %& 4#� #�& 0( � ' , �� �44� !� ( � #� �&  & . �& %� " , . ��- &  7� � ) #. � . & " �#�� � 0��* . � %& & ' &  � #� ��� �) & �

4!" �� . �/ , #0%#� 3 �, ' ��) & �" �. ��!��!�" �- ' 0& �& �#� . �!00!�#�� �#� �/ ��) �!�/ !��&  ( �� ���!� %�4, & 0�

" & 00�� ��7�� ) & �!� � , !0�" �. �. ��8 &  �!� & !. �� !/ 0& �0#4& �#- & �! & ��!* & � �!� %��) & �� & ��'  & . & � ��

8 !0, & �#. �" !0" , 0!�& %7�� ) #. �. ) �, 0%��44&  �!�" 0& ! �' #" �,  & ��4��) & �" �. �. �#� 8 �08 & %6�/ ��) �#� #�#!0�

!� %�!� � , !0����- !* & �!�%& " #. #�� 7�

�

��- & ��4��) & �4!" �� . �" �� . #%&  & %�! & 6�

�

• 	!' #�!0� " �. �. � 4� � !" < , #. #�#�� � !� %� #� . �!00!�#�� � � B	� ��: C� #� " 0, %#� 3 � / !��&  ( �

 & ' 0!" & - & � ��" �. �. �

• � ' &  !�#� 3 �	�. ��& 8 &  ( �( & ! �B� ��: C��

• � & ��� & . & � ��;!0, & �B� �;C��4� �) & �" �. ��#� " ,   & %��8 &  �!��& � �( & ! �' &  #�%�!%+, . �& %�

4� �" !' #�!0�!00�2 !� " & . �!� %��!9 �

• � . . , - & . � �2 �� 4!#0,  & . � & !" ) � ( & ! �  & < , # #� 3 �  & " ) ! 3 #� 3 � �4� ) ( % �3 & � � " ( 0#� %&  . �

!4�&  �& !" ) �. ) , ��%�2 � 7�

• �0, 3 �' �2 &  �$ & � " � & ��� ���- �%& 0�#. �, . & %�!. �!� & 4&  & � " & �4� �!�4, & 0�" & 00�. ( . �& - 7�

	�. ���4�/ !��&  ( �� ���! & �4 �- �< , ��!�#�� . ��4�/ & . ��'  #" & �3 #8 & � 7�

�

� ��) ��4��) & �. ( . �& - . 6�/ !��&  ( 6�!� %�4, & 0�" & 00��( ' & �) !8 & �8 ! #�, . �!. . �" #!�& %�" �. �. 7���- & �

�4� �) & - � - !( � / & � " �- ' ! !/ 0& � 0#* & 6� " �- - #. . #�� #� 3 � !� %� #� . �!00#� 3 6� !� � , !0�

- !#� �& � !� " & 6� 2 ) #0& � . �- & ��4� �) & - � - !( � / & � ) #3 ) &  � #� ��� & � �( ' & � �) !� � �) & ���) &  � - !( 7�

� � �& 9 !- ' 0& 6� & 4#00#� 3 �" �. �. �! & �!/ . & � ��#� �!�/ !��&  ( �� ��7�� ) &  & !. �" !' #�!0�" �. ���4��) & �

" ( 0#� %&  . � #. � � ��� !" " �, � �& %� . #� " & � �) & . & � ! & �  & � �& %6� , � 0#* & � �) & � / !��&  #& . � 2 ) #" ) � ! & �

/ �, 3 ) �� , ' 4 �� �7� 
� . �!00!�#�� � #. �  & < , # & %� #� � / ��) � . ( . �& - . 7� 
� � !� 4, & 0� " & 00� . ( . �& - 6� �) & �

- !� #4�0%6�3 !. �" !3 & 6�!� %�' #' #� 3 �! & �� & & %& %7�
� �" !. & ��4�!�/ !��&  ( �/ !� * 6�!���2 &  �� �!� ( �

��) &  �. ( . �& - �� & & %. ����/ & �#� . �!00& %7��#� " & ��) & ( �! & �) & !8 ( 6��) & �40�� �- !( �� & & %����/ & �

'  & ' ! & %� � � !%%#�#�� !0�  & #� 4� " #� 3 �  & < , # & %7� � ) & � / !��&  #& . � � & & %� ��� / & � . �� & %� !�� !�

" �� . �!� �� �& - ' &  !�,  & � 4� � �) & � - !9 #- , - � 0#4& �#- & 7� � . , !00( � 4� � / #3 3 &  � #� . �!00!�#�� . 6�

�& - ' &  !�,  & � " �� � �00& %� & � 8 # �� - & � �� #. � '  �8 #%& %7� � ) &  & 4� & � �) &  & �! & � - !� ( � 4!" �� . �

2 ) #" ) � " !� � / & � �!* & � � #� ���!" " �, � �� ��� - !* & � �) #. � " �- ' ! #. �� � !. �%& �!#0& %�!. � ' �. . #/ 0& 7�


 �2 & 8 &  6�!�%& " #. #�� � " !� � / & �!  #8 & %�!�� / & � 0��* #� 3 �!�� . �- & � / !. #" � " �. �. �!� %� - !* #� 3 �

. �- & �!. . , - ' �#�� . �/ !. & %��� �. #- #0! �- ! * & ��'  #" & 7�

�

��- & ��4��) & �" �. �. �� ����!* & � �#� ���!" " �, � ��! & ��

�

• 	�. ���4�%& 0#8 &  ( ��44�0�!%6�� !� . ' � ���4��) & �/ !��&  ( �/ !� * . �!� %��!9 ��

• 	�. ���4�- !#� �!#� #� 3 ��) & ��& - ' &  !�,  & ��4��) & �/ !��&  ( �/ !� * ��

• 	�. �. � !. . �" #!�& %� 2 #�) � . ' !" & � �" " , ' #& %6� !%%#�#�� !0� " �� . � , " �#�� � 2 � * 6� !� %�

%#. ' �. !07�

• 
�� #. � !. . , - & %� �) & � / !��&  ( � / !� * � #. � . �� & %� !�� � !  �2 � / !� %� �4� �' &  !�#� 3 �

�& - ' &  !�,  & �& � . ,  #� 3 �- !9 #- , - �0#4& �#- & 7�



 
 
 

34 

• 	�. ���4� & � �#� 3 6� & 4#00#� 3 ��4�" ( 0#� %&  . � & - !#� . �" �� . �!� ��%,  #� 3 ��) & �0#4& ��#- & �
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5 Data available on request from SiGEN Ltd. 
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Low Base High
Battery acquisition costs £325.00 £350.00 £425.00

Autonomy 6 hour(s) 8 hour(s) 8 hour(s)

Failure Frequency 1 time(s) per year 2 time(s) per year 4 time(s) per year

Tax Rate 25% 35% 35%

Discount Rate 5% 10% 15%

Tax Depreciation 3 years 5 years 6 years

Annual Service costs engineer £400 £500 £600

Annual Service costs, consumables £200 £300 £400

Gas costs £25.00 £29.32 £35.00

Delivery Costs £20.00 £25.95 £30.00

Rental Costs £55.00 £65.80 £75.00

Control Panel £400 £500 £600

Cabinet £600 £750 £900

Hydrogen Installation £700 £750 £800

5kW Inverter system £2,500 £3,000 £3,250

5kW System Installation £1,500 £1,800 £2,000

5kW Battery cabinet/racking £1,900 £2,000 £2,100

5kW Battery Monitoring £900 £1,000 £1,100

5kW Hydrogen Fuel Cell £7,000 £8,750 £9,250
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Low Base High

Capex £12,000 £14,600 £17,300

Operating costs £600 £800 £1,000

Total Lifetime costs £6,000 £8,000 £10,000

Plant replacement costs £7,000 £9,000 £11,000

Total Lifetime costs £27,600 £31,600 £35,600

NPV £15,559 £19,509 £23,533

Capex £12,700 £15,500 £16,800

Operating costs £940 £1,206 £1,470

Total Lifetime costs 9400 £12,060 £14,700

Plant replacement costs - - -

Total Lifetime costs £22,100 £27,610 £31,500

NPV £13,613 £16,897 £18,995

Fuel cell Variance £1,946 £2,612 £4,538
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7 Characterisation of Fuel cell based UPS – URN No 04/1399 (www.dti.gov.uk/renewables/renew_6.1f.htm)  
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10 APPENDIX A – Additional Graphs of tests in section 3 
 

