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'���	�� !� 1���� !�� �!�� $ � ���	+���� �� 1���	�� � � "2=2�� /��  !� � ! ��	����  !� ���	�!�

1��1� !��!� �� ��#��� ���$�� 1��+�� -7	$���� "�� � � �*�0� 	����# �� ���� 	�1������ �
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��� �D�����	4� � �$8�	���-9��"2�;0��
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!	� !�����	�>���� 1� ! ������� �����������O2K�� ����

 � �$%��1�	���	��#�1��� ��	���� ��:2K�� ���!� �	!	�� !�� ��"� �� ��! ����� � �$8�	���

���� !1��� �� ���� ��!� �����!�	�� !� � �  !��!� �����!�	�� !� '
!	� !� -�/�� "2�50�� /�� ��!�

>��	��!��?�!��� �	���������	�!� ����� �����%��$�����������	!��	���	
��$ �$��'	���� ���!�

 �	!	�� !� � � ./�� *�� ����	����� �� 1�	��	1	�!� � �� !	$��� ((� ��!�  �	!	�� !� � � �"�

� ���	�����!����� ���1������	
�� � �$8�	��� � �%����������	$ ����!	� 4���!	,��/���1��#�

��!�/!����!���	��!��!	�� ����$�� !���1��1���	
���	!�	��#
����1��4	����� �� �"G=�� �

��!�  �	!	�� !� ����� !� �� � �	���!� � �� !	$��� ((� #� *�#�  �� �%�� � 1� ! �����

�1��4	����� �� �� ��!�� �� =2K�������� � ��!�>��	��!��8����!�� ��!�  �	!	�� !�� ��"�

*��� ��� ������  �� ��!� � � ��� 52K� -,8�! � 7	$���� =0� ���� ��� ��1	��� 	��� � ���� ��

1�	��	1	�!� � �� !	$��� ((�� � �	��� ��� ��� ���� � � ��!� �	!��!� 1��� 1��� � � � 1�%! !�

 � �$ �� !������*	����������� +���D	�� ����$��� ���� �� ��	��$����������� �	�	 ����� �

��!� �	!	�� !�� ��"�! �*�� !�������� ����!�>��	��!��?�!� ������������!�="�.������� !��D	�

! ��	 � � ���� ����&� � ����!�>��	��!��?�!���� �����%��$�������� �	
� �������������=K��

 !��� � ����� ���� ������ ��1�����  ��� �  �� �� �	�	 ����  ���
�	��� #�  �� ��� ����  �� ��!�

 �	!	�� !� � � �"� �� �	, �� ����	��� $���	�!� �� ���� ��#���  41��!	
�� � � ��!�  � �$%�!�

� ��,��� !� �!%� �����  �� 	��� � ���� � � ���  '	�	 ��	��  � �$8�	���  �� ��� $ � ���	
�� � �

 � �$%��-�/��"2�50����

/�� !����	� ��	
��������� �"2�;���!� �	!	�� !�� ��"�! �� ��< ���� ����!�� �"22�6��#�

��� � ������ � � �����!�	�� !� '
!	� !� �	!�	��#
� *�!��� �1��4	����� �� � ��� �"K�  �� ���

��	
��/���1 ������� !1 ��������?����� �	���-�/��"2�50��������� �� �� �����������""�OK�

� ���� � �$%�����!��	�������	��� �� �1��,	 � �� � � �$%�!�� ��,��� !��������� � �$%��
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*	��� �8���	����������� +��-�3�3K0��! $�	���� ���� � �$%�� 
�	���-=��K0�!	 ����1������!�

� �� �K� ��� �����	���	
�� � � � ��,��� !� ����� ��� !����� '���,����	��� #� � � ���� �����	
��

-�/�"��"2�50��� ! ��� !���� �����>��	����8����������1��	����	�!����������	, ������	���� �

 � �$%�� � � �	1�� !����� *��  41 �	� ������  �� ��#��� ��� ���� � �  ��� � ��!� �	!�	���!�

� �����$%�!�� ��	1��� ��,��� �-1�!������ �3�.H�	�!������!� ��"223�*�!���� ����� �""2�

.H� �����������	��������� !1 ������!�����'���,����	���#�� �2�;���;�3�.H�� � � �$%��!�����

� ����� �����	
�0�-��/���"2�30���

��������� ����� ��!�� �����$%�!�D�! �1� ! ������������� 	�1������ �1	����� ��1�#�� ��

��!�'�����!��	4 !� � �$8�	��!������$��1��+��-,8�! �7	$����"�� � �*�0��/��"2�;�! ������+
�

���*	���	�1������ � �����&� �! �� '	 � �����!�!	!� ��!�D��������1� !��� ������*�� ��

������ � � ��� 1�	� ��� � ������ �8��	��� � � ����
�� ��� ��	��� ���� ��1����� � � �"�

-L������#� ���� ��	�� =�� ���� ���� ��1��	���� � � �"2� 6H0� &� �  !� 1�!� �	��� �� �

����!1�������#��!����1���� ��� 4�����	
��� <������� �1 ��
� �� -/����1��� !�!�!	$��!� ��

	�$�8!0��6�!�� �"2�1��# ���!���$���� !������������ ���1 ���	
���������<�����!�����	
���

� 1� ! �����  �� ������ �� ;2� 6�G�?�� � � �"� ��1�������  �� ��� ������	���� -.������ D�

��!�	��� �"2�50���

� ! ���&� � !��!��,��� !�� 1� ! ��������$����1�!���� ���� � ����� �	��� ����*���������

 ������	����	���	�����>�����!���!�'	�	 �� !�1����1� ! �,�����!� ��!	!� ��!�#� ,	����&� �

�� !���!� !��	 ��� !� ! �  �'� �� �� �� ��!� $��, !� �	 !$�!� ��	���	��!�� D $>��  �� 	�'��� �

1� ! ���������!� �����"�� -��7�"2�50�� !	�! ����1�	 ���� ��!� ���!�1� ! �����!�1���

��!����� !�����!��	���� �� �1 ����������'	����� ��!	$��� !���%�� �� �� �������� ���!�=A����

&� � !�����#�1��� ��	���� ���!�"A��������!�������%�	� �#�! �%�� ������ �� ����< �	,��

� ! ��� � � � ��5A�� ����� ��$���� �����+���  �� ��< �	,�� � � ��5A�  !� � � !��	�� ���1����

 !� ���	�!� � � 1��%�	��!� � ��	�	$��	
�� &� � �	�	� �� ���!	� ���� � �� � ��!�  �	!	�� !� � �

�"�� �	, �!�!�  !� ���	�!� ��!� -� �� 	�$�8!�  ���������	��� ����������	��� ������!0� ! �
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� ���!�!�� �!%� �����  ��  ��  !�	��� � � ,	��� #�  �� ��� ���� � � 1�����	
��� /�� ��� 7	$���� =� ! �
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��"���"���"���"� ����� ���	 ����� � � �$%������ ���	 ����� � � �$%������ ���	 ����� � � �$%������ ���	 ����� � � �$%�����

��!�� �����$%�!�� ������ ���	 ����� � � �$%���1�#�����!���< �	,�!�� ����� <���� �����

 '	�	 ��	�� � �$8�	���#�� !1�	 $� �� �� ��,��� !� ��������*��������� ������	����	���	���

������1������!�� �����$%�!�#��� !���������!������1������!�&� � !���� ��� !�������������

��#��� � �� ��	�� *��	��  �� �!��� � ��!� !	!� ��!� � � ����� ���	 ���� � �  � �$%��1� � ��

�#�������� <�������� 	�� $���	
��� ���!�!	!� ��!�� � � ���	�	����#��������� ! �1 ?�����

���1�1 ��'����� ����� ����!�� ����	�� !�� � �	!	�� !�� �./��� �	��� �, ���<�!������

-	0 ���� <����� ���!�� '	�	 �� �� ���!�� ���!�!� � �$8�	��!��-		0����� <���	�� $���	
��� ���!

� ���!�!� � ��,��� !� � � �	1�� 	�� ��	� �� �� -			0�  �� �1��� � � � ���� � <��� 1������	
��

 � �$8�	��� �������  !� ���!��	��� #� -	,0� ���� <���� � � ���  !���	�	���� � � ��� � ��  �8���	���

���������� � � '� 4	�	�	����� '	��	�	���� #� ��1��	���� � � � ��1 ���	
�� -�/�� "2�;�0�� /!��!�

1�	��	1�� !� , ���<�!� � � ��!� !	!� ��!� � � ����� ���	 ���� � �  � �$%��� �!%� ����� !�!�

	����, �	 �� !��*���!	���� !��	��!� �����������"��

������"��� !�� ��� ���!�1�	��	1�� !�, ���<�!� �	����, �	 �� !�� ���!�!	!� ��!�� �

����� ���	 ����� � � �$%��-�/��"2�;�0��

) ���<�!) ���<�!) ���<�!) ���<�!���� ��������������������, �	 �� !, �	 �� !, �	 �� !, �	 �� !����

M 7��	�	����  �� �!��  '	�	 �� � � � ��!
'� �� !� � �  � �$%�� � ��,��� !
	�� ��	� �� !

M � ��� �� ��� � � !	���� � � ��� ����
��� 1������	
��  � �$8�	��� ������ 
1	��!�� �� �����

M 6 <��������'	��	�	����� ����� �

M � ��	� �� � <����� ����	���� �� 
��!� � ��	�	 ���!� #� ��!� !� � � ��
 � �$%�

M � ��	� �� 	�� $���� '� �� !� � 
 � �$%�� � ��,��� !� ���
�����!�	�� !�'
!	� !

M /!� � � !��	�� ��� 	��������	
�� � 
	�'�� !��������!���	�	���� !

M /�� � ����!� ��!� ��!�!� �?�� �
���1� <	���� #� ��#�� !� ��!� !� 1��
��	����� � � �$%�

M ��1�	����18��	��!� � �$8�	��!�� �	��
�� ��� 	� '	���	�!�  �� ��� ����!'�����	
�
#�����!1��� �� ���� � �$%�

��!� !	!� ��!� � � ����� ���	 ���� � �  � �$%�� ! � ��!���  �� ��� ��!���	
�� � � ���  � �$%��

������ � ��1 �%����� ����$����	�*�� � �$%�� !������ �����-$ � ���� �� � ��'������ �

�������� � ���	�	���0������� ����� � ��	������	 �1��*�!���! ��� !���$�������� ��'	��� �
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!��	�	!����� � �$%����1�� ��	������ !� �1��� !��! ����!	$� ��� ������1� �� �� �1�����

-#�  �� ��$���!� ��!�!�  !1��	��0�  ��� � � ������ #� !��	�	!���� � �  � �$%�� &� � 1� � � ! ��

��	�	+������������1 &� ?���������$���� !������1��1���	�����������* ����	 ����� �$����

,����� �� �����#��%��� � ��!�!	!� ��!� � �$8�	��!������#������! ��� !���� �� ���7	$����;��

1 ! ���&� ���$���!�� � !��!�� �����$%�!�!���#��������!�� �������#��%��� ���!���!�!��>��

! �  ��� ������  �� ��!� 1�	� ��!�  ��1�!� � � � !�������� #� � ��!����	
��� � �	 ���� &� �

���1 �	����������!�� �����$%�!�!	������� ���	 ����-�/��"2�;�0��/!���*�� �&� � 4	!������

 ���� � 	�� �8!� �� �	, �� ����	���  �� ��� �P�� !��� � �	!�	���!� �!1 ���!� #� 1��� !�!� � �

����� ���	 ����� � � �$%���

7	$����;���	, ��� ������ +�'� �� �����1	����� &� �	���4��	 !$��1������!�1�	��	1�� !�� �����$%�!�� �

����� ���	 ����� � � �$%���7� �� I�-�/��"2�;�0��

 ���������!� ����!�!	!� ��!�� ������ ���	 ����� ���&�%�	����#�����#������! �1� � �

, �� ��� 7	$���� ;��  !� � �	1�� � � !	!� ��!� ! � 1� ! ����� ����� ��� � �����$%�� � ��!�

� !���������� *�!���  �� ��� ���� 1 ! � �� !�� ��<�� ��1	���� � &� �	��� #� ��<�� �	 !$��� /!���

� �� !���� ��� � � !	���� � � �1�#��� #� �,��+���  ��  ��  !���	�� � � � �����$%�!� � �

����� ���	 ����� � � �$%��&� �1 ��	���������+�������!�� �!	��� !� � �$8�	��!������, +�

&� �! �� ��� ����!���!� !��!��	���!�����!��	!��!��/�� !� ������<����!�� ����� ��!� ��

��!�� �����$%�!�� ������ ���	 �����8��	���#��1�	��	1��� �� ��� ���&�%�	����
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��=���=���=���=� ����� ���	 ����� ���	 ����� ���	 ����� ���	 �����8��	�������8��	�������8��	�������8��	������� � � �$%�� � � �$%�� � � �$%�� � � �$%�����

/��$ � �������!�!	!� ��!�� ������ ���	 �����8��	���� � � �$%��-�/D�� ��	�$�8!�"�������

#����!��������0�1� � �� �1� ��! �1��������� ����'�%�������������	!�	���!�� �1 ������!��

D��1�	��	1����1�	���	
�� !�����	 ���������&� ���!� !� ���	�!� �� ��!� ���� !� !�� � !��	��

*�� ��'� �� ������� !�<�!� � ��� ����1������	
��� � � �$%��#�!���!����� �������� ! ���

&� � ��� *��� !	���  41�%�	��� �� � 	����	��!�  ��� � �&� ���!� � �����$%�!� &� � 1� � ��

�����	��	�� !	$�	'	���	,�� �� � �� ��� �	�	$��	
�� � � ��!�  �	!	�� !� � � ./��� !%� &� � ! �

 ��� ������	�1�%�	��!������1��� �� �� �����$%�!���� !������ ��!��	�	!����� � � �$%����

 ����� ����� � ��������	���	
��� � ��!� � �$%�!�� ��,��� !�����	4� � �$8�	���-�� +�����

����"2�5�0��� ���� ������������!��	��	
��/���1 ��1���� ������� ���	 ����� �/� �$%��#�

�����	��+��/���1 ��1���������, !�	$��	
��� ����/� �$%��-/�D/G//���"2�=0���$���!�� ���!�

1�	��	1�� !� !� ���	�!� ����!����� !�! �1� � �� �1� �����!�!	!� ��!��/D�!��I�

M ���� !�!�	���!��	�� !�&� � �1�  ������������� ��'	��� ���� �������� '	�	 ��	��� 

��!��	!��!�#�� ���	�� �����!���� � �$8�	���

M ����� ���	 ����� ��	1�� !���	����� ������	���	
������!	!� ��!�� ���� '���	
�

�������

M ����� ���	 ����� �������� ����1� !	
�� ��1�����!�� ������ ���	 ����� ��	� 

���1�	�	���

M �� '���	
�� � �  �	'	�	�!� � !	� ��	�� !�� *��	 ���� �!�� � �  � �$%�!� � � �	1�

� ��,��� �-�!��� ������!�� �������#����������� !�� ������� �8���	��0�

M . � ���	
�� � �  � �$%�� � �	��� � 1��� !�!� � � �����!�	
�� -������ ���� �� !	�

��1����� � � �"0� ����  �� '	�� � � *�� �� ��!� 1�����!� � � 1������	
��  � �$8�	��

���, ��	���� !� ��!� '� 4	�� !�  �� ���� � ��� 1������	
�� � � ������ 1� ��� ! �

����� ������ �1����� �� �1����!��1�!� �	����!��

M D	!� ��!� � �  � �$%�� !����� �8��	��� �� $����  !������ 	����# ���� ��� $ � ���	
�� � 

 � �$%��� �	��� � � �$%��!��������� �������-D��� ��	�$�8!������������
������

�����0�
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7	$����5��/< �1��!�� ����1���	 ���� ��� �1������	
��#�� ������ � �$8�	���1������!�

��!�!�����!	!� ��!�� ������ ���	 �����8��	�����0����������'� �� �� � � �$%��

� ��,��� �	�� ��	� �� �#��0�1�������$ � ���	
��� � � �$%��� �	��� �1��� !�!�� �
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/�����1� ! �� �� !	!������������!�� ����� ��!� �� !��!���!�>��	��!�1����!��� ������ �

! � �1� ���!	!� ��!�� ������ ���	 �����8��	���� � � �$%����$���� !�����-�� !������ �

� �0�� �1��, �*����� ���  41 �	 ��	�� � �� $��1��� � �����<�� � �� ����MD��  �� � ���	�� !�

� , �!	�� !�������� � �1 ��������������#� ����1������ ��"�  ��� ����� !� �8��	��!�� �

����
����

�������� � < �1���� ���7	$����5��� !��������	���	,�� �� ��
��� ���!��� ���!�!	!� ��!�

� ������ ���	 ����� � � �$%��1 ��	�	�%�����1�������1������	
�� � �$8�	���-�%� ��, �� 0�

������ ������-�%� ��$�	!0���������$��� ���%��1������!���!�1�	��	1�� !� !� ���	�!�� ��!��� �

!	!� ��!��/D� ����!����� !�! �� ����� !���� !	!�����������/��1�	� ���� ���!���!�!�-7	$����

5�0�! ����� !1��� ���������'� �� �� � � �$%��� ��,��� �� ��	1��	�� ��	� �� �� �� !� �

��!�� � � �	1�� !����� � � ���� �����	
���  �� ���� � �����#��� 1������	
�� � �  � �$%�� �	 � �

��$��� ������ � ��!� *���!� � ����� !� � �� �%��� ������ � �	�*�!� *���!�� 1��� � � � ���  � �$%��

1�����	���  ��  �� ���1�� !������  4� � �� � ���� � !1 ���� �� ��� � �������  !� ����� �����

- ��1��� ����$�0��/����!�*���!� ����!�&� ����*�#�1������	
��� � � �$%��!�����-���* 0����

� ������� � � �$%�� !�!�1�	���� �	��� ����� !���$��� �������8����

/�� ��! $�������!��-7	$����5�0�! ��� !��������!	����	
��	� ��������� �� ��	' � �� �� ��

���� �  �� !	!� ��� � � ����� ���	 ����  !� ����	8�� ����� �� � >�	��� /��  !� �  < �1����  ��

����� ���	 ����� � � �$%���#������*�� ��'� 4	�� ������ �������8��	����1 �����!	 �1� �

 ����� !�����
1�	��� !���	����	��- !1 �	��� �� �	�1������ � ��� ����� !��8��	��!�����

D��&� �!� � ��! ����#�1����'� 4	�� !�� !1 ����������	�!�� ����$�0��/���!��� ��!	!� ���

� � ����� ���	 ���� 1��1���	����%�� '� 4	�	�	����  �� ��� &� � ! � � '	 � � �� ��� 1�� ��	�� � �

!��	����	 ����!�&� ����1�������1 ���!	 �1� ���1�� ��	�����!���� �-��! 0��� � !� ������

! ����1���%�� ���� ������#� ���1������	
��� �	��� � ��!� ��1�!�� ����$��#�� !���$��� ��

�����8��!	��� � !	����� ����	'	������!�����	�	�� !�� ������!�	
����

����� ���	! ?��� ���!�!	!� ��!��/D����1����!�����!� !&� ��!�� ����7	$����5� !�� � !��	��

&� � ����� �	��� � � �����8��1� ! �� � ����!�� �!	��� !�� ������ ���	 ����� � � �$%��

-�������1��	����� ������8�0��&� � 4	!��������� �������!' � ��	��� ������� ��� � ��� �	��

����!�	!���#� ��!	!� ���� ������ ���	 �������������� !���	�	����&�%�	���#�� ���	���� ��
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��� �	��� � � ����� ���	 ���� �!%� ����� !�� ���1��	�	�	���� ����  �� ���� � ���� �� !	��� � �

����� ���	 ����� ����� � , �!	�	�	����� ����� �	��� � ������8�������� ����$�����>� ���

� � �	���!� � � ���$�� #� � !���$��� ��� �	�	�	+��	
�� � � ��!� 18��	��!� ������ �  �� �	 �1�� � �

�����8���!%���������! ��	������������#�'��	��	�� $���	
��� ���/D��������'� �� �� � � �$%��

-�� +���������"2�5�0���

7	$����3��/!&� ���� ���!�1�	��	1�� !�!	!� ��!��/D�#�����!�	!�� !�� ��������7� �� I�-Q*��$��������

"2�30��

/����! ��� !��!�� &� �	�	 ���!��! �*���� !���������� � 	�, !�	$���� �� ��� �	� ��������� !�

1�	��	1�� !��	1�!�� �!	!� ��!��/D� ��'���	
��� ������������� �����-7	$����30I���

M ����� ���	 ����� �������! �!	�� I�D ���!�� �� �������� !1 �%'	���� �����%&�	����

���!
�	���&� ����>�������� �	��� ������8��-1�� <���$������ ����!�� !�'���	��!�

����!�� � � ���0� #� &� � ! � ����	 � �  �� ���&� !� � � �����8�� ���� ��� ����

�	!���	 �����8��	��������1�	
����!��������#����>�� �� ��!���� !� ���$����/�

����� ���	 ������<�� �	 ����� � ������ ! �!	�� �� ������ �� !
�	��!� ����� �%&�	��!�

����	8�� ! � �!��  �� �1�	���	�� !� �� $����  !������ D	��  ����$���  !��!� !	!� ��!

�'� � �� ���� ��1��	���� � � ����� ���	 ���� &� �  !��� �	�	����� 1���  �� �����

 !1 �%'	���� ��� �	��� ������ ���	 ����-.	���������"2�20��/�����������	���� ���!�

� �$���� !����&� !�� �!�� !�'���	��!�*��$������$����1 !�������� �� ����!��� 

����� ���	 ���� � �  � �$%��  �� !	!� ��!� � �  � �$%�� !����� ���� �������

 !���	���!� ����#���� ���� � �����! ��	
����=���-�	���#�Q*���"2�=0�
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M ����� ���	 ���� � � ������ ��� �� � -�6� � �� 	�$�8!� ����� ������� $����	��0I

�'� � ����#�� !�� �!	��� !�� ������ ���	 ����� � � �$%����� �1� ��� �������

��� �� ��!��	����������	�!�� �'�! �� ����� �	��� �1� ����-1�� <��1���'	��!��!�� !

*	�������!��� ��� !�������<��1������ � '�!	
���� ��8��	��!0��� ��	� ������	8�

��	 ����� ��!	!� ���� ������ ���	 ������� �1 ������!�� �� !���$�����!���� !

'	<���!�1��� ��� � �1 ������� �� ��� �����  ����� �	��� ����	�� � � '�! � -D*����� ��� ���

"22:J��	���������"2�"�J��� ��#��	��"2�;0�

M ����� ���	 ���� � ���&�%�	��� -�D� � �� 	�$�8!� "�����%����	���� �������0I

� ��	� �� �����+��� � �!	��� !� � � ����� ���	 ���� � �  � �$%�� -/D�� � �� 	�$�8!

#����!� ��������&��	�!0� !�1 �	�� !� �� ��!� �'� �	��!� 1��� ��!� ����!� ��!� !	!� ��!�

����� ����! � �1� �� ��������� �1��� !�!�� ���!���	
��&�%�	������ �� ���	�� !

$�!M!
�	���� ��	1��� , �!	�� �1������!� ��1�!�� ����$��-� ���	
�� ����8��	��0�#

� !���$�� -� ���	
��  4��8��	��0�� ����� ��!� 1��� !�!� � � ��!���	
�� &�%�	��� ! 

!� � �� �1� ���!�� !�� ���	��!������$��������	������ ��������� �	�����	���!%

����� �� ��	�� !� � ���	��!� ���� *	��
$ ���� /�� ����� ���	 ����  ��  !��!

1��� !�!� � � ��!���	
�� !� � � � ��	+��! � �� ��<�� -R�22A0� ��� �	�� � �1 ������

-�22M;22A0��1��� ���&� ���� !����1�	�� !�������	,�!�1����!���!�� �� !	!� ��!��

$����  !�����  �� ���� � ! � � &�	 � �� ��#�� !� � �1 ������!� ����  �� '	�� � 

���� � �� � ��	�	 ���!�  � ,���!�� ��� � !1 ���� ��� ����� ���	 ���� � � �	1�

� ���&�%�	�����!���� ��� ���	�� !�� , �!	�� !�� ��!�1�	��	1�� !� 	�, !�	$��	�� !

! � � ������  �� ��!� � ���	�� !� � � *	������	
�G� !*	������	
�� #

����������	
�G����	���	
�� � � 
4	��!� � ���	��!� -1��  <�� 6$��� ���� ����� L��0�

� 1 ��	 ����� ��1���� � � ���	
��� ��� � �$%��1� � �! ��� !���$�������	!�	���!

� �1 ������!�� 1 ��	�	 ���� ����� ����  � �$%�� �� � �	�� #� ����� � �1 ������

-S=22A0�� ���  ����1	��� � ��!� � ���	�� !� ���>�� �� � �1� ���!� ! � ��� ����

 ��� �O2�#��O2�T9G����-H ��U���*�#�* ���:F3J���M.�� !��������"2�"J���������

����"2�;�0�

�����*����� �! � ��	����� ��1���� �� ���	
��1�������!	!� ���� ������ ���	 ���

� ���&�%�	��� � � ����� � �1 ������� ! � *�� � � � � ��  �� �� ���� &� I� -	0� ��!
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� ���	�� !� ����8��	��!�#� 4��8��	��!� � �$��� ��$����� � �1 ������!�1�
4	��!�

����  �� '	�� � � ��4	�	+��� ���  '	���	�� � �� ����� ���	 ����� -		0� ���  ����1%�� � � ���

� ���	
��! �� � ,����#� �� ,���� ��������� ��!
�	��� �1� ����1 &� ?������ ��

'	��� ���4	�	+������� �!	����� ������ ���	 ����� � � �$%���-			0�&� ����� ���	
��

! �� ����� �� � � , �!	�� �  � 	���%�! ��� �� � ��1	��� -	����!��  �� ����	�	�� !�

1�
4	��!���� &�	�	��	�0����� ��'	��� �1�� ��� $ � ���� ����� �	���'��	�� �� ��-	,0�

��!� 1�������!� � � ��� � ���	
�� ! ��� '��	�� �� � ! 1����� !��  !���� !� ������ �  ��

1 �%���� � � ����� ���	 ����� � � ��<�� ��!� � #� ��M�
4	��!� -H ��U���*� #� * ��

�:F30��

/�� ��� ������	����� ��!� !	!� ��!� �/D� ��!���!�  �� ������ ! �!	�� � ! �  ��� ������

��� ��	��� �� ��	!1��	�� !���	 ����!�&� � ��!�1�	��	1�� !�!	!� ��!�� ��	1���6�#��D��

1 ! ���!�!���#�� !�� �!	��� !�� ������ ���	 ����� � � �$%���! � ��� �������>�� ��

��!� !����!�� �	�, !�	$��	
��#�� ��!����	
��-,8�! �7	$����;0��/!��!�!	!� ��!���!���!� ��

�D�#��6��>��� &�	 � ��� ������#���� !�������� �����&� �! �� '	 � ������ !���	�	����� ��

!	!� ��� � � ����� ���	 ����� �!��	���� 1�	��	1��� �� � ���� ��!� 1��1	 ��� !� � � ��!�

��� �	�� !� �1� ���!�-��/���#��/�M/�D���"2�=�0��

���� ��� $ � ����� ��!� !	!� ��!� ��!���!�  ��  �� ����� ���	 ���� � � ������ ! �!	�� � �'� � ��

��1��	��� !�� ������ ���	 ���� �� ���������2M52�TH*�G�� #� '	���	�!� ��� � ��52M:2K��

���&� � 1� � �� ,��	���  �� '���	
�� � �� ������  !1 �%'	��� � �� ��� �	���� ��� � �1 �������

��4	������%�	���&� �1� � ������+���#� ��!�� �����$%�!�� ��	!���	 ���� �1� ���!�� �/��

����	��� ��!� !	!� ��!� ���� ����	�� � � '�! � -�6!0� �'� � �� � �!	��� !� � �
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���, ��	���� !��/4	!� ��;��	1�!�1�	��	1�� !�� �1�����!�D�� ��'���	
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!���� !�� !	 ���� ��!� �� !�1�	� ��!� �	1�!� ��!���!� �1� ���!��#� ��!������ !�1����
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� � � �����$%��  �1� ����� ! � 1� � �� �����+���  ��  �� � � 1���� � �1 ������!� &� � ,��%���

 ��� � ��!�=:2A�1���� ����!��� ������ !�1����
�	��!�#�*�!���1��� ��	���� � ��!��222A�

1���� �� ��!��� � ���� !�!���� !�����&� � �� ���������	����1���� �����#��%��� � ��!�1�����!�

D�� ��'���	����	 ������!�� �1 ������!�� ������<�� �� ��� � 1�����#�1������������ �� ��

'��	��� �1� ���� ���������	��� ����!���!�!�� �$ � ���	
��� � � ���	�	�����! � ��� ������

 ��� �=22A�#�322A��/��!	!� ���� ������ ���	 ����1������!�!	!� ��!�D��� � ���1������

������ �� ����! � ��  !��!� �	, � !� � � � �1 �������� /�� ��� ������	���� ! �  �1� ���

1�	��	1��� �� �!	!� ��!�� ������ ���	 ����� � � �$%���8��	���! �!	�� �#�� �����	��� �

'�! �-.	���������"2�2J�6 �������������"2�20��6�#��	���	�� �� �� �	��� �!�� !� '���	��!�

- �1� ��������&� !�� ������ ���	 ����'�%�!�#����	 �� !0��1 �������	8������������ !�

� � ,�1��� -!���� �� � 1���� ����� ���	 ���� �� ��#� ������ 1��+�0�� !
�	��!� � ���	��!��

��� �	�� !� � � ����	�� � � '�! � �� ����� � �1 ������!�� $��'	��� #� *���	$
�� � � �����

� �1 �������� �!	�	!���  �� �!�� � � ����� ���	 ���� � � �	1�� � ���&�%�	��� ! � 1� ! ����

����������1�	���	
��'���������������1�� ��	���-���"2��0��/������!� !��!���!�!�! �*��� �

� � ��  �� �� ���� &� �  �� ���1�� !����� *�� � � !��� �	� �!	����! �� ����  �� '	�� � � 1�� ��



���������	
������������������������������������������������������������������������������������������������������������������������������������:�
�

!��	�	!�����!�'	�	 �� ������� �����1�����1 ���� ��� ����	��������� � ���%��#�� ��1���� ����

���$��� ��!	!� ���� ������ ���	 ����-,8�! �7	$����5�0��

/!��!�!	!� ��!�� ������ ���	 ����!������ � � ����	�1������ �� ���!�� �����$%�!�D���

N�!��� *�� � 1���!� �?�!� !�� 1�	��	1��� '���	
��  ��� 1���� '	� !�� ��� �� � �1 ���	���� !��

1��1���	������� ��� �=2��	��#���*�� ������8������4	������$���/!���1 ��	�%���	�	�	+���

 ��	�1������ �����	�!��8��	��!�� �	������� , !�1 �%���!��������!��!%������� ��1�#��

������ ���!� ��1�!�� � �� ��	���#��1�$�����/�����������	������!��� ,�!�1�����!�D��! �

�	! ?��� $ � ���� �� � 1���� F�5� *� � � �����8��� ��� �����  !� !�'	�	 �� � 1���� 1 ��	�	��

!��	�	!����� � �$%�� ���&� ���!�*���!�� ���%�� ����!����� !����*�#�1������	
��!�����1 ���

���� ������#���!�1� �	�!�� ���� � �$%��!�������!��/�����������=��! �	����# ����$���!�� ���!�

1�	��	1�� !�1�����!�� ��	1��D������!	!� ��!�� ������ ���	 ���� 4	!� �� !� ��/!1�?���

����! �1� � �, �� �����������=�� ��1�	��	1���!	!� ���� ������ ���	 ���� �1� ���� ��

1�����!� � � �	1�� D��  !� � � �	1�� �8��	���  �1� �����  �� ������ ! �!	�� � � � !�� !� '���	��!�

-*��	����� �� � '������!� 1���� +���!� ���� ��� 32K� � � �	������ � � !��	�� #� ��� ;2K� � �
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����� ���	 ����� � � �$%����

��=�"���=�"���=�"���=�"� 7� 4	�	�	���� #� ����� ���	 ���� � �  � �$%��  �� !	!� ��!� � �7� 4	�	�	���� #� ����� ���	 ���� � �  � �$%��  �� !	!� ��!� � �7� 4	�	�	���� #� ����� ���	 ���� � �  � �$%��  �� !	!� ��!� � �7� 4	�	�	���� #� ����� ���	 ���� � �  � �$%��  �� !	!� ��!� � �
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1����'�!���� �	�� !�� �� !���� !	!���������� ! �*�� 4��	����� ����	8�� ���1�!	�	�	����� �

�1�	���� �� ,�!� !	!� ��!� � � ����� ���	 ���� �8��	��� #� � ���&�%�	��� � �  � �$%�� ��

�	 ���!� !	!� ��!� � � ��1����� � � �"�� �	��� �  �� !	!� ��� ��G��=�  �� � !��������  ��

�� !����$��1��� �	�, !�	$��	
��� �������-����!���������"2�2J���	�!��������"2�=J�����!�����

����"2�;J������� !��������"2�5J��	 $���������"2�30�#�&� �*�� ���!������	8��� �� ����� !�

� � � �*�� '��	�	+���!� ���� !
�	��!� �� ����� � �1 ������� !	�	��� !� ���� 1����� �� � ���

� !��	���1� ,	�� �� �1������G�-�N0"��

/���&� ���!�1�%! !� ����!����� !���!� � �$%�!�� ��	1��� ��,��� ��	 � �����$����1 !�� �� ��

�	4�  � �$8�	���� ��� $ � ���	
�� � �  � ���	�	���� �� 1���	�� � � �����!�	�� !� '
!	� !� !	$� �



�1%������� �=2�

!	 ����  ! ��	��� 1���� ����	�� 1 �%���!� � � �	 �1��  �� ��!� ���� !� ���  � �$%�� � ��,��� � ���

 !����	!1��	�� ��/�� !��!����� 4��!�� ��!�� ����� !��8��	��!�*���� ����1���! �������	�!�

���!�	��!�  �� ��� 1�� ��	�� � � !��	��� #� �����<��� ���� ��<�!� '����� !� � � ��1��	����� ��� &� �

	��� � ����!����!� � �����1����	
����������1 ���	
�� ������	�������������! �-E�����

������� "2�"0��� �	����� ���� � !	����� ����1���! ��� !��!�����	�!�� ����$��� ��� �����

1�� ��	���%�	���#���4	���� ��� ��	�	 ����� ����� ��������<�����!	� ���� � �� ������, +�

&� � ! � ��� ����� ��!�  �	!	�� !� � � ������	���� !� � �	��� �� &� � ��� �����!�	
�� ��� ! �

� ��	+�� �� ��!�����	�	�� !�1���� ��������'� ��	! ?�������1��������!	�	!����!	� ���� ������

 !���1���� ��<��� ����1�� ��	���%�	�������������! �1� � ������<����! ���� � !��	��1�����

���1������������ ����� � ��	�����1 �%����� ��	 �1��-� !� ����!�*���!�*�!����%�!0������

��!� ���! �� �� !� 1 ���	+��	�� !�  � �$8�	��!� #�  ���
�	��!� �!��	���!� �� '��+��� �� ��!�

 &�	1�!����1 ������������	�!�� ����$��#G��1 �%���!�� !��� �����!���

/�� ����!��� ��&� ���!�� ����� !�� ������!�	
��&� �	����1�� ��!	!� ��!�� ���1������ �

�"�� ����!� ��!� 1���� ��!�� ��	�����!� ��� �	��� �� � ! � �$��,���� � �	��� �� �����#���

���1� <	����� �� !	!� ���D��$ � ���� �� ��	! ?����1���� �����<��� �����������	����

-Q/�� "2��0�� ��� �  !��� !	����	
���  �� ����� ���	 ���� � �  � �$%��  �� � ����� !� � �

�����!�	
�������������� �����$%��D������!	�� �����! �1� ! ���������������� ����	,��

�� ������ #�� &� � 1 ��	�	�%�� ���1���! � �� ��� ,��	��	�	���� � � ��� 1�� ��	�� � � !��	���

	�� 1 ��	 �� � �� �� ����1�� ��	���8��	���� � �������� !�� �	��������<������ ���� ���

����	������

� !� ���!��?�!�F2� 4	!� ��1��1� !��!�� �!	!� ��!�� ������ ���	 ����� � � �$%��1����

1�����!�� ������!�	
��-N��!+���������:FO0��$ � ���� �� ���!���!� �� ������� ���	 ����

� �  � �$%�� �8��	��� ! �!	�� �� ��$���!� � �  !��!� ���'	$����	�� !� ! � ��!���  ��  �� �!�� � �

!�� !� '���	��!� �1� ��������&� !�� ������ ���	 ����� ������#���<�� � �1 ���������!%�

����� ���!��� ����&� !�� ��$���	�� $����!� �� ���	����� �,�1���-���!����������::20�������

 �� ��!�� � � ��!� !	!� ��!� ���� � �����$%�� D� ��!� ������!�� #�  �� '���	
�� � �� �	1�� � �

� �����$%�� � � ��1����� � � �"�  �1� ����� ! � *��� 1��1� !��� �	, �!�!� !	!� ��!� � �

����� ���	 ����� � � �$%�I��
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����� ���	 ���� � �  � �$%��� 1 ��� &� � !%� 1 ��	� �� ���1���� 1������	
�� ��

� ������� 1�!��� 1���  �� �!�� � �� N"� 1�����	��� 1���� ��� ��� ��	
�� � � ����!�
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�4%$ ��� � � ����� 1�� +�� #� �"� -����  �� '	�� � � ���������� ��� � �1 ������� � �

�����!�	
�0���������	 �� �$ � ����� �� ��������!�	
������	 � �1�	��	1��� �� �

�"� #� N"��� !	 ����  !� � >��	��� ! 1������ '��	�� �� � 1��� ���� �!��	
��

��� �	8���! � �!%� ���� ����	 �� � � � �"� � � ����� 1�� +��� /�� �!�� � � ���&� !�

��	�$8�	��!� � � �"� -1�����	���  �� ��� ��	���� � � ! 1����	
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�� #� � M ,�1����	
�� � �� �"� ����� ����� *�� �� &� �  !� � !	!� ��� ! ��

1����� ����� � ���
�	��� �� �������� ����	,���� !��!�!	!� ��!� !���	���� �����

1� ! �� � � !	!� ��������� ! � ��!��  ��  ��  �1� �� � � ����	 �� !� � � !
�	��!� �� �����

� �1 ������� �����  � � ����  ! ��	��� � �� !	!� ��� � � ����� ���	 ���� 1����
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��!��4	M�����!��� !��	1��7L�-�����!������	���� !��	�� �����	���� !�� ��������

��	����� �! 1����	
��� ��	� ��!%������� ����1� !	
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��� ��"0� �

	����1������! � �����  � � ���!� ��!	��!� � �� !	!� ��� � � ����� ���	 ����

�8��	���!	��!�1���� ������� ���	 ����� �!
�	��!�-�����������1��	���������%'	���#�

��<����!� 0��!%� ����� 	�� �����	���� !�� �������1���� ��� � ��1 ���	
��� �� ������

����� �������

M ��!�M�����!�	
�I�/���"� !�! 1������ ���������	 �� �� �$�! !�1�����	��������� 

��� �����!�	
��� 1 ��	�	 ���� 	�1� � ����! � '��	�� �� �  �� 1�����!� � 

�����!�	
��#�� 4	!� �� !��/�� ���������	����� ��!�!	!� ��!�� ���1������ ��"�� 

1�!�M�����!�	
��� �	��� � ��	��!� !��� ��!���!� � !���������!�� D	��  ����$��� ��

'��	��� �� $�����	
��� � �����	���#� �� ��������!����� � � �$%�� �� ��� ��1��� 

� $ � ���	
����	�	������� '	���	��#����1 �	�	,	����� ��1��� !��� ���1������ ��"�

������������ ���#��� '� 4	�	�	���� �8��	��� �� � ����� !� �8��	��!� ����D��!����

!	!� ��!� � � ��	��!� 1���� ��1����� �"�� ! � *�� 1��1� !���  �� �!�� � � ���&� !� � 

����� ���	 ����� �� !��, �� ��� ������&� � ��� � $ � ���	
��� � �����	���#� ��!
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 � ���	�	����� D	��  ����$���  !��� � &�	 � � �	!1�� �� � � ��� $���� �����8�� � � ��

��� �	������������!� ���	���	����#� � ,���������!�����!���	��!�-�/�.N.�"2�"J
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(54) System and method for energy storage using circulating fluidized bed combustors

(57) This invention relates to a system and a method

for large scale energy storage in power generation sys-

tems using circulating fluidized bed combustors wherein

the system can be further interconnected with another

reactor that captures CO2 with CaO, thereby enhancing

the energy storage density in the system by using the

enthalpy of the reversible reaction of CO2 with CaO,

wherein the system and the method of this invention are

characterized by a large flexibility between periods of

maximum power output and complementary periods of

low power output, wherein at maximum power output, a

circulation of solids from a high temperature silo to a low

temperature silo is established through the system of the

invention and at minimum power output, part of the ther-

mal energy released in the circulating fluidized bed com-

bustor is used to heat up solids from the low temperature

silo and store them in the high temperature silo.
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Description

FIELD OF THE INVENTION

[0001] This invention relates to a system and a method

for large scale energy storage in power generation sys-

tems using circulating fluidized bed combustors fired with

air, or fired with oxygen. This system can be further in-

terconnected with another reactor that captures CO2 with

CaO, thereby enhancing the energy storage density in

the system by using the enthalpy of the reversible reac-

tion of CO2 with CaO. The system and the method of this

invention are characterized by a large flexibility between

periods of maximum power output and complementary

periods of low power output. At maximum power output,

a circulation of solids from a high temperature silo to a

low temperature silo is established through the system

of the invention. At minimum power output, part of the

thermal energy released in the circulating fluidized bed

combustor is used to heat up solids from the low temper-

ature silo and store them in the high temperature silo. In

systems and methods capturing CO2 with CaO, part of

the thermal energy released during periods of maximum

power output comes from the carbonation of CaO and in

periods of low power output part of the thermal energy

released during combustion is used to calcine CaCO3

and store CaO.

DESCRIPTION OF THE PRIOR ART

[0002] According to the best science available, as re-

viewed by the Intergovernmental Panel of Climate

Change, climate change is a physical reality and the signs

of its negative consequences are increasingly obvious in

many parts of the world. Aggressive climate change mit-

igation policies are needed to be able to decarbonising

the global energy system and stabilize global warming

below 2°C. All reasonable scenarios investigating possi-

ble paths to decarbonise the energy system with mini-

mum cost predict a substantial penetration of renewable

energy and CO2 capture and storage technologies. The

role of these options could be even more important when

considering renewed difficulties to deploy nuclear in

many countries.

[0003] Renewable energies still face large uncertain-

ties on cost when deployed with a very high share of the

total energy system, in particular when the energy prod-

uct is electricity. One of the reasons for their high cost is

that they are intermittent, and they need complex elec-

tricity transmission networks, electricity storage and/or

back up infrastructures to adapt their supply curves to

the demand curves. Although there is a major effort

worldwide to develop technologies to store electricity at

large scale, no economic solution has been generalized

today. Therefore, in countries with a substantial contri-

bution of renewables in the electricity mix, backup fossil

power generation is used today to fill the time periods

where renewable energy is not available. In these con-

ditions fossil energy has a lower priority to access the

variable demand market of electricity and very rapid and

drastic changes in power output are expected. Obviously,

this scenario of low capacity factors of fossil power plants

is far more expensive than an optimum situation where

similar equipment operates in continuous or base-load

mode of operation.

[0004] The previous problem will be exacerbated when

considering the use of fossil fuels for power generation

with CO2 capture and permanent geological storage,

CCS, which widely recognized as a major mitigation op-

tion of climate change. Power plants with CCS are com-

plex, integrated systems that are inherently capital inten-

sive, in particular when they are coal-based power gen-

eration. Therefore, for economic and technical reasons,

power plants with CCS cannot be very flexible in their

power output.

[0005] In this context, energy storage in fossil fuel pow-

er plants, with and without CCS, is an attractive technical

option, as it would allow variability of the power outputs

irrespective of the thermal power input. The idea of en-

ergy storage in fossil fuel power plants is not new. An

early example in the state of the art of large scale energy

storage in coal power plants is the report of Drost et al

"Thermal energy storage for coal-fired power genera-

tion", MK Drost, S Somasundaram et al, Fossil Fuel Plant

Cycling Conf. Washington, Dec 1990, where they de-

scribe a concept in which a coal-fired power plant heats

a molten salt from 288°C to 566°C and store the salt in

a high temperature tank during low electricity demand

periods. During peak demand periods, the hot salt is with-

drawn from the high temperature tank and used as a heat

source for a steam generator returning the cold molten

salt to a low temperature tank ( at 288°C). This technol-

ogy does not seem to have penetrated the market, prob-

ably because the cost associated to the thermal energy

storage system is higher than the cost of the power plant

equipment necessary to deliver the same variable ther-

mal power.

[0006] It is a common practice in power plants to ac-

commodate load changes, to as low as the combustion

equipment allows from the maximum power output. How-

ever, the energy efficiency of the plant decreases dras-

tically below a certain load level and the fugitive emis-

sions of the plant deteriorate during these transient pe-

riods, as combustion is carried out away from optimum

design conditions. If the demand of electricity is below

this threshold, a shut down of the plant is necessary,

followed by a hot start, a warm start or a cold start de-

pending on the length of off line period of the plant (from

a few hours to several days or weeks). Therefore, in to-

day’s power generation market, there is a substantial en-

ergy and economic penalty when the power generation

equipment is forced to operate with load changes and

offline periods. However, this economic penalty seems

to be lower than the economic penalty associated to the

investment on a large scale energy storage system in

the power plant.
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[0007] In new power generation systems incorporating

CCS, the capital cost associated to the thermal power

equipment is much higher than in the equivalent systems

without CCS. Therefore, it is obvious that a wider eco-

nomic window exist for the design of large scale energy

storage systems in power plants incorporating CCS. This

is already recognized in the state of the art, and all major

technology options for CO2 capture from power plants

(postcombustion systems, oxy-combustion systems, or

pre-combustion systems) are investigating process op-

tions that allow for large flexibility and drastic load chang-

es (See for example: John Davison, "The need for flexi-

bility in power plants with CCS", IEA Greenhouse Gas

R&D Programme. Workshop on Operating Flexibility of

Power Plants with CCS, London, 11th-12th Nov 2009).

However, no cost-effective and generally accepted tech-

nical solution is yet available for the large scale energy

storage in the different types of fossil power plants with

or without a CO2 capture system.

[0008] One particular type of large scale power plant

makes use of Circulating fluidized bed combustors, CF-

BC. These devices are widely deployed in the coal power

sector and other large scale industries. They usually burn

in their combustor chambers coal, biomass or other solid

fuel with air. They are known to work at relatively large

superficial velocities, which allow an effective transport

of circulating solids through the combustor and a very

intense mixing of solids that provides them with high heat

transfer characteristics. One or several cyclones are usu-

ally installed at the exit of these combustors to separate

the combustion flue gas from the circulating solids. Solids

coming from the cyclone are recirculated in a large extent

to the combustor. Heat released in the combustion can

be partially recovered inside the combustion chamber

(for example by transferring heat to water pipes that are

part of a boiler of a steam cycle). It is also part of the

state of the art to operate the combustor in adiabatic con-

ditions and extract the excess heat from the combustor

by using the circulating solids as heat carriers. In this

case, an external fluidized bed heat exchanger is usually

arranged in the return path of the circulating solids, to

transfer part of their heat to a bank of tubes that is part

of the steam cycle, and return the cooled solids to the

combustion chamber. Circulating solids are typically fine

ash and Ca-rich materials typically used for sulfur capture

purposes. Equipment to handle and control solid flows

(loop seals and other solid valves, equipment to divert

falling flows of solid , etc) is also part of the state of the

art of these and other large scale industries (i.e. power

generation, cement, mineral roasting etc) that are familiar

with the handling of flowing streams of solids at high tem-

peratures.

