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�R�I���W�K�H���I�X�H�O���F�H�O�O���L�W�V�H�O�I�����)�R�U���W�K�L�V���S�X�U�S�R�V�H�����D�������� �F�P�ð���3�(�0���V�L�Q�J�O�H���F�H�O�O���K�D�V���E�H�H�Q���G�L�U�H�F�W�O�\���K�\�E�U�L�G�L�]�H�G���W�R���D���V�W�D�F�N���R�I���W�K�U�H�H��
�S�D�U�D�O�O�H�O�H�G���������� �)���V�X�S�H�U�F�D�S�D�F�L�W�R�U�V���D�V���V�K�R�Z�Q���V�F�K�H�P�D�W�L�F�D�O�O�\���L�Q���)�L�J�X�U�H���������7�K�H���R�E�W�D�L�Q�H�G���V�\�V�W�H�P���K�D�V���E�H�H�Q���R�S�H�U�D�W�H�G���L�Q��
�W�K�H���(�X�U�R�S�H�D�Q���K�D�U�P�R�Q�L�]�H�G���)�X�H�O���&�H�O�O���'�\�Q�D�P�L�F���/�R�D�G���&�\�F�O�H�����)�&���'�/�&�����>�����@�����,�Q���V�X�F�K���F�\�F�O�H�V�����H�D�F�K���E�H�L�Q�J���������P�L�Q���O�R�Q�J����
�W�K�H���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\���L�V���Y�D�U�L�H�G���D�F�F�R�U�G�L�Q�J���D���G�H�I�L�Q�H�G���W�L�P�H���S�U�R�I�L�O�H���L�Q���W�K�H���U�D�Q�J�H�������±���� �$ �F�P���������7�K�H���I�O�R�Z���R�I���U�H�D�F�W�L�Q�J���J�D�V�H�V��
�L�V���W�R���Y�D�U�\���D�F�F�R�U�G�L�Q�J�O�\���W�R���P�D�L�Q�W�D�L�Q���I�L�[�H�G���V�W�R�L�F�K�L�R�P�H�W�U�\���I�D�F�W�R�U�V���R�I���K�\�G�U�R�J�H�Q���D�Q�G���D�L�U���R�[�\�J�H�Q���G�X�U�L�Q�J���W�K�H���F�\�F�O�H�����H�[�F�H�S�W��
�D�W���Y�H�U�\���O�R�Z���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\�����W�R���D�Y�R�L�G���S�R�V�V�L�E�O�H���V�W�D�U�Y�D�W�L�R�Q���R�I���W�K�H���F�H�O�O���F�D�X�V�H�G���E�\���L�Q�V�X�I�I�L�F�L�H�Q�W���D�F�F�X�U�D�F�\���R�I���W�K�H���J�D�V���I�O�R�Z��
�P�H�W�H�U�V���D�Q�G���W�K�H�L�U���V�O�R�Z���G�\�Q�D�P�L�F�V�����P�L�Q�L�P�X�P���K�\�G�U�R�J�H�Q���D�Q�G���D�L�U���I�O�R�Z���U�D�W�H�V���D�U�H���V�X�S�S�O�L�H�G�����H�Y�H�Q���D�W���Q�L�O���R�U���Y�H�U�\���O�R�Z���F�X�U�U�H�Q�W��
�G�H�Q�V�L�W�\�����)�R�U���R�S�H�U�D�W�L�R�Q���L�Q���W�K�L�V���F�\�F�O�L�F���P�R�G�H�����L�Q���Z�K�L�F�K���W�K�H���J�D�V�H�V���D�U�H���I�H�G���G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���F�X�U�U�H�Q�W���S�U�R�G�X�F�H�G���E�\���W�K�H��
�I�X�H�O���F�H�O�O���±���D�Q�G���Q�R�W���E�\���W�K�H�����)�&���6�&�����F�R�P�E�L�Q�D�W�L�R�Q�����V�H�H���)�L�J�X�U�H�����������W�K�H���S�U�H�V�H�Q�F�H���R�I���W�K�H���6�&���F�D�Q���E�H���D���S�R�W�H�Q�W�L�D�O���V�R�O�X�W�L�R�Q��
�W�R���L�P�S�U�R�Y�H���W�K�H���H�I�I�L�F�L�H�Q�F�\���L�Q���K�\�G�U�R�J�H�Q���X�V�H�����%�H�V�L�G�H�V���R�I���H�I�I�L�F�L�H�Q�F�\�����G�X�H���W�R���W�K�H���H�[�S�R�Q�H�Q�W�L�D�O���O�L�N�H���W�L�P�H���S�U�R�I�L�O�H�V���R�I���W�K�H��
�Y�R�O�W�D�J�H�V�� �D�I�W�H�U�� �D�� �V�X�G�G�H�Q�� �F�K�D�Q�J�H�� �L�Q�� �W�K�H�� �V�\�V�W�H�P�� ���R�Y�H�U�D�O�O���� �F�X�U�U�H�Q�W���� �O�H�V�V�� �V�L�J�Q�L�I�L�F�D�Q�W�� �D�J�L�Q�J�� �L�Q�� �O�R�Q�J���W�H�U�P�� �F�\�F�O�L�Q�J��
�D�S�S�O�L�F�D�W�L�R�Q���F�D�Q���E�H���D�O�V�R���H�[�S�H�F�W�H�G�����)�R�U���W�K�L�V���S�X�U�S�R�V�H�����O�R�Q�J���W�H�U�P���R�S�H�U�D�W�L�R�Q�V�����R�Y�H�U���������� �K���)�&���'�/�&�����R�I���K�\�E�U�L�G�L�]�H�G���D�Q�G��
�Q�R�Q���K�\�E�U�L�G�L�]�H�G���F�H�O�O�V���X�Q�G�H�U���V�L�P�L�O�D�U���F�R�Q�G�L�W�L�R�Q�V���K�D�Y�H���E�H�H�Q���F�R�P�S�D�U�H�G���L�Q���W�H�U�P�V���R�I���E�R�W�K���K�\�G�U�R�J�H�Q���F�R�Q�V�X�P�S�W�L�R�Q���D�Q�G��
�I�X�H�O���F�H�O�O�����0�(�$�����D�J�L�Q�J�����)�X�H�O���F�H�O�O���D�J�L�Q�J���H�Y�D�O�X�D�W�L�R�Q���K�D�V���E�H�H�Q���P�D�G�H���E�\���P�H�D�Q�V���R�I���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���P�H�W�K�R�G�V�����L���H�����Y�R�O�W�D�J�H��
�Y�V���F�X�U�U�H�Q�W���F�X�U�Y�H�V�����H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���L�P�S�H�G�D�Q�F�H���V�S�H�F�W�U�R�V�F�R�S�\���D�Q�G���G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���D�F�W�L�Y�H���D�U�H�D���D�Q�G��
�I�X�H�O���F�U�R�V�V�R�Y�H�U�� 
�,�Q���W�K�H���I�L�U�V�W���S�D�U�W�����H�[�S�H�U�L�P�H�Q�W�D�O���V�H�W�X�S���D�Q�G���S�U�R�W�R�F�R�O�����P�D�W�H�U�L�D�O�V���Z�H�U�H���G�H�V�F�U�L�E�H�G���L�Q���W�H�U�P�V���R�I���R�S�H�U�D�W�L�Q�J���F�R�Q�G�L�W�L�R�Q�V�����F�\�F�O�L�Q�J��
�R�S�H�U�D�W�L�R�Q�����H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���W�H�V�W�V�����7�K�H�Q�����W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���F�R�P�S�D�U�D�W�L�Y�H���W�K�H��
�O�R�Q�J���W�H�U�P�� �F�\�F�O�L�Q�J�� �Z�H�U�H�� �S�U�H�V�H�Q�W�H�G���� �L�Q���S�D�U�W�L�F�X�O�D�U���)�&���Y�R�O�W�D�J�H�� �H�Y�R�O�X�W�L�R�Q���L�Q���F�\�F�O�L�Q�J�� �R�S�H�U�D�W�L�R�Q���� �D�Q�G���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O��
�F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���U�H�V�X�O�W�V�����S�R�O�D�U�L�]�D�W�L�R�Q���F�X�U�Y�H�V�����K�\�G�U�R�J�H�Q���F�U�R�V�V�R�Y�H�U�����H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���D�F�W�L�Y�H���V�X�U�I�D�F�H���D�U�H�D�����D�Q�G���Y�D�U�L�R�X�V��
�U�H�V�L�V�W�D�Q�F�H���F�R�Q�W�U�L�E�X�W�L�R�Q�V���R�E�W�D�L�Q�H�G���E�\���P�H�D�Q�V���R�I���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���L�P�S�H�G�D�Q�F�H���V�S�H�F�W�U�R�V�F�R�S�\�����(�,�6�������)�L�Q�D�O�O�\�����K�\�G�U�R�J�H�Q��
�F�R�Q�V�X�P�S�W�L�R�Q���Z�D�V���G�H�W�H�U�P�L�Q�H�G���D�Q�G���G�L�V�F�X�V�V�H�G���L�Q���E�R�W�K���F�D�V�H�V�����W�R���H�Y�D�O�X�D�W�H���K�R�Z���G�L�U�H�F�W���K�\�E�U�L�G�L�]�D�W�L�R�Q���F�D�Q���F�R�Q�W�U�L�E�X�W�H���W�R��
�I�X�H�O���V�D�Y�L�Q�J�� 
 