10.1.1 Cold Start Resistive Load, 3kW – Graphs (Refer section 3.2.1) 
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Figure 26. Cold start resistive load, 3kW. Stack Power Vs time 
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Figure 27. Cold start resistive load, 3kW. Stack Voltage Vs time 
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Battery Current
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Figure 28. Cold start resistive load, 3kW. Battery current Vs time 
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Figure 29. Cold start resistive load, 3kW. Stack current Vs time 
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Remote Bus Voltage

52.8

53

53.2

53.4

53.6

53.8

54

54.2

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Minutes

V
ol

ta
ge

 ( 
V

 )

 
Figure 30. Cold start resistive load, 3kW. Battery Voltage Vs time 

Converter Out Current

-20

0

20

40

60

80

100

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Minutes 

C
ur

re
nt

 ( 
A

m
ps

 )

 
 

Figure 31. Cold start resistive load, 3kW. Converter current Vs time 
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Figure 32. Cold start resistive load, 3kW. Auxiliary current Vs time 
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Figure 33. Cold start resistive load, 3kW. Converter Voltage Vs time 
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Transient Observation
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Figure 34.Cold start resistive load 3kW. Transient parameters Vs time 
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Figure 35 Cold start resistive load 3kW.Coolant temperature with time 
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Figure 36. Cold start resistive load 3kW. System efficiency 
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Figure 37. Cold start resistive load, 3kW. Hydrogen consumption Vs time 
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10.1.2 Cold Start Resistive load, 4.5kW - Graphs (Refer section 3.2.1) 
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Figure 38. Cold start resistive load – 4.5 kW, Stack power Vs time 
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Figure 39. Cold start resistive load, 4.5kW. Stack Voltage Vs time 
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Figure 40. Cold start resistive load, 4.5kW. Stack Current Vs time 
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Figure 41. Cold start resistive load, 4.5kW. Battery Current Vs time 
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Figure 42 Cold start resistive load, 4.5kW. Battery Voltage Vs time 
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Figure 43. Cold start resistive load, 4.5kW. Converter current Vs time 
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Figure 44. Cold start resistive load, 4.5kW. Converter Voltage Vs time 
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Figure 45. Cold start resistive load, 4.5kW. Auxiliary current Vs time 



 
 
 

55 

Transient Observation
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Figure 46. Cold Start Resistive load 4.5kW. Transient observations 
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Figure 47. Cold start resistive load, 4.5kW. Coolant Temperature Vs time 
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Figure 48. . Cold start resistive load, 4.5kW. Hydrogen usage Vs time 
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Figure 49. Cold start resistive load, 4.5kW. System Efficiency Vs time 



 
 
 