[0009] Circulating fluidized bed combustor power

plants using O2 as a comburent, instead of air are also

known in the state of the art. However, this is a technology

still in the development stage, as related for example in

patent application US20090293782 (A1).

[0010] It is also known a Ca-looping postcombustion

CO2 capture system, where the flue gas from a power

plant is first put in contact with CaO to absorb CO2 and

form CaCO3 in a carbonator reactor, that emits a flue gas

with a reduced content of CO2. The stream of solids con-

taining CaCO3 is calcined in an oxyfired CFB combustor

at a temperature around or above 900°C in an atmos-

phere of concentrated CO2. The basic concept was de-

scribed by T. Shimizu, et al "A twin bed reactor for re-

moval of CO2 from combustion processes", Trans I

Chern E, 77A, 1999 and has experienced a fast devel-

opment in recent years up to the MW scale (see for ex-

ample Sanchez-Biezma et al, "Testing postcombustion

CO2 capture with CaO in a 1.7 MWt pilot facility", Energy

Procedia 2013). Energy storage in these large scale CO2

capture systems for power generation has never been

considered in the state of the art. However, there is fun-

damental background in the state of the art (e.g. R. Bark-

er, "The reversibility of the reaction CaCO3 = CaO +

CO2", J. Appl. Chem. Biotechnol. 23 (1973) 733-742;)

on the use of CaO/CaCO3 reversible reaction to store

energy from nuclear reactors. Newer schemes have

been proposed for the storage of solar energy using the

reversible carbonation-calcination reaction of the

CaO/CaCO3 chemical loop (S.E.B. Edwards, V. Materic.

"Calcium looping in solar power generation plants", Vol-

ume 86, Issue 9, September 2012, Pages 2494-2503).

[0011] Silos allowing for storage of fine powdered sol-

ids at low temperature and at high temperature, and

equipment to handle and control the solid streams com-

ing in or out of the silo are also known.

[0012] Of particular interest for this invention are fluid-

ized bed heat exchangers that extract heat from circulat-

ing solids at high temperature to a working fluid (for ex-

ample water/steam mixture of a steam cycle for power

generation). This kind of heat exchangers form part of

CFBC power plants. These fluidized bed heat exchang-

ers can be arranged in series for more efficient, counter-

current flow heat transfer from the solids to the working

fluid. A recent example of such an arrangement is a series

of fluidized beds of sand to efficiently exchange heat from

circulating sand at high temperature to a steam cycle (K.

Schwaiger, M. Haider et al, sandTES - A novel Thermal

Energy Storage System based on Sand, 21st interna-

tional conference on Fluidized Bed Combustion, Naples,

2012).

[0013] Despite the commercial availability and existing

prior art of specific systems and components for energy

storage reviewed in the paragraphs above, there is today

no system to efficiently and economically store large

quantities of thermal and chemical energy in a large solid

fuel power plant, with or without CCS. In particular, no

technical solutions is available to exploit the energy stor-

age potential of very high temperature solids abandoning

a circulating fluidized bed combustor, an oxyfired circu-

lating fluidized bed combustor or a Ca-looping system

using high temperature solids coming from circulating

fluidized bed combustors. The system of this invention

provides a solution for this challenge and the methods
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described in this invention allow for new coal based pow-

er generation systems with or without CO2 capture that

incorporate highly efficient means of large scale energy

storage, making them much more economic and com-

petitive in electricity markets where they are forced to

operate with very high levels of flexibility and load chang-

es.

SUMMARY OF THE INVENTION

[0014] This invention refers to a system and a method

for large scale energy storage in power generation sys-

tems using circulating fluidized bed combustors fired with

air, or fired with oxygen, to achieve novel power plant

system configurations with a high flexibility to operate at

different levels of thermal power output. The system and

the method of this invention exploit the inherent thermo-

dynamic benefits for efficient energy storage associated

with the very high temperatures characteristic of the sol-

ids circulating in circulating fluidized bed combustion sys-

tems, CFBC. In addition, the system of this invention re-

fers to CO2 capture systems using a CaO/CaCO3 chem-

ical loop for CO2 capture from flue gases that also uses

high temperature circulating fluidized bed reactors. The

use of the reversible CaO reaction with CO2 to give

CaCO3, which has a very high enthalpy of reaction (-168

kJ/mol at normal conditions), allows for additional flexi-

bility in the power output of the system presented in this

invention.

[0015] The system is intended for the combustion of a

fuel in a circulating fluidized bed combustor, preferably

at typical temperatures of around 800-950°C (to allow for

in situ SO2 capture in the combustor), while incorporating

large scale thermal energy storage comprising:

i) a circulating fluidized bed combustor with a first

pipe for supplying a fuel and a second pipe for sup-

plying a comburent through a gas distributor, the cir-

culating fluidized bed combustor being connected to

ii) a first cyclone for separating the resulting hot flue

gas and the hot solids stream circulating to the cir-

culating fluidized bed combustor,

wherein the system further comprises;

iii) a first device for splitting solid streams falling by

gravity from the first cyclone, directing the solids from

the first cyclone

a) towards the circulating fluidized bed combus-

tor through a third pipe,

b) towards a higher temperature silo that re-

ceives higher temperature solids through a

fourth pipe, directing the solids from the higher

temperature silo to a first fluidized bed heat ex-

changer, and

c) towards a lower temperature silo for storing

lower temperature solids from a second fluidized

bed heat exchanger, the lower temperature silo

connected to the second fluidized bed heat ex-

changer by means of a fifth pipe and connected

to the circulating fluidized bed combustor by

means of a sixth pipe, and

iv) a first solid control device for controlling the feed

of the higher temperature solids from the higher tem-

perature silo.

v) a second control device for controlling the feed of

the lower temperature solids from the lower temper-

ature silo to the circulating fluidized bed combustor.

[0016] The system of the present invention exploits the

high thermal energy content of the large solid circulation

flow at high temperature characteristic of circulating flu-

idized bed combustors. The temperatures of the solids

in the higher temperature silo are expected to be very

close to those typical in the combustion chamber, be-

tween 800-950°C, preferably 850°C when the comburent

is air. The higher temperature silo and/or the lower tem-

perature silo are located between the minimum height of

the cyclone and the lower point of the circulating fluidized

bed combustion chamber, just above the gas distributor

of such combustion chamber , so that circulation of the

downwards part of the higher temperature circulation

loop of the solids is facilitated by gravity and the upward

part (riser) is simply carried out by the circulating fluidized

bed combustion chamber.

[0017] The method of energy storage using circulating

fluidized bed combustors of the present invention com-

prises the following stages:

i) feeding a flow of fuel and comburent to a circulating

fluidized bed combustion chamber, separating the

resulting hot flue gas and solids streams from the

circulating fluidized bed combustion chamber, char-

acterized in that the inputs of fuel, comburent and

solid circulation through the circulating fluidized bed

combustion chamber allow variable thermal power

output by working between two operation modes:

a) a first operation mode of maximum power out-

put with maximum flow of fuel and comburent to

the circulating fluidized bed combustion cham-

ber, where additional thermal power to the

steam cycle is obtained extracting heat from the

hot solids stream in a second fluidized bed heat

exchanger directing the solids stream to a lower

temperature silo where lower temperature solids

are stored, by arranging higher temperature sol-

ids to flow from a higher temperature silo through

the first fluidized bed heat exchanger cooling the

higher temperature solids in a controlled way by

means of a first solid control device disposed

between the higher temperature silo and the first

fluidized bed heat exchanger, and

b) a second operation mode of minimum power

output with minimum flow of fuel and comburent

to the circulating fluidized bed combustion
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chamber where the thermal output from the first

fluidized bed heat exchanger is zero and the low-

er temperature solids flow from the lower tem-

perature silo towards the circulating fluidized

bed combustion chamber in a controlled way by

means of a second solid control device disposed

between the lower temperature silo and the cir-

culating fluidized bed combustion chamber so

that the excess thermal power released in the

circulating fluidized bed combustion chamber is

transferred to the lower temperature solids so

that the resulting higher temperature solids flow

to the higher temperature silo, where the higher

temperature solids are stored.

[0018] The previous method can be applied using cir-

culating fluidized bed combustors that use air as a com-

burent. When integrated with a state of the art steam

cycle, the resulting system would be a highly flexible CF-

BC power plant in which a fixed value of coal (or other

fuel) could be set to enter the circulating fluidized bed

combustor, and this power input could remain stable and

unchanged following the method of this invention, despite

large changes in the power output. Alternatively, in the

second operation mode, minimum power output could

be made even lower by reducing the flows of fuel and

comburent within the normal limits of operation of the

combustor, which can be about 50% of the maximum

power output. The first operation mode of maximum pow-

er output from the power plant defines the scale of the

steam cycle and associated power generation equip-

ment. This can be freely chosen within certain limits that

are governed by the mass and heat balances in the sys-

tem, by the volume of the storing silos, by the bulk density

and specific heat capacity of the solids, and by the tem-

perature of the solids stored in the silos. In any case, the

fraction of time per year operating at maximum power

output, or alternatively, the fraction of energy generated

during a certain period of time divided by the maximum

possible energy generated during that period of time

(called here the capacity factor) can vary greatly in this

power plant without having to switch off the circulating

fluidized bed combustor and associated components.

When electricity market conditions request maximum

power for relatively short periods of time (low capacity

factors), the system and the method above described are

able to supply with a relatively small circulating fluidized

bed combustor the same maximum power output than a

much higher combustor designed to supply the same

maximum power output. This is achieved thanks to the

boosting effect of the higher temperature solid storage

system of the system of the present invention. Therefore,

the application of the methods described so far in this

invention will translate into economic savings respect to

the standard CFBC systems when the capital cost of the

additional elements required in the storage system

(mainly the silos, the second heat exchanger, and asso-

ciated auxiliary equipment) is lower than the difference

in capital cost between the standard CFBC to produce

the same maximum power output and the system of the

present invention. Further economic benefits in favour of

the system of the present invention arise from the faster

response expected in the system when fast load changes

and/or pick demands of electricity need to be undertaken.

This is because the circulating fluidized bed combustor

in the present invention is always in operation at steady

state conditions despite the large changes allowed in the

power output. The stable conditions in the combustor will

also lead to energy efficiency gains and environmental

benefits as transient combustion conditions are avoided.

[0019] The previous benefits of the energy storage sys-

tem disclosed in this invention are even more evident

when applied to more capital intensive power generation

systems. One of such systems can be an oxyfired Circu-

lating Fluidized Bed Combustor power plant, designed

to capture and store CO2. These systems incorporate,

among other elements, a costly Air Separation Unit to

obtain a pure stream of O2, auxiliary equipment for flue

gas recycle and a Compression and Purification Unit to

bring the CO2 to supercritical conditions and allow trans-

port and permanent geological storage, For these com-

plex systems it is extremely difficult and/or expensive to

operate in conditions different to full load operation and/or

lower capacity factors. In these conditions, it will be a

great cost advantage to make use of the system and

method of this invention. Such system is similar to that

represented in Figure 1, by making the comburent fed to

circulating fluidized bed combustor a mixture of concen-

trated O2 and CO2. As discussed in previous paragraphs

for the air-fired case, this new system will yield substantial

capital savings and operational benefits from using a

smaller and stable oxyfuel CFB combustor while being

able to supply periods of maximum power output identical

to those of a much large oxyfired CFBC system.

[0020] Another such a capital intensive system that can

benefit from this invention because it also uses high tem-

perature circulating fluidized bed reactors, is calcium

looping systems that use CaO as a reversible sorbent to

capture CO2.

[0021] The previous descriptions and the associated

examples are not restricted to operation modes of the

system of this invention in extremes modes of operation

only. Intermediate thermal power outputs can be ob-

tained from the systems represented in Figure 1 by split-

ting the total flow of solids through the circulating fluidized

bed combustor and the cyclone in different solid streams

through the third, fourth and fifth pipes and allowing dif-

ferent flows of solids from the solid silos to the circulating

fluidized bed combustor. In addition, a wide variability of

temperatures can be considered in the silos depending

of the number and efficiencies of the fluidized bed heat

exchangers arranged in series. Many of these variants

should be evident for a skilled person in the art attempting

to attain a certain power output profile (power output at

different times) among the extremes of maximum load

of solids in the higher temperature silo and lower tem-
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perature silo of the system of Figure 1.

[0022] The circulating solids can be a mixture of ash

from the coal fed to the circulating fluidized bed combus-

tor and calcium derived solids routinely used in CFBCs

as a sorbents of SO2 (the purge system of these ashes

has been omitted for simplicity in Figure 1). However, in

order to substantially minimize the volume of the silos, it

will be beneficial to run the system of Figure 1 with a

circulation of a low cost inert solid of high particle bulk

densities. There could be many of these solids, stable at

high temperatures and with suitable properties for fluid-

ization, such as oxides of Al, Fe, Mn or Ti or mixed natural

oxides like ilmenite or olivine. Ashes accumulated from

the fuel combustion should be purged (not shown in the

figure for simplicity) from these batch of dense solid cir-

culating in the energy storage system of Figure 1.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] A set of drawings is attached wherein, with il-

lustrative and non-limiting character, the following has

been represented:

Figure 1: shows a general scheme of the first and

second devices of this invention (air fired CFBC and

oxyfired CFBC respectively) comprising the higher

temperature and lower temperature silos, the fluid-

ized bed heat exchangers and the solid control and

splitting devices arranged in the characteristic man-

ner of this invention.

Figure 2: shows a general scheme of the Calcium

looping CO2 capture system incorporating an energy

storage system that can be operated in operating

modes with different thermal power output without

altering the combustion conditions in the oxyfired cal-

ciner.

Figure 3: shows a general scheme of the Calcium

looping CO2 capture system incorporating an energy

storage system as in Figure 2, but with further oper-

ation modes, including an oxyfired calciner that can

even operate as the device of Figure 1.

DETAILED DESCRIPTION OF THE PREFERRED EM-

BODIMENTS

[0024] This invention refers to a system and a method

for large scale energy storage in power generation sys-

tems using circulating fluidized bed combustors fired with

air, or fired with oxygen, to achieve novel power plant

system configurations with a high flexibility to operate at

different levels of thermal power output. The system and

the method of this invention exploit the inherent thermo-

dynamic benefits for efficient energy storage associated

with the very high temperatures characteristic of the sol-

ids circulating in circulating fluidized bed combustion sys-

tems, CFBC. In addition, the system of this invention re-

fers to CO2 capture systems using a CaO/CaCO3 chem-

ical loop for CO2 capture from flue gases that also uses

high temperature circulating fluidized bed reactors. The

use of the reversible CaO reaction with CO2 to give

CaCO3, which has a very high enthalpy of reaction (-168

kJ/mol at normal conditions) allows for additional flexibil-

ity in the power output of the system presented in this

invention.

[0025] A first system disclosed in this invention is pre-

sented in Figure 1 and is intended for the combustion of

a fuel in a circulating fluidized bed combustor at typical

temperatures of around 800-950°C (usually 850°C to al-

low for in situ SO2 capture in the combustor by CaO)

while incorporating large scale thermal energy storage

comprising:

i) a circulating fluidized bed combustion chamber

(40) with a first pipe (1) for supplying a fuel and a

second pipe (2) for supplying a comburent through

a gas distributor, the circulating fluidized bed com-

bustion chamber (40) connected to a first cyclone

(41) and a first fluidized bed heat exchanger (42) for

receiving solids from the first cyclone (41) and/or

from a higher temperature silo (43), wherein the first

cyclone (41) separates the resulting hot flue gas (12)

and hot solids stream (11) from the circulating fluid-

ized bed combustion chamber (40),

ii) a first device (44) for splitting solid streams falling

by gravity from the first cyclone (41) directing the

solids towards the first fluidized bed heat exchanger

(42) that receives the high temperature solids

through a third pipe (3), towards the higher temper-

ature silo (43) that receives higher temperature sol-

ids through a fourth pipe (4), and towards a second

fluidized bed exchanger (45) that receives higher

temperature solids through a ninth pipe (9).

[0026] The solids from the first cyclone (41) may be

directed to the first fluidized bed heat exchanger (42)

connected to the circulating fluidized bed combustion

chamber (40) by means of a second device (46) for split-

ting solid streams through a seventh pipe (7).

[0027] The system further comprises a bypass or

eighth pipe (8) of the first fluidized bed heat exchanger

(42) to be used during periods of low thermal load in the

circulating fluidized bed combustion chamber (40), using

the second device (46) for splitting solid streams (a di-

vertor, a double loop seal or any other mechanical mean

to divert solid flows).

[0028] The system further comprises:

iii) at least a second fluidized bed heat exchanger

(45) that can effectively transfer heat from the higher

temperature solid stream to the steam cycle of the

power plant, the second fluidized bed heat exchang-

er (45) connected to the first device (44) for splitting

solid streams by means of a ninth pipe (9), and

iv) a lower temperature silo (47) for storing lower

temperature solids from the second fluidized bed

heat exchanger (45), the lower temperature silo (47)
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connected to the second fluidized bed heat exchang-

er (45) by means of a fifth pipe (5)

v) a first solid control device (48) to feed hot solids

from the higher temperature silo (43) to the circulat-

ing fluidized bed combustion chamber (40) by means

of a tenth pipe (10) that connects the first fluidized

bed heat exchanger (42) to the circulating fluidized

bed combustion chamber (40), and

vi) a second solid control device (49) to feed lower

temperature solids from the lower temperature silo

(47) to the circulating fluidized bed combustion

chamber (40) by means of a sixth pipe (6).

[0029] The system of the present invention exploits the

high thermal energy content of the large solid circulation

flow at higher temperature characteristic of circulating

fluidized bed combustors.

[0030] The arrangement of elements in the system of

the present invention facilitates the handling and trans-

port of large flows of very high temperature solid materials

between silos. This is particularly relevant in the system

of Figure 1, where temperatures of the solids in the higher

temperature silo are expected to be very close to those

typical in the combustion chamber (40), between

800-950°C, preferably 850°C to maximize the in situ SO2

capture with CaO in the CFBC (40). The higher temper-

ature silo (43) and/or the lower temperature silo (47) are

located between the minimum height of the first cyclone

(41) and the lower point of the circulating fluidized bed

combustion chamber, just above the gas distributor of

such combustion chamber (40), so that circulation of the

downwards part of the higher temperature circulation

loop of the solids is facilitated by gravity and the upward

part (riser) is simply carried out by the circulating fluidized

bed combustion chamber (40).

[0031] The method of energy storage using circulating

fluidized bed combustors of the first system of present

invention comprises the following stages:

i) feeding a maximum flow of fuel and comburent to

a circulating fluidized bed combustion chamber (40),

separating in a first cyclone (41) the resulting hot flue

gas and solids streams from the circulating fluidized

bed combustion chamber (40), and recovering part

of the heat released in the fuel combustion by ex-

tracting heat from the hot solids stream in a first flu-

idized bed heat exchanger (42); or alternatively feed-

ing a minimum flow of fuel and comburent to the cir-

culating fluidized bed combustion chamber (40) and

arranging for part or all of the circulating solids to

bypass the first fluidized bed heat exchanger (42)

wherein variable thermal power output is allowed

while maintaining stable conditions in the circulating

fluidized bed combustion chamber (40), by working

between two operation modes:

a) a first operation mode of maximum power out-

put with maximum flow of fuel and comburent to

the circulating fluidized bed combustion cham-

ber (40), where additional thermal power to the

steam cycle is obtained allowing all solids leav-

ing the first cyclone (41) to flow through a second

fluidized bed heat exchanger (45) directing the

solids stream to a lower temperature silo (47),

where lower temperature solids which heat is

extracted are stored, while maintaining a flow of

solids through the circulating fluidized bed com-

bustion chamber (40) by arranging higher tem-

perature solids to flow from a higher temperature

silo (43) through the first fluidized bed heat ex-

changer (42) cooling the solids and feeding them

to the circulating fluidized bed combustion

chamber (40) in a controlled way by means of a

first solid control device (48) disposed between

the higher temperature silo (43) and the first flu-

idized bed heat exchanger (42), and

b) a second operation mode of minimum power

output with minimum flow of fuel and comburent

to the circulating fluidized bed combustion

chamber (40) where the thermal output from the

first fluidized bed heat exchanger (42) is zero by

diverting solids through a bypass or eighth pipe

(8) and the lower temperature solids are fed from

a lower temperature silo (47) to the circulating

fluidized bed combustion chamber (40) in a con-

trolled way by means of a second solid control

device (49) so that the excess thermal power

released in the circulating fluidized bed combus-

tion chamber (40) is transferred to the lower tem-

perature solids so that the resulting higher tem-

perature solids flow to the higher temperature

silo (43), where the high temperature solids are

stored.

[0032] A second system disclosed in this invention

contains several common elements as those described

above, but include several particular features that can

make it even more economically attractive than those

described above for large scale and flexible power gen-

eration from fossil fuels with CO2 capture. The system

concerned is represented in Figure 2 and is a system for

CO2 capture from a flue gas by calcium looping. As dis-

cussed in the state of the art, this is a CO2 capture tech-

nology inherently more economic than the oxyfired CFB

system that comprises:

i) a circulating fluidized bed carbonator (50) with a

eleventh pipe (13) supplying a flue gas containing

diluted CO2, coming from an existing combustion

power plant (not shown in Figure 2 for simplicity),

just before this flue gas is sent to the stack. The car-

bonator reactor typically has a twelfth pipe (14) sup-

plying solids rich in CaO from a circulating fluidized

bed combustor (52) that is an oxyfired circulating flu-

idized bed calciner, (in order to increase the resi-

dence time and the total inventory of the solids in the
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carbonator). The carbonator (50) is typically con-

nected to a second cyclone (51) for separating the

flue gas depleted in CO2 (16) and the partially car-

bonated solid stream containing CaCO3 (17) where-

in part of the partially carbonated solids stream con-

taining CaCO3 (17) is recirculated to the circulating

fluidized bed carbonator (50) through a thirteenth

pipe (15) and the remaining stream of high temper-

ature solids containing CaCO3 is sent to the oxyfired

circulating fluidized bed calciner (52),

ii) an oxyfired circulating fluidized bed combustor

(52) operating as a calciner with a first pipe (18) sup-

plying a fuel, a second pipe (19) supplying a mixture

of O2 and CO2 through a gas distributor, a fourteenth

pipe (20) supplying a stream of solids containing

CaCO3 that typically comes from the second cyclone

(51). There is also a third pipe (21) supplying recir-

culated solids from the oxyfired circulating fluidized

bed calciner (52) from a first cyclone (53) in order to

increase the residence time and the inventory of sol-

ids in the oxyfired circulating fluidized bed calciner

(52). The first cyclone (53) separates the CO2 rich

gas (22) from the calcined solid stream containing

CaO (23). The CO2 rich gas (22) coming from the

oxyfired circulating fluidized bed calciner (52) will be

connected downstream with all necessary equip-

ment for efficient power generation and CO2 condi-

tioning and compression. Part of this CO2 may be

recycled to form part of the mixture of O2 and CO2

entering the gas distributor by means of the second

pipe (19) together with the purified O2 generated in

an air separation unit (not shown in Figure 2 for sim-

plicity),

iii) a first (55) and a third (54) devices for splitting the

calcined solid stream containing CaO (23) and the

partially carbonated solid stream containing CaCO3

(17) respectively each into several solid streams.

The third device (54) for splitting solid streams falling

by gravity from the second cyclone (51) directs the

solids

a) towards the circulating fluidized bed carbon-

ator (50) through the thirteenth pipe (15),

b) towards the oxyfired circulating fluidized bed

calciner (52) through the fourteenth pipe (20),

and

c) towards the lower temperature silo (57) for

storing lower temperature solids through a fifth

pipe (30) that connects a second fluidized bed

heat exchanger (56) to the lower temperature

silo (57).

The first device (55) for splitting the calcined solid

stream containing CaO (23) falling by gravity from

the first cyclone (53) directs the solids

a) towards the oxyfired circulating fluidized bed

calciner (52) through the third pipe (21),

b) towards a higher temperature silo (58) that

receives high temperature solids through a

fourth pipe (24), and

c) towards the circulating fluidized bed carbon-

ator (50) by means of a fifteenth pipe (25),

iv) at least a third fluidized bed heat exchanger (59)

to extract heat from the high temperature stream of

solids containing CaO from the fifteenth pipe (25)

before feeding them to the circulating fluidized bed

carbonator (50) through the twelfth pipe (14). The

working fluid extracting the heat from this fluidized

bed will typically be part of an steam cycle of a power

plant,

v) a sixteenth pipe (26) in the circulating fluidized

bed carbonator (50) or in the oxyfired circulating flu-

idized bed calciner (52) to supply a CaCO3 make up

flow of fresh limestone that sustains the CO2 carrying

capacity of the CaO particles and compensate from

CaO losses by attrition or sulfation. A seventeenth

pipe (27) in the circulating fluidized bed carbonator

(50) or in the oxyfired circulating fluidized bed cal-

ciner (52) is disposed to purge an equivalent flow of

solids and avoid the accumulation of ashes and Cal-

cium derived solids.

[0033] The device further comprises:

vi) a first solid control device (60) to feed higher tem-

perature solids from the higher temperature silo (58)

to a first fluidized bed heat exchanger (61) that dis-

charges lower temperature solids rich in CaO to the

circulating fluidized bed carbonator (50) through a

eighteenth pipe (28), and

vii) a second solid control device (62) to feed solids

from the lower temperature silo (57) to the oxyfired

circulating fluidized bed calciner (52) through a sixth

pipe (31).

[0034] The method of energy storage using circulating

fluidized bed combustors, more preferably a method for

CO2 capture from a flue gas by calcium looping, using

the second system described above as a calciner of

CaCO3 is diclosed in this invention, comprising the fol-

lowing stages:

i) feeding a flow of fuel and comburent to a oxyfired

circulating fluidized bed calciner (52) to decompose

CaCO3 into a rich stream of CO2 (22) and a calcined

solid stream containing CaO (23),

ii) feeding a flow of flue gas containing CO2 and a

flow of solids containing CaO to a circulating fluidized

bed carbonator (50) in conditions to allow an effec-

tive capture of CO2 by CaO to form a partially car-

bonated solid stream containing CaCO3 (17) and a

flue gas with low concentration of CO2 (16),

iii) recycling recirculated solids from the circulating

fluidized bed carbonator (50) through the thirteenth
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pipe (15), supplying a part of partially carbonated

solid stream containing CaCO3 (17) from the circu-

lating fluidized bed carbonator (50), to increase res-

idence time of solids in the circulating fluidized bed

carbonator (50) and sending the remaining solid

stream to the oxyfired circulating fluidized bed cal-

ciner (52) to decompose the CaCO3 into a rich

stream of CO2 (22) and a calcined solid stream con-

taining CaO (23),

iv) recycling recirculated solids from the oxyfired cir-

culating fluidized bed calciner (52) through a third

pipe (21) supplying part of the calcined solid stream

containing CaO (23), to increase residence time of

solids in the oxyfired circulating fluidized bed calciner

(52) and sending the remaining stream of high tem-

perature solids containing CaO by means of a fif-

teenth pipe (25) to a third fluidized bed heat exchang-

er (59) to cool the high temperature calcined solids

containing CaO, and feeding these solids to the cir-

culating fluidized bed carbonator (50), thereby start-

ing again the CO2 capture looping cycle.

[0035] As discussed in previous paragraphs for oxy-

fired CFBC power plants, the full CO2 capture system is

a complex and highly integrated system, and drastic

changes in the power output are associated to technical

and economic inefficiencies. It is particularly difficult to

follow load changes with the oxy-fired circulating fluidized

bed calciner (52), as this is connected to an air separation

unit supplying pure O2 and a full CO2 purification and

compression train of the CO2 rich gas stream, part of

which is recycled to the mixture stream of O2 and CO2

as part of the state of the art of oxyfired systems. The

method of this invention provides a solution to uncouple

the power output in the system from the operation con-

ditions of the oxyfired circulating fluidized bed calciner of

Figure 2 and be able to operate with different power out-

puts. The method is therefore characterized in that var-

iable thermal power output is allowed while maintaining

stable conditions in the circulating fluidized bed calciner

(52), by working between the two extreme operation

modes described for the first system and wherein:

a) the first operation mode of maximum power output

further comprises the maximum flue gas flow to the

circulating fluidized bed carbonator (50), where ad-

ditional thermal power is obtained from the second

fluidized bed heat exchanger (56) due to that the

second fluidized bed heat exchanger (56) receives

a higher temperature solids stream from a third de-

vice (54) for splitting the partially carbonated solids

stream containing CaCO3 (17) and delivers a lower

temperature solid stream of carbonated solids

through a fifth pipe (30) to the lower temperature silo

(57) and additional thermal power is obtained from

the first fluidized bed heat exchanger (61) that dis-

charges lower temperature solids rich in CaO to the

circulating fluidized bed carbonator (50) through a

eighteenth pipe (28).

[0036] In this situation, the CO2 capture system is gen-

erating the thermal power of the fuel feed through the

first pipe (18) plus the thermal power generated in the

carbonation of the CaO reacting with the CO2 or flue gas

coming in the thirteenth pipe (13) plus the thermal power

extracted from the high temperature solids flowing from

the higher temperature silo (58) to the lower temperature

silo (57). Obviously, this beneficial maximum power out-

put scenario can only last until the high temperature CaO

stored in the higher temperature silo (58) is depleted. In

order to load the higher temperature silo (58) with high

temperature calcined solids rich in CaO, it is necessary

that during certain periods of time the system operates

in conditions such that a surplus of thermal energy is

available in the oxyfired circulating fluidized bed calciner

to heat up and calcine an additional flow of solids respect

to those coming after reacting with CO2 in the circulating

fluidized bed carbonator.

b) Therefore the second operation mode of minimum

power output further comprises the minimum flue

gas flow to the circulating fluidized bed carbonator

(50) where the resulting excess in the thermal output

in the oxyfired circulating fluidized bed calciner (52)

is used to heat up and calcine an additional flow of

cold and partially carbonated solids from the lower

temperature silo (57), regulated with the second solid

control device (62) and a CaCO3 make up flow of

fresh limestone through a sixteenth pipe (26), so that

a flow of hot and CaO rich solids through a fourth

pipe (24) is stored in the higher temperature silo (58).

[0037] A new device is disclosed (Figure 3) that is sim-

ilar to the described for Figure 2 but wherein the second

device (63) for splitting recirculated solids from the oxy-

fired circulating fluidized bed calciner (52) through third

pipe (21) also connects the first cyclone (53) to a fourth

heat exchanger (64) through a seventh pipe (32). This

fourth heat exchanger (64) is further connected to the

oxyfired circulating fluidized bed calciner (52).

[0038] The system further comprises a fourth device

(65) for splitting solid streams that directs the solids aban-

doning the first fluidized bed heat exchanger (61) to the

circulating fluidized bed combustor (52) or to the circu-

lating fluidized bed carbonator (51).

[0039] This allows for a new method for CO2 capture

in this device further comprising the extraction of heat

from the oxyfired circulating fluidized bed calciner (52)

through a fourth heat exchanger (64) wherein different

thermal power outputs are allowed between the following

extremes while maintaining stable conditions in the oxy-

fired circulating fluidized bed calciner (52) by working be-

tween the two extreme operation modes described for

the second system and wherein:

a) in the first operation mode of maximum power
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output the oxyfired circulating fluidized bed calciner

(52) operates as an oxyfired fluidized bed combustor

re-circulating CaO solids from the oxyfired circulat-

ing fluidized bed calciner (52) through a seventh pipe

(32) to maximize power output in a fourth heat ex-

changer (64) while allowing sufficient higher temper-

ature CaO rich solids from the higher temperature

silo (58) to flow through the first fluidized bed heat

exchanger (61) in order to feed lower temperature

solids rich in CaO to the circulating fluidized bed car-

bonator (50) through the eighteenth pipe (28) and

partially carbonate the solids in the presence of the

flue gas coming in the eleventh pipe (13), and direct-

ing the solids leaving the circulating fluidized bed

carbonator (50) through the second fluidized bed

heat exchanger (56) to be cooled and stored in the

lower temperature silo (57);

[0040] In this situation, the CO2 capture system is gen-

erating the thermal power of the fuel feed through the

first pipe (18) of the oxyfired circulating fluidized bed cal-

ciner (52) plus the thermal power generated in the car-

bonation of the CaO reacting with the CO2 coming in the

eleventh pipe (13) plus the thermal power extracted from

the high temperature solids flowing from the higher tem-

perature silo (58) to the lower temperature silo (57). Ob-

viously, this additional and beneficial maximum power

output scenario is at the expense of larger silos and larger

oxyfired circulating fluidized bed calciner (52) than when

operating with the device of Figure 2. The maximum pow-

er output can only last until the high temperature CaO

stored in the higher temperature silo (58) is depleted. In

order to charge the higher temperature silo (58) with high

temperature calcined solids rich in CaO, it is necessary

to operate during certain periods of time in conditions

such that a surplus of thermal energy is available in the

calciner to heat up and calcine an additional flow of solids

respect to those coming after reacting with CO2 in the

circulating fluidized bed carbonator, and

b) therefore, the second operation mode of minimum

power output, further comprises a reduced flow of

flue gas coming in the eleventh pipe (13) and a by-

pass of the fourth heat exchanger (64) through the

eighth pipe (33) to the oxyfired circulating fluidized

bed calciner (52) that allows for an excess thermal

output in the an oxyfired circulating fluidized bed cal-

ciner (52) that is used to heat up and calcine an ad-

ditional flow of cold and partially carbonated solids

from the lower temperature silo (57), regulated with

the second solid control device (62), so that a flow

of hot and CaO rich solids through the fourth pipe

(24) is stored in the higher temperature silo (58).

[0041] A further advantage of this method is that due

to the larger oxyfired circulating fluidized bed calciner

size, the time period required to operate at the second

operation mode of minimum power output can be mini-

mized.

[0042] Example 3 illustrates other technical benefits of

this method, related to the much higher flexibility in power

outputs and wider choice of operation modes when the

oxyfired circulating fluidized bed calciner (52) can be op-

erated as an independent power plant not linked to the

a circulating fluidized bed carbonator (50), or even as an

independent power plant capable of operating as dis-

cussed above for the device of Figure 1. This refers to a

scenario where the solids from the oxyfired circulating

fluidized bed calciner (52) are all directed to the second

fluidized bed heat exchanger (56) connected to the lower

temperature silo (57) by means of the ninth pipe (34),

and the solids abandoning the first fluidized bed heat

exchanger (61) are directed to the oxyfired circulating

fluidized bed calciner (52) instead of being directed to

the circulating fluidized bed carbonator (50), by means

of a fourth device (65) for splitting solid streams.

[0043] The previous methods best operate with the

highest temperature difference between higher temper-

ature silo and the lower temperature, leading to lower

volume silos for the same quantity of energy stored. Tem-

peratures close to the temperature in the combustion

chambers 850-950° are suitable for the higher tempera-

ture silo, preferably around 850°C for the air-fired com-

bustors and 900°C for the oxyfired combustors. The tem-

perature of the cold solids depends on the number and

efficiency of fluidized bed heat exchangers arranged in

series, and will tipically be between 150-400° C, prefer-

ably around 200°C.

[0044] The previous methods can further reduce their

second operation mode of minimum power output and/or

the time required to operate at this second operation

mode of minimum power output by further transferring

heat to the solids coming from the lower temperature silo,

by using heat from the high temperature flue gas streams

leaving the circulating fluidized bed reactors. This can be

achieved with cyclones arranged in series such as those

used in commercial precalciners of limestone in cement

plants.

[0045] There will be other ways to operate the devices

of this invention that will be obvious for the skilled in the

art in view of the devices and methods disclosed in this

invention. For example, it will be evident to a skilled in

the art to connect device of Figure 1 with the devices of

Figure 2 or 3 by making the flue gas stream (12) to be

the stream of flue gas (13) in Figure 2 and 3. The resulting

system will open a wider range of operating modes, that

would add even more flexibility to power plants with CO2

capture using the devices of this invention. Similar de-

vices and principles can be designed following the teach-

ings of this invention for precombustion CO2 capture sys-

tems using CaO as a regenerable sorbent, systems

where the calcination heat is coming from an exothermic

reaction taking place in parallel to the calcination reaction

or systems where the heat for calcination is coming from

a solid heat carrier or a metallic wall connecting the cal-

ciner to a high temperature combustion chamber or to
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other high temperature source of heat. Also, following

the teaching of this invention, it is possible to adapt the

devices and methods of this invention to other chemical

looping systems that use circulating fludized bed reactors

at high temperatures and highly exothermic gas solid re-

actions, like for example the oxidation of a metal with air.

Therefore, the description and examples provided in this

invention are illustrative and of non-limiting character.

EXAMPLES

EXAMPLE 1. Design example of the device of Figure 1

[0046] A conceptual design of the device of Figure 1

is carried out below to illustrate its practical application

and the flexibility to obtain a variety of power outputs. Let

us first assume a maximum thermal power input by com-

bustion in the fluidized bed combustion chamber (40) of

100 MWth and a typical temperature in the fluidized bed

combustion chamber (40) of 850 °C when combustion is

carried out with air (2). Let’s also choose typical dimen-

sions for a combustion chamber of this order of thermal

power output in commercial equipment: a cross section

of 20 m2 and a height of 40 m. These fluidized bed com-

bustion chambers usually have water heat exchangers

in their interior, but it is better to adopt for the device of

this invention an adiabatic design, that is also part of the

state of the art. To simplify the mass and heat balances

in the example, we are assuming here that 75% of the

heat produced during the combustion of fuel in the fluid-

ized bed combustion chamber (40) is extracted from the

system in the first fluidized bed heat exchanger (42) and

25% abandons the system as sensitive heat in the flue

gas (12) leaving the first cyclone (41). If we assume an

average heat capacity of the solids circulating in the sys-

tem of 1.3 kJ/kg°C and a typical solid circulation rate of

solids through the combustion chamber of 10 kg/sm2 (kg

per second and per square meter of cross-sectional area

of the fluidized bed combustion chamber (40)), the tem-

perature drop of the solids in the first fluidized bed heat

exchanger (42), required to close the heat balance is

288.5 °C. This is consistent with the state of the art op-

eration of commercial CFBC power plants.

[0047] Let us now assume a reasonable size for the

higher temperature silo (43) and the lower temperature

silo (47) arranged as in Figure 1. Assuming they have a

height of 20 meters and 40 m2 of cross-section, which is

the double of the cross-section of the fluidized bed com-

bustion chamber (40) and yields an identical volume. Let

us also assume a temperature of the higher temperature

solids in the higher temperature silo (43) of 850 °C and

200 °C of the cold solids in the lower temperature silo

(47), and a bulk density of the solids in the silos of 1500

kg/m3. This allows storing a maximum amount of solids

of 1.2*106 kg, with a total heat storage equivalent to 282

MWt. In principle, this quantity of heat could be extracted

from these solids at a very high rate in their pass from

the higher temperature silo (43) to the lower temperature

silo (47), for example by arranging an additional heat

exchanger (not shown in Figure 1 for simplicity) between

the higher temperature silo (43) and the lower tempera-

ture silo (47) This could yield a very large thermal power

output by reducing the solid transfer time with a large

circulation flow of solids between silos. However, this

would require unrealistically large heat exchanger devic-

es and associated power generation equipment operat-

ing only during very short periods of time. Therefore,

more modest and realistic thermal power outputs are like-

ly to be the target of design. These targets could be

achieved allowing a direct circulation of solids from the

higher temperature silo (43) to the lower temperature silo

(47). But this would still require an additional heat ex-

changer (not shown in the Figure 1) between the higher

temperature silo (43) and the lower temperature silo (47)

and also require practical solutions to arrange a circula-

tion of high temperature solids between the two silos.

This solution could end up being also complex and costly.

However, the device of this invention, makes use of the

existing circulating fluidized bed combustor to facilitate

the solid circulation between the higher temperature silo

(43) and the lower temperature silo (47) in modes of max-

imum thermal output with reasonable circulation rates

established between the higher temperature silo (43) and

the lower temperature silo (47). To illustrate this, it is fixed

in this example the solid circulation rate through the com-

bustor at 10 kg/m2s allowing for a certain fraction of this

solid circulation to come from the flow of solids estab-

lished between the higher temperature silo (43) and the

lower temperature silo (47). For example, if the power

input from the fuel combustion remains at 100 MWt in

the fluidized bed combustion chamber (40) and all the

temperatures are to remain also constant, the total heat

extraction in the first fluidized bed heat exchanger (42)

must be also constant. In these conditions, the maximum

power output mode, correspond to a flow of solids from

the higher temperature silo (43) to the fluidized bed com-

bustion chamber (40) and to the lower temperature silo

(47) of 2.8 kg/m2s (55.6 kg/s in the example) and an

additional power output 47 MWt is accomplished in the

second fluidized bed heat exchanger (45) by cooling the

solid stream from 850 to 200 °C. According to the size

of the silos chosen for this example, this maximum power

output mode can be maintained during 6 hours until all

the hot solids stored in the higher temperature silo (43)

are transferred to the lower temperature silo (47). Longer

periods for this maximum can obviously be achieved with

larger silos or larger differences in solid temperatures

between the higher temperature silo (43) and the lower

temperature silo (47). It is also evident that longer periods

of operation at more modest values of the maximum pow-

er output can be achieved, by allowing larger changes in

solid circulation rates (that can change typically between

1 to 20 kg/m2s in commercial CFBC without relevant de-

sign changes in the solid circulation system). A change

in solid circulation rate of solids through the fluidized bed

combustion chamber (40) may also require a change of
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thermal output in the first fluidized bed heat exchanger

(42), and this can be done by using commercial heat

exchanger equipment available to operate with variable

thermal loads or by using the split of solids that bypasses

the first fluidized bed heat exchanger (42) to arrange for

a certain direct recirculation of solids from the first cyclone

(41) to the fluidized bed combustion chamber (40). For

example, with the same total solid circulation in the flu-

idized bed combustion chamber (40) as above (10

kg/m2s or 200 kg/s), a split in the first device (44) for

splitting solid streams of the solids falling by gravity from

the first cyclone (41) of 144 kg/s towards the third pipe

(3) and the first fluidized bed heat exchanger (42) allows

for the required solid circulating from the higher temper-

ature silo (43) to the lower temperature silo (47) while

maintaining solid circulation rates and combustion con-

ditions identical with and without energy storage. There-

fore, designing the above system to deliver its maximum

power output for 6 continuous hours, results into a max-

imum power output of 147 MWt (100 MWt from combus-

tion and 47 MWt from the second fluidized bed heat ex-

changer (45) in the novel energy storage system).

[0048] The time at maximum power must be balance

by a certain time at minimum power output, where the

target is to fill up the silo of high temperature solids. Fur-

thermore, conditions of minimum power output are likely

to be associated with situations where the combustion

chamber is working at minimum load (for example at night

time). For circulating fluidized bed combustors this can

be as low as 50%. Therefore, during the period of mini-

mum power output of this particular example we assume

50 MWt as energy input from combustion in the fluidized

bed combustion chamber (40). For simplicity we assume

again that 25% of this power abandons the combustor in

the flue gas leaving the first cyclone (41). This leaves

37.5 MWt available to heat up to 850°C the solids circu-

lating from lower temperature silo (47) (at 200 °C) to the

fluidized bed combustion chamber (40). This requires a

control with the second control device (49) of a solid flow

of 44.4 kg/s going through the sixth pipe (6) (or 2.2 kg/m2s

in the fluidized bed combustion chamber (40)) and a split

of the same solid flow of solids from the first cyclone (41)

to the higher temperature silo (43) through the fourth pipe

(4). If a higher solid circulation rate was required to main-

tain fluidization conditions and heat transfer within the

fluidized bed combustion chamber (40), this additional

circulation flow could be obtained by allowing a split of

solids in the first device (44) for splitting solid streams

falling by gravity from the first cyclone (41) and recircu-

lating solids from the first cyclone (41) to the fluidized

bed combustion chamber (40) through the third pipe (3)

without passing through the first fluidized bed heat ex-

changer (42). For the size of the silos chosen for this

example, the minimum operation mode has to be main-

tained during 7.5 hours, until all the lower temperature

solids stored in the lower temperature silo (47) are trans-

ferred to the higher temperature silo (43). This time could

be shortened by arranging an additional method to pre-

heat with the flue gas (12) leaving the first cyclone (41)

the solids coming from the lower temperature silo (47)

before they enter the fluidized bed combustion chamber

(40). This could be carried out with commercial equip-

ment to rise the lower temperature solids stored in the

lower temperature silo (47) and put them in contact with

the hot flue gas (12) leaving the first cyclone (41) in ad-

ditional cyclones in series (not shown in the Figure for

simplicity), as it is common practice in precalciners and

preheaters of solids being fed to cement production

plants.

[0049] The maximum time (6.0 h) at the maximum pow-

er output defined in this particular example and the min-

imum time at minimum power output (7.5 h) are values

chosen for this particular example. Many intermediate

values are possible and will be evident for the skilled in

the art. The remaining hours (10.5 h) to complete a full

day operation time could be used in this particular exam-

ple at the reference conditions of 100 MWt. This would

yield a capacity factor of the plant of 0.57. This capacity

factor could be further reduced by operating a much long-

er time at low power output. For example, operating 6 h

at maximum power output of 147 MWt and the remaining

18 h at a power output of 34 MWt, the capacity factor

would be 0.43. Even lower capacity factor is possible by

operating the fluidized bed combustion chamber (40) at

minimum power input (50 MWt) in both the maximum and

minimum power periods. This could be achieved by re-

ducing the circulation flow from the lower temperature

silo (47) to the higher temperature silo (43) and increasing

accordingly (if necessary) the recycle of solids from the

first cyclone (41) to fluidized bed combustion chamber

(40) through the flue gas and the first fluidized bed heat

exchanger (42). It can be estimated with simple mass

and heat balances that for this particular example, any

value of capacity factor between 0.34 and 0.68 is allowed

without changing the dimension and operating conditions

chosen for the example. Furthermore, it will be evident

for the skilled in the art to define other volume of the

storage silos, solid densities of the circulating solids, op-

erating temperatures, or solid circulation rates, leading

to different capacity factor intervals.

[0050] At this point, it is illustrative in this particular ex-

ample of realization of the invention to compare the de-

vice and methods of the invention against a standard

power plant giving the same maximum power outputs

and with an identical capacity factor (measured here as

a daily basis for simplicity). Such a power plant would

have a thermal power from coal of 147 MWt and it is

therefore 47% larger in every element of equipment re-

lated to the combustion chamber. Let’s also assume that

this plant is also requested to deliver during 6 hours a

maximum power output of 147 MWt, that it is also allowed

to go down by 50% in its thermal output and that it is

requested by the market to operate with a particular ca-

pacity factor of 0.43 as in the paragraphs above. In these

conditions, it will be evident for a skilled in the art that

this power plant will be forced to be switched off (power
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output equal zero) during at least 9.6 hours per day, in

order to fulfil the maximum power requirements during a

certain time and the low demand of power during other

periods of time. The need to switch on and off the large

combustion equipment of the fluidized bed combustion

chamber (40), together with all the associated auxiliaries

(coal and sorbent feeding systems, flue gas cleaning

equipment etc are also switched off) is a clear disadvan-

tage of the state of the art systems respect to the device

and methods of this invention. As illustrated in this ex-

ample, the device of this invention delivers the same max-

imum power and has the same capacity factor than the

standard power plant, but it has a combustion chamber

and associated auxiliaries to the combustion chamber

that are about 50% smaller than in the standard plant.