2 �(�[�S�H�U�L�P�H�Q�W�D�O���6�H�F�W�L�R�Q 
 

2.1 �0�D�W�H�U�L�D�O�V���D�Q�G���2�S�H�U�D�W�L�Q�J���&�R�Q�G�L�W�L�R�Q�V�� 
�7�K�H�������� �F�P�ð���V�L�Q�J�O�H���I�X�H�O���F�H�O�O�����8�E�]�0�����8�O�P�����*�H�U�P�D�Q�\�����F�R�Q�V�L�V�W�H�G���L�Q���D���V�H�Y�H�Q���O�D�\�H�U���0�(�$�����3�D�[�L�W�H�F�K�����(�F�K�L�U�R�O�O�H�V�����)�U�D�Q�F�H����
�F�R�P�S�R�V�H�G���R�I���D���1�D�I�L�R�Q�Š�������������� �—�P���W�K�L�F�N���P�H�P�E�U�D�Q�H�����3�W���&���H�O�H�F�W�U�R�G�H�V���Z�L�W�K���D�������� �P�J �F�P�������D�Q�G�������� �P�J �F�P�������F�D�W�D�O�\�V�W��
�O�R�D�G�L�Q�J�� �D�W�� �W�K�H�� �F�D�W�K�R�G�H�� �D�Q�G�� �D�W�� �W�K�H�� �D�Q�R�G�H�� �U�H�V�S�H�F�W�L�Y�H�O�\���� �D�Q�G�� �R�I�� ������ �—�P�� �W�K�L�F�N���*�'�/�V�����)�U�H�X�G�H�Q�E�H�U�J���� �L�Q�F�O�X�G�L�Q�J�� �D��
�P�D�F�U�R�S�R�U�R�X�V���F�D�U�E�R�Q���I�L�E�H�U���S�D�S�H�U���D�Q�G���D���F�D�U�E�R�Q���E�O�D�F�N���P�L�F�U�R�S�R�U�R�X�V���O�D�\�H�U�� 



 

�7�K�H���F�H�O�O���W�H�P�S�H�U�D�W�X�U�H���Z�D�V���P�D�L�Q�W�D�L�Q�H�G���D�W�������� �.�����+�X�P�L�G�L�I�L�H�G���D�L�U�����D�W������ �����5�+�����D�Q�G���G�U�\���K�\�G�U�R�J�H�Q���D�W���D�P�E�L�H�Q�W���S�U�H�V�V�X�U�H��
�Z�H�U�H���V�X�S�S�O�L�H�G���W�R���W�K�H���F�D�W�K�R�G�H���D�Q�G���D�Q�R�G�H���V�L�G�H�V���Z�L�W�K���V�W�R�L�F�K�L�R�P�H�W�U�L�F���F�R�H�I�I�L�F�L�H�Q�W�V���R�I�����������D�Q�G�����������U�H�V�S�H�F�W�L�Y�H�O�\���I�R�U���D�L�U��
�D�Q�G�� �K�\�G�U�R�J�H�Q�����2�Q�F�H�� �P�R�X�Q�W�H�G�� �L�Q�� �W�K�H�� �I�X�H�O�� �F�H�O�O���� �W�K�H�� �I�U�H�V�K���0�(�$���Z�D�V�� �S�U�H�F�R�Q�G�L�W�L�R�Q�H�G�� �D�W�� �� �$ �F�P�������I�R�U�� ���� �K�����$�� �I�L�U�V�W��
�H�Y�D�O�X�D�W�L�R�Q���R�I���W�K�H���F�H�O�O���Z�D�V���F�D�U�U�L�H�G���R�X�W���I�R�O�O�R�Z�L�Q�J���W�K�H���S�U�R�W�R�F�R�O���G�H�W�D�L�O�H�G���L�Q���†���������W�R���F�K�D�U�D�F�W�H�U�L�]�H���W�K�H���I�X�H�O���F�H�O�O���L�Q���W�H�U�P�V��
�R�I���P�H�P�E�U�D�Q�H���U�H�V�L�V�W�D�Q�F�H�����F�D�W�D�O�\�V�W���D�F�W�L�Y�L�W�\���D�Q�G���I�X�H�O���F�U�R�V�V�R�Y�H�U���D�W���L�Q�L�W�L�D�O���V�W�D�W�H�� 
�,�Q�� �W�K�H�� �K�\�E�U�L�G�L�]�H�G�� �P�R�G�H���� �D�� �V�W�D�F�N�� �R�I�� �W�K�U�H�H���������� �)�� �V�X�S�H�U�F�D�S�D�F�L�W�R�U�V�� �L�Q�� �S�D�U�D�O�O�H�O�� ���6�$�)�7���� �%�R�U�G�H�D�X�[���� �)�U�D�Q�F�H���� �Z�D�V��
�F�R�Q�Q�H�F�W�H�G���W�R���W�K�H���F�H�O�O�����7�Z�R���Y�R�O�W�D�J�H���S�U�R�E�H�V���K�D�Y�H���E�H�H�Q���L�Q�V�W�D�O�O�H�G���L�Q���W�K�H���F�L�U�F�X�L�W���I�R�U���P�R�Q�L�W�R�U�L�Q�J���R�I�� �Y�R�O�W�D�J�H�V���8�6�&���D�Q�G��
�8�)�&�����W�K�H���S�U�H�V�H�Q�F�H���R�I���Z�L�U�H�V���D�Q�G���F�R�Q�Q�H�F�W�R�U�V���L�V���W�K�H���V�R�X�U�F�H���R�I���R�K�P�L�F���G�U�R�S�V�����Z�K�L�F�K���H�[�S�O�D�L�Q�V���W�K�D�W���W�K�H���W�Z�R���Y�R�O�W�D�J�H�V���F�D�Q��
�G�L�I�I�H�U���E�\���X�S���W�R�������� �P�9���D�W���K�L�J�K���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\�����2�Q�H���H�[�W�H�U�Q�D�O���S�U�R�E�H���Z�D�V���D�O�V�R���L�Q�V�W�D�O�O�H�G���I�R�U���P�R�Q�L�W�R�U�L�Q�J���R�I���W�K�H���I�X�H�O��
�F�H�O�O���F�X�U�U�H�Q�W���,�)�&�����7�K�H���V�X�S�H�U�F�D�S�D�F�L�W�R�U���F�X�U�U�H�Q�W���Z�D�V���V�L�P�S�O�\���G�H�G�X�F�H�G���I�U�R�P���W�K�H���P�H�D�V�X�U�H�G���O�R�D�G���D�Q�G���F�H�O�O���F�X�U�U�H�Q�W�V�����,�Q���W�K�H��
�S�U�H�V�H�Q�F�H�� �R�I�� �W�K�H�� �V�X�S�H�U�F�D�S�D�F�L�W�R�U�V���� �W�K�H�� �J�D�V�H�R�X�V�� �V�W�U�H�D�P�V�� �Z�H�U�H�� �V�X�S�S�O�L�H�G�� �W�R�� �W�K�H���)�&���Z�L�W�K�� �W�K�H�� �D�E�R�Y�H�� �V�W�R�L�F�K�L�R�P�H�W�U�L�F��
�F�R�H�I�I�L�F�L�H�Q�W�V�����OH2 �  ���������D�Q�G���Oair �  �������������R�Q���W�K�H���E�D�V�L�V���R�I���W�K�H���F�X�U�U�H�Q�W���G�H�O�L�Y�H�U�H�G���E�\���W�K�H���I�X�H�O���F�H�O�O�����,�)�&�����)�L�J�X�U�H�������� 
 

