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�'�H�F�O�D�U�D�W�L�R�Q 

�,���G�H�F�O�D�U�H���W�K�D�W���W�K�L�V���W�K�H�V�L�V���L�V���P�\���R�Z�Q���Z�R�U�N���D�Q�G���W�K�D�W���K�D�V���Q�R�W���E�H�H�Q���V�X�E�P�L�W�W�H�G���L�Q���D�Q�R�W�K�H�U��

�G�H�J�U�H�H���� �H�L�W�K�H�U���D�W���8�Q�L�Y�H�U�V�L�W�\���&�R�O�O�H�J�H���&�R�U�N���R�U���D�Q�R�W�K�H�U���L�Q�V�W�L�W�X�W�L�R�Q�����$�O�O���H�[�W�H�U�Q�D�O���U�H�I�H�U�H�Q�F�H�V��

�D�Q�G���V�R�X�U�F�H�V���D�U�H���F�O�H�D�U�O�\���D�F�N�Q�R�Z�O�H�G�J�H�G���D�Q�G���L�G�H�Q�W�L�I�L�H�G���Z�L�W�K�L�Q���W�K�H���F�R�Q�W�H�Q�W�V�����,���K�D�Y�H���U�H�D�G���D�Q�G��

�X�Q�G�H�U�V�W�R�R�G�� �W�K�H�� �U�H�J�X�O�D�W�L�R�Q�V�� �R�I�� �8�Q�L�Y�H�U�V�L�W�\�� �&�R�O�O�H�J�H�� �&�R�U�N�� �F�R�Q�F�H�U�Q�L�Q�J�� �S�O�D�J�L�D�U�L�V�P�� �D�Q�G��

�L�Q�W�H�O�O�H�F�W�X�D�O���S�U�R�S�H�U�W�\�� 
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�$�F�N�Q�R�Z�O�H�G�J�H�P�H�Q�W�V 
�,���Z�R�X�O�G���O�L�N�H���W�R���H�[�S�U�H�V�V���P�\���G�H�H�S�H�V�W���J�U�D�W�L�W�X�G�H���W�R���P�\���V�X�S�H�U�Y�L�V�R�U���'�U���(�O�H�Q�D��

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

�V�X�S�S�R�U�W���W�K�U�R�X�J�K�R�X�W���D�O�O���W�K�H�V�H���I�R�X�U���\�H�D�U�V���R�I���P�\���3�K�'���K�D�Y�H���E�H�H�Q���D�Q���H�V�V�H�Q�W�L�D�O���S�D�U�W���R�I���W�K�L�V��

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

�K�D�Y�H���J�U�H�D�W�O�\���H�[�S�D�Q�G�H�G���P�\���N�Q�R�Z�O�H�G�J�H���R�I���'�L�U�H�F�W���$�L�U���&�D�S�W�X�U�H�����$�G�G�L�W�L�R�Q�D�O�O�\�����,���Z�R�X�O�G���O�L�N�H��

�W�R���W�K�D�Q�N���3�D�X�O���/�H�D�K�\���I�R�U���K�L�V���Z�L�O�O�L�Q�J�Q�H�V�V���W�R���E�H���L�Q�Y�R�O�Y�H�G���D�V���D���V�H�F�R�Q�G�D�U�\���V�X�S�H�U�Y�L�V�R�U����

�$�O�W�K�R�X�J�K���R�X�U���L�Q�W�H�U�D�F�W�L�R�Q�V���Z�H�U�H���O�L�P�L�W�H�G�����R�X�U���F�R�Q�Y�H�U�V�D�W�L�R�Q�V���R�Q���G�H�F�D�U�E�R�Q�L�V�D�W�L�R�Q���D�Q�G��

�H�Q�H�U�J�\���Z�H�U�H���H�Q�J�D�J�L�Q�J���D�Q�G���D�S�S�U�H�F�L�D�W�H�G�����K�H���K�D�V���D�O�Z�D�\�V���S�U�R�Y�L�G�H�G���Y�D�O�X�D�E�O�H���I�H�H�G�E�D�F�N�� 

�0�R�U�H�R�Y�H�U�����,���Z�R�X�O�G���O�L�N�H���W�R���H�[�S�U�H�V�V���P�\���J�U�D�W�L�W�X�G�H���W�R���-�R�K�Q���+�D�Q�U�D�K�D�Q���D�Q�G���W�K�H���W�H�D�P���R�I��

�*�O�D�Q�W�U�H�R�����Z�K�R���S�U�R�Y�L�G�H�G���L�Q�Y�D�O�X�D�E�O�H���J�X�L�G�D�Q�F�H���D�Q�G���L�Q�V�L�J�K�W���D�E�R�X�W���W�K�H���V�\�Q�W�K�H�V�L�V���R�I���V�R�O�L�G��

�V�R�U�E�H�Q�W�V�����D�V���Z�H�O�O���D�V���D�V�V�L�V�W�D�Q�F�H���L�Q���H�[�S�O�R�U�L�Q�J���V�S�H�F�L�I�L�F���P�D�W�H�U�L�D�O�V���I�R�U���'�L�U�H�F�W���$�L�U���&�D�S�W�X�U�H��

�S�X�U�S�R�V�H�V�����,���D�P���D�O�V�R���G�H�H�S�O�\���J�U�D�W�H�I�X�O���W�R���'�R�Q�R�Y�D�Q���)�X�O�O�D�P�����3�D�X�O���&�R�Q�Z�D�\���D�Q�G���-�D�P�H�V��

�*�U�L�I�I�L�W�K�V���I�R�U���W�K�H�L�U���L�Q�Y�D�O�X�D�E�O�H���V�X�S�S�R�U�W���Z�L�W�K���W�K�H���D�V�V�H�P�E�O�\���R�I���W�K�H���D�S�S�D�U�D�W�X�V���W�K�U�R�X�J�K�R�X�W���W�K�H��

�S�U�R�M�H�F�W�����7�K�H�L�U���H�[�S�H�U�W�L�V�H���D�Q�G���D�V�V�L�V�W�D�Q�F�H���Z�H�U�H���F�U�X�F�L�D�O���L�Q���E�U�L�Q�J�L�Q�J���W�K�L�V���Z�R�U�N���W�R���F�R�P�S�O�H�W�L�R�Q�� 

�,���D�P���G�H�H�S�O�\���J�U�D�W�H�I�X�O���W�R���W�K�H���K�H�D�G���R�I���P�\���S�U�H�Y�L�R�X�V���0�D�V�W�H�U�¶�V���S�U�R�J�U�D�P�����$�U�D�F�H�O�L�����P�\��

�S�U�H�Y�L�R�X�V���V�X�S�H�U�Y�L�V�R�U�����,�Q�p�V�����D�Q�G���P�\���X�Q�F�O�H�����Z�K�R�V�H���H�Q�F�R�X�U�D�J�H�P�H�Q�W���L�Q�V�S�L�U�H�G���P�H���W�R���S�X�U�V�X�H���D��

�3�K�'�����,���Z�R�X�O�G���O�L�N�H���W�R���H�[�W�H�Q�G���P�\���K�H�D�U�W�I�H�O�W���J�U�D�W�L�W�X�G�H���W�R���P�\���I�D�P�L�O�\�����H�V�S�H�F�L�D�O�O�\���P�\���S�D�U�H�Q�W�V����

�Z�K�R�V�H���V�D�F�U�L�I�L�F�H�V���K�D�Y�H���V�K�D�S�H�G���W�K�H���S�D�W�K���W�K�D�W���O�H�G���P�H���W�R���Z�K�H�U�H���,���D�P���W�R�G�D�\���D�Q�G���Z�K�R���W�D�N�H��

�S�U�L�G�H���L�Q���P�\���D�F�F�R�P�S�O�L�V�K�P�H�Q�W�V�����,���D�P���D�O�V�R���W�K�D�Q�N�I�X�O���W�R���P�\���E�U�R�W�K�H�U�����P�\���F�R�X�V�L�Q�����P�\���J�R�R�G��

�I�U�L�H�Q�G���5�D�~�O�����D�Q�G���P�\���S�D�U�W�Q�H�U�¶�V���I�D�P�L�O�\���I�R�U���W�K�H�L�U���X�Q�Z�D�Y�H�U�L�Q�J���V�X�S�S�R�U�W���W�K�U�R�X�J�K�R�X�W���W�K�H�V�H��

�\�H�D�U�V�����/�D�V�W�O�\�����D�Q�G���P�R�V�W���L�P�S�R�U�W�D�Q�W�O�\�����W�R���P�\���S�D�U�W�Q�H�U�����(�O�V�D�����Z�K�R���V�W�R�R�G���E�\���P�H���W�K�U�R�X�J�K���E�R�W�K��

�W�K�H���J�R�R�G���D�Q�G���F�K�D�O�O�H�Q�J�L�Q�J���P�R�P�H�Q�W�V�����F�R�Q�W�L�Q�X�R�X�V�O�\���H�Q�F�R�X�U�D�J�L�Q�J���P�H���R�Y�H�U���W�K�H�V�H���S�D�V�W���I�R�X�U��

�\�H�D�U�V���D�Q�G���S�U�R�Y�L�G�L�Q�J���V�W�H�D�G�I�D�V�W���V�X�S�S�R�U�W�� 

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

�L�Q���P�H�����7�K�L�V���M�R�X�U�Q�H�\���Z�R�X�O�G���Q�R�W���K�D�Y�H���E�H�H�Q���F�R�P�S�O�H�W�H���Z�L�W�K�R�X�W���\�R�X�U���S�U�H�V�H�Q�F�H���D�Q�G��

�F�R�Q�W�U�L�E�X�W�L�R�Q�V���D�O�R�Q�J���W�K�H���Z�D�\�� 
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�$�E�V�W�U�D�F�W 

�'�L�U�H�F�W�� �$�L�U�� �&�D�S�W�X�U�H�� ���'�$�&���� �W�H�F�K�Q�R�O�R�J�\�� �R�I�I�H�U�V�� �D�� �S�U�R�P�L�V�L�Q�J�� �V�R�O�X�W�L�R�Q�� �I�R�U�� �U�H�G�X�F�L�Q�J��

�D�W�P�R�V�S�K�H�U�L�F�� �&�2�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �D�Q�G�� �P�L�W�L�J�D�W�L�Q�J�� �F�O�L�P�D�W�H�� �F�K�D�Q�J�H���� �7�K�L�V�� �W�K�H�V�L�V�� �S�U�R�Y�L�G�H�V�� �D��

�F�R�P�S�U�H�K�H�Q�V�L�Y�H���D�Q�D�O�\�V�L�V���R�I���'�$�&�����I�R�F�X�V�L�Q�J���R�Q���L�W�V���S�R�W�H�Q�W�L�D�O���D�S�S�O�L�F�D�W�L�R�Q���L�Q���,�U�H�O�D�Q�G�����Z�K�H�U�H��

�U�H�Q�H�Z�D�E�O�H�� �H�Q�H�U�J�\�� �U�H�V�R�X�U�F�H�V�� �D�Q�G�� �J�H�R�O�R�J�L�F�D�O�� �V�W�R�U�D�J�H�� �F�D�S�D�F�L�W�L�H�V�� �D�U�H�� �L�G�H�D�O���� �7�K�H�� �U�H�V�H�D�U�F�K��

�H�[�S�O�R�U�H�V���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���'�$�&���W�H�F�K�Q�R�O�R�J�L�H�V���D�Q�G���D�V�V�H�V�V�H�V���W�K�H�L�U���Y�L�D�E�L�O�L�W�\���W�K�U�R�X�J�K���D���V�L�W�H��

�V�S�H�F�L�I�L�F�� �/�L�I�H�� �&�\�F�O�H���$�V�V�H�V�V�P�H�Q�W�����/�&�$�������7�K�H�� �/�&�$�� �U�H�V�X�O�W�V�� �V�K�R�Z�� �W�K�D�W���,�U�H�O�D�Q�G�� �L�V�� �X�Q�L�T�X�H�O�\��

�S�R�V�L�W�L�R�Q�H�G�� �W�R�� �E�H�Q�H�I�L�W�� �I�U�R�P�� �'�$�&���� �W�K�D�Q�N�V�� �W�R�� �L�W�V�� �I�X�W�X�U�H�� �D�E�X�Q�G�D�Q�W�� �Z�L�Q�G�� �H�Q�H�U�J�\�� �D�Q�G�� �W�K�H��

�D�Y�D�L�O�D�E�L�O�L�W�\���R�I���G�H�S�O�H�W�H�G���J�D�V���I�L�H�O�G�V���I�R�U���&�2�����V�W�R�U�D�J�H�� 

�$�G�G�L�W�L�R�Q�D�O�O�\���� �W�K�L�V�� �W�K�H�V�L�V�� �L�Q�Y�H�V�W�L�J�D�W�H�V�� �P�D�W�H�U�L�D�O�� �L�P�S�U�R�Y�H�P�H�Q�W�V�� �I�R�U�� �'�$�&�� �V�\�V�W�H�P�V����

�S�D�U�W�L�F�X�O�D�U�O�\���W�K�U�R�X�J�K���H�[�S�H�U�L�P�H�Q�W�D�O���W�H�V�W�L�Q�J���R�I���V�R�O�L�G���V�R�U�E�H�Q�W�V���L�Q���D���O�D�E���V�F�D�O�H���3�U�H�V�V�X�U�H���6�Z�L�Q�J��

�$�G�V�R�U�S�W�L�R�Q�����3�6�$�����D�S�S�D�U�D�W�X�V�����0�D�W�H�U�L�D�O�V���V�X�F�K���D�V���/�H�Z�D�W�L�W���D�Q�G���D�P�L�Q�H���E�D�V�H�G���D�G�V�R�U�E�H�Q�W�V���Z�H�U�H��

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

�D�Q�G���K�X�P�L�G�L�W�\���V�H�Q�V�L�W�L�Y�L�W�\���U�H�P�D�L�Q�� 

�7�K�H���I�L�Q�G�L�Q�J�V���V�X�J�J�H�V�W���W�K�D�W���Z�K�L�O�H���'�$�&���W�H�F�K�Q�R�O�R�J�\���K�R�O�G�V���J�U�H�D�W���S�R�W�H�Q�W�L�D�O�����V�L�J�Q�L�I�L�F�D�Q�W��

�D�G�Y�D�Q�F�H�P�H�Q�W�V���L�Q���P�D�W�H�U�L�D�O���H�I�I�L�F�L�H�Q�F�\�����H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q�����D�Q�G���S�R�O�L�F�\���V�X�S�S�R�U�W���D�U�H���U�H�T�X�L�U�H�G��

�W�R�� �V�F�D�O�H�� �'�$�&�� �H�I�I�H�F�W�L�Y�H�O�\���� �7�K�H�� �U�H�V�H�D�U�F�K�� �F�R�Q�W�U�L�E�X�W�H�V�� �W�R�� �W�K�H�� �J�U�R�Z�L�Q�J�� �I�L�H�O�G�� �R�I�� �'�$�&�� �E�\��

�R�I�I�H�U�L�Q�J�� �L�Q�V�L�J�K�W�V�� �L�Q�W�R�� �W�K�H�� �W�H�F�K�Q�L�F�D�O�� �D�Q�G�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �F�K�D�O�O�H�Q�J�H�V�� �R�I�� �G�H�S�O�R�\�L�Q�J�� �W�K�L�V��

�W�H�F�K�Q�R�O�R�J�\���L�Q���,�U�H�O�D�Q�G�����D�V���Z�H�O�O���D�V���S�U�R�S�R�V�L�Q�J���V�R�O�X�W�L�R�Q�V���W�R���H�Q�K�D�Q�F�H���L�W�V���I�X�W�X�U�H���Y�L�D�E�L�O�L�W�\�� 
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�7�K�H�V�L�V���2�X�W�S�X�W�V 

�-�R�X�U�Q�D�O���D�U�W�L�F�O�H�V 
�‡���'�L�U�H�F�W���$�L�U���&�D�S�W�X�U�H���L�Q���W�K�H���5�H�S�X�E�O�L�F���R�I���,�U�H�O�D�Q�G�����,�V���L�W���Q�H�F�H�V�V�D�U�\�" 

�K�W�W�S�V�������Z�Z�Z���V�F�L�H�Q�F�H�G�L�U�H�F�W���F�R�P���V�F�L�H�Q�F�H���D�U�W�L�F�O�H���S�L�L���6�������������������������������� 

 

�‡���7�K�H���L�P�S�D�F�W���R�I���'�L�U�H�F�W���$�L�U���&�D�S�W�X�U�H���G�X�U�L�Q�J���W�K�H���O�D�V�W���W�Z�R���G�H�F�D�G�H�V�����$���E�L�E�O�L�R�P�H�W�U�L�F���D�Q�D�O�\�V�L�V��
�R�I���W�K�H���V�F�L�H�Q�W�L�I�L�F���U�H�V�H�D�U�F�K�����S�D�U�W���, 

�K�W�W�S�V�������Z�Z�Z���V�F�L�H�Q�F�H�G�L�U�H�F�W���F�R�P���V�F�L�H�Q�F�H���D�U�W�L�F�O�H���S�L�L���6�������������������������������� 

 

�‡���7�K�H���L�P�S�D�F�W���R�I���G�L�U�H�F�W���D�L�U���F�D�S�W�X�U�H���G�X�U�L�Q�J���W�K�H���O�D�V�W���W�Z�R���G�H�F�D�G�H�V�����$���E�L�E�O�L�R�P�H�W�U�L�F���D�Q�D�O�\�V�L�V���R�I��
�W�K�H���V�F�L�H�Q�W�L�I�L�F���U�H�V�H�D�U�F�K���3�D�U�W���,�, 

�K�W�W�S�V�������Z�Z�Z���V�F�L�H�Q�F�H�G�L�U�H�F�W���F�R�P���V�F�L�H�Q�F�H���D�U�W�L�F�O�H���S�L�L���6�������������������������������; 

 

�‡���/�L�I�H���F�\�F�O�H���D�V�V�H�V�V�P�H�Q�W���R�I���D���G�L�U�H�F�W���D�L�U���F�D�S�W�X�U�H���D�Q�G���V�W�R�U�D�J�H���S�O�D�Q�W���L�Q���,�U�H�O�D�Q�G 

�K�W�W�S�V�������Z�Z�Z���Q�D�W�X�U�H���F�R�P���D�U�W�L�F�O�H�V���V���������������������������������] 

 

�‡�� �0�D�W�H�U�L�D�O�V�� �I�R�U�� �'�L�U�H�F�W���$�L�U�� �&�D�S�W�X�U�H�����$�� �F�R�P�S�D�U�D�W�L�Y�H�� �V�W�X�G�\�� �R�I���=�H�R�O�L�W�H�� �������;���� �/�H�Z�D�W�L�W�� �D�Q�G��
�D�P�L�Q�H���I�X�Q�F�W�L�R�Q�D�O�L�V�H�G���6�%�$�����������8�Q�G�H�U���U�H�Y�L�H�Z�� 

�&�R�Q�I�H�U�H�Q�F�H�V���	���3�U�H�V�H�Q�W�D�W�L�R�Q�V 

�x �(�Q�Y�L�U�R�Q�������������/�H�W�W�H�U�N�H�Q�Q�\ 

�3�R�V�W�H�U���S�U�H�V�H�Q�W�D�W�L�R�Q�����&�D�U�E�R�Q���&�D�S�W�X�U�H���D�Q�G���'�L�U�H�F�W���$�L�U���&�D�S�W�X�U�H���L�Q���,�U�H�O�D�Q�G�����$��

�S�D�W�K�Z�D�\���W�R���D���F�O�H�D�Q���I�X�W�X�U�H 

�2�U�D�O���S�U�H�V�H�Q�W�D�W�L�R�Q�����&�D�U�E�R�Q���&�D�S�W�X�U�H���D�Q�G���'�L�U�H�F�W���$�L�U���&�D�S�W�X�U�H���L�Q���,�U�H�O�D�Q�G�����$��

�S�D�W�K�Z�D�\���W�R���D���F�O�H�D�Q���I�X�W�X�U�H 

�2�U�D�O���S�U�H�V�H�Q�W�D�W�L�R�Q�����%�L�R�P�D�V�V���Z�L�W�K���&�D�U�E�R�Q���&�D�S�W�X�U�H���D�Q�G���6�W�R�U�D�J�H���L�Q���,�U�H�O�D�Q�G����

�$���W�H�F�K�Q�R���H�F�R�Q�R�P�L�F���U�H�Y�L�H�Z 

�x �(�Q�Y�L�U�R�Q�������������:�D�W�H�U�I�R�U�G 

�2�U�D�O���S�U�H�V�H�Q�W�D�W�L�R�Q�����/�L�I�H���&�\�F�O�H���$�V�V�H�V�V�P�H�Q�W���R�I���D���'�L�U�H�F�W���$�L�U���&�D�S�W�X�U�H���S�O�D�Q�W���L�Q��

�,�U�H�O�D�Q�G 

�x �����������$�,�&�K�(���$�Q�Q�X�D�O���0�H�H�W�L�Q�J�����6�D�Q���'�L�H�J�R 

�3�R�V�W�H�U�� �S�U�H�V�H�Q�W�D�W�L�R�Q�����5�H�V�H�D�U�F�K�� �L�Q�� �1�R�Y�H�O�� �6�R�O�L�G�� �6�R�U�E�H�Q�W�V�� �I�R�U�� �'�L�U�H�F�W�� �$�L�U��

�&�D�S�W�X�U�H���D�Q�G���&�D�U�E�R�Q���&�D�S�W�X�U�H�� 

�K�W�W�S�V�������D�L�F�K�H���F�R�Q�I�H�[���F�R�P���D�L�F�K�H�������������P�H�H�W�L�Q�J�D�S�S���F�J�L���3�D�S�H�U��������������  
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Figure 1.1. Carbon budget likelihood to limit global warming to 1.5 °C (dark red) & 2.0 °C (green) and CO2eq emissions 
emitted in 2024 (red). Source: (Forster et al., 2023) 
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Figure 1.2. Projected evolution of global DAC capacity in 2030, 2040 and 2050.The bar chart illustrates estimated 
annual CO2 removal capacity (in megatons of CO2) based on technological scaling forecast. Source: (IEA, 2022b) 
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Figure 1.3. Flow diagram illustrating the structure and key research questions of this thesis. Each chapter addressed a 
fundamental question surrounding DAC, to progressively build a comprehensive understanding of the technology, its 
context in Ireland, as well as its technical and environmental evaluation. 
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Abbreviations  

AA Acid acetic 

BECCS Bioenergy with Carbon Capture Storage 

CDR Carbon Dioxide Removals 

DAC Direct Air Capture 

DMC Dimethyl carbonate 

DME Dimethyl ether 

e-fuels Electrofuels 

EU European Union 

FE Formaldehyde 

Flh Full Load Hour 

GHG Greenhouse Gas  

GtCO2 Billion tonnes of carbon dioxide 

ICE Internal Combustion Engine 

IEA International Energy Agency 

IPCC Intergovernmental Panel on Climate Change 

MOF Metal Organic Framework 

MtCO2eq Million tonnes of carbon dioxide equivalent 

NETs Negative Emission Technologies 

OECD Organisation for Economic Co-operation and Development 

ROI Republic of Ireland 

tCO2 Ton of CO2 

UK United Kingdom 

USA United States of America 

  

Symbols  

�¨�+�|
298 K Enthalpy change at 298 K 

GJ Gigajoule 

kWh Kilowatt hour 

MWh Megawatt hour 

TWh Terawatt hour 

  



27 
 

������ �,�Q�W�U�R�G�X�F�W�L�R�Q 
 

�7�K�H�� �H�[�F�H�V�V�L�Y�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �F�D�U�E�R�Q�� �G�L�R�[�L�G�H�� ���&�2������ �L�Q�� �W�K�H�� �D�W�P�R�V�S�K�H�U�H�� �L�V��

�U�H�D�F�K�L�Q�J���D�O�D�U�P�L�Q�J���O�H�Y�H�O�V�����1�$�6�$���&�O�L�P�D�W�H�������������������,�Q�W�H�U�Q�D�W�L�R�Q�D�O���D�J�H�Q�F�L�H�V���V�X�F�K���D�V���W�K�H���,�3�&�&��

�D�Q�G�� �,�(�$�� �V�W�D�W�H�G�� �W�K�H�� �Q�H�F�H�V�V�L�W�\�� �W�R�� �L�P�S�O�H�P�H�Q�W�� �&�D�U�E�R�Q�� �'�L�R�[�L�G�H�� �5�H�P�R�Y�D�O�V�� ���&�'�5���� �V�X�F�K�� �D�V��

�'�L�U�H�F�W���$�L�U���&�D�S�W�X�U�H�����'�$�&�����D�W���D�Q���L�Q�G�X�V�W�U�L�D�O���V�F�D�O�H�����,�(�$�����������������0�D�V�V�R�Q���'�H�O�P�R�W�W�H���9�����H�W���D�O������

���������������$�O�W�K�R�X�J�K���W�K�H���Z�R�U�O�G���L�V���P�D�N�L�Q�J���S�U�R�J�U�H�V�V���W�R���Z�D�O�N���W�R�Z�D�U�G�V���D���O�R�Z���F�D�U�E�R�Q���G�H�S�H�Q�G�H�Q�F�\����

�W�K�H���S�D�F�H���R�I���W�K�H���F�K�D�Q�J�H���L�V���X�Q�F�H�U�W�D�L�Q���E�H�F�D�X�V�H���R�I���Q�X�P�H�U�R�X�V���D�V�S�H�F�W�V�����J�H�R�S�R�O�L�W�L�F�D�O�����H�[�W�U�D�F�W�L�R�Q��

�R�I���P�D�W�H�U�L�D�O�V�����D�F�F�H�V�V���W�R���L�Q�Q�R�Y�D�W�L�Y�H���W�H�F�K�Q�R�O�R�J�L�H�V�����D�Q�G���P�H�H�W���H�Q�H�U�J�\���G�H�P�D�Q�G�V���D�P�R�Q�J���R�W�K�H�U�V��

���0�D�V�V�R�Q���'�H�O�P�R�W�W�H���9�����H�W���D�O���������������������,�Q���W�K�H���P�H�D�Q�W�L�P�H�����K�R�Z���L�V���W�K�H���L�Q�F�U�H�D�V�H���L�Q���D�W�P�R�V�S�K�H�U�L�F��

�&�2�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q���O�L�N�H�O�\���W�R���F�K�D�Q�J�H�"���,�I���Z�H���F�H�D�V�H���H�P�L�W�W�L�Q�J���Q�R�Z���D�Q�G���Z�H���V�Z�L�W�F�K���W�R���U�H�Q�H�Z�D�E�O�H��

�H�Q�H�U�J�\�����F�D�Q���W�K�H���Q�D�W�X�U�D�O���F�D�U�E�R�Q���V�L�Q�N�V���D�O�R�Q�H���U�H�V�W�R�U�H���W�K�H���E�D�O�D�Q�F�H�"�� 

�'�H�V�S�L�W�H���E�H�L�Q�J���Q�H�F�H�V�V�D�U�\���W�R���V�W�R�S���S�U�H�V�V�X�U�H���R�Q���W�K�H�V�H���H�F�R�V�\�V�W�H�P�V�����W�K�H���V�K�R�U�W���D�Q�V�Z�H�U���L�V��

�Q�R�����L�W���Z�L�O�O���W�D�N�H���W�L�P�H���E�H�F�D�X�V�H���W�K�H���K�D�O�I���O�L�I�H���R�I���W�K�H���&�2�����P�R�O�H�F�X�O�H���L�Q���W�K�H���D�W�P�R�V�S�K�H�U�H���U�D�Q�J�H�V��

�E�H�W�Z�H�H�Q�����������D�Q�G�����������\�H�D�U�V�����$�U�F�K�H�U���H�W���D�O���������������������7�K�X�V�����G�X�U�L�Q�J���W�K�H���O�D�V�W���W�Z�R���F�H�Q�W�X�U�L�H�V�����W�K�H��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���&�2�����L�Q���W�K�H���D�W�P�R�V�S�K�H�U�H���K�D�V���E�H�H�Q���G�U�D�P�D�W�L�F�D�O�O�\���L�Q�F�U�H�D�V�L�Q�J���I�U�R�P�����������S�S�P��

�W�R�� �������� �S�S�P�� �X�S�� �W�L�O�O�� �Q�R�Z�����1�$�6�$�� �&�O�L�P�D�W�H���� ���������������$�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �O�D�V�W���U�H�S�R�U�W�V�� �I�U�R�P�� �W�K�H��

�,�3�&�&�����W�K�H���F�X�U�U�H�Q�W���S�D�W�K���L�V���O�H�D�G�L�Q�J���W�R���D�Q���L�Q�F�U�H�D�V�H���E�H�W�Z�H�H�Q�����������W�R�����������ž�&���D�Q�G�����V�L�Q�F�H���W�R�G�D�\����

�W�K�H���H�V�W�L�P�D�W�H�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���&�2�����D�F�F�X�P�X�O�D�W�H�G���L�Q���W�K�H���D�W�P�R�V�S�K�H�U�H���L�V�������������“�����������*�W�&�2����

���0�D�V�V�R�Q���'�H�O�P�R�W�W�H���9�����H�W���D�O���������������������6�R�����K�R�Z���F�D�Q���Z�H���K�D�Q�G�O�H���W�K�L�V���S�U�R�E�O�H�P�"�� 

�7�K�H�U�H�� �L�V�� �Q�R�W�� �D�� �X�Q�L�T�X�H�� �V�R�O�X�W�L�R�Q���� �6�Z�L�W�F�K�L�Q�J�� �W�R�� �U�H�Q�H�Z�D�E�O�H�� �H�Q�H�U�J�\�� �V�R�X�U�F�H�V�� �L�Q��

�F�R�P�E�L�Q�D�W�L�R�Q�� �Z�L�W�K�� �D�� �J�O�R�E�D�O�� �H�I�I�R�U�W�� �D�Q�G�� �L�P�S�O�H�P�H�Q�W�L�Q�J�� �1�H�J�D�W�L�Y�H�� �(�P�L�V�V�L�R�Q�� �7�H�F�K�Q�R�O�R�J�L�H�V��

���1�(�7�V�����Z�L�O�O���E�H���W�K�H���W�X�U�Q�L�Q�J���S�R�L�Q�W�V���W�R���U�H�Y�H�U�V�H���W�K�L�V���X�Q�Z�D�Q�W�H�G���V�L�W�X�D�W�L�R�Q�����,�3�&�&�������������������7�K�H��

�Q�R�Q���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q�� �R�I�� �&�'�5�V�� �F�R�X�O�G�� �H�Q�G�� �L�Q�� �D�Q�� �R�Y�H�U�V�K�R�R�W�� �R�I�� �������� �ž�&�����5�H�D�O�P�R�Q�W�H�� �H�W�� �D�O������

���������������7�K�L�V���V�L�W�X�D�W�L�R�Q���Z�L�O�O���Q�R�W���R�Q�O�\���D�J�J�U�D�Y�D�W�H���L�U�U�H�Y�H�U�V�L�E�O�\���W�K�H���J�O�R�E�D�O���Q�H�J�D�W�L�Y�H���H�I�I�H�F�W�V�����E�X�W��

�L�W���L�V���F�X�U�U�H�Q�W�O�\���L�Q�I�O�D�W�L�Q�J���W�K�H���F�R�V�W�V���R�I���W�K�H���S�R�Z�H�U���V�\�V�W�H�P�V�����)�X�K�U�P�D�Q���H�W���D�O�������������������*�D�O�i�Q���0�D�U�W�t�Q��

�H�W�� �D�O������ ���������������<�H�W���� �W�K�H�� �(�X�U�R�S�H�D�Q�� �8�Q�L�R�Q�� ���(�8���� �D�Q�G�� �W�K�H�� �J�R�Y�H�U�Q�P�H�Q�W�� �R�I�� �W�K�H�� �8�Q�L�W�H�G�� �6�W�D�W�H�V��

���8�6�$���� �D�U�H�� ���J�L�Y�L�Q�J�� �J�U�H�H�Q�� �O�L�J�K�W���� �W�R�� �I�X�Q�G���D�Q�G�� �G�H�Y�H�O�R�S�� �'�$�&�� �S�U�R�M�H�F�W�V�����*�D�W�H�V�� �H�W�� �D�O������ ������������

�,�Q�L�W�L�D�W�L�Y�H���	���(�D�U�W�K�V�K�R�W�V�������������������7�K�H���5�H�S�X�E�O�L�F���R�I���,�U�H�O�D�Q�G�����5�2�,�����L�V���D�O�U�H�D�G�\���G�H�Y�H�O�R�S�L�Q�J���S�O�D�Q�V��

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

�W�R���U�H�G�X�F�H���L�W�V���H�P�L�V�V�L�R�Q�V���Z�L�W�K���D���E�U�L�G�J�H���W�H�F�K�Q�R�O�R�J�\�����*�R�Y�H�U�Q�P�H�Q�W���R�I���,�U�H�O�D�Q�G���������������� 



28 
 

�7�K�H���L�Q�W�H�U�Q�D�W�L�R�Q�D�O���D�V�V�X�P�S�W�L�R�Q���R�I���W�K�H���5�2�,�����W�K�H�����J�U�H�H�Q���H�P�H�U�D�O�G���������L�V���E�H�F�D�X�V�H���R�I���W�K�H��

�O�R�F�D�O���O�D�Q�G�V�F�D�S�H�V�����6�W�L�O�O�����L�V���W�K�H���F�R�X�Q�W�U�\���D�V�����J�U�H�H�Q�����D�V���L�W�V���L�P�D�J�H�"���7�K�H���D�Q�V�Z�H�U���L�V���Q�R�����W�K�H���5�2�,��

�Z�D�V���R�Q���W�K�H�������W�K���R�X�W���R�I���������(�X�U�R�S�H�D�Q���F�R�X�Q�W�U�L�H�V���Z�L�W�K���V�L�J�Q�L�I�L�F�D�Q�W���L�P�S�U�R�Y�H�P�H�Q�W�V���L�Q���W�K�H���V�R�F�L�D�O����

�H�G�X�F�D�W�L�R�Q�����S�H�D�F�H�����D�Q�G���M�X�V�W�L�F�H���D�U�H�D�V�����5�H�J�D�U�G�O�H�V�V���R�I���W�K�H�����J�U�H�H�Q���L�P�D�J�H�����R�I���W�K�H���L�V�O�D�Q�G�����W�K�H���5�2�,��

�Z�D�V�� �D�W�� �W�K�H�� �O�R�Z�H�V�W�� �S�R�V�L�W�L�R�Q�� �L�Q�� �W�K�H�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �G�L�P�H�Q�V�L�R�Q�����D�V�L�G�H�� �I�U�R�P�� �6�S�D�L�Q�� �D�Q�G��

�/�X�[�H�P�E�R�X�U�J�������&�O�D�U�N���� �&���0���$������ �.�D�Y�D�Q�D�J�K���� �&������ �/�H�Q�L�K�D�Q���� �������������� �7�K�H�� �5�2�,�� �L�V�� �R�Q�H�� �R�I�� �W�K�H��

�O�D�U�J�H�V�W�� �S�R�O�O�X�W�D�Q�W�V�� �S�H�U�� �F�D�S�L�W�D���� �D�Q�G�� �L�Q�� ������������ �L�W�V�� �H�P�L�V�V�L�R�Q�V�� �U�H�D�F�K�H�G�� �����������P�H�W�U�L�F�� �W�R�Q�V�� �S�H�U��

�S�H�U�V�R�Q�����(�X�U�R�S�H�D�Q���&�R�P�P�L�V�V�L�R�Q�������������������(�Y�H�Q���Z�L�W�K���V�X�F�K���U�D�W�H�V�����W�K�H���5�2�,���L�V���G�H�Y�H�O�R�S�L�Q�J���H�I�I�R�U�W�V��

�W�R�� �F�X�W�� �F�D�U�E�R�Q�� �H�P�L�V�V�L�R�Q�V�� �E�\�� ������������ �Z�L�Q�G�� �S�R�Z�H�U�� �Z�L�O�O�� �V�X�S�S�O�\�� �P�R�V�W�� �R�I�� �W�K�H�� �H�Q�H�U�J�\�����,�:�(�$����

���������������:�L�O�O���W�K�L�V���E�H���H�Q�R�X�J�K���W�R���P�H�H�W���F�O�L�P�D�W�H���J�R�D�O�V�" 

�8�Q�I�R�U�W�X�Q�D�W�H�O�\�����W�K�H�U�H���D�U�H���V�H�F�W�R�U�V���W�K�D�W���K�D�Y�H���W�Z�R���N�H�\���L�V�V�X�H�V���W�R���U�H�G�X�F�H���W�K�H�L�U���H�P�L�V�V�L�R�Q�V����

�W�K�H�U�H���L�V���D���O�D�F�N���R�I���W�L�P�H���W�R���D�G�D�S�W���W�K�H�P���W�R���R�W�K�H�U���H�Q�H�U�J�\���R�S�W�L�R�Q�V���D�Q�G���D�U�H���K�H�D�Y�L�O�\���U�H�O�L�D�Q�W���R�Q��

�I�R�V�V�L�O���I�X�H�O�����%�3�������������������$�V���D���U�H�V�X�O�W���R�I���L�W�V���G�H�S�H�Q�G�D�Q�W���Q�D�W�X�U�H�����L�Q�������������E�H�W�Z�H�H�Q�����������W�R����������

�R�I�� �W�K�H�� �I�L�Q�D�O�� �F�R�Q�V�X�P�S�W�L�R�Q�� �L�Q�� �W�K�H�� �W�U�D�Q�V�S�R�U�W�� �V�H�F�W�R�U�� �Z�L�O�O�� �U�H�O�\�� �R�Q�� �R�L�O���� �E�L�R�I�X�H�O�V�� �D�Q�G�� �J�D�V�����%�3��

�:�R�U�O�G���(�Q�H�U�J�\�����������������,�(�$�������������������7�K�H�U�H�I�R�U�H�����W�R���V�X�S�S�R�U�W���K�D�U�G���W�R���G�H�F�D�U�E�R�Q�L�V�H���V�H�F�W�R�U�V���V�X�F�K��

�D�V���W�K�H���W�U�D�Q�V�S�R�U�W�����L�W���L�V���Q�H�F�H�V�V�D�U�\���W�R���F�R�Q�V�L�G�H�U���D�O�W�H�U�Q�D�W�L�Y�H���D�S�S�U�R�D�F�K�H�V�����&�'�5�V���F�R�X�O�G���S�U�R�Y�L�G�H���L�W��

�E�\���Q�R�W���R�Q�O�\���S�U�R�G�X�F�L�Q�J���Q�H�J�D�W�L�Y�H���H�P�L�V�V�L�R�Q�V���L�Q���I�D�Y�R�X�U���R�I���U�H�G�X�F�L�Q�J���&�2�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����E�X�W���L�W��

�Z�L�O�O���D�O�V�R���V�X�S�S�R�U�W���W�K�H�V�H���V�H�F�W�R�U�V���W�K�D�W���F�R�X�O�G���H�[�S�H�U�L�H�Q�F�H���G�L�I�I�L�F�X�O�W�L�H�V���L�Q���G�H�F�D�U�E�R�Q�L�V�L�Q�J�����2�V�P�D�Q��

�H�W���D�O���������������������7�K�X�V�����F�U�H�D�W�L�Q�J���V�\�Q�W�K�H�W�L�F���I�X�H�O�V���Z�L�O�O���K�H�O�S���V�H�F�W�R�U�V���V�X�F�K���D�V���W�K�H���D�Y�L�D�W�L�R�Q���R�U���W�K�H��

�F�K�H�P�L�F�D�O���L�Q�G�X�V�W�U�\�����0�D�U�F�K�H�V�H���H�W���D�O���������������������8�V�L�Q�J���H���I�X�H�O�V���F�R�X�O�G���V�W�R�U�H���W�K�H���H�[�F�H�V�V���R�I���H�Q�H�U�J�\��

�I�U�R�P���U�H�Q�H�Z�D�E�O�H���V�R�X�U�F�H�V�����V�X�F�K���D�V���W�K�H���Z�L�Q�G�����6�K�H�U�Z�L�Q�������������������,�Q���D�G�G�L�W�L�R�Q�����L�P�S�O�H�P�H�Q�W�L�Q�J���H��

�I�X�H�O�V���F�R�X�O�G���H�D�V�H���W�K�H���H�Q�H�U�J�\���G�H�P�D�Q�G���R�I���W�K�H�V�H���V�H�F�W�R�U�V���Z�K�L�O�H���V�L�P�X�O�W�D�Q�H�R�X�V�O�\���E�H�F�R�P�H���F�D�U�E�R�Q��

�Q�H�X�W�U�D�O�����%�H�F�D�W�W�L�Q�L���H�W���D�O�������������������� 

�$�O�W�K�R�X�J�K���W�K�H���F�R�X�Q�W�U�\���L�V���L�Q�F�U�H�D�V�L�Q�J���L�W�V���Z�L�Q�G���F�D�S�D�F�L�W�\�����,�(�$�������������������W�K�L�V���W�H�Q�G�H�Q�F�\��

�G�R�H�V���Q�R�W���H�[�L�V�W���L�Q���W�K�H���&�'�5���D�U�H�D�����*�R�Y�H�U�Q�P�H�Q�W���R�I���,�U�H�O�D�Q�G�������������������7�K�H���V�W�U�R�Q�J���I�R�F�X�V���R�Q���W�K�H��

�F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���Z�L�Q�G���I�D�U�P�V���L�V���R�Y�H�U�V�K�D�G�R�Z�L�Q�J���R�W�K�H�U���V�R�O�X�W�L�R�Q�V���W�K�D�W���F�R�X�O�G���K�H�O�S���W�K�H�V�H���F�O�H�D�Q��

�H�Q�H�U�J�\�� �V�R�X�U�F�H�V�����+�R�Z�O�H�\�� �H�W�� �D�O������ ���������������7�K�H�� �5�2�,�� �F�R�X�O�G�� �W�D�N�H�� �D�G�Y�D�Q�W�D�J�H�� �R�I�� �W�K�H�� �H�[�F�H�V�V�� �R�I��

�I�X�W�X�U�H�� �Z�L�Q�G�� �H�Q�H�U�J�\�� �J�H�Q�H�U�D�W�H�G���D�Q�G�� �F�U�H�D�W�H�� �H���I�X�H�O�V�� �R�U���V�W�R�U�H�� �W�K�H�� �&�2�����%�R�V�� �H�W���D�O������ ���������������$�V��

�P�H�Q�W�L�R�Q�H�G�� �E�H�I�R�U�H���� �Q�R�W�� �F�R�Q�V�L�G�H�U�L�Q�J�� �W�K�H�V�H�� �D�O�W�H�U�Q�D�W�L�Y�H�V�� �L�Q�� �P�L�Q�G�� �Z�L�O�O�� �O�H�D�G�� �W�R�� �Q�H�Z�� �J�O�R�E�D�O��

�H�P�L�V�V�L�R�Q�V�������������*�W�&�2�����S�H�U���\�H�D�U�������I�U�R�P���Z�K�L�F�K���V�R�P�H���R�I���W�K�H�P���Z�L�O�O���U�H�P�D�L�Q���L�Q���W�K�H���D�W�P�R�V�S�K�H�U�H��

�I�R�U���D�W���O�H�D�V�W�����������R�U�����������\�H�D�U�V�����$�U�F�K�H�U���H�W���D�O���������������������+�H�Q�F�H�����W�K�H�U�H���L�V���D�Q���X�U�J�H�Q�F�\���W�R���G�H�S�O�R�\��

�Q�H�J�D�W�L�Y�H���H�P�L�V�V�L�R�Q���V�X�F�K���D�V���'�$�&���L�Q���I�D�Y�R�X�U���R�I���U�H�G�X�F�L�Q�J���W�K�H���J�O�R�E�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���&�2����

�D�Q�G���W�R���P�H�H�W���W�K�H���H�Q�H�U�J�\���G�H�P�D�Q�G�V�����+�D�Q�Q�D���H�W���D�O������������������ 



29 
 

�7�K�U�R�X�J�K�� �W�K�H�� �D�E�R�Y�H�� �V�W�D�W�H�P�H�Q�W�V���� �W�K�H�U�H�� �D�U�H�� �Q�R�W�L�F�H�D�E�O�H�� �F�R�Q�Y�H�Q�L�H�Q�F�H�V�� �Z�L�W�K��

�L�P�S�O�H�P�H�Q�W�L�Q�J���'�$�&�����7�R�G�D�\�����Q�R�Q���U�H�Q�H�Z�D�E�O�H���H�Q�H�U�J�L�H�V�����V�X�F�K���D�V���F�R�D�O�����R�L�O�����D�Q�G���Q�D�W�X�U�D�O���J�D�V����

�D�F�F�R�X�Q�W���I�R�U�����������R�I���W�K�H���J�O�R�E�D�O���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q�����%�3�������������������,�Q���W�K�H���F�D�V�H���R�I���W�K�H���5�2�,�����W�K�H��

�W�U�D�Q�V�S�R�U�W���� �U�H�V�L�G�H�Q�W�L�D�O�� �D�Q�G�� �K�H�D�W�� �V�H�F�W�R�U�V�� �K�L�J�K�O�\�� �G�H�S�H�Q�G�� �R�Q�� �I�R�V�V�L�O�� �I�X�H�O�V�����6�(�$�,���� ���������D������

�'�H�O�D�\�L�Q�J���I�X�U�W�K�H�U���D�F�W�L�R�Q���L�Q���W�K�H���'�$�&���S�D�W�K���Z�L�O�O���Q�R�W���R�Q�O�\���K�D�Y�H���L�P�S�O�L�F�D�W�L�R�Q�V���I�R�U���W�K�H���Q�D�W�L�R�Q�D�O��

�H�Q�H�U�J�\�� �V�\�V�W�H�P�V���� �E�X�W�� �L�W�� �Z�L�O�O�� �D�O�V�R�� �P�L�V�V�� �W�K�H�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �E�H�Q�H�I�L�W�V�� �R�I�� �L�W�V�� �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q��

���*�D�O�i�Q���0�D�U�W�t�Q���H�W���D�O������������������ 

�7�K�L�V���V�W�X�G�\���Z�L�O�O���E�U�L�Q�J���L�Q�V�L�J�K�W�V���L�Q�W�R���W�K�H���O�R�F�D�O���H�Q�H�U�J�\���U�H�O�L�D�Q�F�H���R�Q���I�R�V�V�L�O���I�X�H�O�V���D�Q�G���L�W�V��

�F�R�Q�V�H�T�X�H�Q�F�H�V���� �,�W���Z�L�O�O���D�O�V�R���S�U�R�Y�L�G�H���N�Q�R�Z�O�H�G�J�H���D�E�R�X�W���W�K�H���F�R�P�S�D�Q�L�H�V���W�D�N�L�Q�J���W�K�H���O�H�D�G���D�Q�G��

�W�K�H�� �E�H�Q�H�I�L�W�V�� �R�I�� �L�P�S�O�H�P�H�Q�W�L�Q�J�� �D�� �'�$�&�� �L�Q�G�X�V�W�U�\���� �2�W�K�H�U�� �U�H�V�H�D�U�F�K�H�U�V�� �D�Q�G�� �O�R�F�D�O�� �D�X�W�K�R�U�L�W�L�H�V��

�V�W�X�G�L�H�G���W�K�H���S�U�R�E�O�H�P�D�W�L�F���V�L�W�X�D�W�L�R�Q���U�H�O�D�W�H�G���W�R���&�2�����H�P�L�V�V�L�R�Q�V�����+�R�Z�H�Y�H�U�����W�K�H�U�H���D�U�H���Q�R���V�W�X�G�L�H�V��

�W�K�D�W�� �L�Q�F�O�X�G�H�G�� �&�'�5�V�� �D�V�� �S�D�U�W�� �R�I�� �W�K�H�� �V�R�O�X�W�L�R�Q���� �+�H�Q�F�H���� �W�K�H�� �S�X�U�S�R�V�H�� �D�Q�G�� �P�R�W�L�Y�D�W�L�R�Q�� �R�I�� �W�K�L�V��

�D�U�W�L�F�O�H���L�V���W�R���D�G�G�U�H�V�V���W�K�H���L�P�S�R�U�W�D�Q�F�H���R�I���'�$�&���L�Q���W�K�H���5�2�,�����7�K�H���F�R�X�Q�W�U�\���L�V���G�H�S�O�R�\�L�Q�J���G�L�Y�H�U�V�H��

�S�O�D�Q�V�� �W�R�� �P�L�W�L�J�D�W�H�� �F�O�L�P�D�W�H�� �F�K�D�Q�J�H���� �\�H�W�� �&�'�5�V�� �G�L�G�� �Q�R�W�� �U�H�F�H�L�Y�H�� �W�K�H�� �S�U�R�S�H�U�� �D�W�W�H�Q�W�L�R�Q����

�7�K�H�U�H�I�R�U�H�����W�K�H���V�W�X�G�\���Z�L�O�O���K�H�O�S���W�R���X�Q�G�H�U�V�W�D�Q�G���K�R�Z���'�$�&���F�R�X�O�G���I�L�W���W�R���U�H�G�X�F�H���W�K�L�V���G�H�S�H�Q�G�H�Q�F�H��

�R�Q���I�R�V�V�L�O���I�X�H�O�V���D�Q�G���L�W�V���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���E�H�Q�H�I�L�W�V���� 

 

������ �(�Q�H�U�J�\���V�H�F�X�U�L�W�\���L�Q���W�K�H���5�2�, 
 

�7�R���X�Q�G�H�U�V�W�D�Q�G���W�K�H���L�Q�F�U�H�P�H�Q�W���R�I���*�+�*�V���H�P�L�V�V�L�R�Q�V�����I�L�U�V�W���L�W���L�V���L�P�S�R�U�W�D�Q�W���W�R���X�Q�G�H�U�O�L�Q�H��

�W�K�H���R�U�L�J�L�Q���R�I���W�K�H�V�H���D�Q�W�K�U�R�S�R�J�H�Q�L�F���H�P�L�V�V�L�R�Q�V�����7�K�H���D�Y�H�U�D�J�H���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���S�H�U���F�L�W�L�]�H�Q��

�L�Q���W�K�H���5�2�,�� �L�V�������� �0�:�K�����%�U�R�S�K�\�� �H�W���D�O������ ���������������7�K�H���5�2�,�� �K�D�G���W�K�H���O�R�Z�H�V�W���Y�D�O�X�H���L�Q���H�Q�H�U�J�\��

�H�I�I�L�F�L�H�Q�F�\���E�H�W�Z�H�H�Q���W�K�H���2�(�&�'���V�W�D�W�H���P�H�P�E�H�U�V�����+�����6�X�Q���H�W���D�O���������������������,�Q���������������W�K�H���H�Q�H�U�J�\��

�G�H�P�D�Q�G���L�Q���W�K�H���5�2�,���Z�D�V�����������������7�:�K�����I�U�R�P���Z�K�L�F�K���R�L�O���D�F�F�R�X�Q�W�H�G���I�R�U�������������H�O�H�F�W�U�L�F�L�W�\������������

�Q�D�W�X�U�D�O���J�D�V�������������D�Q�G���W�K�H���U�H�P�D�L�Q�L�Q�J�������������W�R���U�H�Q�H�Z�D�E�O�H�V�����+�R�X�V�H�K�R�O�G�����L�Q�G�X�V�W�U�\�����V�H�U�Y�L�F�H�V����

�D�J�U�L�F�X�O�W�X�U�H�� �	�� �I�L�V�K�H�U�L�H�V���� �D�Q�G�� �W�U�D�Q�V�S�R�U�W�� �Z�H�U�H�� �W�K�H�� �I�L�Q�D�O�� �G�H�P�D�Q�G�� �D�U�H�D�V�����6�(�$�,���� ���������E������ �,�Q��

�U�H�O�D�W�L�R�Q���W�R���W�K�H���W�U�D�Q�V�S�R�U�W���V�H�F�W�R�U�����S�U�L�Y�D�W�H���F�D�U�V���G�R�P�L�Q�D�W�H�G���W�K�H���I�L�Q�D�O���H�Q�H�U�J�\���X�V�H�����6�(�$�,�������������D������ 



30 
 

 

Figure 2.1 The ROI's energy demand consumed by sectors in 2019. Transport sector (in orange) dominated the demand 
of energy in 2019, whereas the residential (in yellow) and the industry (in green) accounted the other half. 
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Figure 2.2. The ROI's flux of energy in electricity generation during 2019. Most of the electricity generated came from 
non-renewable sources, where gas accounted 56% of the energy inputs. Wind generation represented 20% of the 
primary energy but  is incrementing its capacity each year. Data source: SEAI (SEAI, 2020b) 
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Figure 2.3. In 2018 in the ROI, the agriculture sector accounted for 34% of the total emissions, yet the energy sector 
encompasses 59% of the total share. Within the energy sector, transport accounted for roughly 42%, highlighting the 
challenge of decarbonising this sector. 
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Figure 2.4. Historical GHGs accumulation and future projections without including a DAC plant according to the EPA. 
Source: ROI's Final Greenhouse Gas emissions 1990-2018 (63) & Greenhouse gas emissions projections 
(Environmental Protection Agency (Ireland), 2020) 
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Table 2.1 Overview of key DAC companies, summarising their capture methods, technological approaches, current scale, stated goals, future expectations and geographical locations. 
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Figure 2.5. Simplified carbon cycle. Red arrows represent the emissions of CO2 into the atmosphere, whereas blue 
arrows illustrate the CO2 uptake by the natural sinks. The green arrow shows an anthropogenic CO2 uptake and storage. 
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Figure 2.6. Overview of a potential range of products derived from CO2 as raw material, including fuels, chemicals, 
and materials. These pathways illustrate the versatility of CO2 as a feedstock for valued-added  products and the 
integration opportunities for DAC and carbon capture technologies.  
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Table 2.2 Principal reactions during the methanation process 
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Table 2.5 Main reaction during the methanol hydrocarboxylation 
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Table 2.6 Principal reactions during the methanol dehydrogenation 
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�W�K�H�� �Z�L�Q�G�� �V�S�H�H�G�� �D�W�� �������� �P�H�W�H�U�V�����1�R�O�D�Q���� �������������� �7�K�L�V�� �G�H�F�O�L�Q�H�� �L�V�� �D�Q�D�O�R�J�R�X�V�� �W�R�� �W�K�H�� �F�X�U�U�H�Q�W��

�H�Q�H�U�J�\���G�U�R�S���I�U�R�P���8�.�
�V���Z�L�Q�G���I�D�U�P�V�����0�R�U�L�V�R�Q�������������������7�R���D�Y�R�L�G���E�O�D�F�N�R�X�W�V���E�H�F�D�X�V�H���R�I���W�K�H��

�O�R�Z�� �Z�L�Q�G�� �V�S�H�H�G�V���� �W�K�H�� �5�2�,�¶�V�� �J�R�Y�H�U�Q�P�H�Q�W���R�U�G�H�U�H�G�� �O�D�V�W���\�H�D�U���W�R�� �R�S�H�Q�� �W�K�H�� �S�R�Z�H�U���S�O�D�Q�W�V�� �R�I��

�:�K�L�W�H�J�D�W�H�� �L�Q�� �&�R�U�N���� �D�Q�G�� �+�X�Q�W�V�W�Z�R�Q�� �L�Q�� �'�X�E�O�L�Q�����%�D�U�U�\�� �2�¶�+�D�O�O�R�U�D�Q���� ���������E���� �2�¶�+�D�O�O�R�U�D�Q����

���������E�������6�R�����Z�L�O�O���5�2�,���P�H�H�W���L�W�V���F�O�L�P�D�W�H���J�R�D�O�V���D�Q�G���V�D�W�L�V�I�\���L�W�V���H�Q�H�U�J�\���G�H�P�D�Q�G�V�"���:�H���G�R���Q�R�W��

�R�S�S�R�V�H�� �W�R�� �W�K�H�� �P�H�D�V�X�U�H�V�� �V�W�D�W�H�G�� �D�E�R�Y�H���� �E�X�W�� �W�K�L�V�� �V�W�X�G�\�� �Q�R�W�L�F�H�V�� �P�D�Q�\�� �J�D�S�V�� �D�Q�G�� �O�R�F�D�O��

�D�X�W�K�R�U�L�W�L�H�V���V�H�W���D�V�L�G�H���D�O�W�H�U�Q�D�W�L�Y�H�V���U�H�O�D�W�H�G���W�R���&�'�5�V�����*�R�Y�H�U�Q�P�H�Q�W���R�I���,�U�H�O�D�Q�G������������������ 
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Table 2.7 Overview of novel methods and techniques to synthesise CO2 into valuable products for specific industries. 

�3�U�R�G�X�F�W   �$�S�S�O�L�F�D�W�L�R�Q�V   �1�R�Y�H�O���P�H�W�K�R�G   �5�D�Z���P�D�W�H�U�L�D�O�V   �5�H�I�H�U�H�Q�F�H�V 

�$�F�L�G���D�F�H�W�L�F 
 �‡���3�K�D�U�P�D�F�H�X�W�L�F�D�O���L�Q�G�X�V�W�U�\ 

�‡���)�R�R�G���L�Q�G�X�V�W�U�\ 
�‡���&�K�H�P�L�F�D�O���L�Q�G�X�V�W�U�\ 
�‡���3�O�D�V�W�L�F���L�Q�G�X�V�W�U�\ 

 
�0�H�W�K�D�Q�R�O��

�K�\�G�U�R�F�D�U�E�R�[�\�O�D�W�L�R�Q 

 
�0�H�W�K�D�Q�R�O�����&�2�����D�Q�G��

�+�� 

  ���$�K�P�D�G���H�W���D�O�������������������'�H�V�K�P�X�N�K��
�	���0�D�Q�\�D�U�����������������4�L�D�Q���H�W���D�O������

���������� 
    

                  

�'�L�P�H�W�K�\�O��
�F�D�U�E�R�Q�D�W�H 

 �‡���%�D�W�W�H�U�\���H�O�H�F�W�U�R�O�\�W�H 
�‡���&�O�H�D�Q�L�Q�J���D�J�H�Q�W�V 
�‡���*�U�H�H�Q���V�R�O�Y�H�Q�W 

 
�'�L�U�H�F�W���V�\�Q�W�K�H�V�L�V���R�I��

�0�H�W�K�D�Q�R�O�� 

 
�0�H�W�K�D�Q�R�O���D�Q�G���&�2�� 

 ���)�D�U�L�D���H�W���D�O�������������������*�D�U�F�L�D���+�H�U�U�H�U�R��
�H�W���D�O�������������������1�D�T�Y�L�����������������2�K�Q�R���H�W��
�D�O�������������������7�X�Q�G�R���	���6�H�O�Y�D����������������

�0�����=�K�D�Q�J���H�W���D�O���������������� 

    

                  

�'�L�P�H�W�K�\�O���H�W�K�H�U�� 
 �‡���$�V���I�X�H�O���L�Q���G�L�H�V�H�O���H�Q�J�L�Q�H�V�� 

�‡���$�H�U�R�V�R�O���S�U�R�S�H�O�O�D�Q�W 
�‡���6�R�O�Y�H�Q�W 

 �0�H�W�K�D�Q�R�O��
�G�H�K�\�G�U�D�W�L�R�Q 

 
�0�H�W�K�D�Q�R�O 

 ���$�]�L�]�L���H�W���D�O�������������������*�R�G�L�Q�L���H�W���D�O������
�������������3�H�L�Q�D�G�R���H�W���D�O�������������������6�H�\�D�P��

�H�W���D�O���������������� 
    

                  

�(���I�X�H�O�V 
 �‡���$�Y�L�D�W�L�R�Q���W�U�D�Q�V�S�R�U�W 

�‡���5�R�D�G���W�U�D�Q�V�S�R�U�W 
�‡���6�K�L�S�S�L�Q�J 

 
�)�L�V�F�K�H�U���7�U�R�S�V�F�K��

�S�U�R�F�H�V�V 

 
�&�2�����D�Q�G���+�� 

 ���%�D�O�D�V�X�E�U�D�P�D�Q�L�D�Q���H�W���D�O������������������
�0�D�U�F�K�H�V�H���H�W���D�O�������������������5�R�V�D�Q�Q�D��
�9�L�V�F�D�U�G�L���H�W���D�O�������������������6�D�E�D�W�L�Q�R���H�W��

�D�O���������������� 

    

                  

�)�R�U�P�D�O�G�H�K�\�G�H 
 �‡���3�D�S�H�U���L�Q�G�X�V�W�U�\ 

�‡���+�R�X�V�H�K�R�O�G���S�U�R�G�X�F�W�V 
�‡���*�O�X�H�V���D�Q�G���D�G�K�H�V�L�Y�H�V 

 �&�D�W�D�O�\�W�L�F��
�G�H�K�\�G�U�R�J�H�Q�D�W�L�R�Q���R�I��

�P�H�W�K�D�Q�R�O�� 

 
�0�H�W�K�D�Q�R�O���D�Q�G���2�� 

 ���0�D�L�Z�D�O�G���H�W���D�O�������������������0�D�O�L�N���H�W���D�O������
�������������7�K�U�D�Q�H���H�W���D�O����������������     

                  

�0�H�W�K�D�Q�H 
 �‡���(�O�H�F�W�U�L�F�L�W�\���S�U�R�G�X�F�W�L�R�Q 

�‡���&�K�H�P�L�F�D�O���I�H�H�G�V�W�R�F�N 
�‡���+�H�D�W�L�Q�J���L�Q���E�X�L�O�G�L�Q�J�V 

 
�0�H�W�K�D�Q�D�W�L�R�Q 

 
�&�2�������&�2���D�Q�G���+�� 

 ���(�J�H�O�D�Q�G���(�U�L�N�V�H�Q���H�W���D�O������������������
�0�H�E�U�D�K�W�X���H�W���D�O�������������������-�����=�K�D�Q�J���H�W��

�D�O�������������������0�����=�K�X���H�W���D�O���������������� 
    

                  

�2�O�H�I�L�Q�V 
 �‡���%�X�L�O�G�L�Q�J���E�O�R�F�N���P�D�W�H�U�L�D�O�V 

�‡���3�O�D�V�W�L�F���L�Q�G�X�V�W�U�\ 
�‡���'�H�W�H�U�J�H�Q�W�V 

 �%�L�R���I�L�[�D�W�L�R�Q���D�Q�G��
�F�D�W�D�O�\�W�L�F���F�U�D�F�N�L�Q�J��

�E�L�R�P�D�V�V 

 
�&�2�������&�2���D�Q�G���+�� 

 ���=�����6�K�L���H�W���D�O�������������������=�K�R�Q�J���H�W���D�O������
�������������=�K�R�X���H�W���D�O����������������     

        



49 
 

�(�Y�H�Q�� �L�I�� �W�K�H�� �Z�R�U�O�G�� �D�F�K�L�H�Y�H�V�� �D�O�O�� �L�W�V�� �F�X�U�U�H�Q�W���W�D�U�J�H�W�V�� �U�H�O�D�W�H�G�� �W�R�� �U�H�Q�H�Z�D�E�O�H�� �H�Q�H�U�J�\��

�G�H�S�O�R�\�P�H�Q�W���� �W�K�H���,�3�&�&���D�Q�G���,�(�$���K�L�J�K�O�L�J�K�W�H�G���&�'�5���D�Q�G���F�D�U�E�R�Q���F�D�S�W�X�U�H���W�H�F�K�Q�R�O�R�J�L�H�V���D�V���D��

�F�U�X�F�L�D�O�� �S�D�U�W�� �L�Q���W�K�H�� �P�L�W�L�J�D�W�L�R�Q�� �S�O�D�Q�V�����,�(�$���� ������������ �0�D�V�V�R�Q���'�H�O�P�R�W�W�H�� �9���� �H�W�� �D�O������ ��������������

�$�G�G�L�W�L�R�Q�D�O�O�\�����O�L�P�L�W�L�Q�J���J�O�R�E�D�O���Z�D�U�P�L�Q�J���W�R�������ž�&���Z�L�O�O���U�H�T�X�L�U�H���D���P�L�Q�L�P�X�P���J�O�R�E�D�O���X�S�W�D�N�H���R�I������

�*�W�&�2�����S�H�U���\�H�D�U�����+�D�V�]�H�O�G�L�Q�H���H�W���D�O���������������������%�X�W���H�Y�H�Q���V�R�P�H���D�F�D�G�H�P�L�F�V���T�X�H�V�W�L�R�Q���L�W�V���Y�L�D�E�L�O�L�W�\��

���6�X�G�L�S�W�D���	���.�X�R���:�H�L�������������������+�R�Z�H�Y�H�U�����Y�D�U�L�R�X�V���Q�D�W�L�R�Q�V���D�Q�G���F�R�P�S�D�Q�L�H�V���G�H�P�R�Q�V�W�U�D�W�H�G���L�W�V��

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

�Q�X�P�E�H�U���R�I���F�R�P�S�D�Q�L�H�V���I�U�R�P���Z�K�L�F�K���V�R�P�H���R�I���W�K�H�P���K�D�Y�H���P�R�U�H���W�K�D�Q���������\�H�D�U�V���R�I���H�[�S�H�U�L�H�Q�F�H����

�$�O�W�K�R�X�J�K���W�K�H���H�O�H�Y�D�W�H�G���F�R�V�W���W�R���U�H�P�R�Y�H���R�Q�H���W�R�Q���R�I���&�2�����U�H�P�D�L�Q�V���D���S�U�R�E�O�H�P���D�W���W�K�H���S�U�H�V�H�Q�W����

�H�D�F�K���\�H�D�U���W�K�H���U�H�V�H�D�U�F�K���L�Q���W�K�L�V���D�U�H�D���U�H�G�X�F�H�V���W�K�H���J�D�S���W�R���P�D�N�H���L�W���P�R�U�H���Y�L�D�E�O�H�����7�K�H���F�R�P�S�D�Q�L�H�V��

�V�X�P�P�D�U�L�V�H�G���L�Q���W�K�L�V���V�W�X�G�\���D�U�H���U�H�F�H�L�Y�L�Q�J���V�X�S�S�R�U�W���I�U�R�P���W�K�H�L�U���U�H�V�S�H�F�W�L�Y�H���F�R�X�Q�W�U�L�H�V���\�H�W�����W�K�L�V���L�V��

�Q�R�W���W�K�H���F�D�V�H���R�I���W�K�H���5�2�,�����1�R�U�Z�D�\���V�W�D�U�W�H�G���Z�R�U�N�L�Q�J���R�Q���D���S�U�R�M�H�F�W���F�D�O�O�H�G���/�R�Q�J�V�K�L�S���L�Q���Z�K�L�F�K��

�W�K�H�\���Z�L�O�O���L�Q�M�H�F�W���&�2�����L�Q���G�H�S�O�H�W�H�G���R�L�O���D�Q�G���J�D�V���I�L�H�O�G�V�����+�H�O�J�H�V�H�Q���H�W���D�O���������������������7�K�L�V���S�U�R�F�H�V�V��

�U�H�T�X�L�U�H�V���V�K�D�O�O�R�Z���D�Q�G���G�H�S�O�H�W�H�G���K�\�G�U�R�F�D�U�E�R�Q���U�H�V�H�U�Y�R�L�U�V���R�U���V�D�O�L�Q�H���I�R�U�P�D�W�L�R�Q�V�����D�Q�G���W�K�H���5�2�,��

�K�D�V���W�Z�R�����W�K�H���.�L�Q�V�D�O�H���D�Q�G���&�R�U�U�L�E���J�D�V���I�L�H�O�G�V�����+�R�Z�H�Y�H�U�����W�K�H���X�V�H���R�I���W�K�H�V�H���G�H�S�O�H�W�H�G���U�H�V�H�U�Y�R�L�U�V��

�Z�L�O�O���U�H�T�X�L�U�H���I�X�U�W�K�H�U���V�W�X�G�\���E�H�F�D�X�V�H���R�I���H�D�U�W�K�T�X�D�N�H���U�L�V�N�����=�R�E�D�F�N���	���*�R�U�H�O�L�F�N�������������������$�V���Z�L�W�K��

�N�Q�R�Z�Q���W�H�F�K�Q�R�O�R�J�L�H�V���L�Q���L�W�V���L�Q�L�W�L�D�O���S�K�D�V�H�V�����L�W�V���F�D�S�D�F�L�W�\���L�V���L�Q�I�H�U�L�R�U�����<�H�W�����W�K�H���S�U�L�F�H���S�H�U���W�R�Q�Q�H���R�I��

�&�2�����F�D�S�W�X�U�H�G���Z�L�O�O���S�O�X�P�P�H�W���D�I�W�H�U���W�K�H���I�L�U�V�W�V���V�F�D�O�H���S�O�D�Q�W�V���D�U�H���U�X�Q�Q�L�Q�J�����%�H�F�D�X�V�H���R�I���W�K�L�V�����W�K�H��

�S�U�L�F�H���Z�L�O�O���G�U�R�S���G�U�D�V�W�L�F�D�O�O�\���L�Q���W�K�H���P�L�G���F�H�Q�W�X�U�\���Z�L�W�K���D�Q���D�Y�H�U�D�J�H���F�R�V�W���R�I���¼�������S�H�U���W�R�Q�Q�H�����)�D�V�L�K�L��

�H�W���D�O�������������������� 

�6�R���I�D�U�����Z�H���V�K�R�Z�H�G���W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���J�D�L�Q�V���E�X�W���Q�R�W���W�K�H���H�F�R�Q�R�P�L�F���E�H�Q�H�I�L�W�V���L�I���W�K�H��

�5�2�,�� �L�Q�Y�H�V�W�V�� �L�Q�� �'�$�&�����7�K�H�� �W�U�D�Q�V�S�R�U�W�� �V�H�F�W�R�U�� �X�V�H�V�� �R�L�O�� �S�U�R�G�X�F�W�V���� �Z�K�L�F�K�� �L�V�� �R�Q�H�� �R�I�� �W�K�H�� �S�R�L�Q�W��

�V�R�X�U�F�H�V���R�I���&�2�����H�P�L�V�V�L�R�Q�V�����2�¶�+�D�O�O�R�U�D�Q�������������D�������,�I���L�W���L�V���Q�R�W���S�R�V�V�L�E�O�H���W�R���V�X�E�V�W�L�W�X�W�H���W�K�H���,�&�(��

�F�D�U�V���D�W���W�K�H���S�D�F�H���S�U�H�G�L�F�W�H�G���� �L�W���Z�L�O�O���E�H���Q�H�F�H�V�V�D�U�\�� �W�R���H�[�S�O�R�U�H���D�O�W�H�U�Q�D�W�L�Y�H�V���W�K�D�W���Z�L�O�O���D�F�W���D�V���D��

�E�U�L�G�J�H���L�Q���W�K�H���P�H�D�Q�W�L�P�H�����%�D�O�D�V�X�E�U�D�P�D�Q�L�D�Q���H�W���D�O���������������������)�L�V�F�K�H�U���7�U�R�S�V�F�K���S�U�R�F�H�V�V�H�V���F�R�X�O�G��

�P�D�N�H���D���Z�L�G�H���U�D�Q�J�H���R�I���K�\�G�U�R�F�D�U�E�R�Q�V���W�K�D�W���F�D�Q���I�X�U�W�K�H�U���E�H���U�H�I�L�Q�H�G���L�Q�W�R���H���I�X�H�O�V�����0�D�U�F�K�H�V�H���H�W��

�D�O���������������������,�W���F�R�X�O�G���S�U�R�G�X�F�H���G�L�H�V�H�O�����S�H�W�U�R�O�����N�H�U�R�V�H�Q�H�����R�U���R�W�K�H�U���G�H�U�L�Y�D�W�H�V���I�R�U���W�K�H���W�U�D�Q�V�S�R�U�W��
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�V���J�U�L�G���L�Q���D���V�W�U�H�V�V�I�X�O���F�\�F�O�H�����$�O�V�R����

�W�K�H���L�Q�F�U�H�P�H�Q�W���R�I���W�K�H���J�D�V���S�U�L�F�H�V���F�R�X�O�G���O�H�D�G���W�R���X�Q�G�H�V�L�U�D�E�O�H���F�R�Q�V�H�T�X�H�Q�F�H�V���V�X�F�K���D�V���H�O�H�F�W�U�L�F�L�W�\��

�V�K�R�U�W�D�J�H�V�� 

�'�H�V�S�L�W�H���W�K�H���X�Q�V�H�W�W�O�L�Q�J���S�U�H�Y�L�R�X�V���V�W�D�W�H�P�H�Q�W�V�����W�K�H���5�2�,���F�R�X�O�G���S�R�V�L�W�L�R�Q���L�W�V�H�O�I���D�V���D���U�R�O�H��

�P�R�G�H�O���I�R�U���R�W�K�H�U���(�X�U�R�S�H�D�Q���F�R�X�Q�W�U�L�H�V�����7�K�H���J�H�R�O�R�J�L�F�D�O���F�R�Q�G�L�W�L�R�Q�V���R�I���W�K�H���5�2�,���K�D�Y�H���W�K�H���J�U�H�D�W��

�F�D�S�D�F�L�W�\�� �W�R�� �U�H�G�X�F�H�� �W�K�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �&�2�����L�Q�� �W�K�H�� �D�W�P�R�V�S�K�H�U�H���� �,�Q�� �W�K�H�� �P�H�D�Q�W�L�P�H���� �W�K�H��

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

�D�P�E�L�W�L�R�X�V���W�D�U�J�H�W�V���U�H�O�D�W�H�G���W�R���W�K�H���Z�L�Q�G���R�I�I�V�K�R�U�H���I�D�U�P�V���L�Q���W�K�H���5�2�,���D�U�H���Q�R�W���H�Q�R�X�J�K���D�O�R�Q�H�����E�X�W��

�L�W���F�R�X�O�G���K�H�O�S���W�R���G�H�S�O�R�\���D���V�F�D�O�H���'�$�&���S�O�D�Q�W���D�Q�G���I�L�O�O���W�K�H���J�D�S�V���� 

�,�W���L�V���F�U�X�F�L�D�O���W�R���P�H�Q�W�L�R�Q���W�K�D�W���Z�L�W�K���W�K�H���Q�R�Q���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���'�$�&�����W�K�H���5�2�,���Z�R�X�O�G��

�R�Q�O�\�� �O�D�J�� �W�K�H�� �U�H�V�W�� �R�I�� �(�X�U�R�S�H���� �:�L�W�K�� �L�W�V�� �X�Q�G�H�Q�L�D�E�O�H�� �W�H�U�U�D�L�Q�� �F�D�S�D�F�L�W�\���� �W�K�H�� �F�R�X�Q�W�U�\�� �K�D�V�� �W�K�H��

�S�R�W�H�Q�W�L�D�O���W�R���G�H�S�H�Q�G���R�Q���L�W�V�H�O�I�����,�I���R�W�K�H�U���F�R�X�Q�W�U�L�H�V���V�X�F�K���D�V���1�R�U�Z�D�\���R�U���W�K�H���8�Q�L�W�H�G���6�W�D�W�H�V���D�U�H��

�G�R�L�Q�J���L�W�����Z�K�\���Q�R�W���W�K�H���5�2�,���D�V���Z�H�O�O�" 
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�&�K�D�S�W�H�U���������7�K�H���L�P�S�D�F�W���R�I���'�L�U�H�F�W���$�L�U��

�&�D�S�W�X�U�H���G�X�U�L�Q�J���W�K�H���O�D�V�W���W�Z�R���G�H�F�D�G�H�V�����$��

�E�L�E�O�L�R�P�H�W�U�L�F���D�Q�D�O�\�V�L�V���R�I���W�K�H���V�F�L�H�Q�W�L�I�L�F��

�U�H�V�H�D�U�F�K�����S�D�U�W���, 

 

 

�1�R�W�H�����7�K�L�V���Z�R�U�N���K�D�V���X�Q�G�H�U�J�R�Q�H���S�H�H�U���U�H�Y�L�H�Z���D�Q�G���K�D�V���E�H�H�Q���S�X�E�O�L�V�K�H�G��

�L�Q���(�O�V�H�Y�L�H�U�����6�X�V�W�D�L�Q�D�E�O�H���&�K�H�P�L�V�W�U�\���I�R�U���&�O�L�P�D�W�H���$�F�W�L�R�Q�� 

�'�2�,�����K�W�W�S�V�������G�R�L���R�U�J�������������������M���V�F�F�D������������������������  
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�� �7�K�H���L�P�S�D�F�W���R�I���'�L�U�H�F�W���$�L�U���&�D�S�W�X�U�H���G�X�U�L�Q�J���W�K�H���O�D�V�W���W�Z�R��
�G�H�F�D�G�H�V�����$���E�L�E�O�L�R�P�H�W�U�L�F���D�Q�D�O�\�V�L�V���R�I���W�K�H���V�F�L�H�Q�W�L�I�L�F���U�H�V�H�D�U�F�K����
�S�D�U�W���, 

 

�$�E�V�W�U�D�F�W 

�:�K�L�O�H�� �F�R�Q�F�H�U�Q�V�� �K�D�Y�H�� �E�H�H�Q�� �U�D�L�V�H�G�� �D�E�R�X�W�� �W�K�H�� �D�E�L�O�L�W�\�� �R�I�� �W�H�F�K�Q�R�O�R�J�L�H�V�� �O�L�N�H�� �'�$�&�� �W�R�� �P�H�H�W��

�S�U�R�M�H�F�W�H�G���F�D�S�W�X�U�H���G�H�P�D�Q�G�V�����V�X�F�K���F�U�L�W�L�F�L�V�P�V���U�H�P�D�L�Q���V�X�E�M�H�F�W���W�R���G�H�E�D�W�H�����,�Q���W�K�H���S�D�V�W�����W�K�H���Y�D�V�W��

�L�Q�Y�H�V�W�P�H�Q�W���L�Q���U�H�Q�H�Z�D�E�O�H���W�H�F�K�Q�R�O�R�J�\�� �L�V���D�O�O�R�Z�L�Q�J���W�R�G�D�\�¶�V���U�D�S�L�G���G�H�S�O�R�\�P�H�Q�W�����:�K�\�� �L�V���W�K�L�V��

�Q�R�W�� �F�X�U�U�H�Q�W�O�\�� �K�D�S�S�H�Q�L�Q�J�� �L�Q�� �W�K�H�� �&�2�����F�D�S�W�X�U�H�� �D�U�H�D�"�� �7�K�L�V�� �E�L�E�O�L�R�P�H�W�U�L�F�� �D�Q�D�O�\�V�L�V�� �Z�K�L�F�K��

�I�R�F�X�V�H�G���R�Q���W�K�H���X�V�H���R�I���V�R�O�L�G���V�R�U�E�H�Q�W�V���L�Q���W�K�H���&�2�����F�D�S�W�X�U�H���I�L�H�O�G���E�H�W�Z�H�H�Q�������������W�R���������������D�L�P�V��

�W�R���D�Q�V�Z�H�U���W�K�H�V�H���T�X�H�V�W�L�R�Q�V�����7�K�H���V�W�X�G�\���U�H�Y�L�H�Z�H�G���W�K�U�H�H���F�D�S�W�X�U�H���P�H�W�K�R�G�V�����S�R�V�W���F�R�P�E�X�V�W�L�R�Q����

�S�U�H���F�R�P�E�X�V�W�L�R�Q�� �D�Q�G�� �'�$�&���� �Z�L�W�K�� �S�D�U�W�L�F�X�O�D�U�� �H�P�S�K�D�V�L�V�� �R�Q�� �W�K�H�� �O�D�W�W�H�U���� �7�R�� �X�Q�G�H�U�V�W�D�Q�G�� �W�K�H��

�H�Y�R�O�X�W�L�R�Q���R�I���'�$�&�����W�K�L�V���Q�R�Y�H�O���D�S�S�U�R�D�F�K���K�L�J�K�O�L�J�K�W�V���Z�K�L�F�K���D�X�W�K�R�U�V���D�Q�G���F�R�X�Q�W�U�L�H�V���K�D�Y�H���E�H�H�Q��

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

�W�K�H���I�L�U�V�W���G�H�F�D�G�H�����W�K�H�U�H���Z�D�V���D���P�L�Q�R�U���L�Q�W�H�U�H�V�W���L�Q���I�X�Q�G�L�Q�J���D�Q�G���L�Q�Y�H�V�W�L�J�D�W�L�Q�J���V�R�O�L�G���V�R�U�E�H�Q�W�V���I�R�U��

�'�$�&���V�R�O�X�W�L�R�Q�V�����,�W���Z�D�V���R�Q�O�\���D�W���W�K�H���H�Q�G���R�I���W�K�H���V�H�F�R�Q�G���S�H�U�L�R�G���Z�K�H�Q���W�K�H���X�V�H���R�I���W�K�H�V�H���P�D�W�H�U�L�D�O�V��

�L�Q���W�K�H���W�R�S�L�F���H�P�H�U�J�H�G���W�R���W�K�H���V�X�U�I�D�F�H�����$�F�W�L�Q�J���D�V���D�Q���H�[�D�P�S�O�H�����W�K�H���8�Q�L�W�H�G���6�W�D�W�H�V�����&�K�L�Q�D���D�Q�G��

�W�K�H�� �8�Q�L�W�H�G�� �.�L�Q�J�G�R�P�� �V�S�H�Q�W�� �P�R�U�H�� �I�L�Q�D�Q�F�L�D�O�� �K�H�O�S�� �W�R�� �L�Q�Y�H�V�W�L�J�D�W�H�� �W�K�H�� �X�V�H�� �R�I�� �V�R�U�E�H�Q�W�V����

�+�R�Z�H�Y�H�U�����D�O�O���R�I���W�R�G�D�\�¶�V���&�2�����F�D�S�W�X�U�H���S�O�D�Q�W�V���D�U�H���Z�R�U�N�L�Q�J���I�R�U���H�Q�K�D�Q�F�H�G���R�L�O���U�H�F�R�Y�H�U�\�����,�Q���W�K�H��

�5�H�S�X�E�O�L�F���R�I���,�U�H�O�D�Q�G�����W�K�H�U�H���D�U�H���D���I�H�Z���D�U�W�L�F�O�H�V���H�[�S�O�R�U�L�Q�J���W�K�H���X�V�H���R�I���W�K�H�V�H���P�D�W�H�U�L�D�O�V���W�R���X�S�W�D�N�H��

�&�2�������,�W���L�V���S�R�V�V�L�E�O�H���W�K�D�W���F�H�U�W�D�L�Q���D�U�W�L�F�O�H�V���Z�H�U�H���Q�R�W���F�R�Q�V�L�G�H�U�H�G���E�\���W�K�H���V�R�I�W�Z�D�U�H�����8�S�F�R�P�L�Q�J��

�D�Q�D�O�\�V�L�V�� �Z�L�O�O�� �D�Q�V�Z�H�U�� �W�K�L�V�� �T�X�H�V�W�L�R�Q�� �D�Q�G�� �L�Q�F�O�X�G�H�� �D�O�O�� �W�K�H�� �H�[�L�V�W�L�Q�J�� �P�D�W�H�U�L�D�O�V�� �L�Q�� �W�K�H�� �Z�L�G�H��

�V�S�H�F�W�U�X�P���R�I���V�R�O�L�G���V�R�U�E�H�Q�W�V���D�W���W�K�H���&�2�����F�D�S�W�X�U�H���I�L�H�O�G���� 

�.�H�\�Z�R�U�G�V�����'�L�U�H�F�W���$�L�U���&�D�S�W�X�U�H�����&�D�U�E�R�Q���G�L�R�[�L�G�H���U�H�P�R�Y�D�O�����%�L�E�O�L�R�P�H�W�U�L�F���D�Q�D�O�\�V�L�V�����&�D�U�E�R�Q��

�F�D�S�W�X�U�H�����V�R�O�L�G���V�R�U�E�H�Q�W�V�� 
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�1�R�P�H�Q�F�O�D�W�X�U�H 

Abbreviations  

CCS Carbon Capture and Storage 

CDRs Carbon Dioxide Removals 

COP26 Conference of the Parties 

DAC Direct Air Capture 

e-fuels Electrofuels 

GHG Greenhouse Gas  

GtCO2 Billion tonnes of carbon dioxide 

IEA International Energy Agency 

IPCC Intergovernmental Panel on Climate Change 

MEA Monoethanolamine 

MOFs Metal Organic Frameworks 

MtCO2eq Million tonnes of carbon dioxide equivalent 

PEI Polyethyleneimine 

RH Relative Humidity 

ROI Republic of Ireland 

SBA-15 Santa Barbara Amorphous-15 

TEPA Tetraethylenepentamine 

TVSA Temperature Vacuum Swing Adsorption 

 

Symbols 

 

 

GW Gigawatt 

kWh Kilowatt hour 
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������ �,�Q�W�U�R�G�X�F�W�L�R�Q 
�7�K�H���L�Q�F�U�H�D�V�H���R�I���W�K�H���J�O�R�E�D�O���W�H�P�S�H�U�D�W�X�U�H���L�V���D�Q���X�Q�D�Y�R�L�G�D�E�O�H���W�U�X�W�K�����(�Y�H�Q���L�I���W�K�H���J�O�R�E�D�O��

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

�F�R�X�U�V�H�� �R�I�� �L�Q�F�U�H�D�V�L�Q�J�� �L�W�V�� �W�H�P�S�H�U�D�W�X�U�H�� �E�H�W�Z�H�H�Q�� �������� �D�Q�G�� �������� �ƒ�&�����(�X�U�R�S�H�D�Q���&�R�P�P�L�V�V�L�R�Q����

���������������%�H�I�R�U�H���W�K�H�������W�K���&�R�Q�I�H�U�H�Q�F�H���R�I���W�K�H���3�D�U�W�L�H�V�����&�2�3�����������W�K�H���J�O�R�E�D�O���W�H�P�S�H�U�D�W�X�U�H���Z�D�V���L�Q��

�S�U�R�F�H�V�V�� �R�I�� �D�Q�� �L�Q�F�U�H�P�H�Q�W�� �E�H�W�Z�H�H�Q�� �������� �D�Q�G�� �������� �ž�&�����,�3�&�&���� �������������� �,�Q�� �R�U�G�H�U�� �W�R�� �U�H�G�X�F�H��

�J�U�H�H�Q�K�R�X�V�H���H�P�L�V�V�L�R�Q�V�����P�R�Y�L�Q�J���W�R�Z�D�U�G�V���U�H�Q�H�Z�D�E�O�H���H�Q�H�U�J�L�H�V���L�V���D���N�H�\���I�D�F�W�R�U�����<�H�W���F�D�Q���L�W���E�H��

�W�K�D�W���V�L�P�S�O�H�"���7�K�H���D�Q�V�Z�H�U���W�R���V�X�F�K���T�X�H�V�W�L�R�Q���L�V���H�Y�H�Q���P�R�U�H���F�R�P�S�O�L�F�D�W�H�G�����P�D�Q�\���V�H�F�W�R�U�V���V�W�L�O�O��

�G�H�S�H�Q�G���R�Q���I�R�V�V�L�O���I�X�H�O�V�����D�Q�G���V�X�F�K���R�E�V�W�D�F�O�H���F�R�X�O�G���F�U�H�D�W�H���P�R�U�H���E�D�U�U�L�H�U�V���W�R���W�K�H�V�H���L�Q�G�X�V�W�U�L�H�V��

���&�D�V�D�E�D�Q���	���7�V�D�O�D�S�R�U�W�D���������������� 

�7�R�� �P�D�N�H�� �L�W�� �P�R�U�H�� �L�Q�W�U�L�F�D�W�H���� �V�H�Y�H�U�D�O�� �F�R�X�Q�W�U�L�H�V�� �Z�H�U�H�� �D�Q�G�� �D�U�H�� �Q�R�W�� �F�R�X�Q�W�L�Q�J�� �W�K�H�L�U��

�H�P�L�V�V�L�R�Q�V�� �S�U�R�S�H�U�O�\�� �E�H�F�D�X�V�H�� �R�I�� �W�K�H�� �X�V�H�� �R�I�� �L�Q�D�F�F�X�U�D�W�H�� �G�D�W�D�����0�R�R�Q�H�\�� �H�W�� �D�O������ �������������� �7�K�H��

�H�V�W�L�P�D�W�H�G���H�P�L�V�V�L�R�Q�V���Q�R�W���F�R�Q�V�L�G�H�U�H�G���U�D�Q�J�H���E�H�W�Z�H�H�Q�����������*�W�&�2�����W�R�������������*�W�&�2�����D�Q�G���W�K�L�V���F�R�X�O�G��

�D�I�I�H�F�W���W�K�H���P�H�D�V�X�U�H�V���W�D�N�H�Q���E�\���S�R�O�L�F�\�P�D�N�H�U�V�����0�R�R�Q�H�\���H�W���D�O���������������������7�K�H���,�Q�W�H�U�J�R�Y�H�U�Q�P�H�Q�W�D�O��
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Figure 3.1. Timeline graph of the renewable and CCS/CDRs historical development. The top and bottom arrows emphasise the research and advances in wind and solar energy. 
In contrast, the middle arrow highlights the most important achievements related to CCS and CDRs. Every arrow illustrates the evolution of each technology from research to 
commercialisation and expansion. The graph shows the lack of public research and interest in CCS/CDRs during the last century. Only in the last two decades is when the 
research in the CCS/CDRs area started.
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Figure 3.2. Evolution of the interest in the capture and CO2 removal topic in the scientific field over the 
past two decades. In the figure it can be observed the increase in the number of publications and how after 
2009, the number of citations increased, until 2021 following a normal distribution. This is expected, as 
citations of more recent articles typically take time to accumulate and reach comparable levels of attention. 
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Figure 3.3. Links and strength (dots) approach across different countries with at least 10 publications on the associated search between 2001 and 2021. 
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Figure 3.4. Contribution from different countries in the search of novel materials to enhance sorption 
processes (a), and in the European continent (b). 
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Figure 3.5. Participation of authors with a minimum of 10 publications from 2001 to 2021. 
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Figure 3.6. Co-authorship net with at least 1 publication and 100 citations from the period 2001 to 2021. 
The size of the node represents the number of publications, whereas the colour represents the novelty of 
the articles. 
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Figure 3.7. Co-citation network of authors with at least 20 publications during the period 2001 to 2021. Four clusters can be observed for the for types of CO2 capture methods. 
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Figure 3.8. Co-occurrence system with at least 5 appearances in the publications related with the search during the period 2001 to 2021. At the central point it can be observed 
�K�R�Z���W�K�H���Z�R�U�G���³�&�22 �F�D�S�W�X�U�H�´��emerged as a central point, whereas adsorption, amines and mesoporous materials (in light blue) are linked to direct air capture 
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Figure 3.9. Variance between the articles focused on the study of novel materials for Post-combustion, DAC, and 
Pre-combustion systems during the period 2001 to 2021. 
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Figure 3.10. Comparison between the evolution of DAC and Post-combustion articles in the research field for the 
period 2001 to 2021. 
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Figure 4.1. Most relevant keywords by the authors on carbon capture (a) and direct air capture (b). 
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Figure 4.2�����0�R�V�W���U�H�O�H�Y�D�Q�W���Z�R�U�G�V���L�Q�F�O�X�G�H�G���L�Q���W�K�H���S�X�E�O�L�F�D�W�L�R�Q�V�¶���W�L�W�O�H�V���E�\���W�K�H���D�X�W�K�R�U�V���R�Q���W�K�H���W�R�S�L�F���R�I���F�D�U�E�R�Q���F�D�S�W�X�U�H���D�����D�Q�G���G�L�U�H�F�W��
air capture b) 
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Figure 4.3. Research trends since 2009 in the carbon capture and DAC search with a word minimum frequency value of 5. In both figures it can be observed that the research topic of DAC and 
CO2 capture have been increasing over the past two decades. In addition, it is noticed how authors name the same process distinct.  
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Figure 4.4. H-index of the authors in the carbon capture a) and direct air capture b) areas. 
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Figure 4.5. G-index of the authors in the carbon capture a) and direct air capture b) areas. 
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Figure 4.6. Collaboration network between the authors in the carbon capture area. 



90 
 

 

Figure 4.7. Collaboration network between the authors in the direct air capture area. 
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Figure 4.8�����&�R�X�Q�W�U�\���F�R�O�O�D�E�R�U�D�W�L�R�Q���S�X�E�O�L�F�D�W�L�R�Q���E�\���D�X�W�K�R�U�¶�V���F�R�X�Q�W�U�\���L�Q���W�K�H���F�D�U�E�R�Q���F�D�S�W�X�U�H���D�U�H�D�� 

 

Figure 4.9. Chord diagram of the collaboration between continents and its link strength from the carbon capture area. 
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Figure 4.10. Country collaboration publication by �D�X�W�K�R�U�¶�V���F�R�X�Q�W�U�\���L�Q���W�K�H���G�L�U�H�F�W���D�L�U���F�D�S�W�X�U�H���D�U�H�D�� 
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Figure 4.11. Chord diagram of the collaboration between continents and its link strength from the direct air capture area. 
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Figure 4.12. EU-28 CO2 emissions from 1990 to 2021 (Land uses are not included). Source:(Ritchie Hannah & Roser Max, 
2022) 
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Figure 4.13. Link strength between countries with publications related to DAC. Each dot represent that authors from the 
country has collaborated in DAC publications with other nations. The link spectrum colour represent the strength between the 
countries; from modest (violet) to strong (red).  
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Table 5.1. LCI data for the construction of DAC plants with capacities of 4,000 tCO2/year and 1MtCO2/year. The inventory 
includes material and energy inputs such as concrete, steel, chemicals used as well as land transformation and land 
occupation (m2 per year), which accounts for the duration and area of industrial land use. 

Product Processes Materials/Assemblies 4kt 1Mt 
Collectors Passenger car, petrol/natural gas - 70,400 kg 880,000 kg 

Process Unit Passenger car, petrol/natural gas - 49,500 kg 611,000 kg 

Foundations/Hall 

Occupation, industrial area - 48,000 m2a 116,000 m2a 

Transformation, from grassland, natural - 400 m2 10,500 m2 

Transformation, to industrial area - 400 m2 10,500 m2 
- Steel, low-alloyed 48,000 kg 748,490 kg 

- Concrete, normal 400 m3 306,770 m3 

Control building - 120 m2 3,000 m2 
Tanks - Steel, low-alloyed 34540kg 381,000 kg 
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Figure 5.1. Impacts on Climate Change from the Life Cycle Inventory for a DAC plant with of 4kt and megaton capacity. 
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Figure 5.2. Diagram of a DAC+S according to every scenario 
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������������ 

 

Table 5.2. Leakage emissions from transporting CO2 to Kinsale and Corrib via pipeline. 

DAC plant 
Distance to Kinsale Distance to Corrib Leakage to Kinsale Leakage to Corrib 

gas field (km) gas field (km) gas field (kgCO2) gas field (kgCO2) 

Castlebar 316 128 45 18.23 
Donegal 393 195 55.96 27.77 
Dublin 260 323 37.02 46 
Kinsale 74 336 10.54 47.85 
Tipperary 150 281 21.36 40.01 
Wexford 171 377 24.35 53.69 
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�O�R�F�D�W�L�R�Q�V�� �I�R�U�� �D�� �'�$�&�� �S�O�D�Q�W�� �G�H�S�O�R�\�P�H�Q�W�� �D�F�U�R�V�V�� �,�U�H�O�D�Q�G���� �.�L�Q�V�D�O�H�����7�L�S�S�H�U�D�U�\�����:�H�[�I�R�U�G���� �'�X�E�O�L�Q����

�&�D�V�W�O�H�E�D�U�����'�R�Q�H�J�D�O�� 
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Table 5.3. Characteristics from some of the practical and effective storage basin locations in Ireland. 

Site name Location Storage 
type Status 

Storage 
capacity 
(MtCO2) 

Reservoir type Reservoir depth 
(m) 

Kinsale Celtic Sea 
Basin Gas field Depleted 350 Triassic sandstone 800 

Spanish Point Porcupine 
Basin Gas field Depleted 120 Jurassic Voligian 

Sandstones - 

Corrib Northwest 
Basin Gas field Operational 6950 Lower Cretaceous 

sandstone 2000 

East Irish Sea 
Basin Irish Sea Basin Aquifer - 630 Triassic sandstone 900 

East Irish Sea Irish Sea Basin Oil & Gas 
field Depleted 1050 Triassic sandstone 900 

Kish Bank Central Irish 
Sea Basin 

Aquifer - 267 Sherwood Sandstone 1750 

Lough Neagh Northern 
Ireland Aquifer - 1940 Sherwood Sandstone 1300 

 

 

Figure 5.3. Most important storage points near of Ireland. The points represent the oil & gas fields. The hashed basins represent 
the capacity in theory, and the coloured ones represent the effective CO2 storage capacity. 

 

������ �5�H�V�X�O�W�V���D�Q�G���G�L�V�F�X�V�V�L�R�Q 
 

�7�K�H���G�L�V�S�O�D�\�H�G���U�H�V�X�O�W�V���V�H�U�Y�H���W�R���G�H�P�R�Q�V�W�U�D�W�H���W�K�H���I�H�D�V�L�E�L�O�L�W�\���R�I���H�V�W�D�E�O�L�V�K�L�Q�J���D���'�$�&���S�O�D�Q�W��

�L�Q���W�K�H���F�R�X�Q�W�U�\�����,�W���L�V���Q�R�W�H�Z�R�U�W�K�\���W�K�D�W���V�R�O�L�G���V�R�U�E�H�Q�W���S�U�R�F�H�V�V�H�V���R�Q�O�\���U�H�T�X�L�U�H���P�R�G�H�V�W���O�H�Y�H�O�V���R�I���H�Q�H�U�J�\��

�F�R�Q�V�X�P�S�W�L�R�Q�����+�R�Z�H�Y�H�U�����W�K�L�V���V�W�X�G�\���K�D�V���V�R�P�H���O�L�P�L�W�D�W�L�R�Q�V���G�X�H���W�R���W�K�H���O�D�F�N���R�I���G�H�W�D�L�O�H�G���G�D�W�D���I�U�R�P��

�S�L�O�R�W���S�O�D�Q�W�V�����V�X�F�K���D�V���U�H�D�O���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���I�R�U���E�D�F�N�J�U�R�X�Q�G���S�U�R�F�H�V�V�H�V�����2�Q�H���U�H�O�H�Y�D�Q�W���H�[�D�P�S�O�H��
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�V�R�O�L�G�� �V�R�U�E�H�Q�W�V���K�D�V�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �D���Q�D�P�H�S�O�D�W�H���J�U�R�V�V���D�Q�Q�X�D�O���F�D�S�W�X�U�H�� �F�D�S�D�F�L�W�\�� �R�I�� ������ �N�W�&�2����

���&�O�L�P�H�Z�R�U�N�V���� ���������F�������7�K�L�V�� �U�H�S�U�H�V�H�Q�W�V�� �D�� �P�L�O�H�V�W�R�Q�H�� �I�U�R�P�� �W�K�H�� �����N�W�&�2�����S�H�U�� �\�H�D�U�� �F�D�S�D�F�L�W�\���R�I�� �L�W�V��

�S�U�H�Y�L�R�X�V�� �S�O�D�Q�W�����&�O�L�P�H�Z�R�U�N�V���� ���������������7�K�L�V���L�Q�F�U�H�D�V�H�� �R�Y�H�U�� �M�X�V�W�� �W�Z�R�� �\�H�D�U�V�� �K�L�J�K�O�L�J�K�W�V���W�K�H�� �U�D�S�L�G��

�W�H�F�K�Q�R�O�R�J�L�F�D�O���S�U�R�F�H�V�V�����D�Q�W�L�F�L�S�D�W�L�Q�J���W�K�D�W���Z�L�W�K�L�Q���W�K�H���Q�H�[�W���G�H�F�D�G�H�����W�K�H�V�H���S�O�D�Q�W�V���F�R�X�O�G���D�F�K�L�H�Y�H���W�K�H��

�P�H�J�D�W�R�Q���V�F�D�O�H���F�D�S�D�F�L�W�\�����0�D�W�W���0�F�*�U�D�W�K�������������������(�Y�H�Q���V�R�����&�O�L�P�H�Z�R�U�N�V���K�D�V���U�H�S�R�U�W�H�G���Q�H�W���U�H�P�R�Y�D�O��

�H�I�I�L�F�L�H�Q�F�L�H�V���U�D�Q�J�L�Q�J���I�U�R�P�����������W�R���������� ���P�H�D�Q�L�Q�J���W�K�D�W���I�R�U���D�����N�W�&�2�����S�O�D�Q�W���O�L�N�H���2�U�F�D�����W�K�H���D�F�W�X�D�O���Q�H�W��

�U�H�P�R�Y�D�O���F�R�X�O�G���E�H���D�U�R�X�Q�G�����N�W�&�2�����S�H�U���\�H�D�U�����&�O�L�P�H�Z�R�U�N�V�������������������&�X�U�U�H�Q�W�O�\�����W�K�H���R�Q�O�\���'�$�&���S�O�D�Q�W�V��
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�Z�L�W�K���V�X�V�W�D�L�Q�D�E�O�H���J�R�D�O�V�����L�V���P�R�Y�L�Q�J���W�R�Z�D�U�G�V���O�R�Z���F�D�U�E�R�Q���H�Q�H�U�J�\���V�R�X�U�F�H�V���H�Q�H�U�J�\�����D�Q�G���L�Q���W�K�H���Q�H�D�U��

�I�X�W�X�U�H�����W�K�H���F�R�X�Q�W�U�\���H�[�S�H�F�W���W�R���P�H�H�W�����������R�I���L�W�V���H�O�H�F�W�U�L�F�L�W�\���G�H�P�D�Q�G���E�\���U�H�Q�H�Z�D�E�O�H���V�R�X�U�F�H�V�����5�H�F�H�Q�W��

�G�H�Y�H�O�R�S�P�H�Q�W�V�����V�X�F�K���D�V���W�K�H���V�X�F�F�H�V�V�I�X�O���I�L�U�V�W���P�D�M�R�U���D�X�F�W�L�R�Q���W�R���L�P�S�O�H�P�H�Q�W���R�I�I�V�K�R�U�H���Z�L�Q�G���S�R�Z�H�U����

�P�D�U�N���D���V�L�J�Q�L�I�L�F�D�Q�W���P�L�O�H�V�W�R�Q�H���R�I���D���S�U�R�P�L�V�L�Q�J���I�X�W�X�U�H���Z�L�W�K�L�Q���W�K�H���S�R�Z�H�U���V�H�F�W�R�U����Shortt, R. 2023������

�1�H�Y�H�U�W�K�H�O�H�V�V���� �L�W�� �L�V�� �L�P�S�H�U�D�W�L�Y�H�� �W�R�� �U�H�P�D�U�N�� �W�K�D�W�� �U�H�Q�H�Z�D�E�O�H�� �H�Q�H�U�J�\�� �K�D�Y�H�� �F�H�U�W�D�L�Q���O�L�P�L�W�D�W�L�R�Q�V�� �D�Q�G��

�D�G�G�U�H�V�V�L�Q�J���H�P�L�V�V�L�R�Q�V���I�U�R�P���V�H�F�W�R�U�V���W�K�D�W���D�U�H���I�L�Q�G�L�Q�J���G�L�I�I�L�F�X�O�W�L�H�V���Q�H�H�G���&�'�5���D�Q�G���F�D�U�E�R�Q���F�D�S�W�X�U�H��

�P�H�W�K�R�G�V�� 
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Table 5.4.  Summary of environmental impacts  related to DAC operation related to the best and worst locations for the different storage points. This includes multiple impact categories beyond 
GWP100, enabling a broader assessment of environmental trade-offs. 