Furthermore, the device of this invention is operating the

combustion chamber (40) with continuous flows of coal

and air (the same at full load or at intermediate loads) as

it does not require changes in such a combustion cham-

ber (40) to accommodate low average capacity factors.

These are both great advantages that are most likely

going to compensate for the additional capital cost asso-

ciated to the silos (43) (47) and the second fluidized bed

heat exchanger (45), that are the most costly novel com-

ponents in the device of this invention when compared

to the standard power plant.

[0051] A skilled in the art will realize immediately than

the previous example is also illustrative, with small mod-

ifications in the assumptions, to a reference zero emis-

sion power plant based on the oxy-fuel combustion in a

circulating fluidized bed. However, the benefits of the de-

vice of this invention will be exacerbated because the

reference plant contains in this case more complex and

costly components (air separation unit, CO2 purification,

recycle and compression of CO2 etc) that have dimen-

sions proportional to the thermal combustion power re-

leased in (40). Also, these complex and integrated com-

ponents make more difficult and expensive the opera-

tions of switching on and off the power plant.

EXAMPLE 2. Design example of the device of Figure 2

[0052] A conceptual design of the device of Figure 2

is carried out below to illustrate its practical application

and the flexibility to obtain a variety of power outputs from

the Calcium Looping system represented in the figure.

Let us first assume a maximum thermal power input by

combustion in the oxyfired circulating fluidized bed cal-

ciner (52) of 100 MWt and a temperature of 900 °C when

combustion is carried out with a certain mixture of O2 and

CO2. This temperature should be sufficient for calcination

of CaCO3, as the reactor is assumed to operate at at-

mospheric pressure and with a certain content of steam.

Let’s also assume a total solid circulation rate of solids

entering the oxyfired circulating fluidized bed calciner

(52) of 200 kg/s as in the combustion chamber (40) of

Example 1. It is important that this oxyfired circulating

fluidized bed calciner (52) is designed adiabatically to

maximize the use for calcination of the thermal input as-

sociated to the fuel combustion (and minimize the O2

requirements and its associated energy and economic

penalties). To simplify the mass and heat balances in this

example, we are assuming here that 80% of the heat

produced during the combustion of fuel introduced in the

oxyfired circulating fluidized bed calciner (52) by means

of the first pipe (18) is used for calcination and for heating

up to calcination temperature the solid entering the oxy-

fired circulating fluidized bed calciner (52).

[0053] Let us now assume an identical volume of the

lower temperature silo (57) and the higher temperature

silo (58) as in Example 1 arranged as in Figure 2, identical

bulk density of the solids (1500 kg/m3), and temperatures

of the hot solids in the higher temperature silo (58) of 900

°C and 200 °C of the cold solids in lower temperature silo

(57). Let’s also assume a heat capacity of the solids of

1 kJ/kg as they are composed mainly of CaO. This allows

a thermal energy heat storage equivalent to 233.3 MWt

in the higher temperature silo (58). The solids in stored

in the higher temperature silo (58) are assumed to be 90

weight % CaO in this particular example. This content in

free CaO and its associated maximum activity or CO2

carrying capacity will depend on many factors that are

well known in the state of the art of Calcium looping sys-

tems. In the lower temperature silo (57), the solids are

carbonated in a certain level of conversion X, that is de-

fined as the carbonate conversion or mol fraction of CaO

converted to CaCO3. The enthalpy of the carbonation

reaction is -168 kJ/mol. In the process to fill the lower

temperature silo (57) with carbonated solids originally in

the higher temperature silo (58), there has been a car-

bonation process in the circulating fluidized bed carbon-

ator (50) releasing 900X MWt. For the purpose of the

mass and heat balance in this example, this can be con-

sidered an additional energy stored in the higher temper-

ature silo (58). The value of X is set by a mass balance

on the circulating fluidized bed carbonator (50). We as-

sume here a maximum flue gas rate containing 0.40

kmol/s of CO2, which is equivalent to the flue gas emitted

by a 180 MWt power plant. If we assume a target of 90%

CO2 capture efficiency a maximum flow of CaCO3 leaving

the circulating fluidized bed carbonator (50) is estab-

lished at 0.36 kmol/s.

[0054] As discussed in Example 1, a very large thermal

power output could be achieved from this system by re-

ducing the solid transfer time (with a large circulation flow

of solids between silos) between the higher temperature

silo (58) to the circulating fluidized bed carbonator (50)

and through the cyclone (51) and through the second

fluidized bed heat exchanger (56) and through the lower

temperature silo (57). This large solid circulation could

be established simultaneously to the capture of 90% of

the CO2 in the flue gas in the eleventh pipe (13) set as

a target, as the typical solid circulation rate set in the

circulating fluidized bed carbonator (50) and oxyfired cir-

culating fluidized bed calciner (52) is sufficient to capture

all the necessary CO2 in the circulating fluidized bed car-

23 24 

���������	��
�������	���������������������	���	���������������	����� ���



EP 2 762 781 A1

14

5

10

15

20

25

30

35

40

45

50

55

bonator (50) with modest carbonate conversion values,

X. However, this would require unrealistically large heat

exchangers (56, 61), and associated power generation

equipment to these heat exchange devices would be op-

erating only during very short periods of time. Therefore,

more modest and realistic thermal power outputs are like-

ly to be the target of economic design. The device of this

invention, makes use of the existing circulating fluidized

bed calciner (52) and circulating fluidized bed carbonator

(50) to facilitate the solid circulation between the higher

temperature silo (58) and the lower temperature silo (57)

in modes of maximum thermal output with reasonable

circulation rates established between the higher temper-

ature silo (58) and the lower temperature silo (57) through

the circulating fluidized bed carbonator (50). To illustrate

this, it is calculated from the mass and heat balances for

the particular conditions chosen for this example, and

searching for a 6 hours period at maximum power output,

a total solid flow entering the carbonator of 192.3 kg/s,

coming 136.7 kg/s from the calciner (52) and 55.6 kg/s

from the higher temperature silo (58). In these conditions,

the maximum power output is 155.5 MWt and the value

of X is 0.117 for a 90% CO2 capture efficiency. As noted

above, for the size of the silos chosen for this example,

this maximum power output mode can be maintained dur-

ing 6.0 hours until all the hot CaO rich solids stored in

the higher temperature silo (58) are transferred to the

lower temperature silo (57) after carbonating to a con-

version X. Longer periods for this maximum can obvious-

ly be achieved with larger silos or larger differences in

solid temperatures between the higher temperature silo

(58) and the lower temperature silo (57). It is also evident

that longer periods of operation at more modest values

of the maximum power output can be achieved, by al-

lowing lower solid circulation rates. However, the reduc-

tion in this solid circulation rate is limited by the CO2 car-

rying capacity of the CaO solids in the circulating fluidized

bed carbonator (50). It does not seem reasonable from

the state of the art on Ca-looping to expect carbonation

conversions higher X=0.20. Therefore, a minimum flow

of CaO rich solids of 112 kg/s is required to enter the

circulating fluidized bed carbonator (50) in this particular

example. When operating with this minimum solid circu-

lation rate and activity of the solids, the power output is

118.3 MWt.

[0055] The time of 6 hours set at the maximum power

in the previous paragraph must be balanced by a certain

time at lower power output, where the target is to fill up

the higher temperature silo (58) of high temperature sol-

ids, while maintaining the CO2 capture efficiency at 90%

in the circulating fluidized bed carbonator (50). A surplus

of thermal power in the calciner (52) is required for this

purpose. The higher the surplus of thermal power, the

minimum time will be required to operate at minimum

thermal output in the Ca-looping system. These condi-

tions of minimum power output are likely to be associated

with situations where the combustion chamber supplying

the flue gas to the circulating fluidized bed carbonator

(50) is working at minimum load (for example at night

time). Assuming again that this flue gas stream can go

down as much as 50% in periods of low power output,

the capture of 90% of the 0.20 kmol/s of CO2 entering

the circulating fluidized bed carbonator (50) requires a

minimum circulation of 96.1 kg/s for a carbonation con-

version of 0.117. This allows for a surplus of energy in

the calciner of 43.7 MWt which can be used to heat up

and calcine a solid flow of 48.8 kg/s from the lower tem-

perature silo (57). Under these conditions, an operation

time of 7.2 h is needed to fill the higher temperature silo

(58) with hot calcined solids. When operating in these

conditions, the power output of the device is 53.8 MWt.

The maximum time (6.0 h) at the maximum power output

defined in this particular example and the minimum time

at minimum power output (7.2 h) are values chosen for

this particular example. Many intermediate values are

possible and will be evident for the skilled in the art. The

remaining hours (10.8) to complete a full day operation

time could be used in this particular example at the ref-

erence conditions of 100 MWt. This would yield a capacity

factor of the plant of 0.64. Different average capacity fac-

tors can be calculated for this system following a similar

methodology as the one explained in Example 1.

[0056] At this point, it is illustrative in this particular ex-

ample of realization of the invention to compare the de-

vice and methods of the invention against a standard Ca-

looping system giving the same maximum power and

with identical capacity factor of 0.64. Such a Ca-looping

system would have a calciner with a thermal power from

coal of 155.5 MWt which is more than 55% larger than

in the device of this invention. All equipment associated

to the calciner (in particular the complex and costly air

separation unit to supply O2) would also be 55% larger.

In addition, if this plant was requested to operate with a

similar capacity factor of 0.64, for example delivering dur-

ing at least 6 hours a maximum power output of 155.5

MWt, this could only be possible by going down by 50%

in its thermal output during at least 15.4 hours. Clearly,

the device of this invention does not require changes in

the combustion conditions in the oxy-fuel fluidized bed

calciner, even when the flow of flue gas entering the car-

bonator changes within certain limits. In contrast, the

standard calcium looping configuration requires complex

load changes in the oxyfired calciner to follow the re-

quired global changes in power output.

[0057] For simplicity in the description of this particular

example, we have not discussed the opportunities that

the device of Figure 2 provides to establish internal solid

recycles in both reactors and the intermediate situations

that can be achieved by modulating the split of solids in

the third (54) and first (55) devices for splitting the solid

streams falling by gravity from the first or second cyclone

(53, 51) towards a lower and higher temperature silo (57,

58) respectively. It should be obvious for a skilled in the

art, and from the discussion in the Example 1, how to

take benefit from this possibility to split solid flows be-

tween reactors and silos in order to gain more flexibility
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in the operation of the system without altering the condi-

tions in the calciner (52) and associated O2 generation

equipment.

EXAMPLE 3. Design example of the device of Figure 3

[0058] A conceptual design of the device of Figure 3

is carried out below to illustrate its practical application

and the flexibility to obtain a variety of power outputs from

the Calcium Looping system represented in the figure.

Since there is a clear similarity of this device respect to

the one described in example 2, we focus in this example

only on the key difference between devices, associated

to the possibility to operate the device of Figure 3 in a

maximum power output mode where the oxyfired calciner

is operating as an oxyfired CFB power plant independ-

ently of the circulating fluidized bed carbonator (50), ex-

tracting combustion heat from the fourth heat exchanger

(64) using the second device (63) for splitting recirculated

solids from the oxyfired circulating fluidized bed calciner

(52) while feeding the circulating fluidized bed carbonator

(50) with stored CaO in the higher temperature silo (58).

Let us assume a maximum thermal power input by com-

bustion in the oxyfired circulating fluidized bed calciner

(52) of 100 MWt and an identical power output that is the

sum of the sensitive heat power in the CO2 rich gas (22)

leaving the first cyclone (53) and the thermal power ex-

tracted in the fourth heat exchanger (64) by diverting all

the circulating solids leaving the oxyfired circulating flu-

idized bed calciner. Let’s now assume a solid and flue

gas flows through the circulating fluidized bed carbonator

(50) and a conversion X of CaO in the circulating fluidized

bed carbonator (50) and CO2 capture efficiencies iden-

tical to the ones for Example 2. However, in this case, all

the solids arriving to the carbonator are coming from the

higher temperature silo (58) and being stored in the lower

temperature silo (57) at identical temperatures and car-

bonate conversion as in Example 2. In these conditions,

a total power output of 292 MWt is obtained, which is the

sum of the thermal power obtained from the combustion

of the coal (100 MWt) in the oxyfired circulating fluidized

bed calciner (52), and the remaining 192 MWt are the

thermal power output from the first fluidized bed heat

exchanger (61), from the second fluidized bed heat ex-

changer (56) and from the flue gas leaving the circulating

fluidized bed carbonator (16). This high level of power

output could only be maintained during 1.7 hours for the

dimension and solid properties given in Example 2. Long-

er times at lower maximum power output can be chosen

for the design following the methodology of Example 1.

Clearly, a skilled in the art will realize by conducting these

preliminary designs that the device of Figure 3 offers

more flexibility and variations in operation and in power

outputs, thanks to the fourth heat exchanger (64) con-

necting the first cyclone (53) to the oxyfired circulating

fluidized bed calciner (52) and the possibility to operate

the oxyfired circulating fluidized bed calciner (52) in ox-

ycalcination mode or in oxycombustion mode. However,

these favourable modes of operation require a larger cal-

ciner (52) for the same amount of flue gas to be treated

in the circulating fluidized bed carbonator (50) during pe-

riods of maximum power output.

[0059] The device of Figure 3 also offers higher flexi-

bility when requested to deliver minimum power outputs.

For example, in an extreme but realistic scenario the car-

bonator reactor and the associated power plant feeding

the flue gas to the circulating fluidized bed carbonator

(50) could be switched off, while the oxyfired circulating

fluidized bed calciner (52) could still be operating in min-

imum oxycombustion mode and by-passing the and feed-

ing solids from the lower temperature silo (57) to the ox-

yfired circulating fluidized bed calciner (52) and storing

the resulting calcined higher temperature solid stream in

the higher temperature silo (58). The design methodol-

ogy described in previous examples could be used to

estimate these minimum modes of power output, that

greatly increase the flexibility of the CO2 capture system

of Figure 3 in terms of power output while allowing stable

combustion conditions in the oxyfired circulating fluidized

bed calciner (52)

Claims

1. System for large scale energy storage in a power

generation system comprising:

i) a circulating fluidized bed combustor (40, 52)

with a first pipe (1, 18) for supplying a fuel and

a second pipe (2, 19) for supplying a comburent

through a gas distributor, the circulating fluidized

bed combustor (40, 52) being connected to

ii) a first cyclone (41, 53) for separating the re-

sulting hot flue gas (12, 22) and the hot solids

stream (11, 23) circulating to the circulating flu-

idized bed combustor (40, 52)

characterized in that the system further com-

prises:

iii) a first device (44, 55) for splitting solid streams

falling by gravity from the first cyclone (41, 53)

directing the solids from the first cyclone (41, 53)

a) towards the circulating fluidized bed com-

bustor (40, 52) through a third pipe (3, 21),

b) towards a higher temperature silo (43,

58) that receives higher temperature solids

through a fourth pipe (4, 24), directing the

solids from the higher temperature silo (43,

58) to a first fluidized bed heat exchanger

(42, 61), and

c) towards a lower temperature silo (47, 57)

for storing lower temperature solids from a

second fluidized bed heat exchanger (45,

56), the lower temperature silo (47, 57) con-

nected to the second fluidized bed heat ex-

changer (45, 56) by means of a fifth pipe (5,
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30) and connected to the circulating fluid-

ized bed combustor (40, 52) by means of a

sixth pipe (6, 31), and

iv) a first solid control device (48, 60) for control-

ling the feed of the higher temperature solids

from the higher temperature silo (43, 58), and

v) a second control device (49, 62) for controlling

the feed of the lower temperature solids from

the lower temperature silo (47, 57) to the circu-

lating fluidized bed combustor (40, 52).

2. System for large scale energy storage in a power

generation system according to claim 1 character-

ized in that further comprises a second device (46)

for splitting the hot solids stream from the first cy-

clone (41) to the first fluidized bed heat exchanger

(42) through a seventh pipe (7) or to a bypass or

eighth pipe (8) to the circulating fluidized bed com-

bustion chamber (40) during periods of low thermal

load in the circulating fluidized bed combustion

chamber (40).

3. System for large scale energy storage in a power

generation system according to any of the previous

claims characterized in that the first device (44) for

splitting solid streams falling by gravity from the first

cyclone (41) directs the solids towards the second

fluidized bed exchanger (45) through a ninth pipe (9).

4. System for large scale energy storage in a power

generation system according to any of the previous

claims characterized in that the first solid control

device (48) controls the feed of hot solids from the

higher temperature silo (43) to the circulating fluid-

ized bed combustion chamber (40) through the first

fluidized bed heat exchanger (42) by means of a

tenth pipe (10) that connects the first fluidized bed

heat exchanger (42) to the circulating fluidized bed

combustion chamber (40).

5. System for large scale energy storage in a power

generation system according to claim 1 wherein the

system is a system for CO2 capture from a flue gas

by calcium looping characterized in that the system

for large scale energy storage further comprises

i) a circulating fluidized bed carbonator (50) with

a eleventh pipe (13) supplying a flue gas con-

taining diluted CO2 and a twelfth pipe (14) sup-

plying solids rich in CaO from the circulating flu-

idized bed combustor (52) that is an oxyfired cir-

culating fluidized bed combustor operating as a

calciner being connected to

ii) a second cyclone (51) for separating the flue

gas depleted in CO2 (16) and the partially car-

bonated solids stream containing CaCO3 (17)

wherein part of the partially carbonated solids

stream containing CaCO3 (17) is recirculated to

the circulating fluidized bed carbonator (50)

through a thirteenth pipe (15) and the remaining

stream of high temperature solids containing

CaCO3 is sent to the oxyfired circulating fluid-

ized bed calciner (52)

6. System for large scale energy storage in a power

generation system according to claim 5 character-

ized in that the first pipe (18) of the oxyfired circu-

lating fluidized bed calciner (52) supplies a fuel, the

second pipe (19) supplies a mixture of O2 and CO2

comburent through the gas distributor and a four-

teenth pipe (20) supplies the partially carbonated sol-

id stream containing CaCO3 (17) coming from the

second cyclone (51).

7. System for large scale energy storage in a power

generation system according to claim 6 character-

ized in that further comprises a third device (54) for

splitting the partially carbonated solids stream con-

taining CaCO3 (17) falling by gravity from the second

cyclone (51) directing the solids from the second cy-

clone (51)

a) towards the circulating fluidized bed carbon-

ator (50) through the thirteenth pipe (15),

b) towards the oxyfired circulating fluidized bed

calciner (52) through the fourteenth pipe (20),

and

c) towards the lower temperature silo (57) for

storing lower temperature solids through the fifth

pipe (30) that connects the second fluidized bed

heat exchanger (56) to the lower temperature

silo (57).

8. System for large scale energy storage in a power

generation system according to any of the claims 5-7

characterized in that the first device (55) for splitting

the hot solids stream (23), that is calcined and con-

tains CaO, towards the lower temperature silo (57),

makes it through the circulating fluidized bed car-

bonator (50) by means of a fifteenth pipe (25).

9. System for large scale energy storage in a power

generation system according to claim 8 character-

ized in that further comprises at least a third fluidized

bed heat exchanger (59) to extract heat from the

calcined solids stream containing CaO from the fif-

teenth pipe (25) before feeding them to the circulat-

ing fluidized bed carbonator (50) through the twelfth

pipe (14).

10. System for large scale energy storage in a power

generation system according to any of the claims 5-9

characterized in that further comprises a sixteenth

pipe (26) in the circulating fluidized bed carbonator

(50) or in the oxyfired circulating fluidized bed cal-
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ciner (52) to supply a CaC03 make up flow of fresh

limestone.

11. System for large scale energy storage in a power

generation system according to any of the claims

5-10 characterized in that further comprises a sev-

enteenth pipe (27) disposed in the circulating fluid-

ized bed carbonator (50) or in the oxyfired circulating

fluidized bed calciner (52) to purge an equivalent flow

of solids and avoid the accumulation of ashes and

Calcium derived solids.

12. System for large scale energy storage in a power

generation system according to any of the claims

5-11 characterized in that the first fluidized bed

heat exchanger (61) discharges lower temperature

solids rich in CaO to the circulating fluidized bed car-

bonator (50) through a eighteenth pipe (28).

13. System for large scale energy storage in a power

generation system according to any of claims 5-12

characterized in that further comprises a second

device (63) for splitting recirculated solids from the

oxyfired circulating fluidized bed calciner (52)

through the third pipe (21) connecting the first cy-

clone (53) to a fourth heat exchanger (64) through a

seventh pipe (32), fourth heat exchanger (64) further

connected to the the oxyfired circulating fluidized bed

calciner (52).

14. System for large scale energy storage in a power

generation system according to any of claims 5-13

characterized in that further comprises a fourth de-

vice (65) for splitting solid streams that directs the

solids abandoning the first fluidized bed heat ex-

changer (61) to the circulating fluidized bed combus-

tor (52) or to the circulating fluidized bed carbonator

(50).

15. System for large scale energy storage in a power

generation system according to any of claims 5-14

characterized in that comburent (19) is a mixture

of O2 and recycled CO2.

16. Method of energy storage using circulating fluidized

bed combustors comprising the following stages:

i) feeding a flow of fuel and comburent to a cir-

culating fluidized bed combustion chamber (40,

52), separating the resulting hot flue gas (12,

22) and solid streams (11, 23) from the circulat-

ing fluidized bed combustion chamber (40, 52),

characterized in that the inputs of fuel, com-

burent and solid circulation through the circulat-

ing fluidized bed combustion chamber (40, 52)

allow variable thermal power output by working

between two operation modes:

a. a first operation mode of maximum power

output with maximum flow of fuel and com-

burent to the circulating fluidized bed com-

bustion chamber (40, 52), where additional

thermal power to the steam cycle is ob-

tained extracting heat from the hot solids

stream in a second fluidized bed heat ex-

changer (45, 56) directing the solids stream

to a lower temperature silo (47, 57) where

lower temperature solids are stored, by ar-

ranging higher temperature solids to flow

from a higher temperature silo (43, 58)

through a first fluidized bed heat exchanger

(42, 61) cooling the higher temperature sol-

ids in a controlled way by means of a first

solid control device (48, 60) disposed be-

tween the higher temperature silo (43, 58)

and the first fluidized bed heat exchanger

(42, 61), and

b. a second operation mode of minimum

power output with minimum flow of fuel and

comburent to the circulating fluidized bed

combustion chamber (40, 52) where the

thermal output from the first fluidized bed

heat exchanger (42, 61) is zero and the low-

er temperature solids flow from the lower

temperature silo (47, 57) towards the circu-

lating fluidized bed combustion chamber

(40, 52) in a controlled way by means of a

second solid control device (49, 62) dis-

posed between the lower temperature silo

(47, 57) and the circulating fluidized bed

combustion chamber (40, 52) so that the

excess thermal power released in the circu-

lating fluidized bed combustion chamber

(40, 52) is transferred to the lower temper-

ature solids so that the resulting higher tem-

perature solids flow to the higher tempera-

ture silo (43, 58), where the higher temper-

ature solids are stored.

17. Method of energy storage using circulating fluidized

bed combustors according to claim 16 wherein the

method is a method for CO2 capture from a flue gas

by calcium looping, characterized in that the meth-

od of energy storage further comprises the following

stages;

i) feeding a flow of flue gas containing CO2 and

a flow of solids containing CaO to a circulating

fluidized bed carbonator (50) in conditions to al-

low an effective capture of CO2 by CaO to form

a partially carbonated solid stream containing

CaCO3 (17) and a flue gas with low concentra-

tion of CO2 (16),

ii) recycling recirculated solids from the circulat-

ing fluidized bed carbonator (50) through the

thirteenth pipe (15), supplying a part of partially
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carbonated solid stream containing CaCO3 (17)

from the circulating fluidized bed carbonator

(50), to increase residence time of solids in the

circulating fluidized bed carbonator (50) and

sending the remaining solid stream to the oxy-

fired circulating fluidized bed calciner (52) to de-

compose the CaCO3 into a rich stream of CO2

(22) and a calcined solid stream containing CaO

(23),

iii) recycling recirculated solids from the oxyfired

circulating fluidized bed calciner (52) through a

third pipe (21) supplying part of the calcined solid

stream containing CaO (23), to increase resi-

dence time of solids in the oxyfired circulating

fluidized bed calciner (52) and sending the re-

maining stream of high temperature solids con-

taining CaO by means of a fifteenth pipe (25) to

a third fluidized bed heat exchanger (59) to cool

the high temperature calcined solids containing

CaO, and feeding these solids to the circulating

fluidized bed carbonator (50), thereby starting

again the CO2 capture looping cycle,

wherein the circulating fluidized combustor (52)

is an oxyfired circulating fluidized bed calciner

and wherein

a. the first operation mode of maximum

power output further comprises the maxi-

mum flue gas flow to the circulating fluidized

bed carbonator (50), where additional ther-

mal power is obtained from the second flu-

idized bed heat exchanger (56) due to that

the second fluidized bed heat exchanger

(56) receives a higher temperature solids

stream from a third device (54) for splitting

the partially carbonated solids stream con-

taining CaCO3 (17) and delivers a lower

temperature solid stream of carbonated sol-

ids through a fifth pipe (30) to the lower tem-

perature silo (57) and additional thermal

power is obtained from the first fluidized bed

heat exchanger (61) that discharges lower

temperature solids rich in CaO to the circu-

lating fluidized bed carbonator (50) through

a eighteenth pipe (28), and

b. the second operation mode of minimum

power output further comprises the mini-

mum flue gas flow to the circulating fluidized

bed carbonator (50) where the resulting ex-

cess in the thermal output in the oxyfired

circulating fluidized bed calciner (52) is

used to heat up and calcine an additional

flow of cold and partially carbonated solids

from the lower temperature silo (57), regu-

lated with the second solid control device

(62) and a CaCO3 make up flow of fresh

limestone through a sixteenth pipe (26), so

that a flow of hot and CaO rich solids through

a fourth pipe (24) is stored in the higher tem-

perature silo (58).

18. Method of energy storage using circulating fluidized

bed combustors according to claim 17 character-

ized in that it further comprises the stage of extrac-

tion of heat from the oxyfired circulating fluidized bed

calciner (52) through a fourth heat exchanger (64),

and wherein

a. in the first operation mode of maximum power

output the oxyfired circulating fluidized bed cal-

ciner (52) operates as an oxyfired fluidized bed

combustor re-circulating CaO solids from the ox-

yfired circulating fluidized bed calciner (52)

through seventh pipe (32) to maximize power

output in a fourth heat exchanger (64) while al-

lowing sufficient higher temperature CaO rich

solids from the higher temperature silo (58) to

flow through the first fluidized bed heat exchang-

er (61) in order to feed lower temperature solids

rich in CaO to the circulating fluidized bed car-

bonator (50) through the eighteenth pipe (28)

and partially carbonate the solids in the pres-

ence of the flue gas coming in the eleventh pipe

(13), and directing the solids leaving the circu-

lating fluidized bed carbonator (50) through the

second fluidized bed heat exchanger (56) to be

cooled and stored in the lower temperature silo

(57), and

b. the second operation mode of minimum pow-

er output further comprises a reduced flow of

flue gas coming in the eleventh pipe (13) and a

bypass of the fourth heat exchanger (64)

through the eighth pipe (33) to the oxyfired cir-

culating fluidized bed calciner (52) that allows

for an excess thermal output in the an oxyfired

circulating fluidized bed calciner (52) that is used

to heat up and calcine an additional flow of cold

and partially carbonated solids from the lower

temperature silo (57), regulated with the second

solid control device (62), so that a flow of hot

and CaO rich solids through the fourth pipe (24)

is stored in the higher temperature silo (58).
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Oxy-fired fluidized bed combustors with a flexible power output using

circulating solids for thermal energy storage
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h i g h l i g h t s

� The energy storage system is composed of two silos connected to a CFB combustor.

� Power output can be varied without modifying the fuel firing rate and the flow of O2.

� A large amount of power can be generated even with a small CFB combustor.
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a b s t r a c t

This paper presents a power plant concept based on an oxy-fired circulating fluidized bed combustor

(oxy-CFBC) combined with thermal energy storage on a large scale. The concept exploits to full advantage

the large circulation flows of high temperature solids that are characteristic of these systems. Two solid

storage silos (one for high temperature and the other for low temperature solids) connected to the

oxy-fired CFBC allow variability in power output without the need to modify the fuel firing rate and/or

the mass flow of O2 to the combustor. During the periods of high power demand the system can deliver

additional thermal power by extracting heat from a series of fluidized bed heat exchangers fed with solids

from the high temperature silo. Likewise, during period of low power demand, the thermal power output

can be reduced by using the energy released in the combustor to heat up the low temperature solids on

their way from the low temperature silo to the oxy-CFBC and storing them in the high temperature silo

located below the cyclone. A preliminary economic analysis of two designs indicates that this highly flex-

ible system could make this type of power plant more competitive in the electricity markets where fossil

fuels with CCS will be required to respond to a large variability in power output.

Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Fossil fuels will continue to play a major role in meeting the

world’s energy needs because of their very competitive cost, wide-

spread distribution and the massive infrastructure available for

burning them. CO2 capture and storage (CCS) technologies are con-

sidered to be one of the least-cost options for mitigating climate

change [1]. In addition, CO2 capture and storage is the only low car-

bon technology that can make the vast economic assets linked to

fossil carbon reserves or unburnable carbon compatible [2,3].

Moreover, it is becoming increasingly common in the major

electricity markets to operate fossil fuel power plants with large

load changes and even periods of complete shut down, in order to

be able to adjust to the variability in energy demand and to the

increasing share of renewables in the electricity mix. Renewable

energies like wind and solar power are characterized by their inter-

mittency, so they need energy storage systems and/or back up infra-

structures to adapt their supply to demand [4]. The use of air-fired

fossil power plants to accommodate changes between minimum

and full load by ramping up and down is a common practice [5].

However, there are substantial energy and economic penalties

when the power generation equipment is forced to operate with

load changes and offline periods [6–8]. In addition, the cyclingmode

of operation in fossil fuel power plants leads to low capacity factors,

which obviously increases the cost of electricity compared to when

operating at base-load. All these problems are aggravated in power

plants with CCS because these are complex and integrated systems

that are inherently capital intensive [1,9,10] and better adapted to

base load operation. However, since the flexible mode of operation

may be imposed by regulators ormarket conditions, there is a grow-

ing interest in developing CCS systems that allow a wide flexibility
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and load change [11–14] and ensureminimum impact on the unit of

product (i.e., the kW he and/or the tonne of CO2 avoided).

For post-combustion CO2 capture systems that employ amine-

based solvents, the use of tanks has been proposed as a means of

storing the rich solvent leaving the absorber during peak demand

periods [15]. This allows the regeneration of the solvent and the

compression of the CO2 captured to be postponed to periods of

low power demand. During the high power demand periods, the

net power plant output is increased as the energy penalty associ-

ated with the consumption of the steam in the regenerator and

electricity during the compression of CO2 is avoided [16]. However,

even the storage of solvent for a few hours of operation will require

the storage of large masses of costly amine.

In pre-combustion CO2 capture systems, the power generation

block can be decoupled from hydrogen production by using an

intermediate hydrogen storage system provided that a geological

suitable structure is available [11,15]. More commonly, the clean

syngas can be diverted in polygeneration systems to a chemical

production line for the production of fuels such as methanol or

dimethyl ether when there is a low power demand [17].

For oxy-fuel combustion power plant systems, the use of oxy-

gen cryogenic tanks for backup storage [15,18] has been proposed

to overcome the flexibility constraints during boiler load changes

imposed by the slow response of the air separation unit (ASU). This

increases the cost of the oxygen produced, mainly as a result of the

additional energy requirements for the liquefaction and re-evapo-

ration of the oxygen. Another proposal for improving the flexibility

of oxy-fired systems is to design a combustor that is able to operate

in oxy-fuel or air mode. The combustor could then operate in air

mode during high demand peaks to avoid the high energy penalty

associated with consumption in the ASU and CPU [19]. However,

this solution implies a substantial amount of carbon leakage, as

CO2 is emitted during air combustion periods.

One of the possible approaches to introduce flexibility in power

plants would be to build an energy storage system within the

power plant boundary. This would allow variability in power out-

put irrespective of the thermal power input. The idea of implanting

an energy storage system inside the fossil fuel power plant is not

new and several conceptual designs were proposed in the late

70s [20]. For example, Drost et al. [21] proposed a concept in which

a coal-fired power plant heats up molten salt from 288 °C to 566 °C

and stores the salt in a high-temperature tank during periods of

low electricity demand. During peak demand periods, the hot salt

is withdrawn from the high temperature tank and used as a heat

source for a steam generator after which the cold molten salt is

returned to a low temperature tank (at 288 °C). Molten salt ther-

mal energy storage systems are today commercially available

and employed in concentrated solar power plants [22]. Another

type of system for this kind of solar plant is to use moving solids

to store energy as latent heat [23–25]. These systems typically con-

sist of two silos for storing solids at different temperatures and at

least one heat exchanger to transfer the energy from the solar field

to the solids during the charging periods and another heat exchan-

ger to release the energy stored in the solids to a working fluid dur-

ing discharge periods [23–25].

Another example of thermal energy storage in fossil fuel power

plants is to use hot water tanks integrated within the steam cycle

[21]. During high demand peaks, the hot water can be discharged

into the cycle to avoid steam consumption in the water preheaters.

This can boost the amount power delivered and allow primary and

secondary frequency support responses [26]. The use of rapid

changes in the solids circulation flows and inventories in high tem-

perature solid looping cycles for CCS has also been proposed

recently for the same purpose [27]. However, these solutions are

intended for very small quantities of energy and cannot be consid-

ered effective for large-scale energy storage systems.

The oxy-fired CFBC concept [28] presented in this work incorpo-

rates a large-scale thermal energy storage system that exploits the

inherent capacity of circulating fluidized bed combustors to handle

and circulate large flows of solids at high temperature. Oxy-fired

CFBC technology has been developed very rapidly in recent years

[29–31] due to its similarity to existing commercial air-combustion

systems, that have already reached scales of up to 600 MWe [32]. By

exploiting the elements already present in CFBC power plants, a

basic economic analysis of the proposed system has been carried

out in order to compare its expected electricity costs with those of

equivalent oxy-CFBC and air-CFBC power plants forced to operate

with low capacity factors.

2. Process description

The oxy-fired CFBC power plant concept proposed in this work

is represented in Fig. 1. It is composed of several elements (marked

in grey) that are common to all oxy-fired CFBC power plants: a CFB

combustor, cyclones, convective heat exchangers and air preheat-

ers (all marked with the symbol of HX1 to simplify the diagram),

an external fluidized bed heat exchanger (FBHX1), an air separation

unit (ASU) and CO2 compression and purification units (CPU). The

combustor chamber of the power plant depicted in Fig. 1 is

assumed to operate in adiabatic conditions by extracting as much

heat as possible from the combustor chamber. Maximum extrac-

tion is achieved by using the circulating solids (GS CFBC) as a heat

carrier. Although not a common practice in existing boilers (where

a substantial fraction of the power released during the combustion

is recovered inside the combustor chamber by transferring the heat

to water pipes or wing walls within the combustor), this heat man-

agement option is feasible with the currently available CFBC tech-

nology and it is also a design option for oxy-CFB boilers [29,33–37]

thanks to the large heat carrying capacity of the solids circulating

in and out the combustor. In these conditions, the external fluid-

ized bed heat exchanger (FBHX1) is one of the main thermal power

outputs from the combustion system of Fig. 1 to the steam cycle

(not shown in the figure for simplicity). The fluidized bed heat

exchanger is located in the return path of a fraction of circulating

solids (labelled as stream 4 in Fig. 1). Another stream of circulating

solids (stream 5) can by-pass the heat exchanger and enter the

Fig. 1. Scheme of the oxy-CFBC power plant concept with energy storage as

proposed in this work.

128 B. Arias et al. / Applied Energy 132 (2014) 127–136

��������	


	 	��	



combustor directly [38]. This makes it possible to operate with

lower thermal loads and fuel inputs to the combustor and to main-

tain the same circulation of solids and combustion conditions [38].

The novel components in Fig. 1 with respect to other oxy-CFBC

designs are the two storage silos and the second series of external

fluidized bed heat exchangers (FBHX2). The purpose of FBHX2 is to

reduce the temperature of the solids coming from the cyclone so

that they can be stored as cold solids in a low temperature silo dur-

ing periods of high demand. This allows increasing the power

delivered during high demand periods. To achieve this objective,

FBHX2 is composed of a series of fluidized bed heat exchangers

in countercurrent flow to the water-steam flows, such as those

proposed by Schwaiger et al. [24]. At the same time as thermal

power is extracted from FBHX2, the high temperature silo con-

nected to FBHX1 feeds solids at high temperature into this heat

exchanger. The cooled solids are then fed to the CFBC. This will give

rise to a total thermal power output (Pmax), the sum of the thermal

power extracted from HX1, FBHX1 and FBHX2 which is substan-

tially higher than the thermal power released during the combus-

tion of the fuel (Pcomb).

On the other hand, during periods of low power demand, the

thermal power output from the system towards the steam can be

drastically reduced by storing the high temperature solids leaving

the CFBC in the high T silo connected to the exit of the cyclone. At

the same time, the low temperature silo feeds cold solids to the

combustor in order that heat continues to be extracted from the

combustion process taking place in the adiabatic CFBC and to be

stored in the high temperature silo. In this operation mode, the

thermal power output (Pmin) only comes from the hot flue gas leav-

ing the CFBC which is extracted in HX1.

In the scheme of Fig. 1, the downwards movement of the solids

is due to gravity and the upwards movement takes places in the

CFBC, as long as the silos are located between the minimum height

of the cyclone and the lowest point of the circulating fluidized bed

combustor.

The power plant depicted in Fig. 1 is able to operate in different

operation modes (different thermal power outputs between Pmax

and Pmin) and can also gain flexibility in power output through

changes to the fuel firing rate (Pcomb) in the combustor following

the existing practice of load modifications used in commercial

CFBCs. Also, it should be pointed out that the system represented

in Fig. 1 allows changes to be made to the thermal power output

available for the steam cycle without modifying the combustion

conditions inside the CFBC. This is a significant benefit for oxy-fired

CFBC systems because the operation of the ASU and CPU can be sim-

plified and made to be more cost-effective as it will be operating in

steady state conditions. Uncoupling Pmax from Pcomb will also allow

oxy-fired combustion under steady state conditions which in turn

willminimize emission problems on the combustion side of the sys-

tem during rapid load changes [39]. The system proposed in this

workwill also be able to deliver Pmax to a steam cycle with a smaller

circulating fluidized bed combustor (because Pcomb < Pmax). Thiswill

lead to lower equipment cost in all the elements associatedwith the

combustion island, at the expense of an increase in the cost of the

storage system, as will be discussed below.

A conceptual design of the proposed system has been carried

out by solving the mass and energy balances for some reference

cases assuming reasonable silo dimensions and energy storage

cycle durations. In order to illustrate the different possible opera-

tion modes, a sensitivity analysis of the main variables that may

affect the system has also been performed. To facilitate a transpar-

ent examination of the main assumptions, this work focuses on the

thermal power outputs of the heat exchangers of Fig. 1. A detailed

integration of these heat flows with steam power cycles is consid-

ered outside the scope of the present work and will be the subject

of future investigation.

The conceptual design of the system in Fig. 1 is based on four

main variables. These are the thermal input to the combustor

(Pcomb), the power output delivered during the minimum and max-

imum power periods (Pmin and Pmax respectively) and the operating

time at maximum power output (tmax at Pmax). Before defining the

reference values corresponding to these variables, we shall discuss

their implications for the operation of the system.

The thermal input to the combustor (Pcomb) defines the size of

the combustor chamber (the cross-sectional area of CFBC is pro-

portional to Pcomb) and the scale of all auxiliary equipment linked

to the combustion of coal (including the scale of the air separation

unit and the CO2 purification and compression units in oxy-fired

CFBCs). This parameter also defines the size of the heat exchangers

FBHX1 and HX1.

In principle, the thermal power delivered in maximum condi-

tions (Pmax) can be freely chosen within the conservative limits

imposed by the volume of the silos, the properties of the circulat-

ing solids (bulk density and heat capacity) and by the temperature

of the solids stored in the silos. Critically, Pmax defines the scale of

the second fluidized bed heat exchanger (FBHX2). It is convenient

to introduce at this point the concept of the power ratio (PR) which

is defined as:

PR ¼
Pcomb

Pmax

ð1Þ

In the case of a conventional power plant, PR = 1 because

Pcomb = Pmax. Therefore, when the plant of Fig. 1 is operating in

extreme design conditions (only at Pmax or Pmin), a full charge

and discharge cycle in the energy storage system consists of two

steps: the loading of the high temperature silo with high tempera-

ture solids from the CFBC while minimum power (Pmin) is delivered

and the discharge from this silo at maximum power (Pmax) while

the cooled solids are being stored in the low temperature silo.

The thermal energy released from the high temperature silo during

high demand periods needs to be the same as that stored during

low demand periods. Thus:

ðPmax ÿ PcombÞtmax ¼ ðPcomb ÿ PminÞtmin ð2Þ

where tmax is the operating time at maximum power and tmin is the

operating time at minimum power required to charge the silo with

hot solids so that it is ready for the next discharge period with a

thermal output of Pmax. Rearranging:

tmax

tmin

¼
1ÿ Pmin=Pcomb

1=PR ÿ 1

� �

ð3Þ

Fig. 2 shows the effect of the maximum power delivered during

a period of high demand (Pmax) on tmax/tmin. High values of Pmax

imply the need to release the energy stored in a short period of

time as this will lead to low tmax/tmin ratios. Fig. 2 also shows that

the ratio tmax/tmin is higher for the systems with lower Pmin as more

energy can be stored during low demand periods.

The choice of an operating time (tmax) to operate at maximum

power Pmax is the key variable for assigning dimensions to the solid

storage silos of Fig. 1, together with the thermal properties of the

stored solids and the temperature difference between the high

and the low temperature silo, that define the energy storage den-

sity (ESD):

ESD ¼ qscpsðTHTS ÿ TLTSÞ ð4Þ

where qs is the bulk density of the solids, cps is the heat capacity of

the solids, and THTS and TLTS are the temperatures of the high and

low temperature silos respectively. Heat losses from this type of silo

with a low surface-to-volume ratio and solids with a low thermal

conductivity can be ignored in this study. We also assumed that

the intrusion of air to the high temperature silo can be minimized

to avoid the combustion of the char present in the inventory of
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solids circulating in the CFBC system. Therefore, THTS is determined

by the operation temperature in the CFB combustor and TLTS by the

temperature of the solids leaving the series of fluidized bed exchan-

ger FBHX2.

To illustrate a simple conceptual design case, a reference CFBC

power plant with a combustion thermal input (Pcomb) normalized

to 100 MWt is used as reference. A bituminous coal (C = 65 wt%,

H = 3 wt%, S = 1 wt%, O = 8 wt%, N = 1 wt%, H2O = 7 wt%, Ash =

15 wt%, LHV = 26.3 MJ/kg) is burned in the combustor using a mix-

ture of O2/CO2 with 30% oxygen at a temperature of 900 °C. The

combustion is carried out with an oxygen excess of 6% and an oxy-

gen supply of 7.7 kg/s is delivered by the ASU for this purpose. The

flue gas flow of 35.8 kg/s leaving the combustor transports 9.1 kg/s

of CO2 to be compressed and stored. For the combustor chamber,

we have assumed a typical gas velocity of 5 m/s that gives a

cross-section of 16.4 m2. The solids stored in the silos and circulat-

ing through the combustor could be a mixture of ash and calcium

derived solids that are routinely used in CFBCs as SO2 sorbents.

However, in order to minimize the volume of the silos, it would

be preferable to run the system using a circulation of low cost inert

solids of high particle density such as ilmenite or olivine. A certain

make-up of inert dense solids (not shown in Fig. 1 for simplicity)

will be needed and/or a device to separate a substantial fraction

of the coal ash from the denser solids used as heat carrier. For this

design exercise, we have assumed that the solids circulating

through the combustor and stored in the silos are composed

mainly of ilmenite with an average heat capacity of 1300 J/kg °C

and a bulk density of 2400 kg/m3 [40].

As pointed out above, the combustor is designed to operate as

an adiabatic reactor. Therefore, most of the power released during

combustion is transferred to the circulating stream of solids. In

order to minimize the fraction of power that abandons the system

with the flue gas, part of this power is used to preheat the combu-

rent up to a temperature of 350 °C. This leaves a power of

29.7 MWt available in the HX1 which is the minimum power (Pmin)

during low demand periods and a ratio Pmin/Pcomb of 0.297.

It is important to note that the power plant has internal power

consumption requirements due to the air separation unit (ASU),

CO2 compression and purification units (CPU), and the power plant

auxiliaries that must be met even during low demand periods.

Assuming a typical specific energy consumption of 160 kW he/tO2
in the ASU and 100 kW he/tCO2 in the CPU [41], 5% of the gross elec-

tric power output (Pmax) for the auxiliaries [42] and 45% net effi-

ciency for the steam cycle, the thermal energy requirements for

this internal electricity consumption will be 27.1 MWt. This almost

matches the thermal power available from HX1, which means that

during minimum electricity demand periods, the CCS plant can

consume all the electricity that is generated from the thermal out-

put from HX1 and it should be possible to reduce the electricity

flow to the grid to almost zero.

The solids circulation rate through the combustor has been

fixed at a value of 15 kg/m2 s which is in the range of typical CFB

combustors [43]. In order to extract 70.3 MWt from the circulation

of solids leaving the combustor (245.8 kg/s), the temperature of the

solids at the exit of the heat exchanger (FBHX1) needs to be around

680 °C.

In order to design the volume of the silos, a maximum power

output (Pmax) of 200 MWt is assumed. This results in a power ratio

of 0.5 and a tmax/tmin ratio of 0.7 according to Eq. (3). The volume of

the silos is proportional to the time tmax that the plant needs to be

operating at Pmax without interruption. There are typically two

peak periods (early morning and evening) in the electricity

demand curves in most countries, separated by several hours of

lower activity. However, as stated in Section 1, a flexible power

generation system with energy storage devices needs to be ready

to operate at Pmax randomly, during periods of normal electricity

demand on the assumption that there will be gaps in the electricity

supply due to renewables intermittency or other variable power

sources. In this particular reference example, the silos have been

designed to operate at maximum power (tmax) during a period of

just 2 h (equivalent to 200 MW ht), which must be followed by a

period of 2.8 h at Pmin with a maximum frequency of 5 charge/dis-

charge periods per day. Obviously, if higher frequencies between

the charge and discharge modes of operation are desired, tmax

and the volume of the silos can be reduced. The energy storage

density (ESD) will be 607 kW ht/m
3 (assuming 200 °C to be the

temperature of the cold solids leaving FBHX2). The volume needed

for the silos will then be 330 m3. A cross-section of 16.5 m2 has

been calculated for the silos assuming they will have a height of

20 m to allow for the inclusion of the high temperature silo

between the discharge point of the cyclone and the inlet point of

solids entering the combustor. This cross-section compares reason-

ably well with that corresponding to the combustor delivering

Pcomb (16.4 m2).