2.2 �&�\�F�O�L�Q�J���2�S�H�U�D�W�L�R�Q�� 
�7�K�H���E�H�Q�F�K���W�H�V�W���Z�D�V���I�X�O�O�\���F�R�Q�W�U�R�O�O�H�G���E�\���V�R�I�W�Z�D�U�H���&�R�Q�W�U�R�O�G�H�V�N�Š���F�R�X�S�O�H�G���W�R���D���G�6�3�$�&�(�Š���F�D�U�G�����%�\���P�H�D�Q�V���R�I���W�K�H���F�R�Q�W�U�R�O��
�V�R�I�W�Z�D�U�H���� �W�K�H�� �W�R�W�D�O�� �F�X�U�U�H�Q�W���,�F�\�F�O�H���Z�D�V�� �L�P�S�R�V�H�G�� �W�R�� �W�K�H�� ������ �$�� �.�L�N�X�V�X�L���D�F�W�L�Y�H�� �O�R�D�G�� �W�R�J�H�W�K�H�U�� �Z�L�W�K�� �W�K�H�� �J�D�V�� �I�O�R�Z�� �U�D�W�H�V��
�G�L�U�H�F�W�O�\���F�D�O�F�X�O�D�W�H�G���I�U�R�P���W�K�H���F�H�O�O���F�X�U�U�H�Q�W�����U�H�J�D�U�G�O�H�V�V���R�I���W�K�H���K�\�E�U�L�G�L�]�D�W�L�R�Q���P�R�G�H�����Z�L�W�K���R�U���Z�L�W�K�R�X�W���6�&�������+�R�Z�H�Y�H�U�����I�R�U��
�U�H�D�V�R�Q�V���J�L�Y�H�Q���D�E�R�Y�H�����P�L�Q�L�P�X�P���D�L�U���D�Q�G���K�\�G�U�R�J�H�Q���I�O�R�Z�U�D�W�H�V���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R�������� �$ �F�P�������D�W���W�K�H���I�L�[�H�G���O coefficients, 
�Z�H�U�H���I�H�G���W�R���W�K�H���F�H�O�O���I�R�U���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\���O�H�Y�H�O�V���L�Q�I�H�U�L�R�U���W�R���W�K�L�V���Y�D�O�X�H�����0�R�U�H�R�Y�H�U�����Z�L�W�K�R�X�W���K�\�E�U�L�G�L�]�D�W�L�R�Q�����E�H�F�D�X�V�H���R�I��
�W�K�H���W�L�P�H���F�R�Q�V�W�D�Q�W���R�I���W�K�H���I�O�R�Z���P�H�W�H�U�V�����W�K�H���I�O�R�Z���U�D�W�H���V�H�W���S�R�L�Q�W�V���Z�H�U�H���F�K�D�Q�J�H�G���� �V���E�H�I�R�U�H���D���S�R�V�L�W�L�Y�H���F�X�U�U�H�Q�W���V�W�H�S���W�R��
�D�Y�R�L�G���D�Q�\���V�W�D�U�Y�D�W�L�R�Q���U�L�V�N���R�I���W�K�H���I�X�H�O���F�H�O�O���G�X�U�L�Q�J���W�K�H���I�O�R�Z���P�H�W�H�U���W�U�D�Q�V�L�H�Q�W�V�� 
�:�L�W�K�R�X�W���K�\�E�U�L�G�L�]�D�W�L�R�Q�����W�K�H���F�H�O�O���F�X�U�U�H�Q�W���D�Q�G���W�K�H���F�\�F�O�H���F�X�U�U�H�Q�W���D�U�H���L�G�H�Q�W�L�F�D�O�����)�L�J�X�U�H�����������7�K�H���F�X�U�U�H�Q�W���D�Q�G���Y�R�O�W�D�J�H���Y�D�O�X�H�V��
�R�I���E�R�W�K���W�K�H���I�X�H�O���F�H�O�O���D�Q�G���W�K�H���V�X�S�H�U�F�D�S�D�F�L�W�R�U�����L�I���D�Q�\���� �W�R�J�H�W�K�H�U���Z�L�W�K���W�K�H�� �J�D�V���I�O�R�Z���U�D�W�H�V���� �Z�H�U�H���U�H�F�R�U�G�H�G���H�Y�H�U�\�������� �V��
�G�X�U�L�Q�J���W�K�H������ �P�L�Q���F�\�F�O�H���D�Q�G���W�K�H���G�D�W�D���Z�H�U�H���V�D�Y�H�G���E�H�I�R�U�H���V�W�D�U�W�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J���F�\�F�O�H�����)�L�J�X�U�H�������J�L�Y�H�V���D�Q���H�[�D�P�S�O�H���R�I��
�Y�R�O�W�D�J�H���D�Q�G���F�X�U�U�H�Q�W���Y�D�U�L�D�W�L�R�Q���L�Q���R�Q�H���)�&���'�/�&���F�\�F�O�H���Z�L�W�K�R�X�W���V�X�S�H�U�F�D�S�D�F�L�W�R�U�V�� 
�6�H�Y�H�U�D�O���O�R�Q�J���W�H�U�P���U�X�Q�V���Z�L�W�K���F�\�F�O�L�F���R�S�H�U�D�W�L�R�Q�V���K�D�Y�H���E�H�H�Q���F�R�Q�G�X�F�W�H�G�����(�D�F�K���R�I���W�K�H�P���F�R�Q�V�L�V�W�H�G���L�Q���V�X�F�F�H�V�V�L�Y�H���V�H�U�L�H�V���R�I��
�D�S�S�U�R�[���� �������� �F�\�F�O�H�V�����L���H���� ������ �K�� �R�U���V�R���� �D�I�W�H�U���H�D�F�K�� �V�H�U�L�H�V���� �W�K�H�� �V�W�D�W�H�� �R�I�� �K�H�D�O�W�K���R�I�� �W�K�H�� �I�X�H�O���F�H�O�O���K�D�V���E�H�H�Q���H�Y�D�O�X�D�W�H�G���E�\��
�H�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���S�U�R�F�H�G�X�U�H�� ���V�H�H���†�������������:�K�D�W�H�Y�H�U���W�K�H�� �K�\�E�U�L�G�L�]�D�W�L�R�Q�� �P�R�G�H�� �V�W�X�G�L�H�G���L�Q���W�K�H�� �U�X�Q���� �W�K�H��
�I�L�U�V�W�������� �K���V�H�U�L�H�V���D�I�W�H�U���P�D�W�X�U�D�W�L�R�Q���K�D�V���E�H�H�Q���F�R�Q�G�X�F�W�H�G���Z�L�W�K���W�K�H���I�X�H�O���F�H�O�O���D�O�R�Q�H�����D�I�W�H�U���W�K�H���V�H�F�R�Q�G���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���R�I��
�W�K�H���F�H�O�O�����W�K�H���S�U�R�F�H�G�X�U�H���F�R�X�O�G���L�Q�G�L�F�D�W�H���Z�K�H�W�K�H�U���W�K�H���0�(�$���Z�D�V���U�X�Q�Q�L�Q�J���D�V���H�[�S�H�F�W�H�G�����L���H�����I�R�O�O�R�Z�L�Q�J���W�L�P�H���Y�D�U�L�D�W�L�R�Q�V���R�I��
�W�K�H�� �Y�R�O�W�D�J�H�� �D�Q�G�� �H�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �I�H�D�W�X�U�H�V�� �F�R�P�S�D�U�D�E�O�H�� �W�R�� �W�K�R�V�H�� �L�Q�� �W�K�H�� �U�H�I�H�U�H�Q�F�H�� �V�W�D�W�H���L���H���� �Z�L�W�K�R�X�W���6�&�����:�K�H�Q�� �W�K�H��
�F�R�P�S�D�U�L�V�R�Q�� �R�I�� �W�K�H�� �I�L�U�V�W�� ������ �K�� �Z�D�V�� �S�R�V�L�W�L�Y�H���� �W�K�H�� �U�X�Q�� �F�R�X�O�G�� �E�H�� �F�R�Q�W�L�Q�X�H�G�� �Z�L�W�K�� �R�U�� �Z�L�W�K�R�X�W�� �K�\�E�U�L�G�L�]�D�W�L�R�Q���� �W�K�U�R�X�J�K��
�V�X�F�F�H�V�V�L�Y�H�������� �K���F�\�F�O�L�Q�J���S�H�U�L�R�G�V���D�Q�G���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���V�W�D�J�H�V�����7�K�H���U�X�Q�V���V�K�R�Z�Q���K�H�U�H���Z�H�U�H���F�D�U�U�L�H�G���R�X�W���I�R�U���P�R�U�H���W�K�D�Q��
�������� �K���F�\�F�O�L�Q�J���R�S�H�U�D�W�L�R�Q���� 
 