57 

10.1.3 Cold start capacitive load, 2kW 0.8Lead – Graphs. (Refer section 3.2.2) 
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Figure 50. Cold start capacitive load, 2kW 0.8Lead. Stack Power Vs time 
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Figure 51. Cold start capacitive load, 2kW 0.8Lead. Stack Voltage Vs time 
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Figure 52. Cold start capacitive load, 2kW 0.8Lead. Stack current Vs time 
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Figure 53. Cold start capacitive load, 2kW 0.8Lead. Battery Current Vs time 
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Figure 54. Cold start capacitive load, 2kW 0.8Lead. Battery Voltage Vs time 
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Figure 55. Cold start capacitive load, 2kW 0.8Lead. Converter Voltage Vs time 
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Figure 56. Cold start capacitive load, 2kW 0.8Lead. Converter Current Vs time 
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Figure 57. Cold start capacitive load, 2kW 0.8Lead Auxiliary Current Vs time 
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Transient Observation
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Figure 58. Cold start capacitive load, 2kW 0.8Lead. Transient Parameters Vs time 
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Figure 59. Cold start capacitive load, 2kW 0.8Lead. Coolant Temperature Vs time 
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Figure 60. Cold start capacitive load, 2kW 0.5LeadHydrogen usage Vs time 
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Figure 61. Cold start capacitive load, 2kW 0.8Lead. System Efficiency Vs time 
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10.1.4 Cold Start Capacitive load 2kW 0.5 Lead (Refer section 3.2.2) 
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Figure 62. Cold start capacitive load, 2kW 0.5Lead. Stack Power Vs time 
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Figure 63. Cold start capacitive load, 2kW 0.5Lead. Stack Voltage Vs time 
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Figure 64. Cold start capacitive load, 2kW 0.5Lead. Stack current Vs time 
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Figure 65. Cold start capacitive load, 2kW 0.5Lead. Battery Current Vs time 
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Figure 66. Cold start capacitive load, 2kW 0.5Lead. Battery Voltage Vs time 
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Figure 67. Cold start capacitive load, 2kW 0.5Lead. Converter Voltage Vs time 
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Figure 68. Cold start capacitive load, 2kW 0.5Lead. Converter Current Vs time 
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Figure 69. Cold start capacitive load, 2kW 0.5Lead Auxiliary Current Vs time 
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Transient Observation
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Figure 70. Cold start capacitive load, 2kW 0.5Lead. Transient Parameters Vs time 
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Figure 71. Cold start capacitive load, 2kW 0.5Lead. Coolant Temperature Vs time 
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Figure 72. Cold start capacitive load, 2kW 0.5LeadHydrogen usage Vs time 
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Figure 73. Cold start capacitive load, 2kW 0.5Lead. System Efficiency Vs time 
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10.1.5 Cold start capacitive load 4 kW 0.8 Lead (Refer section 3.2.2) 
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Figure 74. Cold start capacitive load, 4kW 0.8Lead. Stack Power Vs time 
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Figure 75. Cold start capacitive load, 4kW 0.8Lead. Stack Voltage Vs time 
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Figure 76. Cold start capacitive load, 4kW 0.8Lead. Stack current Vs time 
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Figure 77. Cold start capacitive load, 4kW 0.8Lead. Battery Current Vs time 
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Figure 78. Cold start capacitive load, 4kW 0.8Lead. Battery Voltage Vs time 
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Figure 79. Cold start capacitive load, 4kW 0.8Lead. Converter Voltage Vs time 
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Figure 80. Cold start capacitive load, 4kW 0.8Lead. Converter Current Vs time 
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Figure 81. Cold start capacitive load, 4kW 0.8Lead Auxiliary Current Vs time 
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Transient Observation
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Figure 82. Cold start capacitive load, 4kW 0.8Lead. Transient Parameters Vs time 
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Figure 83. Cold start capacitive load, 4kW 0.8Lead. Coolant Temperature Vs time 
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Figure 84. Cold start capacitive load, 4kW 0.8LeadHydrogen usage Vs time 
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Figure 85. Cold start capacitive load, 4kW 0.8Lead. System Efficiency Vs time 
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10.1.6 Soak tests graphs. (Refer section 3.2.5) 
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Figure 86. Soak test - Run 1, Stack voltage Vs time 
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Figure 87. Soak test – Run 1, System efficiency Vs time 
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Figure 88. Soak test- Run 2. Stack voltage Vs time 
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Figure 89. Soak test – Run 2. System efficiency Vs time. 
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Figure 90. Soak test – Run 3, Stack voltage Vs time 
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Figure 91 Soak test- run three – System efficiency Vs time. 
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10.1.7 Load switching graphs. (Refer section 3.4) 
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Figure 92. Transient parameters in 1kW switching load 
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Figure 93. Transient parameters at 2kW switching load 
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Transient Observation
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Figure 94. Transient parameters 0.5kW – 4.5kW alternate switching 
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Figure 95. Transient parameters at 1kW, 0.8 Lead Load switching 
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Figure 96. Transient parameters at 2.5kW 0.5Lead switching load 
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Figure 97. Transient parameters at 4kW 0.8Lead Switching loads 