Table 1 shows the main mass flow streams and the power avail-

able from the different heat exchangers during operation in maxi-

mum, minimum and normal (without using the energy storage

system) modes. During tmax, part of the total solids circulation

(GSsilo = 6.7 kg/m2 s referred to the cross-sectional area of the CFBC)

is diverted towards the FBHX2 heat exchanger. The rest of the sol-

ids circulating from the combustor (equivalent to 8.3 kg/m2 s) and

the solids from the high temperature silo are fed to the main heat

exchanger (FBHX1) to ensure a solids flow of GSCFBC = 15 kg/m2 s

through the combustor and the delivery of 70.3 MWt by FBHX1.

The system has been designed with extreme power outputs in

mind but it can also be operating for longer periods of time (see

Fig. 3b) at intermediate power outputs between Pmax and Pmin by

adjusting the split of the solids flow from the CFBC (GSCFBC) to

the high and low temperature silos (GSsilo) (streams 6 and 8 in

Fig. 1 and dotted line of Fig. 3a and b). This particular example

has been chosen to illustrate that the thermal power output of

the system can be adapted to virtually any shape in the demand

curve by controlling the solids circulation ratios Gssilo/GsCFBC while

the combustion conditions in the oxy-CFBC are kept constant. This

high level of flexibility can be achieved by means of methods and

equipment used for the control and operation of external fluidized

bed heat exchangers in commercial CFBC boilers [44,45].

Table 1 also includes the conditions corresponding to a different

design case with an even lower power ratio (PR = 0.2) for a system

intended to operate at a maximum power of 500 MWt (Pmax) for a

maximum of 2.5 h followed by a long period of time at Pmin where
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Fig. 2. tmax/tmin ratio as a function of Pmax/Pcomb for different values of Pmin/Pcomb.
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the high temperature silo is charged overnight for 12 h. The

remaining time (9.5 h) could be used in this particular example

for the operation at Pcomb (to cover, for example, the period

between the morning and night peaks) or for recharging the high

temperature silo and increasing the duration of the night peak at

Pmax.

As can be seen from the new scheme in Fig. 4 based on a design

with a PR = 0.2, the scale of the full oxy-fired CFBC subsystem

(including ASU and CPU) has been considerably reduced (as Pcomb

is only 1/5 of Pmax), while the relative volume of the silos and its

associated heat exchanger have been increased. This makes it nec-

essary to redesign the method to increase the amount of solids cir-

culating in the system as the solids flow between the silos will

have to increase to over 439.6 kg/s (see Table 1) in order to allow

a much larger thermal power output from FBHX2. In these condi-

tions, it will probably be necessary to set up two separate steam

cycles (one standard cycle for the oxy-CFBC marked in grey in

Fig. 4, to deal with the sum of HX1 and FBHX1 power outputs)

and a second steam cycle driven by the stream of hot solids flowing

through FBHX2. As indicated in Fig. 4, this large FBHX2 could be

located below the high temperature silo and be connected to an

independent transport line of cold solids to the top of the low tem-

perature silo.

As will be discussed below, this system could be economically

interesting in certain market conditions because the contribution

to the overall specific equipment cost of the first subsystem (the

Table 1

Main mass flows involved in the systems depicted in Figs. 1 and 4 and the power delivered under the different operation modes.

Stream PR = 0.5 PR = 0.2

Normal Maximum power Minimum power Normal Maximum power Minimum power

Mass flow Temp. Mass flow Temp. Mass flow Temp. Mass flow Temp. Mass flow Temp. Mass flow Temp.

(kg/s) (°C) (kg/s) (°C) (kg/s) (°C) (kg/s) (°C) (kg/s) (°C) (kg/s) (°C)

1 3.8 20 3.8 20 3.8 20 3.8 20 3.8 20 3.8 20

2 32.3 350 32.3 350 32.3 350 32.3 350 32.3 350 32.3 350

3 35.8 900 35.8 900 35.8 900 35.8 900 35.8 900 35.8 900

4 245.8 900 135.9 900 0 0 245.8 900 245.8 900 0 0

5 0 0 0 0 168.6 900 0 0 0 0 168.6 900

6 0 0 0 0 77.2 900 0 0 0 0 77.2 900

7 0 0 109.9 900 0 0 – – – – – –

8 0 0 109.9 900 0 0 0 0 439.6 900 0 0

9 0 0 0 0 77.2 200 0 0 0 0 77.2 200

Power output

HX1 29.7 29.7 29.7 29.7 29.7 29.7

FBHX1 70.3 70.3 0 70.3 70.3 0

FBHX2 0 100.0 0 0 400 0

Total 100 200 29.7 100 500 29.7
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Fig. 3. Examples of thermal power output curves of the system with a power ratio of 0.5 of Table 1: (a) operating the system to fit peaks of maximum power output; (b)

operating the system to follow a curve of power output by adjusting solids circulation ratios in the system (dotted line).

Fig. 4. Scheme of the proposed oxy-CFBC power plant concept with energy storage

with a PR = 0.2.
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costly CCS part marked in grey in Fig. 4) is relatively small com-

pared to the contribution required by the subsystem with the

lower specific equipment cost (the silos and the steam cycle driven

by Pmax). As will be discussed below, although a low power ratio

(PR = 0.2) will always be detrimental to specific electricity costs,

the advantage of such a system is that it could be used to cover

short by highly rewarding peaks. To our knowledge, no other CCS

system could operate with such a low capacity factor without

incurring very severe economic penalties.

3. Cost analysis

A basic economic analysis has been carried out in order to

explain the cost structure of the proposed system and the condi-

tions that must be met for the system to be viable with respect

to existing CFBC power plant designs (oxy-fired and air-fired).

The cost of electricity (COE) has been estimated for all the systems

using the following equation for a levelized cost [1]:

COE ¼
TCR � FCFþ FOM

CF� 8760
þ VOMþ

FC

g
ð5Þ

where TCR is the specific total capital requirement to build any of

the power plants discussed below, FCF is the fixed charge factor,

FOM are the fixed operating costs, VOM are the variable operating

costs, FC the fuel cost and g is the net plant energy efficiency.

The cost of CO2 avoided (AC) [1] in oxy-fired CO2 capture sys-

tems is used to quantify the cost of reducing CO2 emissions by

one unit (usually one tonne of CO2) while delivering the same

amount of power as a reference plant without CO2 capture, and

is defined as:

AC ¼
COEcapture ÿ COEref

ðCO2 kW h
ÿ1
e Þref ÿ ðCO2 kW h

ÿ1
e Þcapture

ð6Þ

where CO2 kW he
ÿ1 is the CO2 mass emission rate per kW he. The

application of these equations to a CFBC and oxy-CFBC without

energy storage is straight forward because there is sufficient aggre-

gated cost information on TCR for both air fired and oxy-fired CFBC

power plants [10,35,46–48]. For reference purposes, we have cho-

sen representative numbers for all these variables as shown in

Table 2, based on detailed reports by Nsakala et al. [35] and DOE

[48] because these two studies provide detailed costs of the compo-

nents of power plants, that will be used below to discuss the TCR of

the power plants with energy storage represented Figs. 1 and 4.

We have assumed that the fuel cost, the net energy efficiencies

and the fixed and variable operating costs reported in Table 2, are

the same for all systems considered in this work. The focus in the

following paragraph is on estimating the TCR and CF variables of

Eq. (5) for the different systems considered.

For convenience, the discussion that follows is based on the

specific cost of equipment per unit of thermal power (kWt) as

can be seen in Table 2 with the numbers in brackets referring to

the reference systems. In these conditions, the total cost ($) of a

complete system incorporating energy storage that must be able

to generate a maximum thermal power output of Pmax is simply

TCR Pmax. To estimate the value of TCR ($/kWt), three main compo-

nents of the power plant with the energy storage system are

considered:

– TCRPower w/o Comb. This is the specific capital requirement to

build a power plant excluding the equipment related with the

fuel combustion (TCRComb). Therefore, this comprises the full

steam cycle (i.e. steam turbine and feed and cooling water sys-

tems) for absorbing a thermal power of Pmax. It also includes all

the costs related to the conditioning of the site, the building of

the structures, the instrumentation and control and accessory

electric plant.

– TCRComb. This is the specific capital requirement of all the fuel

combustion equipment for delivering a thermal power given

by Pcomb (i.e. equipment marked in grey in Figs. 1 and 4). This

includes all the equipment associated with the combustion

chamber (including FBHX1, HX1and the fans used for fluidiza-

tion), the fuel feeding system, the flue gas cleaning, ash han-

dling and the ASU and CPU units in the oxy-fired systems.

According to the data available in the literature [35], this capital

requirement represents about 60% of the total TCR of an oxy-

CFBC power plant and about 50% of the total TCR of an air-fired

CFBC power plant. As indicated in Table 3, we have assumed

that the Pcomb is sufficiently large to yield identical specific cap-

ital costs to those reported in Table 2 for standalone power

plants designed for the same thermal output.

– TCRStorage. This is all the equipment necessary to deliver a ther-

mal power of Pmax ÿ Pcomb (mainly the power generation equip-

ment related to FBHX2, the two silos and their solids transport

equipment). Therefore, the scale of the equipment (and its total

capital cost) is assumed to be proportional to Pmax ÿ Pcomb.

In these conditions the total cost of the energy storage system

of Figs. 1 or 4, designed to deliver a maximum thermal power Pmax

will be:

TCR Pmax ¼ TCRPower w=o Comb Pmax þ TCRComb Pcomb

þ TCRStorage ðPmax ÿ PcombÞ ð7Þ

or:

TCR ¼ TCRPower w=o Comb þ TCRCombPR þ TCRStorageð1ÿ PRÞ ð8Þ

The estimation of TCRStorage is uncertain. On the basis of similar

components in existing power systems and/or cement plants han-

dling large flows of similar materials, the cost can be split into

three main equipment cost components:

TCRStorage ¼ TCRFBHX2 þ TCRSolids handling þ 2TCRSilotmax ð9Þ

In oxy-CFB power plants, the largest fraction of the heat is

extracted from the boiler and mainly from the external heat

exchangers. The specific cost of FBHX2 (TCRFBHX2) is assumed to

be identical to the cost of the boiler of an oxy-CFBC power plant.

This assumption can be considered conservative and is supported

by the fact that FBHX2 is mechanically and thermally similar to

the equipment used today in power plants incorporating external

fluidized bed heat exchanger technologies [29,33,38]. Furthermore,

in accordance with Refs. [35,48], the cost of the boiler in an oxy-

CFBC power plant represents approximately 15% of the total TCR

of the plant.

Table 2

Summary of cost assumptions for the CFBC power plants without energy storage.

Oxy-fired Air-fired (ref)

Reference plants without energy storage

Total capital requirements, TCR $/kWe

($/kWt)

3600 (1296) 2000 (900)

Fixed fraction cost, FOM $/kWe 50 35

Fixed charge factor, FCF yearÿ1 0.1 0.1

Variable cost, VOM $/kW he 0.007 0.005

Fuel cost, FC $/GJ 3 3

Capacity factor, CF 0.9 0.9

Net plan efficiency, g kWe/kWt 0.36 0.45

CO2 emission factor, CO2 kW he
ÿ1 tCO2/MW he 0.045a 0.724

COE $/kW he 0.087 0.057

AC $/tCO2 43.2 –

a For a 90% of capture efficiency.
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The specific equipment cost of the solids handling, TCRSolid han-

dling in the energy storage system has been assumed to be zero for

the system in Fig. 1 because the circulating fluidized bed combus-

tor has already incorporated the necessary transport of solids from

the bottom of the silos to the top of the silos. However, for the sys-

tem with a PR lower than 0.2 represented in Fig. 4, the solids circu-

lation rate required throughout the CFBC takes on a value of more

than 25 kg/m2 s and it would be appropriate therefore to incorpo-

rate an additional transport line of cold solids leaving FBHX2 to the

top of the low temperature silo. The specific cost for this equip-

ment is assumed to be 20 $/(kg/h) the same value as that of Ref.

[49] for typical equipment in cement plants used to transport the

clinker from the cooler to the storage silo. This specific cost can

be considered conservative because it is likely to go down in view

of the large scale of the solids handling in the energy storage sys-

tem of Fig. 4. In order to change this figure into the units of Table 3

(TCRSolids handling of 79.2 $/kWt), we have assumed the equipment

cost to be proportional to the solids circulation flows Gssilo in Figs. 1

or 4 required to transfer one kWt from the high temperature silo to

the low temperature silo (1.1 * 10ÿ3 kg/s for the solids used in this

work with a heat capacity of 1300 J/kg °C and a difference of tem-

perature between the silos of 700 °C).

Finally, the specific cost of the high temperature and low tem-

perature silos is assumed to be 1.5 $/kg which is similar to the spe-

cific cost of silos used to store the ashes extracted from coal boilers

[35,48]. As in the case of the solids handling equipment, the TCRSilo

value of 5.9 $/kW ht adopted in Table 3 was obtained for the typical

design base reported in the previous sections (3.95 kg of stored sol-

ids to satisfy an energy storage of 1 kW ht, for the solids used in

this work with a heat capacity of 1300 J/kg °C and a difference of

temperature between silos of 700 °C).

Now that the methodology used to estimate TCR has been dis-

cussed, it is important to consider again the definition of the capac-

ity factor (CF in Eq. (5)) with reference to the different systems

employed in this work. For the reference cases of Table 2, the value

of CF = CFcomb = 0.9 is a standard capacity factor value for power

plants with a ‘‘base load’’. It indicates the ratio between the energy

produced over the year (for example in kW he of electricity)

divided by the maximum energy that could be produced if the

plant were operating at full load all year. However, the value of

CF in the energy storage systems must take into account that ‘‘full

load’’ at the maximum power Pmax is only available for a certain

period of time even when the combustor is operating continuously

at Pcomb. Therefore:

CF ¼ CFCombPR ð10Þ

which shows once again that the systems incorporating energy

storage are limited (by PR) to the fraction of time during which they

can deliver full power.

Another important difference between Tables 2 and 3 concerns

the choice of net plant efficiency for the different systems com-

pared in this work. It is well known that lower values of CF are

associated to relevant energy penalties when a low CF is linked

to part load operation. The penalty would be less severe if the CF

was linked to long periods at full load followed by long shut-down

periods. It is beyond the scope of this conceptual paper to analyse

the dependencies of the net power efficiencies with CF. Therefore,

all efficiencies in Table 3 are assumed to be identical to the refer-

ence systems at high CF and the comparison of cost that follows

in the following paragraphs focuses on relative differences

between systems at identical CF (which are likely to have similar

penalties associated to the low CF).

The application of the previous assumptions and equations to

estimate the costs reported in Table 3 allows a preliminary com-

parison of costs for the systems without energy storage reported

in Table 2. As expected, the COE is substantially higher in the cases

chosen as examples of systems incorporating energy storage with

respect to the reference plants in Table 2 operating with a large

CF. However, this is essentially because the systems being com-

pared have very different overall CFs. A power plant with no energy

storage will deliver electricity at the lowest cost if, and only if, the

capacity factor of the plant is sufficiently high. However, the

reverse applies when similar capacity factors are considered.

Fig. 5 compares the cost of electricity produced by a CFBC power

plant as a function of the capacity factor for oxy-fired and air-fired

systems with and without storage. Since PR = 1 for the systems

without energy storage, the reduction in the capacity factor comes

from the reduction in CFcomb and the COE rapidly escalates to high

values as CF decreases, especially in the case of the oxy-fired CFBC

since the costly equipment is underused for low values of CFcomb.

In contrast, for the three systems with energy storage, where

CFcomb remains constant, the impact of the lower capacity factor

is in the decreasing values of the power storage ratio (PR). Since

a decrease in this power ratio increases the contribution of the

lower cost components of the system (TCRStorage is lower than

TCRComb) to the total power plant cost TCR (Eq. (8)), the levelized

cost of electricity increases less sharply than in the case of power

plants without energy storage.

Fig. 5 indicates that, if a power plant is designed to operate in a

market with low capacity factors (low CF = CFcomb), a system that

incorporates energy storage with the same overall capacity factor

(CF) achieved with the maximum technical value of CFcomb but

Table 3

Summary of cost assumptions for the CFBC power plants with energy storage for different power storage ratios (PR), using a CFcomb = 0.9, and FC, VOM and FCF values as in

Table 2.

Reference plants with energy storage Air-fired PR = 0.2 Oxy-fired PR = 0.5 Oxy-fired PR = 0.2

Type of system Fig. 4 Fig. 1 Fig. 4

TCR $/kWt 782 1016 916

TCRPower w/o Comb $/kWt 450 518 518

TCRComb $/kWt 450 778 778

TCRStorage (Eq. (9)) $/kWt 303 218 303

TCRFBHX2 $/kWt 194 194 194

TCRSolid handling $/kWt 79 0 79

TCRSilo $/kW ht 5.9 5.9 5.9

tmax h 2.5 2 2.5

Capacity factor, CFcomb PR 0.18 0.45 0.18

Net plan efficiency, g kWe/kWt 0.45 0.36 0.36

CO2 emission factor, CO2 kW he
ÿ1 tCO2/MW he 0.724 0.045a 0.045a

COE $/kW he 0.157 0.118 0.233

AC $/tCO2 – 45.9 (88.9b) 71.7 (243.5b)

a For a 90% capture efficiency.
b For PR = 1 in the reference plant and CF = 0.9.
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lower values of PR should be cost effective. The differences in COE

are larger for oxy-fired power plants with energy storage than for

similar oxy-fired systems, in Table 2 that operate with a low

CFcomb. The difference in COE in the case of air-fired systems is less

favorable to energy storage systems. This indicates that the storage

system proposed in this work would be a good alternative if cost

intensive oxy-fired CO2 capture systems operated with low capac-

ity factors, since the impact of low PR in reducing the average TCR

of the systems would be greater (see Eq. (8)). For a given capacity

factor, the COE of the system depicted in Fig. 1 is slightly lower

than that of Fig. 4, as there is no need of a solid handling system.

It is important to point out that the costs of the electricity pre-

sented in Table 3 and Fig. 5 for the power plants incorporating an

energy storage system have been calculated assuming that the

CFComb is 0.9 as the combustor can operate continuously irrespec-

tive of the power output. The cost benefits of this steady state

operation in the combustion part of the system (and all the

remaining auxiliaries) have not been quantified in the simple cost

analysis carried out above on the systems with energy storage.

Therefore, it could be argued that the cost estimates considered

in the previous paragraphs are too conservative and that we have

been somewhat pessimistic in our cost assumptions for these

energy storage systems.

To turn to the differences in avoided cost of CO2 obtained with

Eq. (6), it is important to choose an adequate reference plant with-

out capture. Generally, this is a power plant of the same type and

design as the plant with CO2 capture [1,10]. Therefore, for this

study an air-fired CFBC power plant was selected as reference.

The results for the avoided costs in Tables 2 and 3 and in Fig. 6 have

been calculated assuming that the reference power plant operates

with the same capacity factor as the oxy-CFBC systems with and

without energy storage. For a conventional oxy-CFBC power plant

operating at ‘‘base load’’ with a CF = 0.9, the cost of CO2 avoided is

43.2 $/tCO2. However, the AC for this type of power plants increases

sharply as the capacity factor decreases in accordance with the

evolution of the COE with CF as shown in Fig. 5.

In the case of the oxy-CFBC power plants with energy storage,

the increase in the cost of avoided CO2 with CF is less pronounced.

This is due to the lower increase in the COE with CF for these sys-

tems. This is obviously linked to the assumption that the capacity

factor in the energy storage system is the same as that in the

reference plant. As mentioned above, the energy storage systems

discussed in this work would be less economical than the reference

plants if the reference plants were allowed to work with very high

capacity factors (see cost of AC in brackets in Table 3). But from

Fig. 6, it can be seen that standard oxy-fuel combustion systems

would also be uneconomical, and possibly technically unviable if

they operate with low capacity factors and/or very large load

changes.

An important point to bear in mind when comparing the COE

and cost of CO2 avoided of the different systems in Figs. 5 and 6

is that the CF value in the reference system without energy storage

can change over the whole scale of capacity factors (i.e. the power

plant could be operated at different periods of time with different

capacity factors). In contrast, with the energy storage system, the

average capacity factor is an irreversible design choice that cannot

be increased beyond the value of PR adopted when designing the

storage equipment. This is obviously a constraint that will favor

the standard systems (without energy storage) when there is a

lot of uncertainty in the electricity markets, though there is a sub-

stantial probability of high capacity factors. The value of this addi-

tional flexibility in the standard systems is not represented in

Figs. 5 and 6, and could sway decisions in favor of the standard sys-

tems (with no energy storage) when capacity factors are much

higher than CF = 0.5. However, the differences in COE and avoided

costs are substantial when capacity factors are below 0.5 and

increase if there is a further decrease in CF. Therefore, in view of

the uncertainties and trends discussed above, we can conclude that

there is a wide range of conditions in which the systems with

energy storage will be competitive.

4. Conclusions

Circulating fluidized bed combustor power plants, CFBC, in par-

ticular those operating under oxy-fired conditions have limited

flexibility for both technical and economic reasons associated to

the large impact of the capacity factor on energy cost. The ability

of CFBCs to handle and circulate large flows of high temperature

materials makes it possible to design a large scale thermal energy

storage system composed of two solid storage silos connected to

the circulating fluidized bed combustor. The thermal energy stored

in the high temperature silo of solids during low power demand

periods can generate a large amount of thermal power even with

a small circulating fluidized bed combustor. This is particularly
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important for highly integrated and costly oxy-fired CFBC. During

low power demand periods, the CFBC is fed by a low temperature

stream of solids from a silo while the high temperature solids cir-

culating in the combustor are stored in the high temperature silo.

In this study, two conceptual designs of energy storage systems in

oxy-CFBC power plants able to deliver between 2 and 5 times the

nominal thermal power capacity of the combustor have been car-

ried out to illustrate the flexibility in power outputs that can be

achieved by controlling the solid circulation rates between the

silos and through the combustor. With a constant combustion con-

ditions and a coal feeding rate equivalent to 100 MWt in the CFBC,

the system should be able to modify the power output between a

minimum of 29.7 MWt and a maximum of 200 and 500 MWt,

respectively.

According to a preliminary cost analysis of these design exam-

ples, there is a clear window of opportunity for these systems to be

competitive in markets where the power plants (with or without

CO2 capture) are forced to operate at very low capacity factors,

CF. This is because the specific capital cost of the energy storage

components of the system (heat exchanger + silos + solids handling

at low temperature) appears to be lower than that of equivalent

fuel combustion equipment in conventional power plants. For

oxy-CFBC power plants incorporating energy storage with an over-

all capacity factor below 0.45, the cost of electricity appears to be

highly competitive compared to the cost of the electricity produced

by an equivalent system without energy storage. On the other

hand, costs are always higher in systems with energy storage when

compared to systems without storage operating with very high

capacity factors. Energy storage systems can operate at full load

only during relatively short periods of time with respect to other

periods when the thermal energy is stored in silos. The storage sys-

tems proposed in this work are especially attractive when cost

intensive oxy-fired CFBC systems are forced to operate with low

capacity factors. However, more research is clearly needed to close

gaps of knowledge and cost uncertainties in the new concept.
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h i g h l i g h t s

� Novel process concept using CaO/Ca(OH)2 cycle for thermochemical energy storage .

� Design of a circulating fluidized bed reactor coupled with low cost solid storage silos.

� Reaction under steam at 743e813 K for both hydration/dehydration shown to be effective.

� Еnergy storage density over 260 kWh/m3 for solids with increment in conversion of 0.6.
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a b s t r a c t

This paper analyses a thermochemical energy storage process using a CaO/Ca(OH)2 chemical loop. A

single circulating fluidized bed reactor is proposed to carry out the hydration-dehydration alternating

reactions. During the energy discharge step, steam is fed to the reactor and used as a fluidizing gas and as

a reactant with the CaO coming from a silo, enabling heat to be recovered at a sufficiently high tem-

perature (around 743 K) from the hydration reaction taking place in the fluidized bed. During the

dehydration of Ca(OH)2 (energy charging step), heat (i.e. from a concentrated solar field) is stored in

thermochemical form as CaO by using steam as a fluidizing gas. A basic process integration scheme for a

reference case with a power output of 100 MWt is analysed in this work, by solving the mass and energy

balances during charging and discharging steps and by calculating the volume of the silos and charac-

teristic dimensions of the fluidized bed reactor. The effective energy storage densities of the CaO silo is

shown to be over 260 kWh/m3 with reasonable activities of the solids when storing CaO solids in the silo

at around 813 K.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Concentrated solar power (CSP) is a renewable energy tech-

nology that obtains its energy input by concentrating solar radia-

tion. This energy is then converted to high temperature steam or

another fluid which is used to drive a turbine or engine (for elec-

tricity generation). The concentrated solar power can also be

directly used for industrial heat processes or in thermochemical

processes [1].

The production of electricity from concentrated solar power

(CSP) installations has experienced a large increase in recent years

and is expected to grow in the mid and long term, as it is already a

highly competitive technology in many locations and is expected to

contribute substantially to efforts to decarbonize the global energy

system [1]. As in the case of other renewable energies, one of the

problems with CSP technologies for power generation is that the

electricity production profile may notmatch the electricity demand

curves. This problem can be partially overcome by coupling the CSP

installations to thermal energy storage systems (TES) [1e3], so that

variability in the power output can be managed to some extent

independently of the solar power input. There are four main types

of TES technologies that are available for CSP plants: sensible heat

storage systems (by solid or liquid media, see review by Gil et al.

[4]), latent heat storage systems (solideliquid phase transition is

mainly used by existing technologies according to Liu et al. [5]),

sorption heat storage (physical or chemical) and heat storage by

reversible chemical reactions [1,4,6,7]. The last two methods are

known as thermochemical heat storage. In these systems, the

charge stage (low energy demand period, when there is a surplus of

thermal power from the solar field) takes place when thermal
* Corresponding author. Tel.: þ34 985118980; fax: þ34 985297662.

E-mail address: yolanda.ac@incar.csic.es (Y.A. Criado).
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power is used to drive an endothermic reaction. In the discharge

stage (peak energy demand period) the opposite exothermic re-

action takes place using the stored products, and heat is released to

drive a steam cycle and/or to boost the thermal power input to the

steam cycle of the CSP plant. It is generally accepted that chemical

sorption processes and other processes based on reversible chem-

ical reactions display the highest potential for energy storage

densities [4,6e11]. Some of the main reaction schemes considered

today for thermochemical storage systems were proposed many

years ago, but their practical development is still at a very early

R&D stage [1,4,7].

One of the main lines of research on chemical reactions for

energy storage has been focused on the hydration and dehydration

of CaO/Ca(OH)2 [9,10,12e18],

CaOðsÞ þH2OðgÞ4CaðOHÞ2ðsÞ DH298K ¼ ÿ109 kJ=mol (1)

which has several theoretical advantages such as its low cost, the

non-toxicity of the materials and the high temperatures and the

reversibility of the reaction [10,12e14]. Fig. 1 represents the basic

CaO hydration Ca(OH)2 dehydration cycle concept as proposed by

Ervin and Rosemary et al. [10,12,13,19] for a concentrated solar

power plant, in which heat from the solar plant is used to preheat

the calcium hydroxide and decompose it into calcium oxide and

water. During the discharge operation, the exothermic reaction

takes place and the CaO is re-hydrated releasing useful heat. One of

the most interesting characteristics of the CaO/Ca(OH)2 system is

the temperature level at which the heat is released during hydra-

tion (723e773 K), since the temperature of the working fluid in the

turbine is in the range of 673e873 K [1], so that it could be used to

facilitate the thermal integration of the energy storage systemwith

the steam cycle in the solar field under normal conditions (by

supplying a thermal power QOUT to the steam cycle as indicated in

Fig. 1). In contrast, high quality heat from the solar field (designated

as thermal power input QIN in Fig. 1) must be made available at

temperatures above the dehydration temperature during the

charge period. Molten salts, oils, saturated or superheated steam

have been proposed as heat transport fluids between the solar field

and the storage system [20,21].

In this work we are primarily concerned with the chemical

process scheme behind each of the charge/discharge steps repre-

sented in Fig. 1 and with the reactor characteristics needed to

achieve the desired conversions in the solids circulating through

the reactor. Fixed beds are usually assumed to be the most suitable

reactors for carrying out the hydration and re-hydration steps

[22e27]. However, it can be argued that these reactors have serious

limitations for this application that may have prevented the

development of the process. On the one hand, the modest heat

transfer capacity of fixed beds makes the energy charging and

discharging steps very difficult because large (and costly) heat

transfer surfaces would be required in the fixed beds to enable the

hydration/dehydration reactions to match the thermal power

ranges (10e100 s of MWt) involved in typical large scale energy

storage systems. In addition, pressure drop and mass transfer

limitations can be a serious drawback in large-scale fixed bed

systems of fine particles since they may make it necessary to in-

crease the reaction rates of the solids. In view of these limitations,

fluidized bed reactors should be considered as an interesting

alternative to CaO/Ca(OH)2 energy storage systems. Early works in

the 70's had already pointed in this direction [10,12,13,19] but to our

knowledge, it was only recently, under the EU funded StoRRe

project (www.storre.eu) under which this work has been carried

out, that a comprehensive effort was made to validate and facilitate

the scaling up of the fluidized bed process concept represented in

Fig. 1.

In this study, a process scheme for a large-scale energy storage

system based on the CaO/Ca(OH)2 reversible reactions in fluidized

beds is analyzed. Mass and heat balances are solved for reasonable

conditions and conversions of solids in the reactors when the

system is operating in continuous mode during the charge and

discharge stages. This allows for an evaluation of the main process

performance parameters (solids circulation rates, heat exchange

requirements, basic reactor volumes and solids storage silos, en-

ergy storage density etc.) and the selection of suitable operating

windows for the energy storage system.

2. Description of the process

The chemical process investigated in this work is depicted in the

two schemes of Fig. 2, which represent the energy discharge (a) and

the energy chargemode (b) respectively. Ideally, the cyclic nature of

the process should allow the two stages to take place at different

times but using the same key components: a single fluidized bed

reactor alternating from hydration to dehydration conditions and

the two solid storage silos feeding solids continuously to the flu-

idized bed. The changes between the operating modes (a to b and

viceversa) will include dynamic operating conditions, but these are

considered to be outside the scope of this preliminary assessment

of the process and from this point onwards, steady state will be

assumed for each cycle period.

Operation at atmospheric pressure is assumed for simplicity and

similarity with existing large scale thermal fluidized bed systems

like circulating fluidized bed combustors (CFBCs). This would lead

to high volumetric flows of gases through the reactors during hy-

dration and dehydration (see below), and so a circulating fluidized

bed design for the reactor is a more natural choice for the reactor

design. Bubbling fluidized bed reactors would also be feasible if

coarser solid materials could be made available with suitable

reactivity and mechanical stability. However, circulating fluidized

beds are in principle more suitable for large scale applications as

they can handle the large circulation of solids between silos using

standard solid circulation elements (risers, cyclones, stand pipes,

loop seals, heat exchangers from fluidizing solids etc.). Not all of

these elements are shown in detail in Fig. 2 for simplicity.

During the hydration process (Fig. 2a), a stream of high tem-

perature solids containing CaO (1) and a flow of steam (2) are fed

into the fluidized bed reactor at atmospheric pressure to obtain

Ca(OH)2. The thermal power released during the discharge step,Fig. 1. CaO/Ca(OH)2 hydration/dehydration energy storage concept.
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thanks to the hydration reaction (QOUT in Fig. 2a), is used to produce

steam or heat up another fluid (i.e. steam, oil, molten salts) in order

to extract heat from the storage system. The heat exchanger located

inside the reactor to extract QOUT can exploit the high heat transfer

coefficients typical in fluidized beds (100e300W/m2K) [28]. This is

a very important advantage respect to fixed bed reactor configu-

rations with similar purposes. Furthermore, the sensible heat

contained in the solids leaving the reactor (3) is recovered in a

fluidized bed heat exchanger (FBHX) to preheat and fully vaporize

the water fed into the reactor (4). The FBHX operates in counter-

current flow to the water-steam flows. This may be achieved by

arranging several stages in series or by using elongated fluidized

beds such as those proposed by Schwaiger et al. [29] for other solar

applications. A small flow of air is used to fluidize the bed under

conditions close to minimum fluidization in order to minimize the

lateral mixing of solids in the FBHX and to maximize the heat

transfer coefficients. Alternatively, other commercial heat

exchanger devices could be used for the purpose of cooling the

solids arriving from the hydrator reactor. For example, moving bed

heat exchangers used to heat up or cool down solids from the silos

are already commercially available [30] and are used in large-scale

process schemes [31]. After this heat exchange stage, the resulting

cold solids stream (5) rich in Ca(OH)2, is stored in the silo.

Since the steam will disappear from the gas phase during hy-

dration, a certain excess of steammust be used (stream (6) in Fig. 2)

to maintain the fluidization conditions at the exit of the riser when

the efficiency of the hydration reaction is high. The excess steam

will be recycled (7) to the circulating fluidized bed hydrator reactor

by means of a fan, after some of the sensible heat it contains has

been employed in the FBHX to preheat stream (2), just before it

enters the fluidized bed.

Fig. 2b describes the dehydration stage, where a continuous

flow of solids containing Ca(OH)2 (8) enters the reactor together

with a certain flow of preheated steam (9) as fluidizing agent. As

steam is the only fluidizing agent used (no air is introduced into this

reactor), equilibrium dictates a minimum dehydration temperature

of around 792 K (see Eq. (2) below). In this work, we have

considered steam as the only agent of fluidization in the dehydra-

tion stage. Other researchers into CaO/Ca(OH)2 energy storage

systems have proposed the use of air (or even nitrogen) as a gas

carrier of the steam [12,13] generated during the dehydration, to

reduce the decomposition temperatures and increase the dehy-

dration rates. However, the introduction of this carrier gas to the

reactor comes with serious restrictions for the reactor design. On

the one hand, the volumetric flow of gases through the reactor and

associated equipment could increase substantially with respect to

the hydration stage, compromising the inherent cost advantage of

using the same reactor during the hydration and dehydration pe-

riods. Furthermore, the 400 ppmv of CO2 in the air will lead to the

carbonation of the sorbent as the equilibrium pressure of CO2 at

dehydration temperatures (around 773 K) is only 130 ppmv.

Therefore, in this work we have adopted a design case (see below)

where only steam is used as fluidizing agent during dehydration

and most of the gas leaving the reactor during dehydration has

been generated from the decomposition of Ca(OH)2.

As dehydration is the energy storage stage, the thermal power

input from the heat transport fluid coming from the solar plant

(QIN) is used in the fluidized bed reactor both to preheat the re-

actants and to drive the endothermic dehydration reaction. The

stream of solids (10) leaving the reactor in this operation mode,

which contains mainly CaO, is stored in a silo at the dehydration

reaction temperature. Clearly, the energy storage density of the

systemwill increase significantly as a consequence of storing CaO at

a high temperature. Furthermore, heat loss from the high temper-

ature CaO silo can be assumed to be negligible considering the low

thermal conductivity of CaO and the low surfaceetoevolume ratio

characteristic of large scale silos, as in the case of other large-scale

thermal energy storage systems [6].

Finally, as in the hydration process, the gasesolid fluidized bed

heat exchanger FBHX is used to preheat the stream of solid re-

actants (11) with the sensible heat from the steam that leaves the

fluidized bed reactor (12) which includes the steam generated

during the reaction and the steam used as fluidizing agent (9). After

the FBHX, the steam stream (13) is directed to a condenser to be

stored as water for use in a new discharge CaO hydration cycle.

3. Case study

In order to analyze the process schemes of Fig. 2, the basic

design of a particular case has been carried out by solving the mass

and energy balances and by incorporating current knowledge on

the CaO/Ca(OH)2 reaction system to the conditions and solid

Fig. 2. Process scheme proposed in this work during (a) the hydration stage (discharge) and (b) the dehydration stage (charge).
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residence times distribution expected in the fluidized bed reactors

of Fig. 2. Natural CaO particles are known to be friable materials

during hydration and dehydration cycles despite the high revers-

ibility of the reaction. A suitable support or binder for the CaO

grains needs to be used as those employed in similar thermo-

chemical energy storage loops [32]. Although it is beyond the scope

of this work to discuss these materials, recent reviews on R&D ef-

forts to develop CO2 sorbents using materials of CaO supported on

inorganic, mechanically stable supports or suitable binders [33e35]

could also be used as a guide for new materials with suitable

fluidizing properties and reactivity.

The choice of temperature for the circulating fluidized bed

reactor under hydration or dehydration operation must take into

account the information available on equilibrium and kinetics of

the hydration and dehydration reactions. Fig. 3 represents the

equilibrium curve in the temperature interval of interest for this

work. As can be seen, predictions from the thermochemical data

provided by Barin [36] and Nikulshina [37], differ substantially

from those experimentally obtained by Samms and Evans [38],

Schaube et al. [14] and Halstead and Moore [39] in the temperature

range of interest, even if they appear to be more consistent when

wider intervals of temperatures are considered. Using our own

experimental results reported elsewhere [40] we have chosen the

equation obtained from thermochemical data provided by Barin

[36]:

Peq ¼ 2:30$108$expðÿ11607=TÞ (2)

where Peq is the equilibrium pressure (kPa) and T is the tempera-

ture (K).

Assuming atmospheric steam pressure and using Eq (2), the

maximum operating temperature is 792 K during hydration. Early

kinetic studies on the hydration of CaO particles with steam [10]

indicate that hydration is a fast reaction even at temperatures

very close to the equilibrium temperature. We have recently

confirmed [40] this by measuring the hydration rates of CaO par-

ticles under differential conditions, for a suitable particle size range

of 0.1e2 mm in a thermogravimetric analyzer. Other authors who

have also studied the hydration and dehydration reaction kinetics

under diverse conditions [14,40e46] agree that both reactions rates

are relatively fast at the high temperatures required for thermo-

chemical storage applications. Therefore we have chosen a

temperature of 743 K for the hydration step for this reference case,

as the interval 700e750 K seems reasonable in order to obtain fast

reaction rates and high hydration conversions in the reactor. The

hydration reaction rates experimentally measured in pure steam at

743 K [40] were consistently higher than 1.3 � 10ÿ2 sÿ1 (for an

average particle size dp ¼ 0.25 mm). Therefore, this reaction rate

has been adopted for the purpose of the reference reactor design

under the conditions selected in this study for the hydration

reaction.

We also assume in this reference case that the dehydration stage

takes place at a temperature of 813 K, which is just over 20 K higher

than the equilibrium temperature of dehydration in pure steam (Eq.

(2)) and has been shown to be sufficient to yield reactions rates [40]

comparable to those during hydration at 743 K. It should be noted

that these are best guess temperatures for the reactors and are not a

fully free choice for the operator of the reactor because the tem-

perature in the reactors will move close to equilibrium conditions,

fixed at the point where overall heat transfer rates match overall

reaction kinetics.

In order to define the magnitude of the solid and steam streams

entering the reactors of Fig. 2 it is first necessary to solve the mass

and heat balances of the process. For this purpose, a reference case

is assumed to have a thermal power output of QOUT ¼ 100 MWt

during the discharge stage. In this work the thermal power output

QOUT is calculated taking into account the hydration reaction power

output and the sensible heat requirements of each stream involved

in the reaction. The heat balance in the hydrator reactor is as

follows:

QOUT ¼
 

DHj743K$FCaHy$DX
!

þ
 

Qð1Þ þ Qð2Þ þ Qð6Þ

!

ÿ
 

Qð3Þ þ Qð7Þ

! (3)

where for the relevant temperatures in this work the reaction

enthalpy associated to Eq. (1) is DH793K ¼ ÿ104 kJ/mol.

For the sake of simplicity, adiabatic conditions are assumed

throughout the reactor and in all the heat exchange operations. For

the heat balance to the hydrator, the total flow of solids (streams (1)

and (3) for solids in and out of the reactor respectively) is taken into

account, which includes the molar flow of calcium (FCa) and also a

certain fraction of an inert material present in the solids per frac-

tion of Ca (finert). This inert (i.e. inorganic binder or stable porous

support) will be required to ensure the mechanical stability of the

CaO/Ca(OH)2 particles, as mentioned above. In order to avoid the

need to define the inert and its thermal properties at this stage of

conceptual design, the heat balance in Eq. (3) is solved with

finert ¼ 0 compensating this assumption with relatively modest

conversion targets during hydration and dehydration (increment in

conversion around 0.6 as discussed below).

In principle, the average Ca conversion of particles at the exit of

the hydration reactor could be very high (close to 1, when referred

to total free CaO in the material) considering the high hydration

conversions obtained in experimental work based on kinetic in-

formation obtained at particle level with natural and synthetic CaO

materials [10,14,40e46]. As indicated above, in the reference con-

ditions chosen for this case (hydration at 743 K and pure steam), the

increment in conversion DX is calculated taking into account the

average conversions (Xave) of hydration and dehydration as:

DX ¼ Xave Hy ÿ Xave Dehy (4)

The individual average conversions above can be estimated

assuming perfect mixing of the solids in the circulating fluidized

bed reactor:Fig. 3. CaO/Ca(OH)2 equilibrium, around the proposed operation conditions.
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Xave ¼

Z

∞

0

ðXðtÞÞ$ðð1=tÞ$expð#t=tÞÞ$dt (5)

where t is the average particle residence time. On the other hand,

assuming a shrinking core model [47] during reactions, the hy-

dration and dehydration conversion as a function of time XHy(t) and

XDehy(t) respectively are calculated by means of Eqs. (6a) and (6b):

(

XHyðtÞ ¼ 1#
"

1# t$kHy
#3

for t < t$
XHy ¼ 1 for t > t*

(6a)

8

<

:

XDehyðtÞ ¼
'

1# t$kDehy

(3
for t < t*

XDehy ¼ 0 for t > t*
(6b)

where t* is the time required to achieve the maximum conversion

and kHy and kDehy the kinetic constants with values of 1.3 % 10#2

and 1.6 % 10#2 s#1 respectively obtained from experimental mea-

surements reported elsewhere [40] for an average particle size of

dp¼ 0.25 mm, an atmosphere of pure H2O at atmospheric pressure

and the 743 and 813 K values chosen above.

In order to calculate the time required to achieve maximum

conversion (t*), and therefore the conversion of solids at the exit of

the reactor, it is necessary to know the fraction of active (non

reacted) Ca material in the reactor (fa), assuming perfect mixing of

the solids:

fa ¼

Z

t$

0

ð1=tÞexpð#t=tÞdt (7)

Therefore, the time required to achievemaximum conversion is:

t* ¼ #t$Lnð1# faÞ (8)

Furthermore, in each stage the moles of Ca(OH)2 that disappear/

appear in the solid stream must match the moles of Ca that are

reacting in the bed. Therefore the following general mass balance to

the reactor can be established:

FCa$DX ¼ NCa$faðdX=dtÞj Bed (9)

where NCa is the moles of Ca solids present in the bed. For each

stage the term dX/dt is given by the reaction kinetics. Using Eq. (9)

and the expressions of dX/dt [40], the individual average conver-

sion for each stage can be written also as:

Xave ¼ 1# ðFCaDX=NCafa3kÞ
3=2 (10)

where the factor 3 is related to the kinetic expressions [40]. From

Eq. (10) the active fraction of Ca material in the reactor (fa) can be

obtained in each stage, verifying that the average conversions

calculated from Eq. (5) (using Eqs. (6a) and (6b) of hydration and

dehydration conversion as function of time respectively) are the

same that the ones obtained from Eq. (10).

The average particle residence time is calculated as a function of

the solids inventory (W), the reactor free cross-sectional area for

fluidization (Afree), (i.e. without counting the area occupied by the

heat exchanger for QIN,OUT) and the total solids flow that enters the

reactor in each operation mode, which includes both the total flow

of calcium circulating from the silos to the reactor (FCa) and the

moles of inert material present in the solids per mol of Ca (finert):

t ¼ ðW$AbedÞ=ðFCa$ð1þ finertÞ$MÞ (11)

It should be noted that the effect of the inert content on the

solids is negligible over the residence time of the particles as both

the bed inventory and the solids stream arriving at the reactor have

similar inert contents. However the overall inventory of material in

the reactor (and ultimately on the reactor volume) is inversely

proportional to finert. Therefore, this is an additional reason for

developing materials with a maximum active fraction of CaO/

Ca(OH)2.

The total solids inventory in a circulating fluidized bed is a

complex function of operating conditions inside the reactor, linked

to fluid-dynamic properties of the particles and reactor geometry.

However, by comparison with commercial systems using CFB with

CaO, like circulating fluidized bed combustors, it is possible to

anticipate typical inventories of between 100 and 1000 kg/m2 and a

typical range of solids circulation flow rates (GS) of 0.5e30 kg/(m2 s)

(as in the case of CFBCs or Calcium looping reactors employing

similar materials [48,49]).

For the reference case proposed in this work, a conservative

value of DX ¼ 0.6 has been selected to compensate for the choice of

finert ¼ 0 to account for the presence of an inert fraction of solids in

the material. This increment in conversion as defined in Eq. (4)

allows a first estimation of all the solid and gas streams in Fig. 2a

and b, as indicated in Tables 1 and 2.

With respect to the gas velocities in the reactor during the hy-

dration and dehydration steps, an identical reactor cross-section

must be assumed all along the riser. This is because during the

hydration stage, a large fraction of the gas disappears from the gas

phase as the bed height increases, whereas the opposite occurs

during the dehydration step. It is therefore impossible to adapt

changes in the cross-sectional area in one step without compro-

mising the operation of the other step. Furthermore, general rules

and experience acquired from other similar reactor systems using

CaO materials (like CFBCs) can be followed to estimate minimum

reasonable velocities at the exit of the reactor during hydration and

at the bottom of the reactor during dehydration [48,49].

Assuming a maximum gas velocity of 5 m/s during hydration at

the inlet of the circulating fluidized bed reactor, a fluidized bed

reactor cross-sectional area free for fluidization of 34.4 m2 is ob-

tained. The gas velocity will decrease during hydration due to the

reaction of the CaO with steam, leading to an exit gas velocity of

1.7 m/s (which means that a 50% steam excess above the stoi-

chiometric value is used to maintain the solids circulation). In

contrast, during the dehydration stage, the gas velocity increases

with the height from an inlet gas velocity of 1.7 m/s to 3.9m/s at the

outlet.

The case example solved in the previous paragraph is open to

many variations depending, among other factors, on several design

parameters affecting the overall system of energy storage into

which the CaO/Ca(OH)2 process of Fig. 2 is integrated, for example,

when considering different charge and discharge operation times

(tDehy and tHy).

Table 1

Hydration stream specifications for the reference case.

Stream N( (1) (2) (3) (4) (5) (6) (7)

m (kg/s) 106.9 20.1 127.0 20.1 127.0 17.3 17.3

Composition (wt%)

CaO 90.0 26.5 26.5

Ca(OH)2 10.0 73.5 73.5

H2O 100 100 100 100

T (K) 813 743 743 373 393 393 743

Q (MWt)
a 55.1 19.1 77.2 6.7 15.6 3.4 16.7

a Specific heat values taken from Refs. [53] and [36]. Reference temperature

293 K.
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The required solids inventory in the reactor has been calculated

in order to achieve the selected DX ¼ 0.6 using Eqs. (4)e(10). Fig. 4

represents the average hydration and dehydration conversions

(Xave Hy and Xave Dehy respectively) as well as the increment in

conversion DX calculated for different values of solids inventories.

As can be seen a solids inventory of 443 kg/m2 gives DX ¼ 0.6,

which corresponds to an average particle residence time of 120 s for

the charge operation mode. During the discharge stage, an in order

to maintain the same residence time as for the charge stage, the

solid inventory required is 373 kg/m2. For the hydration and

dehydration operations the active fraction of Ca material in the

reactor (fa) is 0.27 and 0.11 respectively. For this reference case, the

solid circulation flow rates (GS) for both hydration and dehydration

are around 3.1e3.7 kg/(m2 s), values that are in the typical range of

other CFBs using similar materials.