2.3 �(�O�H�F�W�U�R�F�K�H�P�L�F�D�O���&�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���R�I���W�K�H���)�X�H�O���&�H�O�O�� 
�7�K�H�� �H�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I�� �W�K�H�� �F�H�O�O�� �Z�H�U�H�� �H�Y�D�O�X�D�W�H�G�� �Z�L�W�K�R�X�W�� �V�X�S�H�U�F�D�S�D�F�L�W�R�U�V�� �L�Q�� �D�O�O�� �F�D�V�H�V���� �W�K�H��
�F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���V�W�D�J�H���K�D�V���E�H�H�Q���F�R�Q�G�X�F�W�H�G���Z�L�W�K���D�Q���$�X�W�R�O�D�E���S�R�W�H�Q�W�L�R�V�W�D�W���F�R�X�S�O�H�G���Z�L�W�K���W�K�H�������� �$���.�L�N�X�V�X�L���D�F�W�L�Y�H���O�R�D�G��
�I�R�U���W�K�H���S�R�O�D�U�L�]�D�W�L�R�Q���F�X�U�Y�H���D�Q�G���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���L�P�S�H�G�D�Q�F�H���V�S�H�F�W�U�R�V�F�R�S�\�����(�,�6�������D�Q�G���Z�L�W�K���D������ �$���$�X�W�R�O�D�E���%�R�R�V�W�H�U��
�I�R�U���G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���D�F�W�L�Y�H���V�X�U�I�D�F�H���D�U�H�D�����(�&�6�$�����D�Q�G���I�X�H�O���F�U�R�V�V�R�Y�H�U���� 
�7�K�H���S�R�O�D�U�L�]�D�W�L�R�Q���F�X�U�Y�H���Z�D�V���U�H�F�R�U�G�H�G���E�H�W�Z�H�H�Q�����������D�Q�G�������� �$ �F�P�±�������W�K�H���F�X�U�U�H�Q�W���Z�D�V���I�L�[�H�G���D�W���D���J�L�Y�H�Q���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\��
���F�G���� �D�Q�G�� �W�K�H�� �Y�R�O�W�D�J�H�� �Z�D�V�� �P�R�Q�L�W�R�U�H�G�� �I�R�U�� ������ �P�L�Q�X�W�H�V���� �D�O�O�R�Z�L�Q�J�� �W�R�� �D�W�W�D�L�Q�� �W�K�H�� �V�W�H�D�G�\�� �V�W�D�W�H�����(�,�6���V�S�H�F�W�U�D�� �Z�H�U�H�� �W�K�H�Q��
�U�H�F�R�U�G�H�G���D�W���W�K�L�V���F�G���Z�L�W�K���D�Q���D�P�S�O�L�W�X�G�H���H�T�X�D�O���W�R������ �����R�I���W�K�H���V�H�O�H�F�W�H�G���O�H�Y�H�O�����7�K�H���I�U�H�T�X�H�Q�F�\���Z�D�V���Y�D�U�L�H�G���I�U�R�P������ �N�+�]��
�W�R�������� �+�]���Z�L�W�K���������S�R�L�Q�W�V���S�H�U���G�H�F�D�G�H�����(�,�6���P�H�D�V�X�U�H�P�H�Q�W�V���Z�H�U�H���F�D�U�U�L�H�G���R�X�W���L�Q���W�K�H���U�D�Q�J�H�����������W�R���� �$ �F�P���������$�Q���H�T�X�L�Y�D�O�H�Q�W��
�H�O�H�F�W�U�L�F���F�L�U�F�X�L�W�����S�U�H�V�H�Q�W�H�G���L�Q���>�����@�����D�O�O�R�Z�H�G���W�K�H���R�K�P�L�F���U�H�V�L�V�W�D�Q�F�H���W�R�J�H�W�K�H�U���Z�L�W�K���W�K�H���F�K�D�U�J�H���W�U�D�Q�V�I�H�U���D�Q�G���W�K�H���G�L�I�I�X�V�L�R�Q��
�U�H�V�L�V�W�D�Q�F�H�V���W�R���E�H���H�V�W�L�P�D�W�H�G���E�\���I�L�W�W�L�Q�J���R�I���W�K�H���V�S�H�F�W�U�D�����(�D�F�K���H�O�H�F�W�U�R�G�H���Z�D�V���U�H�S�U�H�V�H�Q�W�H�G���E�\���D���F�R�Q�V�W�D�Q�W���S�K�D�V�H���H�O�H�P�H�Q�W��
�L�Q�� �S�D�U�D�O�O�H�O�� �W�R�� �D�� �F�K�D�U�J�H�� �W�U�D�Q�V�I�H�U�� �U�H�V�L�V�W�D�Q�F�H�����$�W�� �W�K�H�� �F�D�W�K�R�G�H���� �D�� �:�D�U�E�X�U�J�� �L�P�S�H�G�D�Q�F�H�� �Z�D�V�� �D�O�V�R�� �L�Q�F�O�X�G�H�G�� �W�R�� �H�[�S�U�H�V�V��
�R�F�F�X�U�U�H�Q�F�H�� �R�I�� �G�L�I�I�X�V�L�R�Q�� �F�R�Q�W�U�R�O�� �L�Q�� �R�[�\�J�H�Q�� �U�H�G�X�F�W�L�R�Q���� �D�V�� �V�K�R�Z�Q�� �L�Q�� �)�L�J�X�U�H�� ���D�����$�W�� �W�K�H�� �D�Q�R�G�H���� �W�K�H�� �F�K�D�U�J�H�� �W�U�D�Q�V�I�H�U��
�U�H�V�L�V�W�D�Q�F�H���Z�D�V���I�L�[�H�G���D�W������ �����R�I���W�K�D�W���R�I���W�K�H���F�D�W�K�R�G�H���V�L�Q�F�H���W�K�H���D�Q�R�G�H���F�R�Q�W�U�L�E�X�W�L�R�Q���Z�D�V���V�R���O�R�Z���L�W���F�R�X�O�G���Q�R�W���E�H���S�U�H�F�L�V�H�O�\��
�G�L�V�W�L�Q�J�X�L�V�K�H�G���R�Q���W�K�H���1�\�T�X�L�V�W���S�O�R�W�����)�L�J�X�U�H�����E���V�K�R�Z�V���R�Q���D�Q���H�[�D�P�S�O�H���W�K�H���J�R�R�G���D�J�U�H�H�P�H�Q�W���E�H�W�Z�H�H�Q���H�[�S�H�U�L�P�H�Q�W�D�O���D�Q�G��
�I�L�W�W�H�G���G�D�W�D���� �L�Q���S�D�U�W�L�F�X�O�D�U�� �Z�L�W�K�� �W�K�H�� �D�F�F�X�U�D�W�H�� �S�U�H�G�L�F�W�L�R�Q���R�I�� �W�K�H���W�Z�R���O�R�R�S�V�� �I�R�U���F�K�D�U�J�H�� �D�Q�G�� �P�D�V�V�� �W�U�D�Q�V�I�H�U���S�K�H�Q�R�P�H�Q�D��
�Z�K�L�F�K�� �Y�D�O�L�G�D�W�H�V�� �W�K�H�� �P�R�G�H�O�� �H�P�S�O�R�\�H�G���� �7�K�H�� �D�Q�R�G�H�� �O�R�R�S�� �F�R�X�O�G�� �Q�R�W�� �E�H�� �G�L�V�W�L�Q�J�X�L�V�K�H�G�� �I�U�R�P�� �W�K�H�� �I�D�U�� �O�D�U�J�H�U�� �F�D�W�K�R�G�L�F��
�F�R�Q�W�U�L�E�X�W�L�R�Q�� 
�)�R�U�� �W�K�H�� �H�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �D�F�W�L�Y�H�� �V�X�U�I�D�F�H�� �D�U�H�D�� ���(�&�6�$���� �R�I�� �W�K�H�� �F�D�W�D�O�\�V�W�� �O�D�\�H�U�� �D�Q�G�� �W�K�H�� �I�X�H�O�� �F�U�R�V�V�R�Y�H�U�� �W�K�U�R�X�J�K�� �W�K�H��
�P�H�P�E�U�D�Q�H���� �I�X�O�O�\�� �K�X�P�L�G�L�I�L�H�G���Q�L�W�U�R�J�H�Q���D�Q�G���K�\�G�U�R�J�H�Q�� �Z�H�U�H�� �V�X�S�S�O�L�H�G���W�R���W�K�H�� �F�D�W�K�R�G�H�� �D�Q�G���W�K�H�� �D�Q�R�G�H�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �D�W��
������ �6�7�3 �P�/ �P�L�Q���������(�&�6�$���D�W���W�K�H���F�D�W�K�R�G�H���Z�D�V���H�V�W�L�P�D�W�H�G���E�\���F�\�F�O�L�F���Y�R�O�W�D�P�P�H�W�U�\���E�H�W�Z�H�H�Q�������������D�Q�G�������� �9���D�W������ �P�9 �V��
�����D�V�� �H�[�S�O�D�L�Q�H�G�� �L�Q�� �>�����@���� �)�X�H�O�� �F�U�R�V�V�R�Y�H�U�� �Z�D�V�� �H�Y�D�O�X�D�W�H�G�� �E�\�� �O�L�Q�H�D�U�� �V�Z�H�H�S�� �Y�R�O�W�D�P�P�H�W�U�\�� �E�H�W�Z�H�H�Q�� ���������� �D�Q�G�� ������ �9�� �D�W��
�� �P�9 �V�������>�����@�� 
 