     Kinsale storage   Corrib storage 

   55%FF/45%RE 5%FF/95%RE  55%FF/45%RE 5%FF/95%RE 

  Environmental impact Unit Scenario 1/Donegal Scenario 3/Kinsale   Scenario 1/Kinsale Scenario 3/Castlebar 

  Climate change kgCO2eq 3.43E+02 1.09E+02   3.19E+02 1.57E+02 

      
 

  

Ozone layer 
Ozone depletion kgCFC11 eq 4.51E-05 2.41E-05   4.29E-05 2.86E-05 

Photochemical ozone 
formation kgNMVOCeq 1.43E+00 4.79E-01   1.27E+00 8.07E-01 

        
 Particulate matter disease 

inc 2.82E-05 9.82E-06   2.48E-05 1.66E-05 

 
       

Human 
toxicity 

Non-cancer CTUh 5.02E-06 2.13E-06   4.47E-06 3.25E-06 

Ionising radiation kBqU-235eq 3.79E+01 2.23E+01  3.66E+01 2.49E+01 

  Cancer CTUh 8.23E-07 2.74E-07   7.19E-07 4.85E-07 

    
  

 
  

 Acidification molH+eq 1.43E+00 6.08E-01   1.29E+00 9.00E-01 
 

  
  

 
  

Eutrophication 

Freshwater kgPeq 7.18E-02 3.45E-02   6.47E-02 4.87E-02 

Marine kgNeq 4.48E-01 1.52E-01  3.98E-01 2.53E-01 

Terrestrial molNeq 4.76E+00 1.61E+00   4.23E+00 2.68E+00 

    
  

 
  

Ecotoxicity Freshwater CTUe 4.90E+03 2.26E+03   4.40E+03 3.26E+03 
 

  
  

 
  

Resource use 

Land use Pt 1.44E+03 1.17E+03   1.39E+03 1.27E+03 
Water use m3  8.56E+01 3.04E+01  7.82E+01 4.51E+01 

Fossils MJ 8.41E+03 5.09E+03  8.15E+03 5.58E+03 

Minerals & metals kgSbeq 2.24E-03 1.32E-03   2.03E-03 1.74E-03 
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Figure 5.4. Life cycle emissions per ton of CO2 removed from a DAC plant of one megaton capacity constructed different locations according to each scenario and storage location. The share 
at the second y-axis represents the efficiency of the process. The colours of the bar display the contribution of each process. In the storage and transport is included the infrastructure 
requirements and construction impacts. 
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Figure 5.5. GHGs emissions in kg of CO2eq per ton of CO2 from the plant to the storage place. Kinsale depleted gas field is visible in the first map, located at the south, while the currently 
active gas field of Corrib appears in the second map, positioned in the northwest. Both storage sites are marked with an orange dot. CO2 leakage from Table 5.2 during transport is included in 
the analysis. Counties shaded in red indicate areas where emissions from transportation and storage could reach 200 kg of CO2 per ton of CO2 captured. 
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Table 6.1. Four-step calcination process of SBA-15 

 Temperature (°C) Time (min) 

Step 1 300 30 

Step 2 400 30 

Step 3 500 30 

Step 4 600 3600 
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Figure 6.1. Blank measurement of the adsorption column prior experimental runs. The procedure involves flushing nitrogen 
gas through the column for approximately 4-5 minutes to calibrate the CO2 sensors to 0 ppm. This procedure is then followed 
by 5 minutes of flushing compressed air in order to stabilise the readings at ambient CO2 concentrations. The response time 
for the sensors to rise from 0 ppm to the outlet concentration is approximately 23 seconds. 
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Figure 6.2. PI&D diagram of the PSA-Direct Air Capture setup used for the experimental runs. The system includes two 
adsorption columns, solenoid valves, pressure indicators, CO2 sensors, flow controllers, a vacuum pump and a board controller.  
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Table 6.2 Properties of the studied materials 

Material ABET (m2/g) Amic (m2/g)* Vt (cm3/g)**  Dp (Å)***  

     
SBA15-30P-40T - - - - 

S60-30P-40T 0.0045 0.1374 - - 

Z-13X 20.46 2.03 0.0528 228.46 

Lewatit 31.66 - 0.0428 1,021 
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Figure 6.3. BET plots of Zeolite 13-X (a) and Lewatit (b) based on nitrogen adsorption at 77 K. Both materials showed a good 
linearity in the BET range, confirming a reliable surface area estimation 
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Figure 6.4. BJH pore size distribution for Zeolite 13-X (a) and Lewatit (b) performed with Halsey Faas Correction method. 
Zeolite 13-X displayed a broad distribution in the mesoporous range, while Lewatit it showed a microporosity dominance with 
pore volumes concentrated above 1000 Å. 
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Figure 6.5. Cumulative pore volume as a function of pore width for Zeolite 13-X (a) and Lewatit (b). Zeolite 13-X 
demonstrated a continuous accumulation within the mesoporous range. Meanwhile, Lewatit exhibited a minimal accumulation 
until reaching the macroporous region (�•�����������c���� 
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Figure 6.6. T-plot analysis of Zeolite-13X (a) and Lewatit (b). The low intercept from both materials suggests underestimation 
of the micropore volume. In the case of Zeolite 13-X, potentially linked to an incomplete degassing. Lewatit shows a similar 
linear profile through the origin, indicating its meso-/macroporous nature. 
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Figure 6.7. Cumulative surface area vs pore width derived from DFT analysis for zeolite 13-X (a) and Lewatit (b). Zeolite 13-
X shows surface area contribution mainly from pores > 40 Å, with negligible microporosity. Lewatit on the other hand, exhibits 
a sharp increase above 300Å, characteristic of macroporosity. 
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Figure 6.8. N2 linear isotherms of Zeolite 13-X and Lewatit, measured at 77.3 K. Isotherms for the other tested materials could 
not be plotted due to invalid data. 
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Figure 6.9. FT-IR analyses of functionalised silicas and unmodified SBA-15. The spectrum for unmodified SBA-15 is shown 
as a reference. Comparisons are made with SBA-15 loaded with 30 wt.% PEI, SBA-15 loaded with 30 wt.% PEI and 40 wt.% 
TEPA and Silica 60 loaded with 30 wt.% PEI and 40 wt.% TEPA. Characteristics peaks related to amine groups compared 
with other authors confirm the successful functionalisation of the materials.  

 

���������� �&�2�����D�G�V�R�U�S�W�L�R�Q���H�[�S�H�U�L�P�H�Q�W�V 

 

�/�H�Z�D�W�L�W���9�3���2�&���L�V���D���F�R�P�P�H�U�F�L�D�O�O�\���D�Y�D�L�O�D�E�O�H���S�R�O�\�V�W�\�U�H�Q�H���S�R�O�\�P�H�U���W�K�D�W���L�V���F�U�R�V�V���O�L�Q�N�H�G��

�Z�L�W�K���G�L�Y�L�Q�\�O�E�H�Q�]�H�Q�H���D�Q�G���I�X�Q�F�W�L�R�Q�D�O�L�V�H�G���Z�L�W�K���D�P�L�Q�H���J�U�R�X�S�V�����$�Q�W�K�R�Q�\���3�����7�L�U�L�R���	���5�X�G�R�O�I������������������

�7�K�L�V���P�D�W�H�U�L�D�O���K�D�V���E�H�H�Q���U�H�F�R�J�Q�L�V�H�G���D�V���H�[�F�H�O�O�H�Q�W���I�R�U���&�2�����F�D�S�W�X�U�H���S�U�R�F�H�V�V�H�V�����9�H�Q�H�P�D�Q���H�W���D�O������������������

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

�$�Q�R�W�K�H�U�� �V�W�X�G�\�� �H�Y�D�O�X�D�W�H�G�� �L�W�V�� �S�H�U�I�R�U�P�D�Q�F�H�� �L�Q�� �&�2�����&�+�����V�H�S�D�U�D�W�L�R�Q�����6�R�Q�Q�O�H�L�W�Q�H�U�� �H�W�� �D�O������ ��������������

�7�K�H�U�H�I�R�U�H�����W�K�H�U�H���L�V���O�L�W�W�O�H���L�Q�I�R�U�P�D�W�L�R�Q���D�E�R�X�W���L�W�V���S�H�U�I�R�U�P�D�Q�F�H���X�Q�G�H�U�����������S�S�P�� 



133 
 

�$�O�O���W�K�H���H�[�S�H�U�L�P�H�Q�W�V�����)�L�J�X�U�H���������������V�K�R�Z�H�G���Z�H�O�O���G�H�I�L�Q�H�G���E�U�H�D�N�W�K�U�R�X�J�K���F�X�U�Y�H�V�����Z�L�W�K���D�Q��

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

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

�P�X�O�W�L�S�O�H���U�X�Q�V�����1�R�W�D�E�O�\�����W�K�H���I�L�U�V�W���U�X�Q���\�L�H�O�G�H�G���D���K�L�J�K�H�U���F�D�S�D�F�L�W�\���R�I�������������P�P�R�O���J�����7�K�L�V���S�D�W�W�H�U�Q���Z�D�V��

�F�R�Q�V�L�V�W�H�Q�W�O�\�� �R�E�V�H�U�Y�H�G�� �L�Q���D���U�H�S�H�D�W�H�G���U�X�Q���� �Z�K�H�U�H�� �W�K�H�� �F�D�S�D�F�L�W�\�� �V�W�D�E�L�O�L�V�H�G�� �D�U�R�X�Q�G���a���������� �P�P�R�O���J��

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

�R�U���J�U�D�G�X�D�O���P�D�W�H�U�L�D�O���G�H�W�H�U�L�R�U�D�W�L�R�Q�����O�H�D�G�L�Q�J���W�R���O�L�P�L�W�D�W�L�R�Q�V���L�Q���V�X�E�V�H�T�X�H�Q�W���F�\�F�O�H�V�����'�H�V�S�L�W�H���W�K�H���K�L�J�K�H�U��

�D�G�V�R�U�S�W�L�R�Q�� �F�D�S�D�F�L�W�\���R�E�V�H�U�Y�H�G�� �G�X�U�L�Q�J�� �W�K�H�� �L�Q�L�W�L�D�O�� �U�X�Q���� �W�K�H�V�H���U�H�V�X�O�W�V�� �D�U�H�� �O�L�N�H�O�\�� �R�X�W�O�L�H�U�V���� �2�W�K�H�U��

�D�X�W�K�R�U�V���K�D�Y�H�� �U�H�S�R�U�W�H�G���V�L�P�L�O�D�U�� �F�D�S�D�F�L�W�L�H�V�����U�D�Q�J�L�Q�J�� �E�H�W�Z�H�H�Q�� �������� �D�Q�G�� �������� �P�P�R�O���J���� �X�Q�G�H�U��

�F�R�P�S�D�U�D�E�O�H���R�S�H�U�D�W�L�R�Q�D�O���F�R�Q�G�L�W�L�R�Q�V�����V�X�F�K���D�V���&�2�����S�D�U�W�L�D�O���S�U�H�V�V�X�U�H�V���R�I�������������N�3�D���D�Q�G���W�H�P�S�H�U�D�W�X�U�H�V��

�D�U�R�X�Q�G���W�R�������� �ƒ�&���� �Z�K�L�F�K���D�O�L�J�Q�V���Z�L�W�K���W�K�H���Y�D�O�X�H�V���U�H�F�R�U�G�H�G���L�Q���W�K�H���V�X�E�V�H�T�X�H�Q�W���U�X�Q�V���R�I���W�K�L�V���V�W�X�G�\��

���/�R�Z�� �H�W�� �D�O������ ���������������7�K�H�U�H�I�R�U�H���� �W�K�L�V�� �F�R�Q�I�L�U�P�V�� �W�K�D�W�� �W�K�H���P�D�F�U�R�S�R�U�H�V�� �R�I�� �/�H�Z�D�W�L�W�� �I�D�F�L�O�L�W�D�W�H�� �W�K�H��

�W�U�D�Q�V�S�R�U�W���R�I���&�2�����P�R�O�H�F�X�O�H�V���W�R���W�K�H���D�P�L�Q�H���V�L�W�H�V�����Z�K�H�U�H���V�W�U�R�Q�J���F�K�H�P�L�F�D�O���E�R�Q�G�V���D�U�H���I�R�U�P�H�G�����O�H�D�G�L�Q�J��

�W�R���K�L�J�K���&�2�����X�S�W�D�N�H�����'�H�V�S�L�W�H���K�D�Y�L�Q�J���D���O�R�Z�H�U���P�L�F�U�R�S�R�U�H���Y�R�O�X�P�H�����/�H�Z�D�W�L�W���F�R�P�S�H�Q�V�D�W�H�V���Z�L�W�K���D��

�K�L�J�K���V�X�U�I�D�F�H���F�R�Y�H�U�D�J�H���R�I���I�X�Q�F�W�L�R�Q�D�O���D�P�L�Q�H���J�U�R�X�S�V�����P�D�N�L�Q�J���L�W���K�L�J�K�O�\���H�I�I�H�F�W�L�Y�H���I�R�U���&�2�����F�D�S�W�X�U�H����

�S�D�U�W�L�F�X�O�D�U�O�\���D�W���O�R�Z�H�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����9�R�F�K�W���H�W���D�O������������������ 

 



134 
 

 

Figure 6.10. Breakthrough curves from 10 consecutive adsorption runs using Lewatit under 0.12 kPa of CO2 partial pressure 
at ~14 . °C. The first run exhibits a delayed breakthrough, indicating a higher adsorption capacity compared to the subsequent 
tests. 
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Figure 6.11. Breakthrough results for the 10 runs of Zeolite 13-X. The profiles show consistent behaviour across all runs, 
indicating stable adsorption performance under repeated cycling. 
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Figure 6.12. Breakthrough results for SBA-15-30PEI-40TEPA over 9 consecutive CO2 adsorption cycles. The rapid 
breakthrough and low adsorption capacities reflect the limited performance under low CO2 partial pressures. The curves 
displayed reproducible behaviour and good cycle stability. 
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Figure 6.13. Breakthrough results for S60-30PEI-40TEPA across 9 cycles. Slightly higher adsorption capacities were observed 
compared to SBA-15, suggesting a better amine accessibility or interaction with CO2. 
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Figure 6.14.Comparison of  CO2 adsorption capacities of the materials tested across each cycle. Bars represent the material 
performance (mmol/g), highlighting the higher capacities of Lewatit (~1.5 mmol/g) and Zeolite 13-X (~0.9 mmol/g), compared 
to lower but steady values observed for S60 (~0.6-0.45 mmol/g) and SBA-15 (~0.4 mmol/g). A sharp drop in adsorption 
capacity was observed for S60 after cycle #5, likely due to partial material loss and amine leaching. 
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Figure 6.15. Desorption curves of Lewatit, Silica 60 and SBA-15-30PEI-40TEPA after thermal regeneration (1 hour at 90 °C 
for Lewatit, 100 °C for amine-modified materials) followed by nitrogen flushing. SBA15 exhibited a rapid desorption curve, 
with CO2 levels falling below 400 ppm in under 5 minutes. Lewatit and S60 released a significant CO2 peak at the beginning 
of the purge (exceeding 10,000 ppm in Lewatit), followed by a slower decline, which indicates a stronger or delayed CO2 
release mechanisms. 
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