In the case of the heat flows, it should be pointed out that for the

reference design target of 100 MWt a thermal power input of

158.7 MWt (QIN) is required during the charge mode in order to

preheat the reactants to the reaction temperature (46.3 MWt) and

to drive the endothermic dehydration reaction (116.2 MWt) ac-

cording to the reference conditions of Table 2. 46.9 MWt is

considered as heat power lost due to the condensation of water

during the dehydration stage.

The design of the heat transfer area within the reactor to allow

for QIN,OUT will have to be based on a compromise between the

need to operate with minimum average temperature difference

(DTHx) between the reactor temperature and the temperature of the

fluid carrying QIN,OUT and the need to maintain the heat exchange

area (AHx) under reasonable values. For a typical value of heat

transfer coefficient in a circulating fluidized bed (hCFB) of 150 W/

m2K [28] and an average temperature difference between the heat

transport fluid and the bed (DTHx) of 30 K a value of

AHx ¼ 35,258 m2 is obtained. To accommodate this large area in the

reactor, waterwalls and a dense packing of tube bundles is needed.

This is however a common practice in boiler applications. Future

reactor designs will require detailed understanding of heat transfer

coefficient and gas and solid flow patterns in such reactor highly

packed with tubes, that will largely increase its cross section to

accommodate the heat exchanger required for QIN,OUT.

The hydration-dehydration thermal efficiency of the storage

system can be estimated using equation (12):

hP ¼

h

!

QOUT$top Hy

"

=
!

QIN$top Dehy

"

i

$100 (12)

Using the numbers and assumptions of the reference case above,

a maximum net efficiency of 63% is obtained in the reference

conditions chosen for the proposed process scheme. As noted

above this thermal efficiency represents the most pessimistic sce-

nario in which no thermal integration of the storage system is

achieved with a solar field except in relation to the heat exchange

operations represented as QIN and QOUT in Fig. 2. In this case, a high

level of energy inefficiency is unavoidable due to heat power losses

through steam condensation. It should be possible to explore, on a

case-by-case basis, more efficient options for integrating the sys-

tem into a solar field but it is beyond the scope of this conceptual

work to analyze such options of thermal integration with the solar

field.

As seen from equation (12), the hydration-dehydration thermal

efficiency of the storage system considered in this work, only takes

into account the ratio QOUT/QIN and the operation times under each

stage (top). A more-in-depth evaluation of the full thermal storage

system will require considering the parasitics losses associated to

the operation of the reactors. If the final use of QOUT is the gener-

ation of electricity the net efficiency for electricity production on

QOUT should not differ from other CSP modern plants (around 25%

according to [3]), because the main flow of gases in the proposed

system are steam generated from thermal sources (no blowers

required) and the negligible flow of gas required to fluidize fine

solids in the FBHX.

Finally, by considering the volume of silo required to operate at a

reference time of 1 h under hydration or dehydration modes, the

mass balance leads to 384 m3 of CaO and 457 m3 of Ca(OH)2 (when

assuming a bulk density for the solids of rs ¼ 1000 kg/m3). In these

conditions, the effective energy storage density in this process

(ESDeff) can be calculated by means of equation (13):

ESDeff ¼ QOUT

.%

FCaHy$ð1þ finertÞ·MHy

.

rs$3:6
&

(13)

where the factor 3.6 is introduced in order to give ESDeff in kWh/m3.

For the reference case proposed in this work ESDeff ¼ 260 kWh/m3.

As a final point, it is interesting to analyze the sensitivity of the

main reactor performance variables (DX as defined in equation (4))

on design reactor variables such as the solid circulation flow rate

(GS), the thermal power input during the charge mode (QIN), or the

required storage volumes per operating hour (VS). In this analysis,

the reactor dimensions, power output and chargeedischarge time

ratios are maintained as in the previous paragraphs. The result of

these simulations is shown in Fig. 5. As can be seen, the circulation

flowrate increaseswhenDXdecreases in order tomaintain the same

QOUT. The results indicate that low conversions (DX just over 0.1) are

allowed if the solids circulation rate can bemaintained in the reactor

close to those of existing large-scale CFBs that use similar solids [48].

This means that solids with modest activities could be allowed in

Table 2

Dehydration stream specifications for the reference case.

Stream N$ (8) (9) (10) (11) (12) (13) (14)

m (kg/s) 127.0 15.8 106.9 127.0 35.9 35.9 35.9

Composition (wt%)

CaO 26.5 90.0 26.5

Ca(OH)2 73.5 10.0 73.5

H2O 100 100 100 100

T (K) 597 373 813 393 813 413 373

Q (MWt)
a 50.2 2.5 55.1 18.7 40.0 8.5 9.2

a Specific heat values taken from Refs. [53] and [36]. Reference temperature

293 K.

Fig. 4. Hydration, dehydration average conversions and DX as a function of the solids

inventory (W) in the fluidized bed.
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practical designs if combined with large storage volumes (and if

much larger solid inventories are allowed in the risers). However,

there is an important inefficiency to take into account when oper-

ating in these cases with low activity solids as indicated in the right

hand side of Fig. 5: the thermal power input required during the

charge operation (QIN) increases for reduced hydration conversions,

which means that the thermal process efficiency and the energy

storage density will also decrease as the hydration conversion de-

creases. Despite this inefficiency, the possibility of using lowactivity

materials for the energy storage system proposed in this work is a

very important advantage of the fluidized bed reactor system.

Circulating fluidized bed reactors can handle large flows of solids

and the silos of Fig. 2 are just large volume storage vessels (where no

heat transfer or reaction is taking place place). Therefore when the

cost of the renewable energy used during dehydration is low and

lower overall energy efficiencies are acceptable, modest material

properties andhydration conversionmay still provide a good energy

storage system. The ability to operate with low hydration conver-

sions would also facilitate low operation and maintenance costs

associated with solids, as it is well known that the excessive hy-

dration of CaOmaterials generatesmechanical stress in the particles

that leads to fractionand/orattrition [50-52]. This reactordesignwill

be experimentally tested by the authors as part of the ongoing

StoRRe project upon which this work has been based.

4. Conclusions

A thermochemical energy storage process based on CaO/

Ca(OH)2 in a single circulating fluidized bed reactor coupled to large

solid storage silos has been studied. The process performance has

been evaluated assuming typical operating conditions for the key

reactions involved. For the base case proposed, with a maximum

thermal output of 100 MWt during hydration, the effective energy

storage density is around 260 kWh/m3 and the net process effi-

ciency achieved is 63% with CaO and Ca(OH)2 storage volumes in

the range of 390e460 m3 per operating hour. For a conservative

reference case value of increment hydration conversion of DX¼ 0.6,

a solids inventory in the circulating fluidized bed of around

373e443 kg/m2 is required, with average particle residence times

of around 120 s and solids circulation flow rates between 3.1 and

3.7 kg/m2 s for a fluidized bed free cross-sectional area for fluid-

ization of 34.4 m2.

This conceptual reactor and process design indicates that the

proposed process is technically viable. Furthermore, a sensitivity

analysis of the process reveals that the process could be also

operated with lower solid conversions (at lower energy effi-

ciencies) exploiting the ability of circulating fluidized bed reactors

to handle large flows of solids and considering that the silos in this

system are just storage vessels where no heat transfer or reaction

has to take place.
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Nomenclature

Afree fluidized bed free cross-sectional area for fluidization, m2

AHx heat exchange area associated to QIN.OUT, m
2

dp average particle size, mm

ESDeff effective energy storage density according to Eq. (13),

kWh/m3

fa fraction of active (non reacted) Ca material in the reactor

FCa total flow of calcium circulating from silos to reactor,

kmol/s

finert molar fraction of inert material in the sorbent per mol

of Ca

GS solids circulation flow rate, kg/m2 s

hCFB heat transfer coefficient in a circulating fluidized bed, W/

m2K

k kinetic constant,1/s

Peq equilibrium pressure, kPa

PH2O partial steam pressure, kPa

M molecular weight, g/mol

mi total flow of stream i, kg/s

NCa moles of calcium inside the bed, kmol

Qi sensible thermal power of stream i, MWt

QIN thermal power input from CSP during charge stage

(dehydration reaction), MWt

QOUT thermal power output from the reactor during discharge

(hydration reaction), MWt

t reaction time, s

t* time required to achieve the maximum conversion, s

top operation time, h

Xave average conversion according to Eqs. (5) and (10)

X calcium conversion in relation to the total calcium

present in the sorbent

T temperature, K

Vs solids storage volumes per operating hour, m3

W solids inventory in the fluidized bed, kg/m2

Greek letters

DH reaction enthalpy, kJ/mol

DTHx minimum average temperature difference between the

reactor temperature and the temperature of the fluid

carrying QIN,OUT, K

DX increment in conversion according to Eq. (4)

hP hydration-dehydration thermal efficiency of the cycle, %

rs solids bulk density, kg/m3

t average particle residence time, s

Subscripts

Hy hydration

Dehy dehydration

Fig. 5. Solids circulation flow rate (GS), solids storage volumes per operating hour (VS)

and required thermal power input (QIN) during dehydration as a function of the

increment in conversion (DX) for a power output of 100 MWt during the discharge

stage for a reactor free cross-sectional area for fluidization of 34.4 m2.
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Experimental investigation and model validation of a CaO/Ca(OH)2
fluidized bed reactor for thermochemical energy storage applications
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h i g h l i g h t s

 CaO/Ca(OH)2 reaction loop studied in a batch fluidized bed reactor.

 Bubbling reactor model validated by using a cross flow factor as single parameter.

 The dehydration reaction is controlled by bubble-emulsion mass transfer resistance.

 The hydration reaction is controlled by the slow kinetics of the CaO material tested.
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a b s t r a c t

The CaO/Ca(OH)2 hydration/dehydration chemical loop has long been recognized as a potential candidate

for application in energy storage systems for concentrated solar plants. However, the technology still

remains at a conceptual level because little information has been published on the performance of the

key reactors in the system. In this work, we experimentally investigate the hydration and dehydration

reactors in a 5.5 kWth batch fluidized bed reactor, in conditions relevant to larger systems (superficial

gas velocities of up to 0.53 m/s, temperatures of up to 500°C for dehydration, input H2O(v) fractions

between 0 and 0.8 etc.). Furthermore, to assist in the interpretation of the experimental results, a stan-

dard 1D bubbling reactor model has been formulated and fitted to the experimental results by including

kinetic information at particle level independently measured in a thermogravimetric apparatus. The

results indicate that the hydration reaction is mainly controlled by the slow kinetics of the CaO material

tested while significant emulsion-bubble mass-transfer resistances were identified during dehydration

due to the much faster dehydration kinetics.

2016 Elsevier B.V. All rights reserved.

1. Introduction

The efficient use and flexibility of renewable energy sources are

key issues that need to be tackled to reduce their cost and facilitate

their widespread deployment in order to combat climate change

[1,2]. Current concentrated solar plants (CSP) are inherently inter-

mittent in their power supply unless they use a thermal energy

storage (TES) unit [3–6]. These units not only allow the hours of

plant operation to be extended, but also make the plant more ver-

satile so that supply can be coupled to demand and the power out-

put can be kept steady during transition periods of lower solar

input [4].

TES systems based on the storage of sensible and latent heat are

the standard commercial benchmarks, despite their limited storage

cycle efficiency, because of their robustness and relative simplicity

[7]. Recent research has been focused on the use of thermochemi-

cal energy storage (TCS) systems due to their theoretically larger

energy storage densities and efficiencies compared to sensible or

latent storage [4,8,9]. Basic reaction schemes for TCS systems,

including the CaO/Ca(OH)2 reaction couple, were already proposed

in 1976 [10] but they are still at a very early R&D stage from the

point of view of their practical development and experimental

study at pilot plant scale [10–17]:

CaOðsÞ þH2OðvÞ $ CaðOHÞ2ðsÞ DH
%

298 K ¼ '109 kJ=mol ð1Þ

This chemical loop is based on two steps at temperatures

around 450–550 °C: first the CaO is hydrated in the presence of

H2O(v) and useful heat (i.e. at high temperature for efficient use

in a steam cycle) is released from the exothermic reaction (dis-

charge). The solid is then regenerated during the dehydration step

http://dx.doi.org/10.1016/j.cej.2016.11.010

1385-8947/ 2016 Elsevier B.V. All rights reserved.

⇑ Corresponding author.

E-mail address: yolanda.ac@incar.csic.es (Y.A. Criado).

Chemical Engineering Journal xxx (2016) xxx–xxx

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier .com/locate /cej

Please cite this article in press as: Y.A. Criado et al., Experimental investigation and model validation of a CaO/Ca(OH)2 fluidized bed reactor for thermo-

chemical energy storage applications, Chem. Eng. J. (2016), http://dx.doi.org/10.1016/j.cej.2016.11.010

���������	�
	����
	���
��	�������	����	�����	�����	������������� ����



(charge) by providing heat for the endothermic reaction (i.e. from

the solar field) [11,12]. Similarly, other reaction couples based on

the CaO carbonation/calcination reactions at 650–900 °C have been

already proposed for the thermochemical energy storage systems

and studied at the conceptual level [18,19]. Despite the theoretical

higher energy storage density of the CaO/CaCO3 system, the sub-

stantially higher temperature required during the charge step

(900 °C for calcination vs 500–550 °C for dehydration) can be con-

sidered as a disadvantage when integrating the solar field with the

storage cycle. In a previous work [16] we proposed a chemical pro-

cess scheme for each of the charge/discharge steps of the CaO/Ca

(OH)2 storage system. The scheme was based on a single fluidized

bed (FB) reactor configuration alternating from hydration to dehy-

dration conditions (at 470 and 550 °C, respectively, using H2O(v) as

both reactant and fluidizing gas) and two storage silos feeding/

receiving solids to/from the FB. Decoupling of the reactions from

the storage silos is essential to allow this process scheme to be

used in large-scale applications, as it would be extremely challeng-

ing to arrange for vast heat transfer surfaces to manage the heat

flows in large-scale stationary reactors containing all the solids of

the storage system.

Other authors are considering the use of fixed/moving beds as

their reference reactor for the hydration and dehydration steps

[20–25]. In principle the use of FB reactors offers significant theo-

retical advantages when compared to fixed/moving beds because

the larger heat transfer coefficients of fluidized beds [26] signifi-

cantly reduce the heat transfer surface for the energy charge and

discharge steps. The pressure drop for high gas velocities is

reduced in a fluidized bed, and this can represent a serious weak-

ness in large-scale fixed bed reactors requiring large gas flow rate

inputs/outputs as it is the case in CaO/Ca(OH)2 systems designed

for energy storage applications.

For the single FB reactor configuration proposed and analyzed

in a previous work [16] a heat transfer fluid (HTF), such as a molten

salt is required in order to transfer the useful heat from the solar

field to the storage system during the dehydration step and from

the FB reactor to the steam cycle during hydration. Other configu-

rations could be based on the use of dense particle suspensions as

HTF to allow higher temperatures in the receiver [27–30] or even

to directly dehydrate the solids in the solar receiver, as has been

proposed by some authors for calcining CaCO3 [18,19,31]. For the

purpose and scope of this work, which is focused on reactor perfor-

mance, we shall assume that a certain power input (QIN) coming

from the solar field supplies the power necessary to reach the tem-

perature of dehydration, trigger the endothermic reaction and,

depending on the amount of QIN available, provide additional

power to further heat up the solids to temperatures above that of

dehydration. During the discharge step, the sensible (QOUTs) and

chemical heat (QOUTr) from the hot solids stored are used to pre-

heat, vaporize and reheat the steam of the power cycle before

the material is sent to the cold solids storage silo [16]. The sensible

heat could be recovered by means of several fluidized bed heat

exchangers (FBHX). These FBHX could be arranged in several series

steps or in the form of elongated fluidized beds as described by

Schwaiger et al. [32] for other solar applications. Other alternative

configurations such as moving bed heat exchangers are already

commercially available [33] and used at large scale [34].

A more detailed investigation of this energy storage system and

its thermal integration within the solar field and steam power

cycle is being investigated as part of the FP7 Storre project

(www.storre-project.eu) but is beyond the scope of this work.

The present study is focused on the performance of the gas-solid

reactor and on the hydration and dehydration reactions in the flu-

idized beds of Fig. 1. To our knowledge, only one other paper with a

similar approach by Pardo et al. has been published to date [17].

Their study reported positive results for hydration and dehydration

performance using very fine particle materials in the reactor

(micrometric CaO/Ca(OH)2 particles), low superficial gas velocities

(around 0.1 m/s) and low temperatures and H2O(v) partial pres-

sures. In this work, our objective is to demonstrate the viability

of FB reactors under more realistic operating conditions in a 5.5

kWth testing batch bubbling fluidized reactor located at CEA-

Grenoble, using high fluidization velocities, high H2O(v) partial

pressures and temperatures above 400 °C for both hydration and

dehydration. A standard bubbling reactor model is employed to

assist in the interpretation of the experimental results.

Nomenclature

dp particle size, lm
Fair molar flow of air, mol/s
FH2O molar flow of H2O(v), mol/s

k kinetic constant, s 1

Kbe interchange mass transfer coefficient between bubble

and emulsion, s 1

kG mass transfer coefficient between bubble and emulsion,

m/s

MCaO mass of total solids, kg

mH2O mass flow of H2O(v), kg/h
NCa active moles of active Ca material, mol

NCa total moles of total Ca material, mol

qb volume flow-rate in and out of the bubble, m3/s

QAir volumetric air flow, Nm3/h
r reaction rate, s 1

Sb bubble surface area, m2

t reaction time, s
T temperature, °C

texp experimental testing time, min

u input gas velocity, m/s

ub velocity of the rising bubbles, m/s
umf velocity at minimum fluidization conditions, m/s

Vb bubble volume, m3

X conversion of active material, mol H2O/mol CaO active

Xfactor cross flow factor
Z solids bed height, m

Greek symbols
DH° reaction enthalpy, kJ/mol at 298 K

mH2O H2O(v) fraction
mH2O,eq equilibrium H2O(v) fraction

Subscripts
b bubbles
Bed bed of solids

Dehy dehydration reaction

e emulsion

exit exit conditions
Hy hydration reaction

In initial/input conditions

Max maximum value
Min minimum value

Ref reference CaO material
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2. Experimental section

2.1. Experimental setup

The experimental set up used to study the hydration and dehy-

dration reactions is based on a bubbling FB batch reactor, as shown

in Fig. 2. Significant improvements have been introduced into the

facility with respect to a previous description of the set up [17],

to allow it to operate at conditions relevant to large-scale systems.

It has also been redesigned to be able to operate in the bed at tem-

peratures up to 500 °C, total pressures slightly above the atmo-

spheric, fluidizing gas velocities of up to 1 m/s (depending on the

water vapour and air mixture introduced into the bed), input

H2O(v) fractions from 0 to 0.85, solids inventories between 1.5

and 3.5 kg and particle diameters (dp) between 100 and 800 lm.

The reactor consists of a cylinder made of stainless steel 316L.

The column has an internal diameter of 0.105 m and is 0.9 m high.

The gas mixture flows through a diffusor, which consist of a disk in

which 21 drilled screws are settled. The diameter of the holes in

each side of the hexagonal screw heads is 2 mm. These screws

are used as nozzles, allowing the injection of the gas perpendicu-

larly to the bed. This diffusor allows fluidizing the bed, but also

prevents the solid material from falling in the upstream circuit

when the loop is not working. At the top of the bed, a 0.55 m high

conical expansion prevents excessive slug expansion and solids

entrainment. A 5.5 kWth electrical oven (labelled as Electric Heater

2 in Fig. 2) is used to heat the bed up to a maximum temperature of

500 °C and provides the heat required for the dehydration reaction.

Improvements to the reactor electric heaters have been made in

order to try to reduce heat losses in the experimental set up. Three

electric heaters (Electric Heater 1, 3 and 4 in Fig. 2) have been

added in order to keep the reactor walls at temperatures above

Fig. 1. Basic schematic process view of the CaO/Ca(OH)2 energy storage system.

Fig. 2. Schematic view of the experimental setup.
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300 °C. The maximum amount of electric power delivered to the

overall system is 10.5 kWth.

The temperature inside the bed (TB in Fig. 2) is measured at dif-

ferent positions by placing 1 mm K type thermocouples (200–

500 ± 2 °C) in the center of the bed (r/R = 1) at bed heights of 40,

140, 240 and 340 mm. Two more thermocouples located at height

240 mm and r/R = 1/3 and r/R = 2/3 make it possible to confirm

whether temperature profiles are present within the bed of solids.

The reactor temperature is controlled by a thermocouple located at

a bed height of 240 mm. The temperature in the wall of the four

electric heaters is measured using several thermocouples located

at different points (not shown in Fig. 2 for the sake of simplicity).

Upstream of the reactor, two separate circuits supply air and/or

H2O for the reactions to take place (see left-hand side of Fig. 2).

Flow meters are used to control the supply of liquid water (mini

Cori-flow Bronkhorst 0–5 ± 0.012 kg/h) and dry air (Brooks 5853S

0–20 ± 0.016 Nm3/h). The liquid water and the dry air are mixed

before entering a 8.4 kWth water vapour generator. The gas from

the water vapour generator is further heated up before it enters

the reactor bed. A bypass valve located before the reactor bed

allows the reactor to be prepared for each experiment. Firstly,

the circuits and filters are preheated and dried with air before test-

ing begins. Then, when the desired testing temperature has been

reached, the gas mixture coming from the water vapour generator

bypasses the reactor in order to stabilize the hygrometers signal.

Two 90-liter filters boxes are located after the reactor in order to

remove the finer particles elutriated by the gas before they leave

the system.

The conversion of the solids is followed during testing by con-

ducting a mass balance of the water mass flowrate (mH2O) between

the input and exit of the reactor. The mH2O at the exit of the reactor

is calculated by moisture measurements from two capacitive

hygrometers HC2-HC102 from ROTRONIC (0–100 ± 2.39%HR, 20–

200 ± 0.2 °C) and taking into account the temperature and pressure

around the hygrometers. To ensure a reliable measurement, the

hygrometers are systematically calibrated every few tests. An addi-

tional air stream is introduced after the reactor exit, this avoids the

saturation of the hygrometers and also to reduce the gas outlet

stream temperature. One of the hygrometers is located just after

the reactor and the other after the filters (HYG1 and HYG2 respec-

tively in Fig. 2). HYG1 was found to be the more reliable hygrom-

eter in most of the tests due to its faster response. The signal given

by HYG2 is only qualitatively compared to that of HYG1 (to deter-

mine whether the behavior of HYG1 is correct at any given time).

In any case, an internal re-calibration of the signal of the hygrom-

eters is applied in every experiment to match the input and output

signals of the hygrometers when no reaction is taking place in the

bed.

2.2. Experimental procedure

In a typical test, between 1.5 and 3 kg of commercial pre-

calcined lime (95%wt CaO obtained from the calcination of CaCO3

at 1000 °C, as supplied by Carmeuse) is heated up in the reactor

to working conditions. Due to the thermal inertia of the system this

operation takes around one hour. A matrix of the initial experimen-

tal conditions has been generated taking into account the following

experimental variables: the initial temperature of the fluidized bed

(between 390 and 460 °C for hydration and 450–500 °C for dehy-

dration), the granulometry (200–400 lm) and mass of lime mate-

rial (between 1.8 and 2.5 kg), the H2O(v) fraction (between 0.57 and

0.84 for hydration and 0–0.08 for dehydration) and the fluidizing

velocity (between 0.3 and 0.5 m/s).

Once the parameters mentioned above have been selected, the

system is operated in bypass mode until the initial temperatures

and flow rates reach a steady state. Once the system is in steady

state with no reaction taking place, the bypass valve is switched

off to allow the reacting mixture of gases to enter the fluidized

bed. The end of each experiment is detected by both the signal of

the thermal power delivered to the bed and the signal of the

hygrometers, as will be shown in more detail in Section 3.2. Typi-

cally, each test campaign consists of a few cycled series of dehydra-

tion and hydration reactions under different operation conditions.

After the testing campaign, each batch of material is discarded.

2.3. Material characterization

The commercial lime was sieved to different particle sizes (100–

200 lm, 200–400 lm and 400–600 lm and 600–800 lm). The

testing campaigns described in this work were carried out using

batches with a particle size range of 200–400 lm. Crushing

strength values of 5 N (measured by a SHIMPO FGE-5X

dynamometer supported on a SHIMPO MFGS-100L manual test

stand) confirmed that this material could be used for a few hydra-

tion/dehydration cycles in the experimental facility without gener-

ating, during hydration, a very large fraction of fines characteristic

of other lime materials calcined at lower temperatures [35].

The reactivity of the CaO material towards the hydration and

dehydration reactions was measured using a thermogravimetric

(TG) equipment described in detail elsewhere [35]. This informa-

tion will be fed into the reactor model used to discuss the experi-

mental results. The system is based on a TG analyzer coupled to a

water vapour generation line that is able to provide a steady flow

of pure H2O(v) or air/H2O(v)mixtures. The CaO sample in a platinum

sample pan, hangs in a 2.5 � 10ÿ2 m quartz tube located inside an

oven that can reach temperatures of up to 1000 °C. Through the

bottom of the quartz tube the reaction gases (H2O(v) and/or air)

are introduced at high velocity (0.05 m/s at 500 °C around the sam-

ple) to avoid external mass transfer resistances. The generation of a

stable flow of H2O(v) in this system is possible thanks to a pipe

heated up to 400 °C into which a measured flow of liquid water

is fed from pressurized tanks. Several filters and a pneumatic valve

located in the heated up pipe facilitate an uniform and steady flow

of H2O(v) during the TG tests. Around 3 mg of sample was

employed for these TG tests in order to extract kinetic information

at particle level for use in the reactor model (see Sections 3.3

and 3.4).

3. Results and discussion

3.1. Description of a typical test

A typical dehydration and hydration reaction cycle is shown in

Fig. 3, where some of the main variables measured during the test

are plotted vs time. The average power supplied by the heater

located around the bed of solids is represented in Fig. 3a (Electric

Heater 2 in Fig. 2), where around 3–4 kWth are delivered to the

bed during the endothermic reaction, whereas no power supply

is required for the exothermic reaction as one might expect. In

relation to the gas flows at the input and exit of the reactor

(Fig. 3b), some discrepancies between the signal measured by the

hygrometers and the input flow of H2O(v) when no reaction is

occurring were detected. In such cases, an internal re-calibration

is applied, as shown in Fig. 3b, by setting the exit mass flow of

H2O(v) at the end of the experiment (when the reaction has run

its course) equal to the H2O(v) input mass flow.

Other important measurements include the temperatures

inside the bed (Fig. 3c) and at the walls of the four heaters

(Fig. 3d). As can be seen, there is a good agreement between the

thermocouples TB1 to TB5 located inside the bed at different axial

and radial positions (see Fig. 2 for details) indicating a good mixing
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of the solids. The difference observed in the case of TB6 is due to the

fact that the fluidized solids do not reach this thermocouple (as it is

340 mm from the distributor). In other tests performed with a

higher mass of solids there is good agreement between the 6 ther-

mocouples inside the bed. In contrast, the wall temperatures of the

heaters (Fig. 3d), show significant differences (TW1 vs TW2). These

discrepancies can be explained by taking into account that they are

not located at the same position and also they can be disturbed by

the heater wires.

The test corresponding to Fig. 3 proceeds in bypass mode for the

first 7 min of data recording before dehydration begins to give the

system time to heat up while the bed remains unfluidized. At min 7

the bypass is switched off in order to feed the pre-arranged gas

flow mixture to the bed (in this case 6 Nm3/h of air with no water

vapour, at a temperature set to 500 °C and a target gas velocity,

uTBed in, of around 0.5 m/s). As soon as the air flow enters the reac-

tor, the solids begin to dehydrate and the signal given by the

hygrometers increases from 0 to a maximum of around 0.75 kg/h

of H2O(v) (Fig. 3b). A peak for the water vapour flow is recorded

by the hygrometer HYG2 at the very beginning of the experiment.

This peak has also been observed in other testing conditions and is

attributed to the water vapour accumulated in the system in some

tests were the bypass time before dehydration was not long

enough as to eliminate all the steam present in the system ele-

ments located after the reactor (i.e. the large filters). This experi-

mentally observed effect on the HYG2 signal also supports the

selection of HYG1 (just after the reactor) as the more reliable

hygrometer. The end of the dehydration reaction is confirmed by

both the signal from the hygrometers (a sharp decrease in mH2O,exit

towards zero at around 30 min in Fig. 3b) and the thermal power

delivered to the bed at the same point in time in Fig. 3a. This figure

also shows that there is a sharp increase in the power supplied to

the bed at the beginning of the experiment, as this is necessary to

maintain the temperature at 500 °C during the endothermic dehy-

dration reaction. The need for this power input decreases quickly

as dehydration comes to an end at around 30 min. After dehydra-

tion is completed, the temperature of the reactor is allowed to

move towards the conditions for hydration, which starts at min

67. For the hydration reaction shown in Fig. 3 the gas mixture con-

sists of 3 kg/h of H
2
O(v) and 3 Nm3/h of air (equivalent to an input

H2O(v) fraction, vH2O,in, of 0.57) and the initial reactor temperature

is fixed at 400 °C (uTBed, in of 0.43 m/s). As the mixture of water

vapour and air enters the reactor, the exit flow of H2O(v) is negligi-

ble for a few minutes as most of it is consumed by the hydration of

the solids. As a consequence of the exothermic reaction, the tem-

peratures of the bed and heaters around the reaction area increase

(see Fig. 3c and the TW1 and TW2 of Heater 2 in Fig. 3d). As

expected, in the hydration reaction, the power required to main-

tain the reactor temperature becomes zero as the exothermic

hydration reaction is sufficient to compensate for heat losses dur-

ing this period and to satisfy the energy requirements for heating

up the gas entering the reactor. As the conversion of the solids

Fig. 3. Main signals measured vs time during a typical dehydration/hydration test in the batch fluidized bed using 1.8 kg of CaO/Ca(OH)2 solids (dp = 200–400 lm). a) Power

delivered to the reaction section by the Electric Heater 2. b) Input and exit mass flows of H2O(v) (mH2O) and volumetric flow of air (QAir). c) Temperatures of the bed of solids

and d) at the electric heater walls.
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and their temperature increase (no means of cooling the bed are

available) the hydration reaction slows down because the condi-

tions get closer and closer to equilibrium. As in the case of dehy-

dration, the mH2O,in and mH2O,exit values are continuously

monitored and the end of the hydration reaction (at around min

92) is established both by the signal from the hygrometers (when

mH2O,exit approaches mH2O,in) and by a rapid decrease in the bed

temperature (indicating the virtual end of the exothermic hydra-

tion reaction), as can be appreciated in Fig. 3c and d. Indeed, at

around 103 min in this example, when the hydration reaction

has finished, the electric power supply (Fig. 3a) is again required

to maintain the bed temperature at the pre-set set point and to

compensate for heat losses. From these experimental times (i.e.

with no reaction in the bed and constant temperature), the overall

scale of the heat losses can be estimated in 0.4–0.5 kWth for tem-

peratures of 400–500 °C.

3.2. Experimental results

Following the procedure described above, several tests were

performed to study the effect of the mass of CaO material in the

bed, the gas velocity, the H2O(v) fraction and the temperatures

upon the hydration and dehydration reactions in the FB experi-

mental set up. Tables 1 and 2 contain the most relevant operation

conditions for selected hydration and dehydration tests. Key exper-

imental variables for assessing reactor performance such as the

maximum solids conversion achieved by the solids loaded into

the bed (Xmax) which determines the moles of active material

inside the bed (NCa active = NCa total  Xmax) and the experimental

reaction times (texp) measured for each batch of solids are also

included in Tables 1 and 2. As was established in the TG tests

(see Section 3.3.), the CaO material tested in this work yielded Xmax

values between 0.2 and 0.4 (as a result of the severe calcination

conditions to which the CaCO3 precursor was subjected in order

to give the resulting material sufficient mechanical strength). The

different Xmax values calculated from the mass balance are linked

to different conversions of the batch of solids charged to the bed

(being the initial hydration and dehydration conversions

XHy,in = 0 and XDehy, in = Xmax respectively). Tables 1 and 2 also con-

tain the equilibrium H2O(v) fraction at two relevant experimental

temperatures of each experiment. In the case of the hydration tests

(Table 1), the experimental maximum temperature reached by the

bed (TBed, max at about 480 °C in Fig. 3c) is also shown. Note that for

most of the hydration tests performed so far there was an incre-

ment of 40–90 K with respect to the initial temperature.

As can be seen from the data in Table 1, most of the hydration

tests in the batch reactor under the operation conditions selected

lasted between 18 and 28 min. However, substantially longer

hydration times were measured for experimental tests n° 1–3.

For these tests, the conditions were considerably closer to equilib-

rium (as a consequence of the high increase in bed temperature

during testing and the low input gas velocities). This made the

overall reaction go slower and so the reaction times were almost

three times longer than in the other tests. The slightly lower reac-

tion time of test n° 1 compared to test n° 2 can be attributed to the

higher operating temperature, which favors faster hydration reac-

tion rates for a similar difference between the input and equilib-

rium H2O(v) fraction. On the other hand, longer reaction times are

measured as the bed temperature is considerably increased along

the hydration reaction (i.e. TBed around 500 °C along test n° 3). If

the temperature of the bed could be maintained at a lower

TBed, max (by extracting heat from the bed) the reaction time neces-

sary to achieve the maximum solids conversion would be shorter,

as in the case of tests n° 4 and 5.

The effect of the active mass of Ca can be appreciated by com-

paring tests n° 6, 7 and 8 at the same gas velocity and similar dif-

ferences between the input and equilibrium H2O(v) fractions. As

expected, as NCa active increases the hydration reaction time also

increases. Longer reaction times can be expected for test n°6 com-

pared to tests n° 7 and 8, as the number of moles of active material

is almost doubled in test n° 6. However, it is worth noting that the

evolution of the bed temperature during the hydration tests can

fluctuate slightly from one test to another. Differences of around

10 K (as in the case of these tests) can have a significant impact

on the reaction rates as we are operating at conditions close to

equilibrium. Finally, in tests n° 9 and 10 the effect of the H2O(v)

fraction and the temperature of the bed are studied. In test n° 9

a greater difference between the input and equilibrium H2O(v) frac-

tion was observed as a consequence of the smaller increase in bed

temperature. This effect, combined with the slightly higher gas

velocity, reduces the reaction time of test n° 9 considerably com-

pared to test n° 10 for a similar amount of active material.

In addressing the experimental conditions and results compiled

in Table 2 for dehydration experiments, it must be borne in mind

that due to certain limitations in the experimental facility (a lim-

ited maximum temperature) we were forced to perform most of

the dehydration tests under a low H2O(v) fractions (<0.1). Further-

more, for the same reason, control of the bed temperature during

dehydration was difficult in some of the tests as the bed tempera-

ture tended to decrease as a consequence of the endothermic dehy-

dration reaction (in some cases by as much as 50 K, see TBed,in and

TBed,min in Table 2).

Despite these limitations, the experiments provided valuable

information for model validation purposes. Some tests, performed

under a low H2O(v) fraction at the input, revealed clearly the effect

of the bed temperature over the experimental times (see tests n°

11–13 with decreasing texp as TBed,min increases). As expected,

when no water vapour is introduced to the bed and the gas velocity

Table 1

Summary of the most relevant testing operation conditions and results corresponding to hydration. Initial hydration conversion, XHy,in = 0.

Hydration

Test n° MCaO (kg) TBed,in (°C) TBed,max (°C) mH2O,in mH2O,eq TBed in
*

mH2O,eq TBed max
* uTbed, in (m/s) Xmax (mol H2O/mol Ca total) NCa active (mol) texp (min)

1 2.5 460 510 0.84 0.30 0.81 0.39 0.45 20.1 50

2 2.1 450 487 0.57 0.24 0.52 0.39 0.20 7.5 58

3 2.1 494 506 0.82 0.60 0.76 0.39 0.26 9.8 65

4 2.1 395 485 0.57 0.06 0.50 0.39 0.51 19.1 41

5 1.8 451 495 0.84 0.24 0.61 0.39 0.28 9.0 22

6 1.8 390 481 0.57 0.06 0.46 0.43 0.35 11.3 23

7 2.5 395 489 0.57 0.06 0.54 0.43 0.11 4.9 18

8 1.8 440 485 0.57 0.19 0.50 0.46 0.15 4.8 18

9 2.5 455 490 0.67 0.27 0.55 0.39 0.09 4.0 18

10 2.1 450 508 0.82 0.24 0.78 0.35 0.10 3.8 28

* Equilibrium H2O(v) fractions provided by Barin [38].
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is kept high enough to ensure that vH2O,exit is far from equilibrium,

the dehydration reaction is relatively fast and the reaction times

can be reduced (as in test n° 15 compared to test n° 12). In contrast,

the reaction times are longer as the gas velocity decreases and the

amount of active material inside the bed increases (see tests n° 16

and 17). The effect of the mass of active material is further evalu-

ated in tests n° 18–20, where extended dehydration times are

needed as the mass of active material increases, while the rest of

the operation conditions are maintained.

In general, and taking into account the limitations of this exper-

imental set up, the results shown in Tables 1 and 2 are in qualita-

tive agreement with the expected effects of the different variables

studied in this work upon the hydration and dehydration reactions

in the experimental set up based on the CaO/Ca(OH)2 equilibrium.

However, to ensure a more rigorous evaluation of these trends, a

basic bubbling batch reactor model was adapted to the conditions

of the experiments of this study.

3.3. Reactor model

The reactor model developed in this work for the hydration of

CaO and the dehydration of Ca(OH)2 is a classic bubbling bed

model [26] schematically shown in Fig. 4. The figure represents

two cases, in which there is an axial profile of partial pressure of

water vapour in the bubbling phase (free of solids) as a result of

the gas-solid reactions taking place in the emulsion phase

(assumed to be at minimum fluidization conditions). A certain

exchange of gas is allowed between the bubble and emulsion

phase. The objective of the reaction model is to estimate the axial

profile of the partial pressure of water vapour in the reactor that

will determine the water vapour concentration at the exit of the

reactor and hence the overall reactor efficiency during hydration

and dehydration. This can be then compared and validated against

the experimental results discussed in previous sections.

The model is solved assuming plug flow (PFR) for the gas in the

bubble phase and perfect mixing (CSTR) of the gas and solids (mH2O,

e constant along the emulsion phase for a given time t). Bubbling

properties and their related model parameters are considered to

be constant despite the changes that take place in the reactor with

time (such as solids conversion) and location (as water vapour

appears or disappears from the gas phase, generating changes in

phase volume fractions, as indicated in Fig. 4). These assumptions

are a simplification consistent with the level of experimental infor-

mation available (i.e. no experimental information on axial concen-

tration profiles or changes in bubble properties is available). For

larger reactor beds operated in pure H2O(v) and/or very active

materials, the changes in fluid volume as consequence of the

variation in the total molar flow due to the reaction should be

taken into consideration, as they will have an influence on

hydrodynamics of the bubbles, especially in beds of small particles

[36]. It is also assumed that the gas in excess of what is required for

incipient fluidization passes through the bubbles (which are of uni-

form size) and that each bubble exchanges gas with the emulsion

phase as it rises. There is no gas-solid reaction in the bubbles, only

in the emulsion phase.

Furthermore, a key assumption for solving the model involves

the simplifications needed to avoid having to formulate the bub-

bling model in dynamic conditions where bed characteristics

change with time (i.e. having to account for the change in conver-

sion with time as the conversion of the solids progresses towards

full hydration or dehydration conditions and the end of the reac-

tion leading to the complete conversion of the solids). It can be

assumed that during the short time relevant for the gas passing

through the bed (of the order of one second) the change in the con-

version of the solids is negligible and the gas is put in contact with

a bed of constant solid properties (pseudo-stationary state

assumption). As mentioned below, an overall mass balance of the

reactor over time can be applied to correct the solids conversion

over time.

For the sake of conciseness, the mass balances of the model are

described below only for the hydration step, as the same procedure

can be applied for dehydration, by merely changing the sign of the

reacting flows of H2O(v). For a given set of bed characteristics at a

certain time t (input variables of Fig. 4 and an average solids hydra-

tion conversion achieved at a time t) the mass balance for the

water vapour in a control volume of the complete reactor (in molar

flows of H2O(v)) can be written as follows:

FH2O;Hy in  FH2O;Hy exit ¼ NCa active " rHy; e ð2Þ

where the term rHy,e is given by the reaction kinetics of the material

[35] in the emulsion environment (assumed to be well mixed for

gas and solids):

rHy; e ¼ kHyðmH2O; e  mH2O; eqÞð1 XHyÞ
2=3 ð3Þ

kHy being the effective kinetic constant of the material reacting in

the emulsion phase.

The solution of the mass balance (2) requires the calculation of

the fraction of H2O(v) in the emulsion, mH2O,e, which depends on the

intensity or efficiency of the gas exchange between the bubble and

emulsion phases (i.e. the cross flow factor, Xfactor, from the David-

son and Harrison [37] model for a two-phase fluidized bed). Low

values of Xfactor indicate that more gas tends to bypass the reactor

through bubbles without reacting, while a high Xfactor value implies

a high rate of gas interchange between phases. Therefore the Xfactor

is used here to link the H2O(v) fraction in the bubble and emulsion

phases, mH2O,b and mH2O,e respectively through the following mass

balance [37]:

Table 2

Summary of the most relevant testing operation conditions and results corresponding to dehydration. Initial dehydration conversion, XDehy,in = Xmax.

Dehydration

Test n° MCaO

(kg)

TBed,in
(°C)

TBed,min

(°C)

mH2O,

in

mH2O,eq TBed in
*

mH2O,eq TBed min
* uTbed, in (m/s) Xmax (mol H2O/mol Ca total) NCa active (mol) texp

(min)

11 2.1 450 450 0.08 0.24 0.24 0.50 0.35 13.1 180

12 2.2 500 470 0.08 0.67 0.37 0.53 0.39 15.3 23

13 2.1 500 500 0.08 0.67 0.67 0.53 0.35 13.1 13

14 1.8 500 450 0 0.67 0.24 0.50 0.28 9.0 22

15 2.5 500 480 0 0.67 0.45 0.50 0.30 13.4 14

16 2.5 455 431 0 0.27 0.15 0.31 0.34 15.2 63

17 1.8 450 441 0 0.24 0.19 0.40 0.30 9.6 33

18 1.8 460 431 0 0.30 0.15 0.47 0.22 7.1 22

19 2.5 460 433 0 0.30 0.16 0.47 0.18 8.0 30

20 2.1 450 446 0 0.24 0.22 0.46 0.27 10.1 43

* Equilibrium H2O(v) fractions provided by Barin [38].
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 VbubðdmH2O;b=dZÞ ¼ ðqb þ kGSbÞðmH2O;b  mH2O;eÞ ð4Þ

where ub represents the bubble rising velocity and qb and kG the

convective throughflow in and out of the bubble and the mass

transfer between the main volume of the bubble (with mH2O,b) and
the bubble walls (with mH2O,e) respectively for a bubble of volume

Vb and surface area Sb in a bed of height Z. These terms can be

related with the interchange coefficient [26], Kbe = (qb + kGSb)/Vb,

as follows:

 dmH2O;b=dZ ¼ ðKbe=ubÞðmH2O;b  mH2O;eÞ ð5Þ

Integrating Eq. (5) between the input (Z = 0) and exit (Z) condi-

tions and using the boundary condition mH2O,b = mH2O, b in at the

input, gives:

mH2O;b exit ¼ mH2O;e þ ðmH2O;b in  mH2O;eÞ % expð XfactorÞ ð6Þ

where the dimensionless cross flow factor can be related with the

Kunii-Levenspiel interchange coefficient [26], Kbe as follows:

Xfactor ¼ ðKbeZÞ=ub ð7Þ

The H2O(v) fraction at the exit (vH2O, exit) can be calculated with a

mass balance to estimate the average concentration in the bubble

and emulsion phases:

mH2O;exit ¼ mH2O;e % ðumf=uÞ þ mH2O;b exit % ððu umfÞ=uÞ ð8Þ

and related with the exit molar flow of H2O(v) as follows:

FH2O;Hy exit ¼ ðFair % mH2O;exitÞ=ð1 mH2O;exitÞ ð9Þ

Finally, in order to correct the solids conversion over time, the

overall mass balance of the reactor is considered:

XHy;tþDt ¼ XHy;t þ
ðFH2O;Hy in  FH2O;Hy exitÞ

NCa active

ðt þ DtÞ ð10Þ

At this point, the model can be solved by iterating on the

FH2O, Hy exit values that make the solids conversion in the emulsion

phase calculated from Eq. (10) the same that from Eq. (3). To solve

the model several variables characteristic of each experiment are

required as input data: the moles of active Ca inside the reactor

(NCa active), the input molar flows of steam and inert gas (FH2O, in

and Fair respectively) and the temperature inside the bed (TBed).

Information and kinetic parameters related to the hydration and

dehydration reactions are also required. As can be seen from Eq.

(3) we have modeled the reactions as a shrinking core model as

in a previous work [35] where values for the pre-exponential factor

of 2.5 & 10 6 and 5.2 & 102 s 1 (for a particle size of 100–200 lm)

and activation energies of 59.4 & 103 and 60.8 & 103 J/mol for

hydration and dehydration respectively were obtained. However,

these results were obtained in tests using CaO materials of very

high inherent reactivity (i.e. high surface area). Also, complete con-

version was measured for those reference CaO materials (obtained

from the calcination of CaCO3 at 850 �C, as described in [35]). In

contrast, the materials used for the pilot in this study were com-

mercial ‘‘overburned” lime materials (obtained from the calcina-

tion of CaCO3 at around 1000 �C) of lower reactivity and higher

mechanical strength chosen to minimize attrition losses during

the experiments. Therefore, a re-evaluation of the kinetic parame-

ters of these materials was necessary using the thermogravimetric

equipment and methodology described elsewhere for more reac-

tive lime samples [35]. TG hydration and dehydration tests of the

CaO material (as received) and also cycled samples from experi-

ments from the reactor pilot plant were carried out at tempera-

tures between 400 and 550 �C and at different H2O(v) fractions

ranging from air to pure H2O(v). Significantly, a maximum hydra-

tion conversion of only 0.2–0.4 was recorded for all these CaO

materials that already showed substantial mass transfer limita-

tions at particle level to the progression of the hydration reaction

Fig. 4. Schematic representation of the reactor during hydration (left) and dehydration (right), with an introduction to the notation employed for the main variables in the

reactor model.
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as a Ca(OH)2 layer is formed on free surfaces of CaO (that are

known to decrease with increasing calcination temperatures). It

is beyond the scope of this study to analyze in detail the mecha-

nism behind this change in reactivity of CaO as the calcination

temperature of the precursor increases, but these results highlight

the importance of using reliable kinetic parameters in the reactor

model.

Examples of typical thermogravimetric results using bed mate-

rial are shown in Fig. 5 including the best fit curves for the kinetic

model described elsewhere adapted to accept a different pre-

exponential factor but the same activation energy during hydra-

tion, while maintaining both the pre-exponential factor and the

activation energy values for the dehydration reaction. For the con-

version shown in Fig. 5 the moles of active CaO are used, taking

into account the lower maximum conversion values measured

for this material (Xmax between 0.2 and 0.4).