3 �5�H�V�X�O�W�V 



 

 
3.1 �9�R�O�W�D�J�H���&�X�U�U�H�Q�W���&�X�U�Y�H�V���L�Q���&�\�F�O�L�Q�J���2�S�H�U�D�W�L�R�Q 

�9�D�U�L�D�W�L�R�Q�V���R�I���W�K�H���Y�R�O�W�D�J�H���R�I���W�K�H���F�H�O�O���D�Q�G���R�I���W�K�H���V�X�S�H�U�F�D�S�D�F�L�W�R�U�V���L�Q���F�\�F�O�L�Q�J���R�S�H�U�D�W�L�R�Q���L�Q���K�\�E�U�L�G�L�]�H�G���P�R�G�H���R�U���Q�R�W���D�U�H��
�S�U�H�V�H�Q�W�H�G���L�Q���W�K�L�V���V�X�E���V�H�F�W�L�R�Q�����D�Q�G���W�K�H���V�L�J�Q�L�I�L�F�D�Q�F�H���R�I���W�K�H���W�Z�R���F�X�U�U�H�Q�W���F�R�Q�W�U�L�E�X�W�L�R�Q�V���L�Q���W�K�H���F�\�F�O�H���F�X�U�U�H�Q�W���L�V���H�[�D�P�L�Q�H�G����
�7�K�H���F�X�U�Y�H�V���G�L�V�F�X�V�V�H�G���L�Q���W�K�H���V�X�E���V�H�F�W�L�R�Q���K�D�Y�H���E�H�H�Q���R�E�W�D�L�Q�H�G���I�R�U���W�L�P�H���E�H�O�R�Z�����������K�R�X�U�V�����I�R�U���Z�K�L�F�K���G�H�J�U�D�G�D�W�L�R�Q���R�I��
�W�K�H���I�X�H�O���F�H�O�O���F�R�P�S�R�Q�H�Q�W�V���Z�D�V���H�[�S�H�F�W�H�G���W�R���E�H���O�L�W�W�O�H���V�L�J�Q�L�I�L�F�D�Q�W�� 
 

3.1.1 �1�R�Q���+�\�E�U�L�G�L�]�H�G���0�R�G�H 
�$�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H���������W�K�H���F�\�F�O�H���F�X�U�U�H�Q�W���L�V���S�H�U�I�H�F�W�O�\���H�T�X�D�O���W�R���W�K�D�W���G�H�O�L�Y�H�U�H�G���E�\���W�K�H���I�X�H�O���F�H�O�O�����W�K�H���H�[�S�H�F�W�D�E�O�H���U�H�V�X�O�W��
�F�R�Q�I�L�U�P�V���W�K�H���Y�D�O�L�G�L�W�\���R�I���W�K�H���F�X�U�U�H�Q�W���S�U�R�E�H���F�D�O�L�E�U�D�W�L�R�Q�����0�R�U�H�R�Y�H�U�����W�K�H���Y�R�O�W�D�J�H���U�H�V�S�R�Q�V�H���L�V���Q�H�D�U�O�\���L�Q�V�W�D�Q�W�D�Q�H�R�X�V���D�W��
�O�R�Z���F�G���� �E�X�W�� �D�� �Y�R�O�W�D�J�H�� �W�U�D�Q�V�L�H�Q�W�� �F�D�Q�� �E�H�� �R�E�V�H�U�Y�H�G�� �I�R�U�� �F�X�U�U�H�Q�W�� �G�H�Q�V�L�W�\�� �O�D�U�J�H�U�� �W�K�D�Q�� ������ �$ �F�P�������� �,�Q�� �S�D�U�W�L�F�X�O�D�U�����I�R�U��
�V�L�J�Q�L�I�L�F�D�Q�W���S�R�V�L�W�L�Y�H���V�W�H�S�V�����D�V���L�Q���W�K�H���W�Z�R���O�D�V�W���S�R�V�L�W�L�Y�H���V�W�H�S�V���R�I���W�K�H���F�\�F�O�H�����)�L�J�X�U�H�����������W�K�H���Y�R�O�W�D�J�H���F�D�Q�Q�R�W���U�H�D�F�K���D���V�W�H�D�G�\��
�O�H�Y�H�O���D�W���W�K�H���H�Q�G���R�I���W�K�H������ �V���O�R�Q�J���F�X�U�U�H�Q�W���S�O�D�W�H�D�X�����7�K�L�V���L�V���O�L�N�H�O�\���G�X�H���W�R���W�U�D�Q�V�L�H�Q�W���L�Q���K�\�G�U�D�W�L�R�Q���R�I���W�K�H���P�H�P�E�U�D�Q�H���D�Q�G��
�W�K�H���F�D�W�D�O�\�V�W���O�D�\�H�U�V�����W�R�J�H�W�K�H�U���Z�L�W�K���J�U�D�G�X�D�O�O�\���P�R�U�H���W�U�R�X�E�O�H�V�R�P�H���H�Y�D�F�X�D�W�L�R�Q���R�I���Z�D�W�H�U���L�Q���W�K�H���F�H�O�O���D�W���W�K�H�V�H���K�L�J�K���F�G���O�H�Y�H�O�V���� 
 

3.1.2 �+�\�E�U�L�G�L�]�H�G���0�R�G�H�� 
�,�Q���)�L�J�X�U�H���������W�K�H���V�X�P���R�I���,�)�&���D�Q�G���,�6�&���F�R�U�U�H�V�S�R�Q�G�V���S�H�U�I�H�F�W�O�\���W�R���W�K�H���F�R�Q�W�U�R�O�O�H�G���F�X�U�U�H�Q�W�����,�F�\�F�O�H�����F�R�Q�I�L�U�P�L�Q�J���W�K�H���F�R�U�U�H�F�W��
�F�D�O�L�E�U�D�W�L�R�Q�� �R�I�� �W�K�H�� �F�X�U�U�H�Q�W�� �S�U�R�E�H�V���� �7�K�H�� �U�R�O�H�� �R�I�� �W�K�H���6�&�V���D�S�S�H�D�U�V�� �W�R�� �V�P�R�R�W�K�H�Q�� �W�K�H�� �F�R�Q�W�U�L�E�X�W�L�R�Q�� �R�I�� �W�K�H�� �I�X�H�O�� �F�H�O�O�� �L�Q��
�J�H�Q�H�U�D�W�L�R�Q���R�I���W�K�H���S�R�Z�H�U�����I�R�U���O�R�Z���F�G���Y�D�O�X�H�V�����L���H�����E�H�O�R�Z�������� �$ �F�P���������W�K�H���I�X�H�O���F�H�O�O���F�X�U�U�H�Q�W���L�V���O�D�U�J�H�U���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I��
�W�K�H���6�&�V���W�K�D�Q���W�K�R�V�H���L�Q���W�K�H���F�R�Q�Y�H�Q�W�L�R�Q�D�O���P�R�G�H�����D�Q�G���D�O�O�R�Z�V���F�K�D�U�J�H���R�I���W�K�H���V�X�S�H�U�F�D�S�D�F�L�W�R�U�V�����Z�L�W�K���D���Q�H�J�D�W�L�Y�H���F�X�U�U�H�Q�W���L�Q��
�W�K�H�V�H���S�H�U�L�R�G�V�������,�Q���S�D�U�W�L�F�X�O�D�U�����I�R�U���S�H�U�L�R�G�V���D�W���]�H�U�R���F�\�F�O�H���F�X�U�U�H�Q�W�����E�H�F�D�X�V�H���R�I���L�W�V���F�R�Q�W�U�L�E�X�W�L�R�Q���L�Q���F�K�D�U�J�L�Q�J���W�K�H���6�&�����W�K�H��
�I�X�H�O���F�H�O�O���K�D�V���D���Y�R�O�W�D�J�H���D�W���O�H�D�V�W�������� �P�9���O�R�Z�H�U���W�K�D�Q���W�K�H���X�V�X�D�O���2�&�9�����Z�K�L�F�K���L�V���W�R���O�L�P�L�W���W�K�H���G�H�J�U�D�G�D�W�L�R�Q���R�I���W�K�H���I�X�H�O���F�H�O�O��
�F�R�P�S�R�Q�H�Q�W�V���� �)�R�U�� �O�D�U�J�H�U�� �F�X�U�U�H�Q�W�� �G�H�Q�V�L�W�\���� �P�D�L�Q�O�\�� �L�Q�� �W�K�H�� �W�K�L�U�G�� �S�K�D�V�H�� �R�I�� �W�K�H�� �F�\�F�O�H���� �W�K�H���6�&�V���D�F�W�� �D�V�� �J�H�Q�H�U�D�W�R�U�� �L�Q��
�F�R�Q�M�X�Q�F�W�L�R�Q���Z�L�W�K���W�K�H�� �I�X�H�O���F�H�O�O���� �Z�K�R�V�H���V�S�H�F�L�I�L�F���F�X�U�U�H�Q�W���L�V���V�R�P�H�Z�K�D�W���O�R�Z�H�U�����$�V���D���F�R�Q�V�H�T�X�H�Q�F�H�����W�K�H���F�H�O�O���Y�R�O�W�D�J�H���L�Q��
�K�L�J�K�� �S�R�Z�H�U�� �S�U�R�G�X�F�W�L�R�Q�� �L�V�� �K�L�J�K�H�U�� �W�K�D�Q�� �Z�L�W�K�R�X�W�� �K�\�E�U�L�G�L�]�D�W�L�R�Q���� �7�K�H�� �V�P�R�R�W�K�H�Q�H�G�� �F�X�U�U�H�Q�W�� �U�H�V�S�R�Q�V�H�� �R�I�� �W�K�H�� �I�X�H�O�� �F�H�O�O��
�O�R�J�L�F�D�O�O�\���U�H�V�X�O�W�V���L�Q���V�P�R�R�W�K�H�Q�H�G���Y�D�U�L�D�W�L�R�Q�V���R�I���L�W�V���S�R�W�H�Q�W�L�D�O���G�X�U�L�Q�J���W�K�H���F�\�F�O�H���� 
�%�H�V�L�G�H�V�����D�V���H�[�S�U�H�V�V�H�G���L�Q���W�K�H���S�U�H�Y�L�R�X�V���V�H�F�W�L�R�Q�����W�K�H���Y�R�O�W�D�J�H���G�L�I�I�H�U�H�Q�F�H���L�Q���W�K�H���F�H�O�O���D�Q�G���W�K�H���V�X�S�H�U�F�D�S�D�F�L�W�R�U�V���L�V���F�D�X�V�H�G��
�E�\���W�K�H���R�K�P�L�F���G�U�R�S���L�Q���W�K�H���F�R�Q�Q�H�F�W�L�Q�J���Z�L�U�H�V�� 
 