The results of Fig. 5a indicate that the hydration of the materials

used in the reactor test evolves at a rate which is about 1/5 of that

of the hydration test of the reference CaO materials used in a pre-

vious work [35]. In contrast, the dehydration part of the cycles

(Fig. 5b) revealed rates of dehydration fully consistent with the ref-

erence materials (i.e. with the same pre-exponential factor and

activation energies). Although these findings do not come within

the scope of this paper, they indicate that the mechanism of dehy-

dration is much less sensitive to the textural properties of the

dehydrating material. Nevertheless, these kinetic parameters for

hydration and dehydration reactions (maintaining the same values

as those obtained for the reference CaO materials used in a previ-

ous work [35], except 1/5 pre-exponential factor for the hydration

reaction) have been introduced into the reactor model described

above for the final validation of the model against the experimen-

tal results described in Section 3.2.

3.4. Reactor model validation

Predictions given by the reactor model described in Section 3.3.

have been compared with the experimental results to assist in the

interpretation of the results obtained from the facility. As men-

tioned above, the reactor model requires only one single adjustable

parameter to characterize the bubble-emulsion mass transfer, the

Xfactor. The remaining input parameters for each test are experi-

mental conditions: NCa active, FH2O, in, Fair and TBed. The TBed evolu-

tion with time is introduced to the model as an input data from

experimental measurements. The TBed profile in an adiabatic reac-

tor could be estimated from a heat balance of the reactor to

account for the reaction enthalpy and input and output flow of

gases. However, such a heat balance would be too complex for this

particular facility as it would be necessary to precisely estimate for

the setup of Fig. 2 heat losses, the thermal inertia of the reactor,

bed, refractories and instruments, etc.

Figs. 6 and 7 show experimental curves representing the molar

H2O(v) flow measured at the exit of the reactor (dots) and the pre-

dictions given by the model (lines) described above for some

selected tests of hydration and dehydration shown in Tables 1

and 2. In all cases, a single cross flow factor of 1.5 has been applied

to fit the experimental results shown in Figs. 6 and 7. As can be

seen, there is a good agreement between the experimental results

even with this simplified model when using this single parameter.

The low Xfactor value required compared to others reported for

other reactor systems (typically around 3 [37]) indicates a rela-

tively poor gas exchange efficiency between the bubble and emul-

sion phases during the tests performed in this experimental

facility.

In the case of the hydration reaction, it is possible to fit the

results using the same Xfactor  1.5, but any Xfactor > 1.5 can be also

used to obtain a marginally better fit. This is a clear indication that

the relatively slower hydration kinetics under these test conditions

and for this material (see Fig. 5) is controlling the overall process of

the reaction in the bed and that the bubble-emulsion mass transfer

resistances can be ignored. Furthermore, as shown in Fig. 6, during

most of the hydration tests (except for the first 2–3 testing min-

utes), the change in molar flow of H2O(v) between the input and

exit of the bed is very low. This means that during hydration the

FB reactor approaches to a differential reactor with only small

changes in the water vapour concentration inside the bed which

means that mH2O,e is close to mH2O,b.
In contrast, the effect of the mass transfer resistance repre-

sented by the cross flow factor during dehydration is much more

Fig. 5. a) Hydration and b) dehydration conversion of the active CaO (XHy and XDehy) vs time for the CaO sample provided by Carmeuse for a dp of 100–200 lm tested at

different temperatures and H2O(v) partial pressures. Lines corresponding to the kinetic model [35] applying kHy = 0.2 � kHy ref and kDehy = kDehy ref. Note the different time scale

in both graphs.
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noticeable. As highlighted in Section 3.3, the dehydration reaction

was found to be faster than hydration under equivalent operation

conditions (i.e. compared to the reference CaO material of [35]).

However, at the high gas velocities of the experimental tests

described in this work, the large bubbles that can be expected in

the bed during dehydration (growing in size) will not favor the

mass transfer between phases and could also induce slugging or

other effects that will reduce effective contact between the bubbles

and the emulsion during the fast dehydration reaction. The low

cross flow factor needed to fit the results indicates that the parti-

cles in the emulsion phase will be surrounded by a richer atmo-

sphere of water vapour (mH2O,e > mH2O,b) resulting from the

dehydration of the solids in the emulsion phase, that will make

their reaction rate proceed more slowly. In addition, an additional

mechanism to explain the relatively low values of Xfactor needed to

fit the dehydration results could be proposed: the gas exchange

mechanism to transport fresh air from the bubbles to the sur-

roundings of the particles, thereby reducing the fraction of H2O(v)

around the particles, will meet during dehydration a net flow of

gas (the H2O(v) resulting from dehydration) flowing from the oppo-

site direction. The overall effect will be a lower driving force for the

transfer of gas from the bubble (diluted in H2O(v)) to the emulsion

phase.

To illustrate the impact of the Xfactor as a fitting parameter for

the reactor results during hydration and dehydration, we carried

out a sensitivity analysis as shown in Fig. 8 where different calcu-

lated FH2O, exit curves vs time have been plotted for different Xfactor

values. For this sensitivity analysis the temperature in the reactor

was assumed to be constant with time. As can be seen, during

hydration the effect of the Xfactor is less pronounced as a conse-

quence of strong kinetic control of the relatively slow hydration

rates of the particles in the bed. In contrast, the fast dehydration

reaction is greatly influenced by the Xfactor values, which is consis-

tent with the large mass transfer control reflected in the experi-

mental results. In this case, in comparison with the predicted

dehydration times, differences of around 14 min for Xfactor values

between 0.5 and 5 are observed (compared to only 4 min for the

hydration reaction).

The high mass transfer limitations detected during some of the

reactor tests described in this work need to be put in context when

applied to conditions in large scale systems, where both hydration

and dehydration reactions will probably be performed under

steady state conditions with a high concentration of H2O(v) in con-

tinuous reactors [16]. Work is ongoing to build a continuous pilot

plant within the framework of the Storre project to test these con-

ditions. Nevertheless, the model discussed in this paper provides a

Fig. 6. Experimental and model-predicted molar flow of H2O(v) during hydration (FH2O, Hy) and bed temperature (TBed) vs time for tests a) n° 6, b) n° 7, c) n° 8 and d) n° 9. In all

cases the Xfactor = 1.5. The input molar flow of H2O(v) (FH2O,in) is represented as dotted lines for reference.
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basis for scaling up the results of this study to more realistic con-

ditions in future large scale CaO/Ca(OH)2 energy storage systems.

4. Conclusions

The CaO/Ca(OH)2 hydration/dehydration reactions for future

energy storage systems for their application in CSP systems have

been investigated in a batch fluidized bed operated at high gas flu-

idization velocities (0.3–0.5 m/s), temperatures of around 400–

500 °C and H2O(v) fractions of up to 0.84. Experimental information

has been obtained for validating a standard bubbling reactor model

by using just one single parameter, the cross flow factor, to model

the experimental results obtained. Kinetic information at particle

level obtained from TG tests was needed by the model to derive

coherent cross flow factors of around 1.5. Hydration reaction rates

were found to be 5 times slower than the reference CaO (as a con-

sequence of the severe calcination process undergone by the sam-

ples), while the dehydration kinetics were of the same order of

magnitude as the highly active reference CaO materials used in

previous works. Once the kinetics parameters have been taken into

account, the model fits well to the experimental hydration results

with cross flow factors higher than 1.5 as the slow kinetics controls

the reaction inside the bed. On the other hand, a relatively large

Fig. 7. Experimental and model-predicted molar flow of H2O(v) during dehydration (FH2O, Dehy) and bed temperature (TBed) vs time for tests a) n° 15, b) n° 14, c) n° 17 and d) n°

16. In all cases the Xfactor = 1.5.

Fig. 8. Effect of the Xfactor on the prediction given by the reactor model. TBed =

455 °C, NCa active = 10 mol, mH2O, Hy in = 0.5, mH2O, Dehy in = 0, uTbed, Hy in = 0.3 m/s and

uTbed, Dehy in = 0.5 m/s.
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bubble-emulsion mass transfer resistance was observed in the

dehydration test (cross flow factor values of around 1.5 were

required to fit the results). Although more experimental studies

are required (in particular in future continuous pilot units) the cur-

rent level of validation provided by the model offers encouraging

support for the scaling-up of bubbling fluidized bed reactors for

thermochemical energy storage applications using the interesting

temperature windows of the CaO/Ca(OH)2 reversible reaction loop

with pure steam.
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Abstract. The CaO/Ca(OH)2 hydration/dehydration reaction has long been identified as a attractive method for storing 

CSP heat. However, the technology applications are still at laboratory scale (TG or small fixed beds). The objective of 

this work is to investigate the hydration and dehydration reactions performance in a bubbling fluidized bed (BFB) which 

offers a good potential with regards to heat and mass transfers and upscaling at industrial level. The reactions are first 

investigated in a 5.5 kW batch BFB, the main conditions are the bed temperature (400-500°C), the molar fraction of 

steam in the fluidizing gas (0-0.8), the fluidizing gas velocity (0.2-0.7 m/s) and the mass of lime in the batch (1.5-3.5 kg). 

To assist in the interpretation of the experimental results, a standard 1D bubbling reactor model is formulated and fitted 

to the experimental results. The results indicate that the hydration reaction is mainly controlled by the slow kinetics of the 

CaO material tested while significant emulsion-bubble mass-transfer resistances are identified during dehydration due to 

the much faster dehydration kinetics. In the continuity of these preliminary investigations, a continuous 15.5 kW BFB 

set-up has been designed, manufactured and started with the objective to operate the hydration and dehydration reactions 

in steady state during a few hours, and to investigate conditions of faster reactivity such as higher steam molar fractions 

(up to 1), temperatures (up to 600°C) and velocities (up to 1.5 m/s).   

INTRODUCTION 

Heat storage is a technical and economic key issue for Concentrated Solar Power (CSP) plants in order to match 

electricity production with demand at low cost. Compared to sensible or latent heat storage technologies, 

thermochemical heat storage (TCS) interest is based on its higher energy storage density (300-500 kWh/m3)  and its 

potential for longer storage periods. However the technology is far away from industrial maturity. Indeed, only a 

few research programs have investigated thermochemical storage at a level higher than thermogravimetric (TG) 

equipment. The EU FP7 Storre project (www.storre-project.eu ) project was designed to cover some of these gaps of 

knowledge. The conceptual integration of the storage system in the solar plant and the overall energy efficiency and 

economic interest have also to be addressed in Storre, but are beyond the scope of this paper.  
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REACTION AND REACTOR 

The first question to address in a thermochemical energy storage project is the choice of the chemical reaction 

couple. Previous reviews [1, 2, 3, 4] have identified the reactions in the range 300-600°C, most of them being solid-

gas reactions. Among these reaction systems, the hydration and dehydration of natural lime was chosen as a 

promising reversible reaction for CSP plants because the range of temperature of this reaction, 400-600°C, was in 

good agreement with CSP levels of temperatures, the storage density was high, the reversibility of the reaction was 

proven in TGA and the products were non-hazardous, abundant and cheap. The reaction system follows: 

CaO(s) + H2O(v) � Ca(OH)2 (s)  DHº298K=-109 kJ/mol 

Even if these reactions have been widely studied [5, 6, 7, 8, 9], few extensive kinetics models were existing and 

exhibited some discrepancies [10, 11]. The reaction intrinsic kinetics was studied again [12] and revealed fast 

reaction rates in the minute range duration, suitable for a continuous process. As the endothermic and exothermic 

reactions are both gas-solid reactions and highly energetic (1850 kJ/kg of CaO), the reactor had to be designed in 

order to minimize the heat and mass transfer limitations and to behave as close as possible to a perfect kinetics-

limited system. Moreover, the reactor had to be up scalable industrially in the 100MWth range. These considerations 

led to choose fluidized beds as the more promising technology, as they were widely studied in other applications 

[13] and are fully industrial as boilers. They can be up scaled to high velocity operations and exhibit a reasonable

high thermal transfer between the bed emulsion and walls either to bring the heat during the endothermal reaction or

to remove it during the exothermal one. Both circulating (CFB) and bubbling fluidized beds (BFB) are mature

technologies and could be considered. Bubbling fluidized bed technology was in the end chosen because the heat

transfer between the bed and a submerged heat exchanger is higher on one hand, and because it is better adapted to

larger particles in the range 200 to 2000 µm on the other hand. Material properties improvement is beyond the scope

of this paper but is indeed a main issue for the development of chemical storage using CaO/Ca(OH)2. For example,

an improved material was manufactured in the frame of the Storre project and had the shape of spheres with a

diameter in the range of 500-2000 µm.

The reactor concept will thus be a bubbling fluidized bed continuously fed with the solid reactant and a 

fluidizing gas that transports the reactant gas (steam) coupled with a submerged heat-exchanger that will provide 

heat for dehydration during the charging period and recover heat of hydration during the discharging period. The 

conceptual design of the storage process developed in Storre is summarized on Fig.1. During the charge step, lime 

stored in a cold solids silo at low temperature is fed in a FB reactor where it is heated to the dehydration 

temperature, dehydrated and superheated, then the outcome solid is stored in a hot solids storage silo. The power 

input (QIN) coming from the solar field can be transported indirectly by a heat transfer fluid or directly in a particle 

solar receiver as suggested by some authors [14, 15, 16]. During the discharge step, the calcium oxide CaO coming 

from the hot solids silo at high temperature feeds the hydration FB reactor and releases both sensible heat (QOUTs1 

and QOUTs2) and heat of reaction (QOUTr) that are used either to heat a heat transfer fluid such as molten salts or 

directly to preheat, vaporize and superheat the high pressure steam of the power cycle. The outlet hydrated solid is 

stored again in the cold solids storage silo. This hydration heat-exchanger reactor can be arranged in a succession of 

perfectly mixed BFB reactors as represented on Fig.1 or have a form of a single long fluidized bed rather similar to a 

counterflow tube-calendar heat-exchanger [17].  

A more detailed investigation of this energy storage system and its thermal integration within the solar field and 

steam power cycle is being investigated in the Storre project but is beyond the scope of this work. The present study 

is focused on the performance of the gas-solid reactor and on the hydration and dehydration reactions in the 

fluidized beds of Fig. 1. To our knowledge, only a previous study by P. Pardo [18] reported experimental results of 

lime hydration and dehydration in a 5.5 kW bubbling fluidized bed. However, the operational  parameters in such 

study where relatively narrow when compared to realistic operating conditions at industrial scale: fine particle 

materials in the range 5-10 µm that could not be fluidized alone (Class C in the Geldard classification), low 

superficial velocity of the fluidizing gas (max 0.1 m/s), low partial pressure of steam (max 0.2 bars). The parameters 

targets in this work were 200-2000µm for the particle diameters, a fluidizing velocity up to 1.5 m/s, and pure steam 

as fluidizing gas. As the equilibrium temperature is 507°C for a steam pressure of 1 bar, the bed temperature should 

be above 550°C during dehydration to have a fast enough conversion rate. 
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FIGURE 1. Basic schematic process view of the CaO/Ca(OH)2 energy storage system. 

BATCH BFB PROGRAM 

Batch Experimental Setup 

The objective of the Storre project was to build and operate a continuous bubbling fluidized bed with a reaction 

power of 5 kW. In the meantime of the design and manufacture, the facility described in [18] was upgraded to 

increase the gas velocity and to reduce the heat losses in the reactor. The experimental set up is based on a batch 

BFB, the simplified scheme is depicted on Fig.2.   

The reactor bed is made of stainless steel 316L and consists of a cylinder with a diameter of 108 mm and a 

height of 900 mm operating slightly above atmospheric pressure. The gas distributor is made of a grid of 21 drilled 

screws. The fluidizing and reactive gas is a mixture of superheated dry air and steam, the partial pressure of the 

mixture is controlled by the upstream circuit flowmeters-regulators. At the top of the bed, a 0.55 m high conical 

expansion prevents excessive slug expansion and solids entrainment. A 5.5 kW and 500 mm high electric heater 

(heater 2 on Fig.2) placed on the external surface of the reactor provides the hydration power, the other electric 

heaters (heaters 1, 3, 4) compensate the heat losses. There is no cooling system, the dehydration power is dissipated 

by heat losses only.  

The conversion of the solids during the reaction is continuously measured by the difference of the steam 

flowrates at the inlet and outlet of the bed. At the inlet the steam flowrate is measured in liquid phase by a mass 

flowmeter and at the outlet it is calculated by measuring the gas moisture and temperature thanks to 2 hygrometers 

H1 and H2 located respectively after the reactor and after the filters. In order to decrease the gas temperature and the 

residence time in the filters (90 liters), an air flowrate is added downstream the reactor. 6 type K thermocouples  

measure the bed temperature along its height at +40, +140, +240 and +340 mm from the distributor,  and along  its 

radius R at +0R/3, +1R/3 and +2R/3. The wall temperatures are measured by 2 thermocouples on each heater zone 

but cannot be considered as precise measures because of heating wires proximity. The absolute pressures are 

measured before and after the reactor. The electric powers of the heaters are not measured and are given by the 

regulator order. 

The operating parameters are the initial mass of solids (1.5 to 3.5 kg), the fluidizing gas velocity (0.1 to 1 m/s), 

the particle size (100 to 800µm), the partial pressure of steam at the bottom of the bed (0 to 0.8 bars) and the 

temperature in the bed (400 to 500°C). The kinetics studies have shown that the particle diameter is not a parameter 

in itself, but it allows to vary the fluidizing velocity in a larger range. 
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FIGURE 2. Schematic view of the batch experimental setup.  

Lime Material 

The lime for all the tests is a commercial grade, 95%w CaO, supplied by CARMEUSE, obtained by the 

calcination of CaCO3 at 1000°C, separated in 4 lots of particle size by sieving, 100-200µm, 200-400µm, 400-600µm 

and 600-800µm and delivered in the CaO form in tight buckets. 

The lime chemical activity was tested on a thermogravimetric (TG) equipment previously used for the kinetics 

model tests [12]. Probably due to its high calcination temperature, the lime has a moderate conversion yield of about 

0.3 when calculated on the total mass and a hydration kinetics slowed by a factor of five compared to the kinetics 

model established on very reactive lime. The dehydration kinetics is in good agreement with the kinetics model.  

Batch Experimental Procedure 

In a typical test, between 1.5 to 3.5 kg of fresh calcium oxide is weighed and put in the reactor, then the reactor 

is closed and heated up by the reactor�s heaters, this operation can last one hour due to the inertia of the system. In 

the meantime, the air flowrate upstream the reactor is set and heated in order to preheat the filters located after the 

reactor. This air flows in a circuit that by-passes the reactor in order to avoid any start of reaction in the bed of lime. 

When the circuits are preheated enough to avoid condensation, the steam can be started if needed. Once the system 

is in steady state, the bypass valve is switched off to allow the mixture of air and steam to enter the fluidized bed. 

This moment corresponds to the beginning of the test and the fast transient variation of the parameters. The end of 

the test is detected both by the transient signal of the hygrometers and the electric power of the heater 2. When the 

test is finished, the facility is prepared for another test by switching on the bypass valve and changing the bed 

temperature and steam molar fraction parameters. The same lime batch will be used for several cycles, one cycle 

corresponding to a full hydration-dehydration loop.  

Batch Experimental Results 

78 tests (reference is #n°test) were performed on the batch facility, about which 30 are completely reliable and 

were used for the model validation, they are summarized on Table 1. A minor number of tests have been done twice 

and showed a good repeatability. As some discrepancies were systematically noted between the signal of the 

hygrometers and the inlet water flowrate when no reaction was occurring, even after calibrating the hygrometers, a 

procedure of in-situ calibration was applied: the steam flowrate calculated from the hygrometers was corrected by a 

constant value for each test in order to have a good agreement during the bypass mode or after the end of the test 

(i.e. when the reaction has ceased). A typical dehydration test (#45) and hydration test (#52) are shown on Fig.3. For 
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simplicity, the parameters that do not vary (fluidizing velocity, air flowrates and electric power of heaters 1, 3 and 4) 

are not shown. The inlet and outlet steam flowrates, the bed temperature and the electric power of heater 2 are given 

versus time. 

(a) (b) 

FIGURE 3. Evolution of the main test parameters during hydration #45 (a) and dehydration #52 (b) 

The hydration reaction starts at +20 min when the mixture of steam and air start to fluidize the bed, the 

hygrometers show a sharp reduction of the steam flowrate downstream the reactor indicating that steam is consumed 

in the reaction. As the bed has no cooling sources, the bed temperature increases from 400 to 480°C and the electric 

heater compensates this internal source of heating by switching off the reactor heater. The increase of the bed 

temperature slows down the reaction speed as the operating conditions are closer now to the reaction equilibrium 

curve than at the beginning of the test. At +60 min, the steam depletion and the bed temperature are decreasing, 

showing that the reaction will soon be complete, it ends at +65 min.  

The dehydration conditions are more stable as the bed temperature is controlled by the electric heater power. The 

dehydration starts at +8 min when the air flow enters and fluidizes the bed. The dehydration has probably started 

during the heating of the fixed bed to the dehydration temperature in the bypass mode, as indicated by the sharp 

signal of the hygrometer H1 at the beginning of the test. Then the two hygrometers measure a steady production of 

steam, indicating that the dehydration takes place. The bed temperature is stable at 450°C because the dehydration 

heat is provided by the increase of the electric heater. At +62 min, the production of steam stops and the electric 

heater power decreases, indicating that the reaction is complete.  

Parameters Influence On The Reaction Activity 

When the parameters of the reaction are stable during the test, their effect can be highlighted by comparing 

directly the tests results. As explained earlier, it is easier to compare the dehydration tests because the bed 

temperature is steady. The main parameters are the bed temperature, the inlet partial pressure of steam, the fluidizing 

velocity and the mass of lime in the reactor. The particle diameter is not considered as a parameter on its own as it 

showed no effect on the reaction speed in TG tests, but it allows to increase the fluidizing velocity. In the test matrix 

of Table 1, dehydration part, the temperature influence can be evidenced by comparing tests #52 and #55, or #63, 

#50 and #58 or #44, #60 and #48. The steam pressure effect can be evidenced by comparing tests #63 and #44 or 

#50 and #60 or #58 and #48.The fluidizing velocity effect can be evidenced by comparing tests #52 and #63 or #55 

and #58. The mass of active lime can be evidenced by comparing tests #52 and #73 or #63 and #78. The direct 

comparison depicted on Fig.4 shows that the dehydration is enhanced by a high temperature, low steam fraction, low 

mass of solid and high fluidizing velocity and that the effect is higher when the reaction is slow. 
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TABLE 1. Hydration and dehydration test matrix 

(a) (b) 

FIGURE 4. Influence of bed temperature and steam fraction (a), mass of active lime and fluidizing velocity (b) on the 

dehydration reactivity  

Comparison To The Reactor Model 

The reactor model developed in this work for the hydration of CaO and the dehydration of Ca(OH)2 is a classic 

bubbling bed model  described elsewhere [19]. The model calculates an axial profile of partial pressure of water 

vapor in the bubbling phase (free of solids) as a result of the gas-solid reactions taking place in the emulsion phase 

(assumed to be minimum fluidization conditions). A certain exchange of gas is allowed between the bubble and 

emulsion phase. The main variables and equations of the model are described in [19].  

Figure 5 show experimental curves representing the molar H2O(v) flow measured at the outlet of the reactor (dots) 

and the predictions given by the model (lines) described above for some selected tests of hydration and dehydration 

shown in Table 1. In all cases, a single cross flow factor of 1.5 has been applied to fit the experimental results shown 

HYDRATION tests 

Particle size (µm) 200-400 600-800 200-400 

Mass of Batch (kg) 2.15 2.00 3.5

Fluid. Velocity (m/s) 0.4 0.2 0.7 0.4

Molar fraction of steam 0.5 0.8 0.5 0.8 0.3 0.5 0.5 0.8 

T bed 

(°C) 

initial 

400 
# 45 

# 62 

# 61 
# 57 # 70 

# 68 # 74 

430 # 54 

450 # 43 # 40 # 65 # 76 

480 # 51 
# 49 

# 67 

DEHYDRATION tests 

Particle size (µm) 200-400 600-800 200-400 

Mass of Batch (kg) 2.15 2.00 3.5 

Fluid. Velocity (m/s) 0.2 0.4 0.7 0.2 0.4 

Molar fraction of steam (-) 0 0.08 0 0.08 0 0.05 0 

T bed 

(°C) 

450 
# 52 #63 

# 46 

# 44 
# 73 # 78 

480 
# 50 # 60 

500 # 55 # 58 # 48 
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in Fig.5. As can be seen, there is a good agreement between the experimental results even with this simplified model 

when using this single parameter. The low Xfactor value required compared to others reported for other reactor 

systems (typically around 3 [20]) indicates a relatively poor gas exchange efficiency between the bubble and 

emulsion phases during the tests performed in this experimental facility.  

FIGURE 5. Experimental and model-predicted molar fractions of H2O(v) (Xmolar) at the outlet during hydration (a-c) and 

dehydration (d-f) vs time for different experimental batch tests (a #21, b #57, c #74, d #60, e #52 and f #73). In all cases the 

Xfactor=1.5. The input molar fraction of H2O(v) and bed temperature (TBed) are represented as dotted lines for reference. 

In summary, the CaO/Ca(OH)2 hydration/dehydration reaction for future energy storage systems has been 

successfully investigated in a batch fluidized bed operated at high gas fluidization velocities (0.2-0.7 m/s), 
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temperatures of around 400-500ºC and H2O(v) partial pressures of up to 0.84. Valuable information has been 

obtained for validating a standard bubbling reactor model by using just one single parameter, the cross flow factor, 

to model the experimental results obtained. The batch facility presents also some design limitations, for instance to 

operate tests under pure steam and to control the bed temperature during hydration, leading to some difficulties in 

analyzing the results. Therefore, a second facility was designed with the main objective to operate in a continuous 

and steady-state mode during a few hours 

THE CONTINUOUS BFB PROGRAM 

Continuous Experimental Set Up 

 The continuous bubbling fluidized bed facility aims at studying the chemical reactor of lime hydration and 

dehydration in steady-state conditions and for a range of parameters larger than the batch facility. In particular, the 

dehydration can be done under pure steam, and particles as big as 1.5 mm can be fluidized. The facility is designed 

for a reaction power of 5 kW, corresponding to a maximal flowrate of solid of 20 kg/h, it can be operated during 3 

hours at the maximal flowrate. The facility was designed for a small one-cell reactor. The technological solutions to 

move the solid might not be the best one at industrial scale, especially the diluted pneumatic transport that drives the 

solid from the reactor to the filter is indeed not the best economic choice. Many other solutions could be preferred at 

large scale, such as mechanical transport or dense phase transport, which is not feasible for a reactor with a volume 

of 7 liters and a solid flowrate of 20 kg/h.  

FIGURE 6. Schematic view of the continuous experimental setup.  

The reactor is similar to the batch BFB reactor and is a cylinder 108 mm of diameter and 780 mm of height, with 

no disengagement zone, it is made of Inconel 600 alloy to sustain temperatures as high as 800°C on the walls and is 

designed for a maximal pressure of 1.5 bars. It is heated by 2 main electric heaters of 6.5 kW each (Heaters 2 and 3) 

and a smaller one of 2.5 kW (Heater 4) and several other smaller heaters that compensate heat losses and preheat the 

inlet solid, the total heating power on the reactor is 20 kW. The reactor bed is cooled down by a submerged heat-

exchanger designed to remove 4 kW in the worse conditions, the heat transfer fluid (max 60 Nm3/h) is cold or warm 

air. The fluidizing gas is either pure air (max 40 Nm3/h) or pure steam (max 32 kg/h) or a mixture of these two 

gases. The air is preheated up to 200°C in a heater of 2.5 kW, the steam is vaporized and superheated up to 250°C in 

a steam generator of 28 kW, the mixture of fluidizing gas is superheated to the bed temperature in a superheater of 

3.5 kW (Heater 1) just below the entrance of the bed. The gas is introduced in the reactor through a heated cone 
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(Heater 1, 2.5 kW) and a gas distributor formed by 21 drilled screws. The air and steam circuits allow to set the 

fluidizing velocity and the steam molar fraction at the inlet of the bed.  

The solid powder is continuously and steadily fed during several hours by a feeding system including a hopper of 

80 liters, a cold regulating feeding screw, a rotary valve and a warm transport screw connected to the lower part of 

the reactor. A tight rotary valve prevents the hot steam and air to flow from the reactor to the hopper. In the hopper, 

a screw prevents the arching risks. The mixture of solid and gas is extracted from the reactor by a diluted pneumatic 

line cooled by natural convection and connected to a high temperature filter (max 200°C) where the gas is separated 

from the solid. To have a constant transport velocity close to 20 m/s, hot air (max 90 Nm3/h) is added to the mixture 

of gas and solid at the outlet of the reactor, this addition of air helps to cool down the gas-solid flow before the filter 

and to avoid condensation when the reactor is operated under pure steam. The solid is continuously removed from 

the filter volume by a system including a rotary valve and a hopper. The tight rotary valve prevents the hot air and 

steam to flow from the filter to the hopper. After the filter, 2 hygrometers measure the gas moisture and allow, by 

difference with the inlet steam, to calculate the instantaneous reaction conversion yield. The solid flowrate is 

measured by the rotation speed of the regulating screw after calibration tests on one hand and by the weight sensors 

set on each hopper on the other hand.  

Three thermocouples type K at 4 levels measure the bed temperature, 2 thermocouples type K measure the 

external wall temperature near each heater, the pressure is measured before the gas distributor, at 4 levels in the bed 

and after the filter. The electric power of all the heaters is measured. The cooling power of the heat-exchanger is 

calculated from the air flowrate and the inlet and outlet air temperatures. A sampling line allows to sample solid 

from the reactor during a test and to control the conversion yield by weighing the sample before and after full 

dehydration in a laboratory oven. 

FIGURE 7. Photo of the insulated facility (left) and of the BFB reactor (right) 

Lime Material 

The lime provided for the continuous tests is a commercial grade, 95%w CaO, supplied by CARMEUSE, 

obtained by the calcination of CaCO3 at 1000°C and sieved to separate the fine and big particles, the particle size 

range is 200-800 µm. The chemical behavior of this lime is similar to the lime used during the batch tests. 1000 kg 

of calcium oxide CaO were delivered in 5 tight barrels of 200 kg each. 

Continuous Experimental Procedures 

The air flowrates are set to their test values and the facility is preheated using the air flows and the wall heaters 

until the temperature on the hygrometers is close to 100°C, then the steam generator is started if steam is used 

during the test. The heat-exchanger circuit is switched on for hydration tests only. When the temperatures, flows and 

velocities are steady at their set value, the test can begin and the solid is fed to the reactor by switching on the 

feeding motors and setting the rotating speed of the regulation screw to the desired value. No bypass mode is 

necessary in this continuous procedure. The hopper n°1 starts to empty. When the screws and the reactor are full, the 

transport of solid starts and the hopper n°2 starts to fill. When the hopper n°1 is empty, the test is complete. The 

���������	�
	����
	���
��	�������	����	�����	�����	������������� ����



solid is transferred from the hopper n°2 to the hopper n°1 by gravity, the 2 hoppers being the one above the other, 

and a new test can be prepared.   

Continuous Experimental Results  

The commissioning of the continuous facility was done in May and June 2016 with no major difficulty. The 

solid was transported successfully in cold and in hot conditions at several flowrates from 5 to 20 kg/h. The air and 

steam circuits were tested up to their design flowrates and temperatures. In July, one dehydration test was done 

under pure air with a solid flowrate of 12 kg/h, a bed temperature of 550°C and a gas velocity of 0.6 m/s. Two 

hydrations were done for the same solid flowrate and gas velocity at 400°C, respectively with a steam fraction of 0.5 

and 1 (pure steam). The first experimental results should be available soon.  

Conclusion 

Following the batch experimental and model program, a continuous BFB facility was successfully designed, 

manufactured and started in the frame of the Storre European project (www.Storre-project.eu). This facility should 

provide more relevant experimental studies in order to validate a thermochemical BFB reactor model and to scale-up 

bubbling fluidized bed reactors for thermochemical energy storage applications based on the CaO/Ca(OH)2 

reversible reaction loop. 
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Continuous CaO/Ca(OH)2 fluidized bed reactor for energy storage: first 

experimental results and reactor model validation 

Sylvie Rougé*
a
, Yolanda A. Criado

b
, Olivier Soriano

a
 J. Carlos Abanades

b

a
Commissariat à l’Energie Atomique et aux Energies Alternatives, LITEN- CEA, 17 rue des martyrs, 38054, 

Grenoble Cedex 09, France  

b
CSIC-INCAR, C/ Francisco Pintado Fe, 26, 33011, Oviedo. Spain. 

*Corresponding Author: Tel: +33 4 38 78 68 84; Fax: +33 4 38 78 54 35, e-mail: sylvie.rouge@cea.fr

ABSTRACT 

�Novel thermochemical energy storage systems that employ fluidized beds of CaO/Ca(OH)2 for hydration/dehydration 

reactions are under development because of the inherent advantages of the low cost of the materials and their relatively 

high temperature operation windows (450ºC-550ºC). We report in this work the results of the first steady state experiments 

conducted in a new pilot plant designed to test the concept under realistic reactor conditions. The pilot has a fluidized bed 

reactor with an internal diameter of 0.108 m and a height of 780 mm fed continuously with gas and solids as well as heat 

exchangers to supply/extract the required endothermic/exothermic reaction heat. The experimental results during dynamic 

periods (i.e. when hydration conversion of the bed of solids changes with time) and during steady state periods (of up to 5 

hours duration with the stable feeding of solids and gas reactants to the reactor) were fitted to a KL reactor bubbling bed 

model for hydration and dehydration, using kinetic parameters from thermogravimetric studies and a single crossflow 

factor from previous tests in a batch reactor. The resulting continuous reactor model will serve as useful tool for the 

continued scaling up of this technology. 

Introduction 

The widespread deployment of renewable energy sources 

is essential to reduce greenhouse emissions and to 

mitigate climate change
1, 2

. In particular, the production of 

electricity from concentrated solar power (CSP) 

installations has increased considerably in the last decade, 

from a total installed capacity of 0.4 GW in 2006 to 4.6 

GW at the present time
3
. In order to achieve more reliable 

energy production and dispatchability in CSP plants, the 

use of large scale heat storage systems is essential to allow 

electricity production to keep up with demand
4-7

. 

Thermochemical energy storage systems (TCS) are 

considered a good option
5, 8-12 

because of their 

theoretically higher energy storage density and capacities, 

higher working temperatures and smaller heat losses when 

compared to standard thermal energy storage systems 

based on sensible and latent heat
10

. Despite these 

theoretical advantages, TCS systems have only been 

studied at a conceptual level and are far from having 

reached industrial maturity. Several chemical reaction 

couples are being investigated for their use as TCS in CSP 

plants
5, 8, 11, 12 

with some of the basic process schemes 

dating back to the late 70’s
13-15

. Of the different reaction 

schemes, the hydration/dehydration of CaO/Ca(OH)2 has 

been presented as a suitable candidate for CSP plants 

because of the range of temperatures of these reactions 

(400-600ºC), which is similar to the temperature levels of 

the steam cycles in current CSP plants. In addition, the 

reaction enthalpy is high (104 kJ/mol), the reaction rates 

are fast and highly reversible
16

 and the material is low 

cost, abundant and non-toxic
8
. 

The basic conceptual scheme of the CaO/Ca(OH)2

chemical loop
15

 (as shown in Figure 1) consists of an 

initial hydration reaction (discharge step), where heat is 

released (QOUT) at a constant high temperature from the 

exothermic reaction between CaO and H2O(v). The 

Ca(OH)2 formed during the discharge step is stored for 
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use during the charge step (dehydration reaction). The 

CaO is regenerated during dehydration by providing the 

heat required for the endothermic reaction to take place 

(QIN). Several schemes for integrating the charge and 

discharge steps of the TCS system in a CSP plant have 

been studied within the FP7 European Project StoRRe 

(http://www.storre-project.eu/), of which this study forms 

a part. Some of the proposed integration schemes are 

based on direct heat transfer during the charge step (i.e. by 

dehydrating the solids in the solar field, as proposed
17, 18 

for the calcination of CaCO3). It is also possible to 

conceive of process schemes where indirect heat transfer 

takes place during the charge step by using heat transfer 

fluids such as high temperature molten salts, liquid 

metals
19

, supercritical CO2
20

 or dense particle suspensions 

as proposed by Flamant et al.
21-23

 to transfer energy from 

the solar receiver. Integration schemes for the discharge 

step, designed to exploit the constant temperature 

maintained by the hydration reaction in the power block or 

steam cycle of the CSP plant, have also been studied. 

However, the present work is focused only on reactor 

performance, it being assumed that a power input supplies 

the heat required for the dehydration reaction, while 

exothermic reaction heat is transferred to the power block 

during the discharge step.   

Figure 1. Basic conceptual scheme of the CaO/Ca(OH)2 energy 

storage system 

The reactor(s) required to carry out the fast gas-solid 

hydration and dehydration reactions of a CaO/Ca(OH)2

TCS system need(s) to be designed in such way as to 

minimize heat and mass transfer limitations and to be 

scalable up to the 100 MWth range, which is the capacity 

of state-of-the-art CSP thermal power technology. 

Fluidized bed (FB) reactors have been proposed as a 

suitable reactor choice for these reactions
24

 because they 

have reasonably high heat transfer coefficients that are 

necessary to extract/supply the required 

exothermic/endothermic heat
25

. Other authors have 

proposed using fixed or moving beds
26-31 

as reference 

reactors for the CaO/Ca(OH)2 hydration/dehydration 

reactions. However, the low heat transfer coefficients and 

the large pressure drops and/or the large cross-sections 

required to feed/extract the reactant gas are important 

challenges for fixed bed systems for this application.  

In previous works
32, 33

, encouraging results were obtained 

from the study of hydration/dehydration reactions in a 

batch bubbling fluidized bed reactor. For the present work 

a new experimental facility has been designed and built at 

CEA-Grenoble to prove the viability of the concept using 

a continuous feed of solid and gas reactants. The reactor 

type in this new facility is a bubbling fluidized bed that 

employs external and submerged heat exchangers to 

maintain the temperature in the reactor constant as heat 

generated or consumed during each hydration/dehydration 

reaction is removed or supplied. The reactors are operated 

under realistic operation conditions (i.e. high fluidization 

velocities, temperatures above 400ºC and high partial 

pressures of H2O(v)). The first experimental results 

(obtained after hours of operation in steady state mode) 

are compared with a standard KL bubbling reactor. 

Experimental section 

Experimental setup 

The experimental facility is shown in Figure 2. The 

reactor consists of a cylinder of 108 mm internal diameter 

and 780 mm height made of Inconel 600 alloy that makes 

it possible to operate at temperatures up to 800ºC at the 

walls and at a maximum pressure of 150 kPa. Several 

electric heaters located along the reactor walls are able to 

provide a maximum of 20 kW to the reactor (see the main 

HX1-4 and the solid preheaters HXsolids in Figure 2) 

during the Ca(OH)2 dehydration step. During the 

hydration step, the heat generated by the exothermic 

reaction is removed by a submerged heat-exchanger, using 

air as heat transfer fluid (up to 60 Nm
3
/h) to exchange up 

to 4 kW. 

In this facility, both hydration and dehydration can be 

performed either under pure steam or under mixtures of 
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steam and air, bed temperatures of up to 600ºC, fluidizing 

gas velocities of up to 2 m/s, solids flow rates of up to 

20 kg/s using particles up to 1.5 mm in diameter. Two 

separate circuits provide air (up to 40 Nm
3
/h) and/or 

H2O(v) (up to 32 kg/h). Before entering the reactor section, 

the air stream is preheated up to 200ºC while liquid water 

is vaporized and then superheated up to 250ºC. The 

air/H2O(v) mixture is further superheated up to the reaction 

temperature before entering the bed through a heated cone 

(HX1 in Figure 2). There is a gas distributor consisting of 

a plate in which 21 drilled screws of diameter 2 mm have 

been introduced to act as nozzles. 

The temperature inside the bed is measured at four 

different levels using at each level three K-type 

thermocouples in different radial positions. At the reactor 

wall, the temperature is measured by two K-type 

thermocouples positioned near each heater. Pressure 

measurements are taken before the gas distributor, at four 

different levels in the reactor bed and after the filter.   

To supply a continuous and steady flow of solids during 

several hours of operation, a feeding system consisting of 

two 80-liter hoppers, a cold regulating feeding screw and 

a warm transport screw connected to the lower part of the 

reactor, have been incorporated (see left-hand side of 

Figure 2). Two rotary valves prevent the mixture of gases 

from flowing towards the hoppers. The solids flowrate is 

measured by both the speed of rotation of the regulation 

screw and by the weight sensors in each hopper. 

In order to extract the mixture of reacted solids and gases 

from the reactor section, a pneumatic line is employed 

using a constant flow of hot air at high velocity (20 m/s) 

as transport gas before the gas is separated from the solids 

by a high temperature filter (up to 200ºC). In order to 

reduce the temperature of the stream exiting the reactor (at 

temperatures above 400ºC) the pneumatic line is cooled 

by natural convection by means of external fins located 

along the line. The solids, once separated from the gas, are 

delivered to the second hopper.  

Figure 2. Schematic view of the continuous fluidized bed pilot plant at CEA-Grenoble for investigating the hydration/dehydration 

reaction of CaO/Ca(OH)2
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The conversion of the solids during the hydration and 

dehydration reactions is followed by a mass balance of the 

water mass flow rate (mH2O) between the inlet and outlet 

of the reactor. As will be explained below, a heat balance 

can also be carried to the bed to measure the degree and 

intensity of the reactions at any point in time. The mH2O at 

the exit of the reactor is measured by two capacitive 

hygrometers VAISALA and ROTRONIC respectively 

(see HYG2 and HYG3 in Figure 2) calibrated by taking 

into account the pressure and temperatures at their 

location. To control the overall conversion yield, samples 

of solids before and after testing can be extracted from the 

hoppers and tested in a laboratory oven. Continuous solids 

sampling from the reactor for solids conversion 

measurements during testing was not possible due to 

blockage problems in the solids sampling ports.  

Experimental procedure 

The following set of experimental conditions was chosen 

for this experimental facility: a reactor temperature of 

between 400-600ºC, an inlet gas velocity of between 0.2 

and 1.5 m/s, a H2O(v) fraction of between 0 and 1 and a 

solids flow rate of between 5 and 20 kg/s. In a typical test, 

the solids hopper 1 is filled with CaO/Ca(OH)2 solids. The 

facility is then preheated and the air flowrates fixed to the 

desired experimental values. In the hydration tests under a 

certain inlet fraction of H2O(v) (�H2O, in), the steam 

generator is connected and the submerged heat exchanger 

circuit is switched on. Each experiment is carried out 

under steady a state of solid and gas feeding for a few 

hours (typically 3-5 h, depending on the solids flow) until 

the first hopper is empty and the second one is full up. At 

the end of each experiment, in order to start a new test 

(dehydration after a hydration and vice versa), the solids 

are transferred by gravity from the second to the first 

hopper.  

Materials characterization

The lime provided for the continuous tests is a commercial 

grade 95%w CaO, supplied by Carmeuse, obtained by the 

calcination of CaCO3 at 1000°C sieved to a particle size 

range of 200-800 µm. The CaO material was chemically 

and mechanically characterized elsewhere
32

 by 

thermogravimetric analysis and by crushing strength 

measurements. The commercial material is suitable for 

use only for a few cycles without generating a large 

fraction of fines at the expense of modest conversions and 

lower hydration rates. Other much more stable materials 

have been developed within the StoRRe project
34-37 

but 

cannot yet be manufactured at the scales required for the 

pilot (i.e. hundreds of kg). 

Results and discussion 

Results from a typical hydration and dehydration test 

Examples of results obtained from typical hydration and 

dehydration reaction tests are shown in Figures 3 and 4 

respectively, where some of the main variables measured 

during the test are plotted vs time. As can be seen, there is 

a good control of the solids (mCa) and gas flow rates (mair

and mH2O,in ) and the desired set points for these variables 

remain unchanged over several hours of testing. 

Furthermore, the bed temperature (TBed) remains 

reasonably constant during the steady state operation 

mode (from min 50 and min 2 onwards in Figures 3 and 4 

at 400ºC and 540ºC respectively). No significant 

temperature profiles were observed within the bed, 

indicating a good mixing of the solids. The H2O(v) outflow 

measurements recorded by the two hygrometers located at 

the exit of the reactor show a good agreement between 

both hygrometers (see mH2O,exit HYG2 and mH2O, exit HYG 3 lines 

in Figures 3 and 4).  

The hydration test in Figure 3 starts with an initial bed 

partially filled with material dehydrated from a previous 

test. During the first few minutes (from 0 to 50 min) no 

solids are fed in, whereas the air/H2O(v) mixture is 

introduced into the bed (corresponding to a �H2O, in=0.5 

and a uin=0.6 m/s). Under these circumstances, the 

dehydrated solids present in the bed behave as a batch 

reactor that consumes part of the inlet H2O(v) until 

complete conversion of the active CaO present in the bed 

is achieved (min 15 in Figure 3). As expected, at that point 

the outflow of H2O(v) measured by the hygrometers is in 

agreement with the inflow of H2O(v). When the solids 

feeding system is switched on (min 50 in Figure 3), a 

significant drop in the outflow of H2O(v) is recorded by 
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both hygrometers until a constant value of ∼ 2.4 kg/h is 

reached. When the infeed of solids is stopped and the 

reaction ends (min 315 in Figure 3) the mH2O, exit values 

measured by both hygrometers are in concordance with 

the mH2O, in. During the steady state, the cooling power is 

set at a constant value (see “Cooling” line in Figure 3) and 

the bed temperature is regulated by the electric heaters 

HX2- 4 that also compensate for heat losses (maintained 

at values of around 0.3-0.7 kW for each heat exchanger 

throughout the experimental tests shown in Figure 3). 

Also, around 0.7 kW are used on the screw line in order to 

preheat the solids before entering the bed (see HXsolids in 

Figure 3). When the solids feeding starts, the heating 

power should be reduced sharply in order to compensate 

for the chemical heat but since a certain sensible heat must 

be provided at the same time to the solids entering the 

reactor (at a temperature lower than TBed), the decrease of 

the heating power is minor, as can be seen in Figure 3. 

0

2

4

6

8

10

12

0

1

2

3

4

5

6

S
o
lid

s
 f
lo

w
 (

k
g

/h
)

A
ir

 a
n

d
 H

2
O

(v
) 
fl
o

w
 (

k
g
/h

)

N2 in H2O in HYG2

HYG3 Balance Q Solids

350

370

390

410

430

450

0

500

1000

1500

2000

2500

3000

0 50 100 150 200 250 300 350 400

T
B

e
d

(º
C

)

P
o
w

e
r 

(W
)

Time (min)

Cooling HX2 HX3 HX4 HXsolids Tbed

mair

mH2O,exit HYG3

mH2O,in

mH2O,exit Q

mH2O,exit HYG2

mCa

TBed

0

4

8

12

16

20

0

0.5

1

1.5

2

2.5

A
ir

a
n

d
 s

o
lid

s
 f
lo

w
 (

k
g

/h
)

H
2
O

(v
) 
fl
o

w
 (

k
g

/h
)

HYG2 HYG3 Balance Q N2 in Solids

500

520

540

560

580

600

0

500

1000

1500

2000

2500

3000

0 50 100 150 200 250

T
B

e
d

 (
ºC

)

P
o

w
e
r 

(W
)

Time (min)

HX2 HX3 HX4 HXsolids TBedTBed

mCamairmH2O,exit HYG3 mH2O,exit QmH2O,exit HYG2

Figure 4. Main signals measured vs. time in a typical dehydration test. 

Figure 3. Main signals measured vs. time in a typical hydration test. Notice that the “Cooling” thermal power is removed from the 

bed, while the HX2- 4 and solids thermal power is supplied by the electric wires to the bed. 
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The effective chemical heat produced during hydration is 

calculated by taking into account the heat power delivered 

to the bed by the different HX (both around the bed and 

on the screw line) as well as the heat removed by the 

submerged heat exchanger, the sensible heat of the solids 

and the heat losses.    

At the beginning of the dehydration test shown in Figure 

4, the emptied bed is fed with pure air (equivalent to a gas 

velocity of uin=0.65 m/s). When the feeding screw is 

turned on at min 1, a sharp increase in H2O(v) flow is 

recorded at the exit of the reactor. This H2O(v) production 

remains constant and stops sharply at the end of the solids 

feeding (min 220). During dehydration, the submerged 

heat exchanger is switched off (as it is not very efficient to 

use this device as a heating system, due to the temperature 

restrictions). As soon as the solids enter the bed, a sharp 

increase in the power delivered to the bed by the electric 

heaters is observed. This power is used to provide the heat 

for dehydration but also to heat the flow of solids coming 

into the bed (at a lower temperature than TBed) and to 

compensate for heat losses, and so the increase of power 

delivered to the bed cannot be directly related to the 

dehydration power.  At the end of the test, the HX power 

decreases rapidly and is only used to compensate for heat 

losses. This value is also used to calibrate in-situ the 

system heat losses. It must be taken into account that the 

required power to heat the solids is around one order of 

magnitude higher than the heat losses (1.5-2 kW at 

12 kg/h of solids vs. 0.4-0.7 kW at 400-550ºC), even 

when part of the solids preheating is done in the hot 

feeding screw line (see HXsolids lines in Figures 3 and 4). 

A solid mass balance closure by measuring the change in 

solids conversion in samples of solids along testing was 

not possible because of problems with the solid sampling 

probes, as mentioned above. In some cases, it was 

possible to obtain samples from the solid hoppers after 

testing, showing a good agreement with the solids 

conversion calculated from the hygrometers 

measurements. An alternative check of the measurements 

in the gas phase can be obtained by applying a mass and 

heat balance around the reactor boundaries. As previously 

mentioned, the reaction heat generated during the 

hydration reaction is removed from the bed by the 

submerged heat-exchanger using air as heat transfer fluid. 

Since the bed temperature is kept constant throughout the 

experiments thanks to electric heaters (HX2, HX3 and 

HX4 in Figure 3) that also compensate for heat losses and 

heat the solids, the excess heat generated by the hydration 

reaction can only be removed by the internal air heat-

exchanger (this is equivalent to assume that the reactor 

operates in adiabatic conditions during the hydration step). 

Based on this assumption, it is possible to calculate the 

mass flow of H2O(v) at the exit of the reactor from the heat 

balance, and compare it with the direct measurements 

recorded by the hygrometers. The experimental results in 

Figure 3 (mH2O, exit Q vs. mH2O, exit HYG2 and mH2O, exit HYG3 

lines), show that there is a good agreement between the 

flow of H2O(v) at the exit of the reactor calculated by the 

heat balance and that measured by the two hygrometers. 

Figure 5 represents the same comparison for three 

different hydration experiments with different inlet 

fractions of H2O(v). The results suggest that it should be 

possible to follow the progress of the hydration reaction 

from the heat balance to the bed.  

Figure 5. Comparison of the mass flow of steam during 

hydration at the exit of the reactor (mH2O,exit Hy) measured by the 

hygrometers and by the heat balance for different hydration tests. 

In contrast, during the dehydration reaction it is not 

possible to follow the progress of the reaction by applying 

a heat balance to the reactor. In this case, the heat input 

for dehydration does not come from the air-heat 

exchanger submerged in the reactor but from the external 

electric heaters (HX2, HX3 and HX4 signals in Figure 4). 
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For reasons not fully understood, probably linked to the 

higher fluidizing velocities at the top of the bed and 

possible turbulence induced by the transport air in this 

region, the closure of the heat balance does not provide so 

far information of sufficient quality to derive the 

dehydration conversion (see, for example, Figure 4 where 

there are noticeable differences in the flows of H2O(v) at 

the exit of the reactor given by the hygrometers and by the 

heat balance). 

Reactor modeling and comparison with first experimental 

results 

The bubbling bed reactor model of Kunii-Levenspiel
25

 has 

been adapted in this work for the hydration and 

dehydration reactions in the continuous pilot plant (see 

Figure 6) described in the previous sections. Since the first 

experiments were performed under fractions of H2O(v)

�H2O<1, the reactor model must take into account the 

presence of an axial profile of �H2O in the bubbling phase 

(assumed to be free of solids). All the gas-solid reactions 

take place in the emulsion phase (assumed to be under 

minimum fluidization conditions). A certain gas exchange 

between the bubble and emulsion phases is also assumed 

(see right hand side of Figure 6). The axial profile of 

H2O(v) is calculated by the model. However only the exit 

concentration of H2O(v) can be compared with and 

validated against the experimental results. 

Figure 6. Schematic representation of the bed reactor during the 

hydration operation in continuous mode, labeled using the 

notation employed for the main variables in the continuous 

reactor model. 

The model equations described below refer to the 

hydration reaction only. They can be applied to the 

dehydration stages, simply by changing the sign of the 

H2O(v) reacting flows and the notation. The model must be 

able to fit and interpret two different modes of reactor 

operations that can be observed in the experimental 

results: (i) operation modes in dynamic conditions 

(involving a step change in the reaction conditions and/or 

a change in solid and gas mass flow rates in the reactor) 

and (ii) operation mode in steady sate.  

An example of dynamic conditions in the reactor is the 

first reaction step where the bed is initially partially filled 

with dehydrated solids from previous tests or with fresh 

CaO (around 3 kg). During the first few minutes when no 

solids are being fed in (see Figure 3 from 0 to 50 min) and 

in suitable reaction conditions, the bed of solids behaves 

as a batch reactor. Gradually the conversion of the solids 

changes with time until the complete reaction of the solids 

in the bed is achieved (see min 15 in Figure 3). The 

modeling for this “batch stage” was recently formulated 

for a different batch fluidized bed facility
32

 but with 

similar geometric characteristics to the facility described 

in this study. The mass balance applied to the H2O(v) in a 

control volume of the complete reactor can be written as 

follows: 

FH2O, Hy in � FH2O, Hy exit=NCa active  (1) 

The rHy,e term is characteristic of the intrinsic reaction 

kinetics of the CaO material (in the emulsion phase), 

which is assumed to follow a shrinking core model
16

: 

rHy,e=kHy��H2O,�e � �H2O,�eq��1 � XHy�
2/3

 (2) 

where kHy is the effective kinetic constant of the material 

reacting in the emulsion phase and �H2O, e and �H2O, eq the 

fractions of H2O(v) in the emulsion phase and at 

equilibrium conditions
38

 respectively. The gas exchange 

between the bubble and emulsion phases required for the 

calculation of �H2O, e is characterized using the same cross-

flow factor (Xfactor=1.5) as in a previous work
32

. From the 

mass balance applied to the water vapour in the bubble 

phase, the fraction of H2O(v) in the bubble and emulsion 

phases can be related by the following equation (3): 

�H2O,  b, exit=�H2O, e+��H2O,  b, in � �H2O, e��exp��Xfactor�  (3) 

where at the exit: 

Freeboard

FH2O, e

dZ

Bubble phase

Emulsion phaseFH2O,in

FH2O, exit

FCa, 

�H2O, e Xfactor
�H2O, b

FCa, 

NCa, ���, fa

FH2O, b 

FH2O
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�H2O, exit=�H2O, e��umf u� �+�H2O, b,  exit ���u� umf� u� �   (4) 

FH2O, Hy exit= �Fair��H2O, exit� �1� �H2O, exit��   (5) 

Finally, the change in solids conversion over time is 

solved for small increments of time by means of the 

following general mass balance: 

XHy, t+�t=XHy, t+
�FH2O, Hy in � FH2O, Hy exit�

NCa active

�t+�t� 		(6) 

The previous equations (1-6) are solved for each time t to 

find, by means of a solver tool, the value of XHy that 

makes the FH2O,Hy exit and �H2O, e values meet in the previous 

mass balances of the gas and solid phases. The initial 

parameters that need to be taken into account to solve the 

model are: the moles of active CaO in the bed (NCa active), 

the inlet molar flows of H2O(v) and air (FH2O,in and Fair

respectively), the bed temperature (TBed, assumed to be 

constant) and the kinetic parameters. The kinetics of the 

CaO material used in this work (commercial “overburned” 

lime material supplied by Carmeuse, 200-800 µm, 

obtained from the calcination of CaCO3 at around 1000ºC) 

has been characterized elsewhere
32

. The material showed 

incomplete conversion of CaO to Ca(OH)2 due to its 

limited porosity resulting from the severe calcination 

conditions. For most samples, a fraction of inert material 

(i.e. molar fraction of non-reactive CaO) of finert∼0.6 was 

measured. Figure 7 shows the experimental mass flow of 

H2O(v) (dots and smooth line, denoted by 

“Experimental*”) and the prediction given by the model 

for the batch mode operation of the experiment in Figure 

3. As can be seen, the batch reactor model is able to

predict the new experimental results reasonably well when 

using the same Xfactor=1.5 fitted previously for a different 

reactor
32

. The Xfactor value is within the range of values 

expected in other bubbling reactors
25, 39

.  

For the hydration and dehydration tests with the 

continuous infeed of solids to the reactor, we also used the 

Kunii-Levenspiel model as described elsewhere
24

 to 

discuss certain energy storage process concepts.   

Figure 7. Experimental and model-predicted mass flow of 

H2O(v) during the batch operation mode in the hydration test 

shown in Figure 3. The input molar flow of H2O(v) is represented 

as dotted lines for reference. The “Experimental*” smooth curve 

was obtained by using a Savitzky-Golay smooth 4rd degree filter. 

Consistent with the previous equation (1), the mass 

balance between the gases and solids in the reactor is: 

FH2O, Hy in�FH2O, Hy exit=FCa��X
Hy � X
Dehy�   (7) 

where X
Dehy is the initial conversion of the solids 

introduced into the bed, X
Hy is the average hydration 

conversion of the solids in the reactor, calculated as the 

average of the individual hydration conversion of particles 

for a given residence time in the bed (it being assumed to 

be perfectly and instantly mixed): 

X
 Hy=� �X(t)����1 �� ��exp�� t �� ���dt
�

0

 (8) 

where τ is the average particle residence time in the 

reactor (NCa/FCa).  

Concerning the kinetics of the particles in the reactor (as a 

function of their conversion and therefore of their 

residence time), the kinetic equation (2) for each 

individual particle can be integrated to obtain equation (9), 

where the solids conversion (with respect to the non-inert 

fraction of the solids infeed) is formulated as a function of 

their residence time as follows: 

�XHy�t�=1� �1�t�kHy�3
 for t<t*

XHy=1 		for t>t*  
	(9) 

0

1

2

3

4

5

0 10 20 30 40

m
H

2
O

, 
H

y
(k

g
/h

)

Time (min)

  Input

  Experimental

  Experimental*

  Model - Xfactor=1.5

Input

Experimental

Experimental*

Model – Xfactor=1.5

�������� 
�	 	�	



�

where t* is the time required to achieve maximum 

conversion, according to the shrinking core model, for a 

certain temperature and fraction of water vapor in the 

emulsion (still unknown until the mass balance in the gas 

phase has been solved). The concepts of t* and fa are also 

linked to the assumption of a perfect mixing of solids in 

the bed: 

fa=� �1 �� ��exp�� t �� ��dt
t*

0

 (10) 

where the time required to achieve the maximum 

conversion (t*) can be obtained by integrating equation 

(10) as follows:

t*=� ��Ln�1 � fa� � (11) 

Since the moles of Ca(OH)2 that appear in the bed during 

hydration must match the moles of Ca reacting in the bed, 

the general mass balance applied to the reactor can be 

written as: 

FCa��X	Hy � X	Dehy
=NCa active�fa�rHy,e   (12)�
By combining equations (2) and (12), the average 

conversion can be written as: 

X	Hy=1�� FCa��XHy � X	Dehy

��H2O, e � �H2O, eq
NCa active�fa�3kHy

�
3/2

 (13) 

At this point, the model can be solved (for example by 

means of the solver tool of Excel) by iterating the fraction 

of active particles of CaO in the bed, fa, so that the solids 
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Figure 8. Experimental and model-predicted mass flow of H2O(v) during the continuous operation mode for a-c) hydration tests at 400ºC , 

�H2O,in Hy of 0.5, 0.75  and 1 and mCa of 10.1, 11.6 and 10.2 kg/h respectively and d) dehydration test at 540ºC, �H2O,in Dehy=0 and 

mCa=13.6 kg/h. The input molar flow of H2O(v) is represented as dotted lines for reference. For the sake of simplicity the mH2O values are 

only reported for the time between the starting point of the solids infeed and t=2⋅τ. “Experimental*” smooth curve as above. 
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conversion in the emulsion phase calculated from equation 

(13) is the same as that of equation (8). For those tests 

where �H2O,in<1, the fractions of H2O(v) in the emulsion and 

bubble phases are related by equations (3-5) using the 

Xfactor parameter.  

The predictions given by the previous reactor model, have 

been compared to assist in the interpretation of the results 

obtained in this new facility for a given solids input molar 

flow (FCa) with a certain inert content (finert) using as input 

data for the model the molar flows of the input gases 

(FH2O, in and Fair), the bed temperature (TBed, assumed to be 

constant during the testing), the total inventory of calcium  

(NCa) and the kinetic information at particle level of the 

Ca material measured independently
32

. 

Figure 9.  Comparison of the experimental and predicted mass 

flow of H2O(v) at the reactor exit during the continuous operation 

mode for the first experimental vs. model results shown in 

Figure 8. For simplicity the mH2O, exit values are only reported for 

times between the starting point of the solids infeed and t=2⋅τ.

Figure 8 shows the experimental and model-predicted 

curves for different hydration and dehydration tests 

operating in continuous mode. A reasonable quality match 

can be observed between the experimental results and 

model predictions, considering that no fitting parameters 

have been introduced into the model calculations (the 

same Xfactor=1.5, as in the previous work on batch reactor 

data
32

 has been applied together with the same kinetics 

parameters for CaO hydration and dehydration 

independently obtained by thermogravimetric tests). For 

the sake of simplicity, the results provided in Figure 8 are 

plotted for times that extend from the starting point of the 

solids infeed to t=2⋅τ, where τ is between 2000 and 2300 s 

once the steady state has been reached (equivalent to 

solids inventories of between 650 and 900 kg/m
2
), but 

they extend for more than 4-5 hours in steady state, as 

explained in the Experimental section. The good 

agreement between the experimental and model-predicted 

mH2O, exit is further highlighted in Figure 9 for several 

experimental series, by comparing the experimental mH2O, 

exit (after smoothing out the experimental signal to reduce 

noise) with the predictions made by the model in one plot. 

Future testing campaigns, will consider higher solid flow 

rates or operation conditions closer to equilibrium (i.e. 

hydration at higher temperatures or dehydration under 

fraction of H2O(v) higher than 0) in order to evaluate the 

effect of lower reaction rates and higher steam 

consumption/generation on the hydration/dehydration 

reactions in the bed. This will allow us to further progress 

on the evaluation of these reactors for the scaling up of the 

results and models developed in this study for future large 

scale CaO/Ca(OH)2 energy storage systems. 

Conclusions  

Proof of the viability of the CaO/Ca(OH)2

hydration/dehydration chemical loop for  thermochemical 

energy storage using fluidized bed reactors has been 

obtained in a continuous 20 kW thermal pilot. The 

fluidized bed reactor has been successfully operated under 

hydration and dehydration conditions at high fluidization 

velocities (around 0.6 m/s), temperatures between 400-

540ºC, H2O(v) fractions from 0 to 1 and the continuous 

feeding and extracting of around 10-13 kg/s of 

commercial CaO. During the hydration mode, it is 

possible to obtain consistent values of solid and gas 

conversion from experimental measurements of the water 

vapor content in the gas phase and by applying a heat 

balance to the reactor. During the dehydration reaction 

only the change in gas concentration can be used to follow 

the dehydration conversion. Using experimental 

information from both the steady state and the dynamic 

part of the experiments, it is possible to fit the results 

obtained to a standard KL bubbling reactor model using a 

cross flow factor parameter consistent with previous 
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works and kinetic information specific to the material 

used during the pilot experiments. The model developed 

predicts reasonably well the modes of reactor operation 

observed during the experiments under dynamic 

conditions (after a step change in the reaction conditions 

and/or a change in the solid and gas mass flow rates in the 

reactor) and operation modes in steady sate. Although 

more experimental studies in this new facility are 

required, this work provides a preliminary set of validated 

results for the future scaling up of thermochemical energy 

storage technology using fluidized beds.  

Nomenclature 

fa fraction of active (non-reacted) Ca material in the 

reactor 

Fi molar flow of component i, mol/s 

finert  molar fraction of inert material present in the 

solids 

k kinetic constant, s
-1

mi mass flow of component i, kg/h 

NCa moles of total Ca present in the bed, mol 

NCa active  moles of active Ca material present in the bed 

(non-inert), mol 

ri reaction rate, s
-1

t reaction time, s 

t* time required to achieve the maximum 

conversion, s 

TBed bed temperature, ºC 

u input gas velocity, m/s 

umf velocity at minimum fluidization conditions, m/s 

X conversion of active material, mol H2O/mol CaO 

active 

X�           average conversion 

Xfactor cross flow factor 

Greek symbols 

τ average particle residence time, s 

νΗ2Ο fraction of H2O(v)

νΗ2Ο,eq equilibrium fraction of H2O(v)

Subscripts 

b bubbles 

Dehy dehydration reaction 

e emulsion 

Hy hydration reaction 

in  input conditions 

exit  exit conditions 

H2O water vapour 

air inert gas (i.e. air) 

Ca Ca-based solids 
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Undesired effects in the determination of CO2 carrying capacities of CaO

during TG testing
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h i g h l i g h t s

� Review on the main experimental variables that influence the CO2 carrying capacity of CaO.

� A methodology to derive reliable results from TGA when looking for CO2 carrying capacity curves.

� A methodology to derive reliable results from TGA when looking for kinetic parameters.
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a b s t r a c t

Calcium looping CO2 capture systems use CaO as a reversible sorbent of CO2. Therefore, the evolution of

the CO2 carrying capacity of CaO-materials at increasing number of carbonation–calcination needs to be

determined to assess sorbent performance. Thermogravimetric analyzers (TGA) are commonly used for

this purpose, by simulating around a small batch of material the average cyclic conditions expected in

the real system. Many variables have been reported to influence the results and we review in this paper

the main observations and trends, which can at times be conflicting when diffusional effects are not ruled

out from the experiments. Furthermore, in a selected number of tests on a typical limestone using four

different TG equipment, we have detected that some design characteristics of the TGA apparatus can

strongly affect the determination of the CO2 carrying capacities of the material. In particular, we note that

the decay in CO2 carrying capacity is accelerated as the power density of the TGA oven increases. This

effect is most pronounced in the first calcination cycle, and it seems to be linked to an additional shrink-

ing of the particles taking place in the TG apparatus with the highest heating rates. The use of larger sam-

ple masses and/or larger particle sizes tends to reduce the error in the determination of CO2 carrying

capacity curves at the expense of departing from differential conditions that are required to obtain kinetic

information on the sample.

Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Calcium looping is rapidly developing as a CO2 capture technol-

ogy both in post-combustion and pre-combustion CO2 systems [1–

4]. All calcium looping systems are based on the reaction of CaO

with CO2 to form CaCO3, followed by the reverse calcination reac-

tion of CaCO3 in an atmosphere very rich in CO2. The evolution of

the CO2 carrying capacity along cycling, is a very important infor-

mation to compare performance of different sorbents for reactor

and process design. The CO2 carrying capacity, XN, is usually

defined as the CaO molar conversion to CaCO3 at the end of the fast

carbonation stage of CaO in each carbonation–calcination cycle N.

Therefore, experiments to determine XN vs N curves need to be car-

ried out in conditions where such a transition has just taken place

for the full mass of sample of sorbent used in the experiment.

In post-combustion calcium looping systems for large scale CO2

capture in coal power plants, there is also a presence of SO2, ash

and other minor contaminants that need to be purged from the

system to maintain a reasonable level of sorbent activity. Since

the fluidized bed reactors used for the carbonation and calcination

steps are well mixed reactors, the only method to purge CaSO4 and

ash from the Ca-looping system is the use of a substantial make up

flow of fresh limestone, as required to maintain reasonable CO2

capture efficiencies and energy consumption in the calciner [5].

Therefore, for coal based post-combustion systems, natural lime-

stones are considered the preferred CaO precursors, because of

their low cost and availability [1–3].
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The CO2 carrying capacity of naturally derived CaO is well

known to decay rapidly with the number of carbonation-calcina-

tion cycles [6,7] and this has major implications for the increase

in heat requirements of the calciner [8] and for the economics of

the calcium looping system [9]. Therefore, the choice of limestone

(as a precursor of the CaO sorbent) and in a certain extent the

choice of an operating window for the calcium looping system (al-

lowed reactions temperatures, reaction atmosphere, particle size

distribution, etc.) relies on the determination of CO2 carrying

capacity curves of a particular limestone in the laboratory. The

experimental determination of the CO2 carrying capacity of the

sorbent under well controlled laboratory conditions is also very

important exercise for synthetic sorbent performance comparison.

Intense research work is ongoing to develop Ca-based sorbents

with higher activity and/or reactivation techniques designed to

maintain a stable CO2 carrying capacity (see reviews from Liu

et al. [10], Blamey et al. [3] or Anthony [1]). In an new RFCS project

(ReCaL) we are developing a novel sorbent reactivation process by

recarbonation that relies on the small increments in CO2 carrying

capacity that can be achieved on already carbonated particles by

putting them in contact with high temperature concentrated

CO2[11]. The cumulative effect of the additional recarbonation step

can substantial increases the residual CO2 carrying capacity of the

sorbent. It is obviously essential for such a process to be able to

accurately measure small differences in CO2 carrying capacity

curves.

Table 1 summarizes a review of the literature reporting on the

effects of the main variables known to have an effect on the CO2

deactivation curves of CaO of natural limestones (synthetic sor-

bents or reactivated materials are considered outside the scope

of Table 1 although most tendencies would be qualitative applica-

ble to these other sorbent materials). Despite the fact of great dif-

ferences in the parent limestones used in these text, in the reactor

systems used (TGAs, fixed beds, small fluidized beds) and other

operating parameters, a general consensus about the effect of some

variables on the curve is clear when looking at Table 1. There is

consensus in that the particle size has no influence on the deacti-

vation curves, which means that the carbonation pattern is homog-

enous and there is no relevant external pore blockage preventing

the carbonation of the CaO free surfaces available in the interior

of the particles.

There is also consensus about the influence of the CO2 concen-

tration during the carbonation stage in a wide range of conditions

and studies as indicated in Table 1. The carbonation reaction of CaO

particles is usually described as a first order reaction with respect

to the CO2 partial pressure, and therefore CO2 partial pressure is

known to influence CO2 carbonation rates. However, the deactiva-

tion curve is determined when the fast reaction rate is already

completed and CO2 concentration has very small impact on con-

version during the slow reaction rate period and during the sort

time usually allowed for the carbonation in each cycle. High con-

centrations of CO2 and very long carbonation times do have an ef-

fect on CaO conversion (see for example Barker’s series of test

involving 24 h duration of each carbonation cycle and achieving

conversions consistently over 90% [7]). But these effects are negli-

gible in the standard determination of CO2 carrying capacity

curves.

The effect of carbonation temperature over the deactivation

curve has been studied by several authors in the range of 400–

750 °C. It has been reported that there is no strong influence of

the carbonation temperature on the deactivation curve when tem-

perature is higher than between 615 °C and 750 °C. This is consis-

tent with the low activation energies reported for the carbonation

reaction [12–14]. However, higher carbonation results are reported

at high temperatures and high CO2 partial pressures (see for exam-

ple data from Sun et al. [23] and Manovic et al. [28]). These data are

consistent with a recent work by Li et al.[15] that analyzed the ef-

fect of the reaction temperature on the morphology of the CaCO3

product layer, which slightly increased as CaCO3 product islands

increased in sizes and height for higher reaction temperatures.

These two phenomena may lead to an increase of CaO conversion

under the fast reaction stage with increasing reaction temperature

and under concentrated CO2.

Carbonation time has a negligible effect on decay conversion

curves within the time scales expected for the carbonation reac-

tions (minutes). The carbonation reaction rate under the slow reac-

tion stage is very small compared with the fast reaction stage but it

allows for substantial carbonation if sufficient reaction time is

available. For example, in the data reported by Barker [7], and also

by Lysikov et al. [22], very large CO2 carrying capacities could be

measured. It was also proven in these experiments that the CaCO3

formed during carbonation has no memory on previous calcina-

tion–carbonation cycles, as the particles highly carbonated would

follow a standard decay curve when submitted again to carbon-

ation–calcination times and conditions. Similarly, if a higher con-

version is achieved due to the extension of the carbonation

reaction under the second product layer diffusion controlled reac-

tion stage, the conversion of the CaO during the following reaction

cycle is increased. This effect has also been called ‘‘self-reactiva-

tion’’ as in Manovic et al. [38]. The self-reactivation effect caused

by extended carbonation conditions under diffusion controlled re-

gime was modeled adapting the random pore model valid for mul-

ti-cycled particles [39].

As summarized in Table 1, different natural limestones tend to

behave quite similarly in what concerns the CO2 carrying capacity

curves. Their differences, when they appear tend to concentrate on

the carbonation conversion achieved in the initial cycles. As the

number of cycles increases the differences in CaO conversion be-

tween limestones tend to diminish in absolute terms (most of

them lead towards residual activities between 0.05 and 0.12).

However these small differences in residual activities may be very

relevant for Ca-looping systems operating with low make-up flows

and low purges of material, because these residual activities will

play a dominant role in the average sorbent activity, that deter-

mines many design parameters and operating windows in the

large scale system. There are some exceptions to this rule, coming

from carbonates with a large difference impurities, a particular

scale of aggregation of these impurities and/or substantial changes

in the crystalline characteristics of the carbonate [25]. The similar-

ity of limestones respect to CO2 carrying capacity curves is in con-

trast with the different behavior of CaO derived from different

calcination for other gas–solid reactions involving CaO, like sulfa-

tion [40].

With respect to the relevant operating parameters for the calci-

nation stage, there is a general agreement in that the effect of cal-

cination temperature below 950 °C is negligible. As noted in the

review of Abanades and Alvarez [16] of early works reporting

CO2 carrying capacity curves, standard decay curves appear even

when conducting the calcination at 750 °C in an inert gas. Only a

slight increase of sintering as the calcination temperature increases

has been reported in many studies, that becomes more dramatic at

temperatures over 950 °C. However, this threshold is only a gross

approximation and could be dependent on limestone type, as there

are examples of data series [6] where relatively standards deacti-

vation curves were obtained even at calcination temperatures over

1050 °C. The CO2 concentration during calcination is known to in-

crease sintering of nascent CaO particles [41]. However, it has a

very modest impact on CO2 carrying capacity curves during car-

bonation calcination cycles (see Table 1 for references) as the typ-

ical pore structures of these particles can be considered already

sintered (with surface areas for N > 5 below 5 m2/g) when com-

pared to nascent CaO. Similarly, the effect of calcination time
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Table 1

Summary of qualitative effects in CO2 carrying capacities on CaO observed by different authors in TG equipment (unless stated otherwise).

Operating

variable

Range Observed effect Notes on experimental conditions Authors Reference

Particle diameter

(mm)

0.081–0.137 No influence Sample mass < 1,3 mg; Tcarb = 515–680 °C;

tcarb = 15 min at 10 %v CO2 in N2;

Tcalc = 910 °C; tcalc = 10 min at 10 %v CO2 in N2

Bathia &

Permuttler

(1983)

[12]

0.1–0.8 Sample mass 10 mg; Tcarb = 650 °C;

tcarb = 20 min at 10 %v CO2 in air; Tcalc = 850–

900 °C; tcalc = 10 min at 50 %v CO2 in air

Abanades

& Alvarez

(2003)

[16]

0.1–1 Sample mass 15 mg; Tcarb = 650 °C;

tcarb = 20 min at 10 %v CO2 in air;

Tcalc = 850 °C; tcalc = 20 min at 10 %v CO2 in

air

Grasa &

Abanades

(2006)

[17]

0.25–1 Sample mass 15 mg; Tcarb = 650 °C;

tcarb = 20 min at 10 %v CO2 in air;

Tcalc = 850 °C; tcalc = 15 min at 10 %v CO2 in

air

Grasa et al.

(2008)

[13]

0.075–0.75 Sample mass 30 mg; Tcarb = Tcalc = 800 °C;

tcarb = tcalc = 15 min at 50 %v CO2 in N2 for

carbonation; pure N2 for calcination

Manovic &

Anthony

(2008)

[18]

Carbonation

temperature

(°C)

400–725 No influence below 615 °C Sample mass < 1,3 mg; 10–42 %v CO2 in N2 for

carbonation; tcarb = 15–30 min; Tcalc = 910 °C;

tcalc = 10 min; 10–20 %v CO2 balance N2 for

calcination

Bathia &

Permuttler

(1983)

[12]

550–700 No influence below 650 °C Sample mass 15 mg; tcarb = 20 min;

Tcalc = 900 °C, tcalc = 15 min. 10 %v CO2 in air

(same gas atmosphere for both stages)

Grasa et al.

(2008)

[13]

550–750 XN moderately increases when T increases Sample mass 12 mg; tcarb = tcalc = 1 h; 15 %v

CO2 in N2; P = 15 atm; Tcalc = 750 °C in pure N2

Silaban &

Harrison

(1995)

[19]

Carbonation CO2

vol. fraction

10–42 %v (balance

N2)

No influence Sample mass < 1,3 mg; Tcarb = 585–690 °C;

tcarb = 10–30 min; Tcalc = 910 °C;

tcalc = 10 min at 10 %v CO2 in N2

Bathia &

Permuttler

(1983)

[12]

1–15 %v (balance N2) No influence Sample mass 12 mg; Tcarb = 750 °C;

P = 15 atm; tcarb = 1 h; Tcalc = 750 °C;

tcalc = 1 h in pure N2

Silaban &

Harrison

(1995)

[19]

10–100 %v (balance

air)

Small decrease of XN at 100 %v CO2 at low N.

Otherwise no influence.

Sample mass 15 mg; Tcarb = 650 °C;

tcarb = 5 min; Tcalc = 950 °C; same reaction

atmosphere at carbonation and calcination

stages

Grasa &

Abanades

(2006)

[17]

8–80 %v balance N2

(when co-capture: 8–

20 %v CO2,

1125 ppmv SO2, 3 %v

O2)

No influence when SO2 is not present. In the

presence of SO2, increasing %CO2 decreases

the direct sulfation

Pressurized and atmospheric

thermogravimetric fixed bed reactor; sample

mass 50–850 mg; Tcarb = Tcalc = 850 °C,

tcarb = tcalc = 4 min; calcination in pure N2

Sun et al.

(2007)

[20]

Carbonation time 15 min to 24 h Moderate increase XN when increase

carbonation time

Sample mass not specified;

Tcarb = Tcalc = 866 °C; 100 %v CO2 for

carbonation; tcalc = 15 min; pure N2 for

calcination

Barker

(1973)

[7]

5–30 min Small increase of XN as tcarb increases Fixed bed reactor; sample mass 5 g;

Tcarb = 650 °C; Tcalc = 960 °C; tcalc = 10 min;

100 %v CO2 in both stages

Alvarez &

Abanades

(2005)

[21]

7.5–30 min Moderate increase of XN when carbonating

at 33 %v, CO2 (Ar balance) as tcarb increases

Sample mass 10–20 mg; Tcarb = Tcalc = 800 °C;

tcalc = 15 min in Ar

Lysikov

et al.

(2007)

[22]

3.5–9 min Moderate increase of XN when carbonating

at 100 %v CO2, as tcarb increases

Fixed bed thermogravimetric reactor; sample

mass 500 mg; Tcarb = Tcalc = 850 °C;

tcalc = 4.5–15 min in pure N2

Sun et al.

(2008)

[23,24]

10–240 min Small decrease of XN, as tcarb increases Sample mass 30 mg; Tcarb = Tcalc = 750–

850 °C; tcalc = 90 min in pure N2; 50 %v CO2

(balance N2) at carbonation stage

Manovic &

Anthony

(2008)

[18]

Limestone type 5 limestones Most limestones are very similar. But there

are exceptions

Sample mass 15 mg; Tcarb = 650 °C;

tcarb = 10 min; Tcalc = 850 °C; tcalc = 10 min;

10 %v CO2 in air both stages

Grasa &

Abanades

(2006)

[17]

5 limestones No influence Atmospheric fixed bed thermogravimetric

reactor; sample mass 850 mg;

Tcarb = Tcalc = 850 °C; 80 %v CO2 in N2 for

carbonation; pure N2 for calcination

Sun et al.

(2007)

[20]

5 limestones Minor effects. Slighly worse when highly

crystalline carbonates.

Fixed bed reactor; Tcarb = 650 °C;

tcarb = 5 min; Tcalc = 960 °C; tcalc = 10 min;

100 %v CO2 both stages

Alvarez

et al.

(2007)

[25]

Calcination

temperature

(°C)

750–825 No influence in first cycle. Small influence

for N > 2 with XN decreasing as temperature

increases

Sample mass 12 mg; Tcarb = 750 °C;

tcarb = tcalc = 1 h; 15 %v CO2 in N2 for

carbonation; pure N2 for calcination

Silaban

&Harrison

(1995)

[19]
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seems to have a very modest effect for materials with N > 3 and for

relevant time scales in Ca-looping systems. The use of an initially

long calcination time (in the first cycle) has been investigated as

a potential method to obtain stable pore structures that could

withstand subsequent calcination–carbonation cycles. This at-

tempt failed in the case of Alvarez et al. [21] but was more success-

ful in the paper by Manovic and Anthony [18], that reported

improvements in the sorbent skeleton of the sample. Alonso

Table 1 (continued)

Operating

variable

Range Observed effect Notes on experimental conditions Authors Reference

850–1000 Small influence for T < 950 °C. Moderate

decrease of XN when Tcalc increases above

950 °C

Sample mass 15 mg; Tcarb = 650 °C;

tcarb = 5 min; 10 %v CO2 in air for both stages

Grasa &

Abanades

(2006)

[17]

950–1150 Enhanced sintering compared to T < 950°.

Relevant decrease of XN when Tcalc and

tcalc increases

Sample mass 15 mg; Tcarb = 650 °C;

tcarb = tcalc = 10 min; 10 %v CO2 in air at both

stages

Gonzalez

et al.

(2008)

[26]

1170–1270 Relevant decrease of XN when Tcalc

increases

Sample mass 20 mg; non isothermal; heating

rates 5–30 °C/min 100 %v CO2

Deutsch &

Heller-

Kallai

(1991)

[27]

Calcination CO2

vol fraction

0–15 %v Small decrease of XN as CO2 concentration

increases

Sample mass 12 mg; Tcarb = 750 °C;

tcarb = tcalc = 1 h; Tcalc = 825 °C

Silaban

&Harrison

(1995)

[19]

0–100 %v Moderate decrease of XN as CO2

concentration increases

Tube furnace; sample mass 4 g; non

isothermal; 100 %v CO2. Tested at TGA 800 °C;

tcarb = tcalc = 15 min; 50 %v CO2 in N2 for

carbonation; pure N2 calcination

Manovic

et al.

(2009)

[28]

Calcination time

(min)

3–60 First cycle very sensitive when T > 900 °C,

but decreases as N increases

Sample size 15 mg; Tcarb = 650 °C;

tcarb = 5 min; Tcalc = 950 °C; 10 %v CO2 in air

both stages

Grasa &

Abanades

(2006)

[17]

15–240 Small increase in XN as tcalc increases Sample mass 30 mg; Tcarb = Tcalc = 750–

850 °C; tcarb = 30 min; 50 %v CO2 in N2 for

carbonation; pure N2 for calcination

Manovic &

Anthony

(2008)

[18]

3–300 Moderate decrease in XN when tcalc

increases

Sample mass 15 mg; Tcarb = 650 °C;

tcarb = 10 min; Tcalc = 1050 °C; 10 %v CO2 in

air for both stages

Gonzalez

et al.

(2008)

[26]

Calcination

heating rate

2.5–800 °C/s Moderate decrease in XN as heating rate

increases

Wire mesh reactor; sample mass 200 mg;

Tcarb = 600 °C; 14 %v CO2 in N2 for

carbonation; Tcalc = 850 °C, in pure N2; 1 cycle

Yan et al.

(2010)

[29]

SO2

Concentration

during

carbonation

and/or

calcination

(ppmv)

2250 XN decreases with the number of cycles

more quickly when SO2 was present and at

higher SO2 concentrations

Dual-environment thermogravimetric fixed

bed reactor; sample mass 2 g; sulphation

between carbonation and calcination;

Tcarb = 600 °C at 10 %v CO2 in air; sulphation at

825 °C; calcination at 850 °C in air

Li et al.

(2005)

[30]

2000–4000 Bubbling fluidized bed; sulphation during

carbonation; Tcarb = 700 °C; 16 %v CO2, 5 %v O2

balance N2; Tcalc = 850 °C in air; times each

cycle variable

Ryu et al.

(2006)

[31]

100–5000 Sulphation during carbonation; Tcarb = 650–

700 °C in 15 %v CO2 and 3 %v O2 balance N2;

tcarb = 30 min; Tcalc = 950 °C in pure N2 during

25 min

Manovic &

Anthony

(2010)

[32]

2900 Atmospheric thermogravimetric fixed bed

reactor; sample mass 850 mg; sulphation

during carbonation; Isothermal at 850 °C;

80 %v CO2 3 %v O2 balance N2 during 8 min;

calcination in pure N2

Sun et al.

(2007)

[20]

2200 The presence of SO2 always accelerate the

deactivation of the sorbent with respect to

CO2 capture even when low sulfation

conversion is allowed in each cycle

Sulfation between carbonation and calcination.

Tsulf = 850 °C; Tcarb = 650 °C in 10 %v CO2,

5 min; Tcalc > 850 °C in 10 %v CO2, 5 min

Grasa et al.

(2008)

[33]

Steam molar

fraction during

carbonation

and/or

calcination

95 %v No influence. Small increase of XN if SO2 is

present during carbonation

Atmospheric thermogravimetric fixed bed

reactor; 850 mg, steam during calcination;

isothermal 850 °C; pure CO2 for carbonation

(co-capture: 80 %v CO2, 2900 ppmv SO2, 3 %v

O2)

Sun et al.

(2008)

[34]

20 %v No influence or small increase of XN when

steam is present at carbonation step

depending on the limestone.

Steam during carbonation; sample mass 3 mg;

Tcarb = 650 °C; tcarb = 5 min; in 10–20 %v CO2;

Tcalc = 800–900 °C tcalc = 5 min

Arias et al.

(2012)

[35]

10–20 %v No influence or small increase of XN when

steam is present if tcarb is sufficient enough

to reach XN

Steam during carbonation; sample mass 30 mg;

Tcarb = 600–800 °C; 20% CO2 in N2;

Tcalc = 800–950 °C in pure N2 or in pure CO2

Manovic &

Anthony

(2010)

[36]

10–20 %v Moderate increase of XN when the steam

concentration increases during one or both

stages.

Steam presence in carbonation or calcination

and both. Bubbling fluidized bed reactor;

sample mass 4 g, Tcarb = 650 °C; Tcalc = 900 °C;

tcarb = tcalc = 10 min; 15 %v CO2 in air at both

stages

Donat et al.

(2012)

[37]
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et al. [42] concluded after an analysis of these and other papers

reporting beneficial effects of a precalcination stage that these ben-

efits were due to ‘‘self-reactivation’’ effects due to extended car-

bonation times and not to more stable skeleton formation in the

particles. This is however a subject still open for more detailed

investigations.

The effect of the heating rate of the sample towards calcination

temperature was investigated between 2.3 and 800 °C/s by Yan

et al. [29]. The heating rate had no influence when the heating rate

was below 10 °C/s. At higher heating rates, the maximum CO2 car-

rying capacities of CaO particles were moderately smaller

Cyclic co-capture (of SO2 and CO2) studies involving carbon-

ation–sulfation/calcination cycles, confirmed that the CO2 capture

capacity of the sorbent decreased more quickly when SO2 was

present in the reaction atmosphere, and this effect was increased

at increasing SO2 concentration. SO2 competed with CO2 in the

reaction with CaO at the low reaction temperature typical from

carbonator reactor [31,32]. Experimental studies revealed that

even the very low sulphation conversion that would be achieved

at typical carbonator operating conditions (high Ca/S ratio) will

diminish the CO2 carrying capacity of the sorbent. The utilization

of CaO decreases during the first cycles (due to the strong textural

deactivation of CaO plus deactivation due to the presence of SO2).

For higher numbers of cycles, however, CaO utilization increases as

a result of the residual carbonation that still takes place and the

increasing sulfation of CaO in every cycle [33]. Limestone type

has an important effect on the deactivation curves in presence of

SO2, specially in the first few cycles, and a highly reactive material

will suffer a more pronounced deactivation in presence of SO2[32].

Concerning the presence of steam, we leave outside the scope of

Table 1 the reactivation studies using H2O as a reactant to form

Ca(OH)2 and focus on reported effects of steam during the carbon-

ation reaction of CaO. This shows a negligible effect on the kinetic

constant of the fast reaction stage [35]. However it presents a po-

sitive effect on CaO conversion when the diffusion phenomena

either through the product layer [36], or external gas layer diffu-

sion [37] become the limiting step in the carbonation reaction.

In addition to the links and relationships discussed in the previ-

ous paragraphs between operating conditions and CO2 carrying

capacity curves, it is always possible that some of the discrepancies

between results and some of the observed effect could simply

come from uncontrolled conditions during the tests or from the

artefacts in the testing equipment or the experimental method.

This is obviously an undesired situation, because an erroneous

attribution of the cause-effect to the observed results could lead

into much wider errors and noise in the already complex debate

on CaO performance issues in calcium looping capture systems.

As described in the next sections, we have recently found an exam-

ple of such an undesired effect when comparing results from dif-

ferent TGA apparatus that consistently yielded lower CO2

carrying capacities than other TGAs operating at the same nominal

testing conditions. Therefore, the objective of this paper is to re-

view in detail the experimental method to determine the CO2 car-

rying capacity curves and the impact of the TGA apparatus and

other testing conditions in the determination of CO2 carrying

capacity curves for Ca-looping systems.

2. Experimental

2.1. Materials

A commercial Spanish limestone (Imeco) has been used in this

work as a reference, as this has been used in different pilot exper-

iments from our group and in TGA studies [33,43] that indicate a

standard behavior in terms of CO2 carrying capacity curves. After

calcination, Imeco has 96.1% CaO, 1.2% MgO, 1.1% SiO2, 0.2%

Fe2O3, 0.1% Al2O3, 0.05% K2O, 0.01% Na2O and less than 0.05%

TiO2. The range of the particle size used during the new test has

been 45–75 lm, which is well known to provide a homogenous

type carbonation and calcination model [17].

2.2. Apparatus

Four different TG analyzers have been used in this work and

their main technical characteristics are summarized in Table 2.

TGA-1 and TGA-2 are in-house designs for long multicycle car-

bonation/calcination testing (Fig. 1. Left) that have been described

in detail elsewhere [17,26]. Both of them contain a precise micro-

balance (CI Instruments) that continuously measures the weight of

the sample, which is suspended in a platinum basket. A special

characteristic of their design is that there are two zones in the ver-

tical quartz furnace, enabling it to work at different temperatures,

as the furnace can be moved up and down (by means of a pneu-

matic piston). The position of the furnace with respect to the plat-

inum basket alternates between calcination conditions and

carbonation conditions. The control of the movement of the piston

can be synchronized with changes in the atmosphere of the gas fed

to the TGA using mass flow controllers. The main differences be-

tween TGA-1 and TGA-2 are related with the maximum tempera-

ture and the power density of the ovens surrounding the two

zones (see Table 2). The temperature of the sample is measured

with a thermocouple very close (about 1 mm) below the TGA pan

and is continuously recorded by a computer. The dimensions of

the sample pans in both thermobalances are different too. The

sample pan for TGA-1 is 7.6 � 10 2 m diameter and 3 � 10 3 m

height. For the TGA-2 and Q5000 IR the sample pans are identical

with 1.1 � 10 2 m diameter and 10 3 m height.

The TG analyzers Q600 and Q5000IR are commercial analyzers

from TA Instruments. The Q600 TGA is a horizontal design able

to carry out TGA and DTA analysis. The oven is 0.0254 m internal

diameter and 0.1 m long and the sample pan is 6.6 � 10 3 m diam-

eter and 3.2 � 10 3 m height. The model Q5000IR is 0.0127 m

internal diameter and 0.055 m length. It has an important differ-

ence respect to the other designs: in order to achieve very high

heating rates, infrared lamps are used as heating elements around

the sample pan. This allows a ballistic heating rate (maximum

heating rate without programming) higher than 2000 °C/min,

although the maximum programmable heating rate is 500 °C/

min. These differences in the ballistic heating rate are related to

another difference between the analyzers, that will be revealed

as important to discuss the results below, that is the power density

of the ovens. This is defined as the maximum power flux through

the internal area of the oven (cylindrical dimensions in all cases).

The power density relates with the ballistic and the maximum

heating rates of the sample in the interior of the TGA. As it is shown

in Table 2 this value varies by almost an order of magnitude be-

tween the four analyzers used in this work. A heating rate of

60 °C/min was set for all the TGAs used in this study as a reference

for all heating periods (i.e. for all temperature ramps during calci-

nation and between carbonation and calcination conditions). In

TGA-1 and TGA-2 the only controllable heating rate is at the begin-

ning of the first calcination because carbonation and calcination

conditions are reached by changing the position of the oven around

the sample (see Fig. 1 Left). In this condition the average heating

rate is also close to 60 °C/min.

2.3. Experimental method

When determining kinetic parameters in gas–solid reactions in

a TGA it is important to avoid diffusional limitations around the

TGA pan as they are equipment dependent. Since the microscopic
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heat transfer and mass transfer phenomena around the small batch

of solids in the pan of a TGA can be very complex to model in detail,

it is very important to avoid this complexity when the reaction

rates are being measured. In experiments under differential reactor

conditions all particles in the TGA need to be assumed to be at the

average concentration of gases set by experimenter in the gas fed

to the TGA. Large sample masses of material, pans with a deep

cylindrical geometry and/or modest superficial velocities of gases

around the sample can introduce misleading errors in the determi-

nation of kinetic parameters in the reactions being tested. As an

example, Fig. 1 (right) shows the effect of high sample mass on

the conversion of CaO in the first cycle using TGA-1, indicating

how different the slope of the curve can be (i.e. the apparent reac-

tivity) at two sample masses of identical material and reaction con-

ditions. However, it can also be seen in Fig. 1 (right) that when the

carbonation time is sufficiently long (around 8 min under these

carbonation conditions) the maximum conversion of both tests

converges towards the same value. This means that the determina-

tion of CO2 carrying capacities is in principle compatible with non-

differential conditions during the test, while the determination of

rate parameters is not. For similar reasons, preliminary tests must

be carried out at any TGA to identify conditions where there is no

relevant effect of the superficial gas velocity around the pan on ki-

netic results. This superficial gas velocity was determined to be

around 0.06 m/s (at 650 °C) for the flat pan geometries of the

TGA pans used in this work.

The rest of experimental conditions during the TGA test are

listed in Table 3, consistent with the review of main effects dis-

cussed in the introduction section: carbonation and calcination

times and reaction temperatures in line with what is expected in

large scale systems. The choice of an unrealistic calcination atmo-

sphere during the TGA test (free of CO2) facilitates fast switching

between carbonation and calcination conditions and a better

zcomparison of results from the different TGAs. According to Ta-

ble 1, this should have no relevant effect on the discussions below.