3.2 Fuel Cell Aging in Hybridized and Non-Hybridized Modes�� 
 
3.2.1 �9�R�O�W�D�J�H���(�Y�R�O�X�W�L�R�Q���L�Q���&�\�F�O�L�Q�J���2�S�H�U�D�W�L�R�Q 

�,�W���D�S�S�H�D�U�V���I�U�R�P���)�L�J�X�U�H�������W�K�D�W���W�K�H���I�X�H�O���F�H�O�O���Y�R�O�W�D�J�H���Z�D�V���G�H�F�U�H�D�V�H�G���E�\���W�K�H���O�R�Q�J���W�H�U�P���U�X�Q�����L�Q���E�R�W�K���K�\�E�U�L�G�L�]�D�W�L�R�Q���P�R�G�H�V����
�7�K�L�V���S�K�H�Q�R�P�H�Q�R�Q���L�V���P�R�U�H���Y�L�V�L�E�O�H���I�R�U���F�G���O�D�U�J�H�U���W�K�D�Q�������� �$ �F�P���������Z�L�W�K���F�H�O�O���Y�R�O�W�D�J�H���U�H�G�X�F�W�L�R�Q���L�Q���W�K�H���R�U�G�H�U���R�I�������� �P�9���� 
As shown by Figure 6, for the fuel cell alone, a sudden decrease of the cell voltage upon the current step was 
observed, but with a negative overshot. As a matter of fact, after a few seconds the voltage increases again to attain 
a steady level. After 100 h cycling, the overshot defined as the difference between the voltage minimum and the 
steady state level is low, at 16 mV. In contrast, at the end of aging run (1350 h), the overshot attains 94 mV and 
steady behavior is attained after a longer transient period. With the presence of supercapacitors, the above overshot 
is not more visible and the voltage response continuously decreases during the period at 0.583 A cm-2: the transient 
phase exceeds the approx. 57 s long period at 0.583 A cm-2. Moreover, upon aging, the cell response in potential 
becomes some larger, as indicated in Figure 5 by the still decreasing profile of the cell voltage. 
For each cycle, maximum and minimum voltages Umax and Umin respectively, have been extracted from the 
recorded data. The average voltage, Umean, has been calculated by averaging the fuel cell voltage over the studied 
cycle (Figure 7).  
As shown in Figure 7a, the average voltage Umean in the two runs were very close to each other, at 0.74 V after 
100 h and 0.66 V at the end of the run. However, it can be noticed that in each 100 h long periods between 
characterizations, the cell voltage decay was more pronounced with hybridization than without. This sharp cell 
improvement after characterization often observed [31, 32] is partly due to voltammetric investigations, in 
particular to the low voltage periods in which slight oxidised Pt clusters can be fully reduced to metal Pt: with 
hybridization, the voltage jump was larger than in conventional mode. Nevertheless, after the first 100 h cycling, 
the decay rate calculated from t = 100 h to 1350 h was little affected by hybridization mode, being at 44 µV h-1 

with supercapacitors and 46 µV h-1 in non-hybridized mode. 
The maximum voltage Umax (Figure 7b) with hybridization is more than 100 mV lower than in conventional mode 
as expressed above, starting at 0.82 and 0.98 V respectively. Without hybridization Umax corresponds to OCV; but 
with supercapacitors the cell produces continuously current to charge the SCs and/or to supply the load. Along the 
aging run, the two maximum voltages decreased with an average rate at 25 µV h-1 up to t = 1200 h; in the last 150 
hours of the run, the decay was much more pronounced in non-hybridized mode than with the presence of 
supercapacitors, at 185 µV h-1 and 46 µV h-1 respectively. This fact can appear in consistence with the larger 
increase in fuel crossover observed with the fuel cell alone, as presented later. 



 

The minimum voltage of the cell, Umin, (Figure 7c) usually corresponds to the cycle period at 1 A cm-2 delivered 
to the load. Umin is visibly lower in non-hybridized mode (0.40 V) than with supercapacitors at 0.50 V after 100 h. 
As expressed above, this is also a consequence of the smoothening action of the supercapacitors which actually 
act as generators for high cd demand.  This explains the difference in Umin values. This minimum was in all cases 
subject to significant decay within the continuous 100 h cycling periods and to appreciable increase by the 
characterization, presumably for the above reasons. Within the 100-1200 h period, the average Umin decay was 
little affected by the hybridization state, at approx. 100 µV h-1 in conventional mode, and 92 µV h-1 with 
supercapacitors. In the last phase of the runs, the decay was more pronounced, in particular without 
supercapacitors. 
In spite of the differences in the average, maximum and minimum voltages, the impact of hybridization on the 
tolerance to aging does not appear clearly from this investigation, except in the final phase of the aging runs, for 
which the voltage decay is more pronounced without supercapacitors than in hybridized state.  
 

3.2.2 �)�X�H�O���&�H�O�O���$�J�L�Q�J���&�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q�� 
�3�R�O�D�U�L�]�D�W�L�R�Q���F�X�U�Y�H�V 
Figure 8 shows the polarization curves obtained after 100 and 1350 h cycling, depending on the hybridization 
mode. In both modes, aging induced by FC-DLC cycling results in decreased cell voltage, the decrease appearing 
as more important as the cycle current density is larger; this would indicate that aging has a larger impact on mass 
transfer rates than on charge transfer kinetics. At 1 A cm-2, the voltage reduction in the 100-1350 h period attained 
comparable values with and without hybridization, at 190 and 210 mV respectively. For larger current density, the 
role of hybridization appears more significant, with corresponding voltage difference at 230 and 410 mV 
respectively at 1.1 A m-2 (Figure 8); the non-hybridized cell could not deliver a stable voltage at 1.2 A cm-2 after 
1350 h. Although to a moderate extent, the presence of supercapacitors hinders the effects of the aging at high 
current density, in a way that it seems to protect the mass transfer performance of the cell. 
 
Hydrogen crossover and Electroactive catalyst surface area 
Figure 9a shows the time variation of the membrane permeability to hydrogen (fuel crossover) expressed in the 
form of the current density for oxidation of the permeation flux in the two hybridizations states. In both cases, the 
fuel crossover is close to 0.8 mA cm-2, in consistence with the usual values for 1 mil thick Nafion membranes, 
near 1 mA cm-2 [33]. The fuel crossover varies very little, in comparable manner in the two runs of interest until 
1100 h. Then, a sudden increase in the last period of the run occurs, in particular without hybridization, expressing 
the formation of a defect in the membrane. With hybridization, the crossover attains 6.3 mA cm-2 at the end of the 
run whereas it could not be measured with accuracy without hybridization because of the strongly inclined profile 
of the LSV and CV curves: this continuously increasing current with the potential expressed the existence of a finite 
short circuit resistance between the anode and cathode compartments [34] (without supercapacitors). The 
postulated contact between the two chambers was confirmed by the presence of holes observed in the membrane 
after the run. Long-term FC-DLC cycling likely generated mechanical fatigue of the ionomer resulting in local 
perforation, which can explain the strong increase in the crossover to abnormal values. The visible decrease in the 
OCV observed in Figure 7b is likely related to the above sharp increase after 1200 h (Figure 10), in agreement 
with the literature [35]. 
Variations of the electrochemical active surface (ECSA) in the two runs are given in Figure 9b. The initial values 
of ECSA differed by approx. 15 % from each other: therefore, it has been preferred to compare their variations 
with reference to the initial values. As a matter of fact, the cathodes in the two MEA�¶�V���H�[�K�L�E�L�W�H�G���Y�H�U�\���F�R�P�S�D�U�D�E�O�H����
regular variations, with a decay rate at approx. 6% h-1: hybridization actually does not affect significantly the 
catalyst aging upon cycling. 
 
Electrochemical impedance spectroscopy 
Although EIS has been conducted at each characterization step at 0.1 and between 0.2 and 1 A cm-2 every 0.2 A cm-

2, presentation of the results obtained has been limited to two current densities: 0.2 A cm-2, more relevant to charge-
transfer controlled operation, and 0.8 A cm-2 for which mass transfer limitation can be more visible. Time 
variations in the impedance spectra is exemplified for the case of 0.8 A cm-2 in Figure 11, with in particular very 
little change in the ohmic resistance but sustained, significant increase in the overall charge transfer and diffusion 
resistance, as discussed more in detail below.   
Figure 12 compares the time variations of the ohmic resistance and the resistances at the cathode in fuel cells 
operated in FC-DLC operation, with and without hybridization at the two cd levels.  
The initial value of the ohmic resistance was not the same in the two MEA�¶�V���W�H�V�W�H�G�����D�W�������������D�Q�G���������� �:  cm2 (Figure 
12a). In both hybridization states, this resistance varied regularly but very little along the cycling run, with a final 
increase at approx. 10%.  
The charge transfer resistances at the cathode (Rc) exhibit regular and comparable enhancement along time for the 
two MEA�¶�V���D�Q�G���D�W���W�K�H���W�Z�R��cd�¶�V�����D�W�������� A cm-2, Rc was found to be approx. 1.6 times larger than the initial value 
without or with hybridization, and at 0.8 A cm-2, it is close to 3 (Figure 12b). 



 

As shown in Figure 12c, the diffusion resistance at the cathode (Rdiff,c) varied along time less at high current 
density. At 0.2 A cm-2, without supercapacitors, the profile is regular and the final value is approx. 2.3 times larger 
than the initial value. At 0.8 A cm-2 in this configuration, the diffusion resistance seems to remain constant. With 
hybridization, the corresponding factors at final time attained 2.7 and approx. 1.6 respectively. Care has to be taken 
in this discussion because the charge transfer and the diffusion resistance could not be extracted with accuracy 
from the overall loop obtained at 0.8 A cm-2 �± whereas the two contributions can be clearly distinguished at low 
cd: for the larger cd, Rdiff,c could then be underestimated with a overestimated value for Rc, or vice versa.   
For the above reason, the sum of the two resistances has been plotted (Figure 12d): the four variations with time 
exhibit comparable profiles, with increase factors ranging from 1.6 to 2: the upper value corresponds to the cell 
operated hybridized at high cd.  
Nevertheless, the aging of the two MEAs as expressed by the various resistance contributions examined, differs 
only little from each another: EIS did not fully evidence that hybridization with large supercapacitors could greatly 
reduce the significance of aging upon FC-DLC cycling. 
 

3.3 �+�\�E�U�L�G�L�]�D�W�L�R�Q���I�R�U���D�Q���,�P�S�U�R�Y�H�G���(�Q�H�U�J�\���0�D�Q�D�J�H�P�H�Q�W 
�)�U�R�P���W�K�H���V�H�W���R�I���U�H�F�R�U�G�H�G���G�D�W�D�����W�K�H���J�D�V���F�R�Q�V�X�P�S�W�L�R�Q�V���F�R�X�O�G���E�H���F�D�O�F�X�O�D�W�H�G���E�\���Q�X�P�H�U�L�F�D�O���L�Q�W�H�J�U�D�W�L�R�Q���R�Y�H�U���W�L�P�H�����7�K�H��
�U�H�V�X�O�W�V�� �I�R�U�� �K�\�G�U�R�J�H�Q�� �D�U�H�� �J�L�Y�H�Q�� �L�Q�� �)�L�J�X�U�H�� �������� �,�W�� �F�D�Q�� �E�H�� �I�L�U�V�W�� �R�E�V�H�U�Y�H�G���W�K�D�W�� �W�K�H�� �J�D�V�� �F�R�Q�V�X�P�S�W�L�R�Q�� �G�L�G�� �Q�R�W�� �Y�D�U�\��
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4 �&�R�Q�F�O�X�V�L�R�Q 
After 1350 h, the comparison of the two set-ups (hybridized and non-hybridized modes) did not show significant 
differences. The electrical performance, the resistances evolution and the ECSA values were very close. Only H2 
crossover seems to be reduced in hybridized mode. If these first tests did not highlight higher FC durability when 
hybridized, they emphasized that direct hybridization of FC to SC was technically sustainable and that they did 
not damage prematurely the FC. Further tests will consist in optimize the set-up to emphasize the beneficial impact 
of the direct hybridization on the FC aging. A positive result of this present investigation relied on a 16 % decrease 
of hydrogen consumption in the hybridized mode compared to the FC alone. With hybridization, because of the 
dampening action of the SC, the minimum gas flow rate might be largely reduced, so could the stoichiometric 
factor of hydrogen, for the sake of still reduced H2 consumption. 
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Figure 3 b): Examples of experimental and fitted spectra at  
0.2 A cm�±2 after 100 hours run without SC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


