3. Results and discussion

As indicated in the previous section, we have adopted precau-

tions to ensure that the material tested in the four different TGAs

listed in Table 2 is undertaking calcination and carbonation cycles

under ‘‘identical’’ differential conditions. Furthermore, as discussed

in the introduction around observed effects reported in the litera-

ture on CO2 carrying capacity curves, the diffusion resistances

should not affect much the XN vs N curves as long as the carbon-

ation times are sufficiently long to complete the fast reaction stage.

Therefore it was a surprise to consistently obtain results as differ-

ent as those presented in Fig. 2 for the carbonation of an identical

sample of limestone, calcined under identical nominal conditions

in the four TGAs used in this study and carbonated in differential

conditions detailed above.

As can be seen in Fig. 2(a) the differences in carrying capacity in

the first cycle drop from XCaCO3 = 0.68 for the TGA-1 to a value of

XCaCO3 = 0.47 for the Q5000IR. The impact of the thermobalance

Table 2

Technical characteristics of the TG analyzers.

TGA-1 TGA-2 Q600 Q5000IR

Oven type: Vertical double Vertical double Horizontal Vertical

Maximum temperature (°C) 1000/1000 1400/800 1500 1200

Ballistic heating rate (°C/min) 100 190 220 >2000

Power (W) 220/220 1300/300 1100 1100

Power density (W/cm2) 4 6/3 12 28

Fig. 1. (Left). Scheme of the multicycle TGA-1 and TGA-2 analyzers (the scheme of the system is identical although the dimensions and power density of the ovens differ as

indicated in Table 2). (Right). Example of results in TGA-1 during the first carbonation cycle of Imeco limestone with different initial sample mass (Tcarb = 650 °C, 10 %v CO2 in

air, previous calcination at 900 °C in air during 10 min).

Table 3

Operating parameters for all TGA used in this work.

Parameter Value

Sample weight (mg) 3–5

Carbonation temperature (°C) 650

Carbonation time (min) 5

Carbonation atmosphere 10 %v CO2 (balance air or N2)

Carbonation gas velocity (m/s) 0.06

Calcination temperature (°C) 900

Calcination time (min) 5

Calcination atmosphere Air/N2
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type is much less significant at increasing number of carbonation–

calcination cycles. This has been tested by conducting 15 identical

cycles on four identical samples in thermobalance TGA-2 and then

the 16th cycle in identical nominal conditions but in the four dif-

ferent thermobalances. As can be seen in Fig. 2(b) the impact of

the thermobalance type is much less severe after the 15 cycles,

as indicated by the proximity within the XCaCO3 vs t curves (spe-

cially for TGA-1, TGA-2 and Q600 cases). Furthermore, in all curves,

in both Figures, the fast carbonation reaction stage is consistent

with the expected rates of the carbonation reaction for this lime-

stone ([13],[43]). Therefore it is the CO2 carrying capacity curve,

XN vs N, what is most affected by the change in the thermobalance

set up. This is also evident when looking at the full carrying capac-

ity curves as indicated in Fig. 3(a), where a tendency of the CO2 car-

rying capacity curves to converge at higher number of cycles can

be observed. These trends were confirmed in longer data series

(with this and with other limestones) involving 100 cycles.

In an attempt to identify the main causes of these disagree-

ments between results from the four thermobalances, five other

high purity limestones available were also tested (in conditions

as in Table 3 and for N = 100) in at least Q5000IR and in the TGA-

1. The results were qualitatively similar to those reported for the

Imeco limestone in Fig. 3(a): the CO2 maximum conversion in

the first cycle was consistently lower when measured in Q5000IR

(between 20% and 40% of the value measured with TGA-1). The im-

pact of this first drop in CO2 carrying capacity was strong in the

first 10–15 cycles of the XN vs N curves and negligible for larger

number of carbonation–calcination cycles.

Since the only difference between the thermobalances is linked

to the oven design and associated heating rates, several series of

test were carried out at different heating rates in the most sensitive

thermobalance to this parameter (Q5000IR). An example of results

is shown in Fig. 3(b), where we can see that heating rates do not

influence the deactivation phenomena detected in the previous

paragraphs during the first cycle obtained with this commercial

TG apparatus. This is consistent with result reported by Yan et al.

[29] that conducted experiments between 2.5 and 800 °C/s and

found that maximum CaO conversions are achieved at a maximum

heating rates of 10 °C/s. Higher heating rates decrease significantly

the maximum carrying capacity as discussed in the introduction.

The next suspect to explain these results that are clearly linked

to the use of different TGAs, was the method by which the sample

is heated by the oven surrounding the sample pan in each TGA.

Fig. 4 indicates a certain correlation between the ballistic heating

rate of the thermobalances (dT/dtmax in °C/min) and the observed

effects in the first cycle of the limestone whereas at a same lower

initial carrying capacity (after 15 cycles in TGA-2) the effect is al-

most negligible for the most thermobalances. Clearly, the thermo-

balance Q5000IR, that is characterize by an ultrafast heating

method of the sample by IR lamps, must be causing a substantial

change in the texture of the first calcine. The fact that this change

takes place even at low heating rates (see 8 °C/min curve in Fig. 3b)

is intriguing but could be explained by the fact that low heating

rates are achieved in this device by altering the frequency and

duration at which the IR lamps are switched on and off. This means

that pulses of short but intense IR radiation could still be reaching

Fig. 2. XCaCO3 vs time curves for Imeco limestone in the TG analyzers under the Table 3 conditions. (a) First cycle, (b) after 15 cycles in TGA-2 (note also the difference in

conversion scale).

Fig. 3. (a) CO2 carrying capacity curves for Imeco limestone determined in the four TGAs under the conditions of Table 3. (b) XCaCO3 vs time curve for first cycle in Q5000IR at

different heating rates while maintaining the rest of operating conditions as in Table 3 (the TGA-1 line is for reference).
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the sample during calcination even at low average (nominal) heat-

ing rates. However, in view of the errors identified when using

some TG equipment and conditions, associated to detail heating

mechanism of the sample, it is important to note that the temper-

ature profiles (average T vs time) of the sample during dynamic TG

test and/or fast changes in the temperature of the sample from car-

bonation to calcination conditions, may not be reliable representa-

tion of the average temperature of the sample.

The type of textural changes caused by the change in heating

mechanism and heating intensity of the ovens in the four thermo-

balances could be investigated in more detail if it was possible to

measure textural changes on the small samples used (3 mg of par-

ent limestone). Unfortunately, our Hg porosimetry equipment can-

not handle such a small quantity of material. Observations in an

optical microscope and in SEM did not provide statistically signif-

icant changes in the external surface of the particles other than

certain reductions in particle sizes when using the Q5000IR

thermobalance.

Therefore one has to speculate that the observed drops in the

CO2 carrying capacities could be linked to some type of enhanced

sintering of the external parts of the particles, leading to the forma-

tion of bottle neck pore structures that could lead to external pore

blockage and reduced conversion. In a previous paper [21], these

bottle necks were unequivocally measured by Hg porosimetry on

large mass samples submitted to high calcination temperatures

at 100 %v CO2 in a fixed bed. If the sealing of these bottle necks

was the cause of the low conversions measured at low cycle num-

bers, one would expect an increase of the observed effects as the

particle size increases. However, test conducted in Q5000IR using

samples with different particle size revealed just the opposite ef-

fect: as indicated in Fig. 5(a) the same sample mass (3 mg are just

5 particles of limestone of 600–800 lm) displayed a less severe

drop in X1 than finer particles. Furthermore, the particle size inter-

val of 45–75 lm and 200–400 lm yielded identical curves XCaCO3

vs t under differential test conditions, which is an indication of

homogeneous reaction pattern of the carbonation reaction consis-

tent with kinetic studies on this reaction referred above. But these

results also imply that the deactivation mechanism or enhanced

sintering caused by the TGA heating elements is homogeneous

and affects virtually the whole mass of particles under 400 lm.

This idea is further reinforced by Fig. 5(b), where different sample

masses are tested in the Q5000IR TGA. As can be seen, the increase

in sample mass clearly improves the quality of the measurements

of X1 as this gets closer to the value measured by the other three

TGAs and to what is expected from limestone of similar character-

istics extensively tested in the open literature (see Table 1).

The shrinking of limestone particles during calcination has been

reported in the past [44] and translates into a reduction in the total

porosity of the lime that can explain the drop in carbonation con-

version after the first calcination. This drop in X1 would obviously

affect the whole XN vs N curve even if no further shrinking took

place during subsequent carbonation calcination cycles. Therefore,

with a 5–7% reduction in particle diameter induced by the different

heating process of the samples in the different TGA used in this

work, all the observed differences in X1 can be explained. Taking

into account the difference in molar volumes of CaO and CaCO3,

a reduction of 40% in the CaO conversion is associated with a

reduction in the porosity of 18% and a 5% reduction in the particle

diameter. Alvarez et al. [21,45] reported detailed results on how

the pore structure of limestone derived limes evolved as the num-

ber of carbonation–calcination cycles increases. After the first cal-

cination, there is always an irreversible loss of pore volume due to

two reasons: the shrinking of the particle and the existence of oc-

clude voids in the CaO particle (that can be detected comparing the

apparent and true densities of CaO). On the other hand, the

remaining available porosity of the first calcined materials (gener-

ated under calcination conditions and times relevant for Ca-loop-

ing cycles) has a pore size distribution that can be fully

carbonated, leading to a non porous carbonate mass after the first

carbonation cycle.

Therefore, we can speculate that the previous mechanism

seems to agree with all the observations reported above. The CaO

particles originated after the first calcination already depart from

the ideal sorbent morphology because they experience (for reasons

unknown but linked to the power density of the TGA) an enhanced

Fig. 4. Effect of the TG analyzer and its ballistic heating rate (dT/dtmax) over the

maximum CaO conversion to CaCO3 measured in the first cycle and in the cycle 16

under operating conditions of Table 3.

Fig. 5. Carbonation conversion curves obtained in Q5000IR for the first cycle of Imeco using the conditions of Table 3 unless stated otherwise. (a) Effect of particle sized. (b)

Effect of sample mass. TGA-1 line was added to serve as a reference.

M. Alonso et al. / Fuel 127 (2014) 52–61 59

��������	
	 	��	



shrinking. Despite these sintering phenomena all pores resulting

from the first calcination will end up filled with carbonate, as

TGA results clearly indicate a homogeneous carbonation. In subse-

quent calcination–carbonation cycles, further shrinking of the par-

ticles may not be allowed by the formation of a robust skeleton of

CaO [22] that will have a more stable total porosity value even if it

keeps changing its pore size distribution towards larger pores [21].

In these conditions, the evolution (decrease) of the surface area of

the particles and the limit imposed by the product layer formation

on the internal CaO surfaces, will determine the CO2 carrying

capacity curves for higher numbers of carbonation calcination cy-

cles. However, the sintering induced in the first calcination cycle

has a strong influence on all points of the CO2 carrying capacity

curve. The error is strongly reduced by operating with large parti-

cles and large sample masses. However, this may make the results

unsuitable for kinetic measurements, as the large sample masses

required to minimize the error are incompatible with the differen-

tial conditions required to determine kinetic parameters. This is

trade-off that must be carefully assessed by the experimenter after

calibrating their TGA apparatus taking into account the possible

experimental artefacts identified in this work.

4. Conclusions

The determination of the CO2 carrying capacity curves of CaO-

materials at increasing number of carbonation–calcination is

important to anticipate sorbent performance in large scale calcium

looping systems. A review of the existing literature has revealed

that many variables have a moderate effect on these CaO deactiva-

tion curves, but many of these effects can be explained when tak-

ing into account mass transfer limitations that may be present

during the test. These mass transfer limitations can be avoided in

thermogravimetric analyzers (TGA) using sufficiently small sample

masses and high superficial gas velocities around the pan.

However, a new possible source of error has been identified in

TGA equipment that seems linked to the characteristic design of

the oven heating method in the apparatus. When the TGA is de-

signed to allow very high heating rates of the sample there is a

clear reduction (20–40% drop) in the value of the maximum car-

bonation conversion at the end of the first cycle, that seems to

be associated to an enhanced shrinking of the particle. This has a

strong influence on the remaining points of the CO2 carrying capac-

ity curve. The error is strongly reduced by operating with large par-

ticles and large sample masses. However, this may make the

results unsuitable for kinetic measurements, as the large sample

masses required to minimize the error are incompatible with the

differential conditions required to determine kinetic parameters.

Careful choice and calibration of conditions under which the TG

test are carried out is needed before concluding on strong effects

of certain variables on CO2 carrying capacity curves of CaO.
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Kinetics of the CaO/Ca(OH)2 Hydration/Dehydration Reaction for
Thermochemical Energy Storage Applications

Yolanda A. Criado,* Mońica Alonso, and J. Carlos Abanades

Instituto Nacional del Carboń, CSIC-INCAR, C/Francisco Pintado Fe, 26, 33011, Oviedo, Spain

ABSTRACT: The calcium oxide hydration/dehydration reaction is proposed as a suitable reaction couple for thermochemical
energy storage systems. However, limited work has been reported on the reaction kinetics of CaO/Ca(OH)2 under appropriate
operation conditions for storage applications involving fluidized beds. This study focuses on the effect of temperature, partial
steam pressure, and particle size upon the intrinsic hydration and dehydration reaction kinetics when natural materials are used.
The experimental data have been fitted satisfactorily to a shrinking core model for both hydration and dehydration reactions, at
reaction temperatures between 400 and 560 °C and partial steam pressures between 0 and 100 kPa. The reaction rates measured
are higher than those previously reported in the literature. In the case of large particle sizes of natural material, particle attrition
has been detected indicating the need to develop more suitable materials for thermochemical energy storage applications.

■ INTRODUCTION

Thermal energy storage (TES) systems at large scale are a key
component for increasing the reliability, dispatchability, and
efficiency of thermal solar power plants, as they allow the power
production profile of the solar field to be adapted to
demand.1−3 The main types of TES technologies available for
solar energy systems are sensible heat storage (by solid or liquid
media, see Gil et al.4), latent heat storage (mainly in the solid−
liquid phase transition, see Liu et al.5), sorption heat storage
(physical or chemical), and heat storage by reversible chemical
reactions.1,4,6 The last two technologies are known as
thermochemical energy storage, and in theory, they would
yield the highest storage energy densities, although they are still
at the research and design stage.
The hydration/dehydration of CaO (reaction 1) is

considered as a suitable reversible reaction for thermochemical
energy storage systems,6 as the reaction enthalpy is high (−104
kJ/mol) and energy can be released during the hydration
(discharging step) and stored during the dehydration (charging
step). The temperature level at which the heat can be released
(450−500 °C) facilitates the thermal integration of the storage
system within the solar field.3 Furthermore, the reactants are
easily storable, stable, low cost, and environmentally friendly.7

+ ↔

Δ = −H

CaO(s) H O(g) Ca(OH) (s)

104 kJ/mol

2 2

298K (1)

The reactors traditionally considered suitable for the
hydration and dehydration reactions in a thermochemical
energy storage system coupled to a solar field are fixed
beds.8−13 However, fixed beds have inherent limitations in
terms of heat transfer efficiency. The inherently low thermal
conductivity of stationary solids necessitates a very large
network of heat transfer surface from which the large amount of
thermal power required for a large-scale system needs to be
extracted and transferred. Also, high pressure drops in the
reacting gases (steam during hydration and/or air during
dehydration) would be required in the storage vessel to put the
fine particle solids into contact with the reacting or purge gases.

If large pellets or particles are used to minimize these effects,
the reaction kinetics can become very slow and mechanical
stresses produced during the reaction may lead to pellet or
particle breakage. Fluidized bed reactor systems using CaO
particles (or CaO-supported particles on an inert and easy-to-
fluidize ceramic support) are an alternative option for carrying
out hydration and dehydration reactions. These systems can
operate in continuous mode and the heat transfer coefficients
to internal surfaces in the reactor are very high, which means
that the heat transfer area requirements in fluidized beds are
considerably reduced. Also, operations such as the separation of
gases and solids, the feeding or extraction of solids and their
handling and transport to and from the storage silos can draw
on the experience of many similar systems in the chemical and
energy industry. Circulating or bubbling fluidized beds for the
hydration/dehydration of CaO/Ca(OH)2 had already been
recognized as possible reactor choices in the pioneering works
of Ervin14,15 and Rosemary et al.16 as far back as the 1970s.
However, no further progress has been made since then in the
development of these reactor concepts.
Within the framework of a recent EU funded project StoRRe

(www.storre.eu) we are investigating the applicability of
fluidized bed reactors to thermochemical energy storage
systems using the CaO/Ca(OH)2 reversible reaction. The
basic process concept proposed by CEA for this project is
represented in Figure 1. In this process, in-coming heat (from
the solar field or any other heat source) is used to dehydrate the
Ca(OH)2 that decomposes into CaO (which is then stored)
and steam. A small fraction of air may be used as fluidizing gas,
although the steam produced during the dehydration of the
incoming solid flow could be sufficient to sustain most of the
fluidization of the solids. During the hydration stage, useful heat
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is released in the reactor when the CaO is rehydrated by the
reaction with the steam (which also acts as fluidizing gas).
An essential part of the design of the thermochemical energy

storage system in Figure 1 is the intrinsic reaction kinetics of
the CaO hydration and Ca(OH)2 dehydration under realistic
operating conditions (reaction atmospheres and temperatures).
Although some works have investigated direct hydration with
liquid water,17−19 hydration must be carried out with steam
because otherwise the efficiency of the energy storage is
severely reduced (Heat out arrow in Figure 1): the hydration
enthalpy decreases from −104 to −62 kJ/mol in standard
conditions when liquid water is used as a reactant instead of
steam.
Although CaO hydration/dehydration reactions have been

previously recognized as a suitable thermochemical energy
storage system, only a few works have focused on the
experimental evaluation of the kinetics of these reactions18−27

and in most cases the operating conditions do not match the
requirements of a storage system such as that described in
Figure 1.
A recent work by Schaube et al.20 evaluated the hydration

and dehydration reaction kinetics at high partial steam pressure
(up to 95.6 kPa) over a large number of hydration-dehydration
cycles and their material did not display any significant
degradation up to 100 cycles. They used different empirical
kinetic models for each reaction step depending on the
operation temperature during hydration and depending on
whether the dehydration conversion was higher or lower than
0.2. Lin et al. and Wang et al.21−23 also recently evaluated the
kinetics of the CaO hydration/Ca(OH)2 decomposition at high
temperature (550−710 °C) and high partial steam pressure
(0.67−2.33 MPa for hydration and a total pressure of 1−3.5
MPa) over several cycles. However, the temperature and
pressure values at which the reaction kinetics were evaluated in
these works are outside the range (very high pressures) of
interest for a process aimed at fluidized bed technology
operating at atmospheric pressure as in Figure 1. Irabien et al.24

obtained a kinetic model for the dehydration of calcium oxide
in the range of temperatures of 330−450 °C using the random
pore model and proposed a pseudohomogeneous kinetic model
to describe the behavior of calcium hydroxide during the

dehydration process. However, they reported that with their
experimental system the influence of external mass transfer and
particle diffusion could not be easily avoided. Hydration
kinetics under liquid water18,19 instead of steam as proposed by
Irabien et al. in another work, are not applicable to
thermochemical energy storage processes for the reasons
mentioned above. Galwey et al.25 studied the dehydration
reaction in a glass vacuum apparatus coupled to a TG analyzer
using 10 mg and 28 mg samples of Ca(OH)2. Their study
showed that dehydration rates were affected by the dispersion
of the reactant particles inside the reaction tube in an ideal fixed
bed. They found that a first order rate equation provided the
most satisfactory fit to the data. Over successive dehydration/
rehydration cycles they observed that reaction rates increased in
both directions as a result of crystallite disintegration, with the
reaction proceeding more rapidly for smaller particles. Matsuda
et al.26 studied the reversible Ca(OH)2/CaO reaction for
energy storage applications at reaction temperatures between
83 and 450 °C and steam concentrations between 1.5 to 15.7%
vol. and proposed a first order reaction for both reactions.
However, the partial steam pressure applied in their work was
substantially lower than what would be used in systems such as
that of Figure 1, where a maximum steam content in the gases
is targeted in order to minimize the air flow requirement and
hence, the cross-sectional area of the reactors for a given
superficial gas velocity.
In view of the limited research work carried out on CaO

hydration/dehydration reactions kinetics for thermochemical
energy storage applications with particle materials suitable for
fluidized bed reactors, the aim of this work is to study the
intrinsic kinetics of the hydration and dehydration reactions of
CaO in highly concentrated atmospheres of steam. The kinetics
information obtained and the model used to interpret the
experimental results will be a valuable tool for designing
fluidized bed reactors for use in energy storage systems such as
that represented in Figure 1. The materials and experimental
conditions for the kinetic experimental tests have been selected
with this aim in mind.

■ EXPERIMENTAL SECTION

The hydration and dehydration reactions of CaO particles have
been experimentally studied in a thermogravimetric analyzer
(TG) especially designed for long multicycle gas−solid
reactions, and adapted to operate with pure steam or air-
steam mixtures, as described below.
The TG apparatus consists of a quartz tube (2.5 × 10−2 m

o.d.) placed inside a two-zone furnace capable of working at
temperatures of up to 1000 °C and at different temperatures in
each furnace zone. For the tests described in this work, the
sample holder was located in the upper furnace position,
allowing the bottom part of the oven to be used for preheating
and mixing the steam and air mixture before they reached the
sample. During all the experiments, the sample weight,
temperature and flows were continuously recorded on a
computer.
For each run in the TG, around 3 mg of sample was

introduced into the sample holder and the total gas flow was set
to 7.3 × 10−6 m3/s (STP) which corresponds to a superficial
gas velocity of 0.05 m/s around the sample at 550 °C. This
avoids undesired diffusional effects around the sample when a
high amount of mass and/or low gas velocities are used. In
these conditions the kinetics observed during the experiments
will be representative of the intrinsic characteristics of

Figure 1. StoRRe CaO/Ca(OH)2 thermochemical energy storage
process concept.
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hydration/dehydration reactions and not of the particular
characteristics of the experimental set up (shape and size of the
plate, reacting gas velocity, location of thermocouple etc.) or
the sample (i.e., sample mass). The high gas velocity, required
to derive relevant kinetic parameters at particle level, caused
some disturbances in the weight readings in the TG head, that
need to be calibrated. To determine the additional disturbances
in the weight readings when changing from hydration to
dehydration, blank experiments for each different set of
conditions were performed using an empty sample holder
and an inert material. After correcting the data obtained from
the blank tests, plots of conversion vs time for each cycle were
made from the weight losses and gains recorded. At the end of
each run, the samples were weighed in a different precision
balance to check the accuracy of the weight measurements
made during the experiments.
The TG system used in this work is depicted in Figure 2.

The bottles on the left-hand side of the figure contain one liter

of distilled liquid water at ambient temperature and pressurized
to 500 kPa by means of N2. Two parallel lines of water were
installed in order allow a continuous supply of water to the
system. After the water bottles, a Bronkhorst liquid mass flow
controller provides a precise water mass flow of between 1.4 ×

10−3 and 2.8 × 10−2 g/s. To vaporize the liquid water, the
pipeline is heated by means of a heating tape whose
temperature (the same as the oven temperature to avoid
changes in the steam flow between the pipe line and the TG) is
adjusted by means of a temperature controller. This heating
zone is located at a sufficient distance from the mass flow
controller (0.2 m) to ensure that the high temperature does not
interfere with the controller. To guarantee complete, uniform
and stable vaporization in the first heating zone, several filters
are situated along the pipe line to ensure a uniform distribution
of the water. After the filters, a precision needle valve creates a
damping effect when combined with the water bottles
pressurized to 500 kPa. This ensures that a continuous and
steady flow of steam is provided to the TG.
A three-position pneumatic valve allows a continuous flow of

steam during the change from steam (or mixtures of air and
steam) to air conditions. The valve inlet is connected to the
heated steam generation pipe. One of the valve outlets is
connected to the TG apparatus inlet pipe line (also heated up)

and the other one to a cold pipe where steam is condensed
before it leaves the system. During the pure steam or air-steam
mixture step, the pneumatic valve inlet is connected to the TG
and during the pure air step the steam leaves the system
through the cold pipe.
Steam and/or synthetic air are fed to the bottom of the

quartz tube enclosed by the oven. Up to the oven, the pipe
connected to the quartz tube is also heated up. The low furnace
zone (below the sample basket) is heated up to the lower
experimental temperature. The temperature in the upper zone
was selected as the reaction temperature for the hydration and
dehydration conditions, respectively. To minimize errors arising
from the temperature profiles in the oven, the sample
temperature is controlled by a thermocouple located just a
couple of millimeters below the sample pan. To allow the gas to
leave through the orifice at the top of the quartz tube, a
continuous air purge is passed through the balance head (3.3 ×

10−5 m3/s (STP)). The top of the quartz tube is also heated up
to 50 °C by means of a thermal cord.
For the hydration/dehydration cycling experiments, CaO

was obtained from two natural limestones with different
compositions, Compostilla (89% CaCO3) and Imeco (98.7%
CaCO3) that were calcined at 800 °C in pure air (7.3 × 10−6

m3/s (STP)) for 10 min before each experiment. A series of
tests were carried out to determine the effect of the particle size
on the hydration/dehydration rates. For this purpose four
particle size cuts were tested 100−200 μm, 400−600 μm, 800
μm−1 mm, and 1−2 mm. Since the main objective of this work
is to derive intrinsic hydration/dehydration kinetics, the 100−
200 μm particle size was used in most tests. The hydration and
dehydration reactions were studied over a temperature range of
400−560 °C and several partial steam pressures (PH2O) were
tested ranging from pure steam to pure air at a total pressure of
100 kPa.

■ RESULTS AND DISCUSSION

Most of the experiments carried out to derive kinetic data for
the hydration and dehydration reactions considered in this
work have been conducted in conditions relatively close to
equilibrium. This is because the design of energy storage
systems used to exploit these reversible reactions aims to
operate at the highest possible temperature in the case of
hydration (to maximize the efficiency in the transformation to
useful energy of the Heat out arrow of Figure 1). This will lead
to operation conditions close to the equilibrium for hydration
(at atmospheric pressure, this means temperatures in the range
of 450−500 °C in steam volume fractions close to one). In
contrast, for the dehydration step, the design aims to operate at
the lowest possible temperature (to minimize the heat
requirements for preheating the solids and the dehydration
reaction). In principle, this can be achieved by two means:
using a large flow of purge gas (air or equivalent) in order to
operate the dehydrator under low volume fractions of steam or
using dehydration temperatures as close as possible over the
equilibrium. The first approach requires a larger flow of air in
Figure 1, which will increase the energy required to heat up the
gas and the gas velocities in the fluidized bed dehydrator
reactor. The second approach (minimum or no air require-
ments) will require operation at temperatures close to the
equilibrium temperature (between 500 and 550 °C). These
design decisions (in particular the one affecting the flow of air
to the dehydrator) will have large implications for the required
reactor design (bubbling reactors vs circulating fluidized bed

Figure 2. Thermogravimetric analyzer and steam generation equip-
ment scheme.
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reactors) but detailed analysis of these reactors is beyond the
scope of this paper. What is clear from the previous discussion
is that in all cases, both the hydration and dehydration reactions
will be conducted in conditions as close as possible (kinetics
allowing) to the equilibrium of H2O(v) in CaO.
The CaO/Ca(OH)2 equilibrium curves available in the

literature give different temperatures over the temperature
range studied in this work. As can be seen in Figure 3,

predictions from thermochemical data provided by Barin28 and
Nikulshina29 give an equilibrium temperature of 519 and 514
°C respectively for pure steam at atmospheric pressure,
compared to the curves experimentally obtained by Samms
and Evans,30 Schaube et al.,20 and Halstead and Moore31 who
obtained values between 505 and 510 °C. Experimental
measurements of the equilibrium were performed in the TG
experimental facility described in the Experimental Section to
detect the temperature at which Ca(OH)2 (obtained from the
hydration of CaO at 450 °C and a partial steam pressure of 100
kPa) dehydrates by increasing the temperature (rate of 2 °C/
min) while maintaining the partial steam pressure. This
experiment was repeated for three different partial steam
pressures, 100, 75, and 50 kPa. These tests yielded equilibrium
temperatures very close to those predicted from thermo-
chemical data provided by Barin (518, 508, and 488 °C for
PH2O of 100, 75, and 50 kPa respectively in our work).
Therefore, for the kinetic model described below, eq 2 obtained
by fitting data from the work of Barin28 will be adopted:

= × −⎜ ⎟
⎛

⎝

⎞

⎠
P

T
2.30 10 exp

11607
eq

8

(2)

Experimental curves of hydration conversion (XHy) vs time
were obtained for CaO samples of different particle size
(diameter ranges between 0.1 and 2 mm), at various volume
fractions of steam (from 0.5 to 1) and temperatures (between
400 and 500 °C). Figure 4 shows the experimental results for
the CaO hydration conversion at different partial steam
pressures (100, 75, 65, and 50 kPa). The results shown here
correspond to the calcined Compostilla limestone (89%
CaCO3). However, tests were also performed using Imeco

(98.7% CaCO3) and similar results were obtained for both
samples.
As can be seen in Figure 4, after a fast initial kinetic regime

there is a smooth change in the reaction rate to a slower
reaction regime. The experimental results show that complete
conversion can be achieved within 20−30 s under high partial
steam pressures (i.e., 100 or 75 kPa) which are the most
favorable hydration conditions for these experiments. The
fluctuations in hydration conversion between 0.85 and 1 are
attributed to inherent experimental measurement errors, as no-
similar trend has been observed in other experiments. These
experimental results reveal a much faster hydration reaction
than expected when compared to the kinetic results described
by other authors in the state of the art.20,21,26 As pointed out in
the Experimental Section, special care was taken to minimize
diffusional resistances related to the experimental setup, gas
solid flows, or sample mass. The absence of these resistances
during the kinetic reaction test could explain why the rate of the
hydration reactions in Figure 4 is somewhat higher than
expected.
Another important consequence of the results in Figure 4 is

that the hydration rates can be expressed as a first order
reaction with respect to the steam volume fraction (νH2O) or
steam partial pressure:

ν ν= −

X

t
k T f X

d

d
( )( ) ( )

Hy
Hy H2O eq Hy (3)

This dependency has been observed in other series of
experiments similar to those of Figure 4 and is quite common
in reversible decomposition reactions.32

The temperature dependence of the kinetic constant kHy(T)
was estimated by fitting individual values of kHy data at different
temperatures, as shown in Figure 5. The activation energy for
the CaO hydration derived from these results is EHy = (59.4 ±
0.5) × 103 J/mol and the pre-exponential factor is AHy = (2.5 ±
0.2) × 10−6 1/s. The activation energy value obtained is
consistent with the range of values reported in the literature20

between 58.2 × 103 and 83.5 × 103 J/mol.

Figure 3. Different CaO/Ca(OH)2 equilibrium curves at the operation
conditions range studied in this work.

Figure 4. Hydration conversion (XHy) vs time, data corresponding to
experimental results at 450 °C and four different partial steam
pressures (PH2O 100, 75, 65, and 50 kPa), using 3 mg samples of
Compostilla limestone (100−200 μm), an initial calcination at 800 °C
during 10 min, and a total gas flow of 7.3 × 10−6 m3/s (STP).
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Finally, experiments with different particle sizes were carried
out to identify the reaction surface available during hydration
and the overall reaction model at particle level. Two extreme
reaction models were considered depending on whether the
reaction occurred throughout the entire particle at the same
timea pseudohomogenous modelor whether the reaction
occurred on the particle surfaceshrinking core model.33

Figure 6 represents the results of these experiments in terms
of maximum reaction rate (experimental ΔXHy/Δt) vs the
inverse of the average particle diameter (dp). The same
operation conditions were maintained for each particle size
interval. As can be seen, the results fit to a straight line, which
points to a shrinking core model in which the chemical reaction
is the controlling stage (at least during the first fast stage of the

hydration reaction). Therefore, assuming spherical particles, eq
4 can be applied to calculate the CaO hydration conversion as a
function of time as follows:

ν ν= ′ − − −
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and in integrated form
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where the complete hydration conversion time (τHy) is

τ ν ν= ×
×
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As confirmation of the satisfactory fit of the results, the
dotted lines in Figure 4 were plotted using eqs 5 and 6 with the
parameters derived from Figures 5 and 6.
For the dehydration reaction experiments, the same fitting

procedure as for hydration was followed. First, the effect of the
partial steam pressure on the dehydration reaction was
evaluated as in the example of Figure 7, in which the

dehydration conversion (XDehy) is represented vs time at partial
steam pressures ranging from pure air to 100 kPa for
Compostilla limestone (tests using Imeco limestone yielded
similar results as in the case of the hydration reaction) of 100−
200 μm particle size. As can be seen, when the dehydration
reaction takes place under pure air (0 kPa) at 500 °C,
decomposition rates are very fast and complete dehydration is
achieved in less than 30 s. Even when the partial steam pressure
is slightly increased (i.e., 10 or 25 kPa) the reaction rates are
much faster than expected compared to the results reported in
the literature.20,24,26 However, as discussed in the previous
sections, it is not realistic to expect such a low partial pressure

Figure 5. Arrhenius plot for the hydration reaction, corresponding to
four different temperatures (400, 450, 475, and 500 °C) and PH2O −

Peq = 45 kPa, using 3 mg samples of Compostilla limestone (100−200
μm), an initial calcination at 800 °C during 10 min, and a total gas
flow of 7.3 × 10−6 m3/s (STP).

Figure 6. Maximum hydration reaction rate (ΔXHy/Δt in moles per
second) vs the inverse of the average particle diameter (1/dp in inverse
micrometers) for four particle size cuts, 100−200 μm, 400−600 μm,
800 μm−1 mm, and 1−2 mm, at 450 °C and PH2O = 65 kPa, using 3
mg samples of Compostilla limestone, an initial calcination at 800 °C
during 10 min, and a total gas flow of 7.3 × 10−6 m3/s (STP).

Figure 7. Dehydration conversion (XDehy) vs time at 500 °C and four
different partial steam pressures (PH2O 0, 10, 25, and 50 kPa), and 560
°C and 100 kPa, using 3 mg samples of Compostilla limestone (100−
200 μm), an initial calcination at 800 °C during 10 min, and a total gas
flow of 7.3 × 10−6 m3/s (STP).
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of steam during the dehydration of Ca(OH)2 particles in a
fluidized bed reactor such that of Figure 1. This is because in
large scale systems (aimed at releasing tens of megawatts of
thermal power during hydration), the flow of Ca(OH)2 will
necessarily have to be very high during the dehydration periods
in order to charge the storage silos with CaO. This means that
the molar flow of steam coming from the dehydrator reactor
will also be very high. Therefore, in order to operate this
reactor at low partial steam pressures, (for example PH2O = 10
kPa) it will be necessary to use an air flow 10 times higher than
the steam flow coming out of the reactor. This will entail large
energy requirements and additional equipment for preheating
the air as well as unacceptable large reactor cross sections and/
or superficial gas velocities. Therefore, the most useful kinetic
information for dehydration must be obtained at higher partial
pressures of steam.
As can be seen in Figure 7, as the partial steam pressure

increases and the operation conditions approach equilibrium
(for a partial steam pressure of 50 kPa) the reaction rates slow
down considerably. On the other hand, as discussed above,
future reactors may have to operate for dehydration under pure
steam at the expense of higher reactor temperatures. In this
example, this is represented by a single curve at 560 °C (see
Figure 7), which indicates that Ca(OH)2 dehydrates completely
within only 10 s under these conditions, far from the
equilibrium due to the higher operating temperature.
As in the case of the hydration reaction, the dehydration

reaction fits well to a first-order reaction:

ν ν= −

X

t
k T f X

d

d
( )( ) ( )

Dehy
Dehy eq H2O Dehy (7)

The temperature dependence of the kinetic constant kDehy(T)
was also estimated by fitting the individual values of kDehy data
at different temperatures as shown in Figure 8 for dehydration
experiments under air at different temperatures. In this case the
Arrhenius parameters for the dehydration reaction derived from
the experimental data are an activation energy of EDehy = (60.8
± 0.3) × 103 J/mol and a pre-exponential factor of ADehy = (5.2

± 0.6) × 102 1/s. The activation energy calculated is in the
range of values reported in the literature between 30 × 103 and
190 × 103 J/mol.25

For the dehydration reaction, tests were also conducted using
different particle sizes in order to find the appropriate overall
reaction model at particle level and the relevant reaction surface
during dehydration. As in the case of the hydration reaction,
Figure 9 shows these experiments results by means of the

values of maximum reaction rate (experimental ΔXDehy/Δt) vs
the inverse of the average particle diameter (dp) while
maintaining the same operation conditions for each particle
size tested. As can be seen the results fit to a straight line, the
maximum reaction rate decreases linearly with the particle size.
Therefore, a shrinking core model in which the chemical
reaction is the controlling stage is also proposed for the
dehydration. Again, assuming the particles to be spherical, the
Ca(OH)2 dehydration conversion as a function of time can be
calculated using eq 8 as follows:
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or in integrated form
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where the complete dehydration conversion time (τDehy) is
calculated using eq 10:
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The dotted lines in Figure 7 were also plotted using eqs 9
and 10 with the parameters derived from Figures 8 and 9,

Figure 8. Arrhenius parameters calculation for dehydration reaction
for six different temperatures (400, 415, 433, 450, 475, and 500 °C)
and PH2O = 0 kPa, using 3 mg samples of Compostilla limestone
(100−200 μm), an initial calcination at 800 °C during 10 min, and a
total gas flow of 7.3 × 10−6 m3/s (STP).

Figure 9. Maximum dehydration reaction rate (ΔXDehy/Δt in moles
per second) vs the inverse of the average particle diameter (1/dp in
inverse micrometers) for four particle size cuts, 100−200 μm, 400−
600 μm, 800 μm−1 mm, and 1−2 mm, at 500 °C and PH2O = 0 kPa,
using 3 mg samples of Compostilla limestone, an initial calcination at
800 °C during 10 min, and a total gas flow of 7.3 × 10−6 m3/s (STP).
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confirming that the XDehy vs time curves calculated from these
equations adjust reasonably well to the experimental results.
Finally, several experiments were conducted in which

individual samples of different particle size were subjected to
several cycles of hydration and dehydration.
Figure 10 shows the hydration conversion (XHy) vs the

number of cycles of hydration−dehydration (N) for experi-

ments carried out with hydration during 300 s at 450 °C and
PH2O = 65 kPa followed by complete dehydration at 500 °C in
pure air. As can be seen, for the smaller particle size intervals
(100−200 μm and even for 400−600 μm) almost total
hydration is achieved in all the cycles after 300s. Further tests
up to 32 cycles with calcined natural limestone of size 100−200
μm showed no decay in hydration/dehydration conversion,
confirming the reversibility of the reaction couple (in
agreement with the experimental results reported by Ervin14

and Rosemary et al.16 up to 211 and 1171 cycles, respectively).
However, as the particle size increases (800 μm−1 mm and 1−
2 mm) no complete hydration conversion is achieved after 300
s during the first few hydration cycles. This result is fully
consistent with the shrinking core model described above, as
the available surface is inversely proportional to the particle size
(Figure 6) and 300s is too short time to achieve higher
conversions than those reported in Figure 10. However, a clear
trend toward increasing conversion with the number of cycles is
observed, which may be related to physical damage and the
breakage of the particle porous structure with the consecutive
hydrations and dehydrations, confirmed by visual observation
of the particles after these tests. The particle breaking
mechanism facilitates the diffusion of steam through the
particle cracks and makes more CaO surface available for
reaction with steam.
When the largest particle size cuts were subjected to higher

partial steam pressure during hydration (>75 kPa) at a
temperature of 450 °C, the particles were completely broken

down into fine powders after the first or second cycle and
complete conversion were achieved in all the cycles in just a few
seconds as were observed with the 100−200 μm size cut. These
experiments at higher pressure gradients during hydration show
that the use of high partial steam pressure and the fast
hydration rate are counterproductive because the mechanical
resistance diminishes as the hydration rate increases. The
particle breakage observed indicates that there is scope for
optimizing hydration conditions in order to minimize material
losses. It will probably be necessary to use CaO-supported or
pretreated particles with better mechanical properties for
fluidization. It is beyond the scope of the present work to
analyze these materials. However, the experimental and
modeling results presented in this work to describe the kinetics
of hydration and dehydration of CaO/Ca(OH)2 should serve
as a valuable aid for future designs of reactor concepts suitable
for exploiting the energy storage potential of the CaO/
Ca(OH)2 hydration and dehydration reactions.

■ CONCLUSIONS

In this work the CaO hydration and Ca(OH)2 dehydration
reactions have been studied in the 400 to 560 °C temperature
range and at partial steam pressures from 0 to 100 kPa in a
thermogravimetric analyzer (TG) operating under differential
conditions. These reaction conditions may be relevant to future
designs of large scale thermochemical energy storage systems
involving fluidized bed reactors for hydration and dehydration.
The shrinking core model has been used to fit both the
experimental hydration and dehydration conversion curves.
The CaO particles react following a chemically controlled first
order reaction, displaying activation energies of 59.4 × 103 and
60.8 × 103 J/mol and pre-exponential factors of 2.5 × 10−6 and
5.2 × 102 1/s (for a particle size of 100−200 μm) for hydration
and dehydration reactions, respectively. The reaction rates
observed in all cases are considerably higher than the few so far
reported in the literature under comparable conditions. This
may indicate the presence of misleading resistances to the
progression of the reactions in previous studies. In this work,
particle breakage has been detected when working with larger
CaO particles, which indicates that it might be necessary to use
CaO-supported particles with better mechanical properties for
fluidization. However, since the reaction rates observed under
reasonable reaction conditions were much faster than expected
(complete hydration or dehydration was reached in less than
60s in most cases), it can be concluded that there is still scope
for developing suitable materials and fluidized bed reactors to
perform CaO/Ca(OH)2 hydration and dehydration reactions
in future energy storage systems.
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Figure 10. Hydration conversion after 300 s (XHy) vs the number of
hydration−dehydration cycles (N) for four experiments carried out
with different particle size cuts: 100−200 μm, 400−600 μm, 800 μm−
1 mm, and 1−2 mm, under hydration at 450 °C and PH2O = 65 kPa
and dehydration at 500 °C in air, using 3 mg samples of Compostilla
limestone, an initial calcination at 800 °C during 10 min, and a total
gas flow of 7.3 × 10−6 m3/s (STP).
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■ NOMENCLATURE

A = pre-exponential factor for a particle size cut of 100−200
μm, 1/s
A′ = pre-exponential factor, μm/s
dp = average particle size, μm
E = activation energy, J/mol
k = kinetic constant, 1/s
N = number of hydration-dehydration cycles
Peq = equilibrium pressure, kPa
PH2O = partial steam pressure, kPa
R = universal gas constant, J/mol K
T = temperature, K
t = time, s
X = conversion, mol H2O/mol CaO
ΔH = reaction enthalpy, kJ/mol at 298 K
νH2O = steam volume fraction
νeq = equilibrium volume fraction
τ = complete conversion time, s

Subscripts

Hy = hydration reaction
Dehy = dehydration reaction
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1

METHOD FOR PREPARING A THERMOCHEMICAL ENERGY STORAGE 

MATERIAL

DESCRIPTION

5

FIELD OF THE INVENTION

10
This invention relates to the field of energy storage. It is intended to improve the 

chemical and mechanical properties of CaO functional materials used in some 

thermochemical energy storage processes, in which the reaction of hydration of 

CaO is used to generate heat and the dehydration of Ca(OH)2 is used to absorb 

heat.15

DESCRIPTION OF THE PRIOR ART

Energy storage technologies are needed to accommodate demand with 

supply in large scale energy networks. In particular, in those countries where 20

there is an increasing trend of the share of renewable energy sources.  

Among the different options for energy storage, thermochemical energy 

storage using the CaO/Ca(OH)2 reversible reaction system are gaining interest 

because their theoretical advantages to be cost competitive: high energy 

storage density, fast and efficient solid conversion in a wide range of conditions, 25

suitable reaction temperatures (400-550ºC) for efficient heat supply and 

recovery, use of non-hazardous materials and low cost of the material 

precursors (CaCO3) and reactants (water vapor and air). 

Ervin (US3973552 and US 4054126), disclosed devices and methods for 30

thermochemical energy storage using several hydroxides such as the 

CaO/Ca(OH)2 reversible reaction system, together with mixtures of water vapor

and a carrier gas as reacting fluids during hydration and dehydration. In these 

systems, heat from a thermal solar plant was used during the energy charge 

operation to preheat the calcium hydroxide and decompose it into calcium oxide 35

and water. During the energy discharge operation, the CaO is re-hydrated, 
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releasing useful heat. They also published [�Storage of solar energy by 

inorganic oxide/hydroxides�; Bauerle et al. Sharing the sun: Solar technology in 

the seventies; Proceedings of the Joint Conference, Winnipeg, Canada, August 

15-20, 1976. Volume 8], [�Solar Energy Storage Using Reversible

Hydration/Dehydration of CaO/Ca(OH)2�; Rosemary et al. AlAA Terrestrial 5

Energy Systems Conference; June 4-6,1979 Orlando, Florida] several heat 

transfer embodiments and process concepts for large scale energy storage 

using fixed beds or fluidized beds of CaO/Ca(OH)2.

The practical application of CaO/Ca(OH)2 energy storage systems 10

require of CaO functional materials with adequate pore structure for fast 

hydration reaction with steam at atmospheric pressure. Particles of CaCO3 are 

known to shrink on calcination by a range of sintering mechanism, producing 

CaO particles with suitable mechanical properties and chemical reactivity for a 

range of industrial scale applications. CaO particles obtained by calcination of15

cheap natural sources like limestones has shown to be highly reactive at the 

conditions required in the CaO/Ca(OH)2 energy storage system [�Kinetics of the 

CaO/Ca(OH)2 Hydration/Dehydration Reaction for Thermochemical Energy 

Storage Applications�; Criado et al. Ind. Eng. Chem. Res. 2014, 53, 

12594�12601]. However, the molecular volume of Ca(OH)2 (33.5 m3/mol) is20

slightly lower than the CaCO3 molecular volume (36.9 m3/mol) but much higher

than the CaO molecular volume (16.9 m3/mol). Therefore, when submitting to 

hydration these particles of CaO, they tend to produce highly fragile particles 

due to unavoidable mechanical stresses induced by the swelling effect 

associated to the formation of Ca(OH)2 in the interior of the pores of CaO. Since 25

large flow of gases needs to be put in contact with the solids during the fast 

charge and discharge operations, there are unacceptable losses of CaO 

material and/or very high pressure losses in the system as more fines are 

generated by the mechanism described.

Bauerle et al. (see reference above) first suggest the use of sodium silicate as a 30

binder to improve the mechanical stability of the energy storage materials, and 

tested successfully this binder with MgO/Mg(OH)2. However, they remain silent 
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3

about CaO/Ca(OH)2 materials, that are in theory more suitable for more energy 

efficient storage systems as they operate in a higher temperature range.

In order to solve the problem of the mechanical stability of CaO/Ca(OH)2

materials, EP2551325A1 discloses an energy storage CaO material comprising 

a clay mineral having a layered ribbon structure and a complex metal silicate 5

which is a reaction product of the chemical thermal energy storage material 

(CaO) and the clay mineral. This patent also teaches an adequate particle size 

(less than 50 micrometers) and optimum weight fraction of the grains of the 

energy storage material (20-30%), to achieve a high level of mechanical and 

chemical properties of the energy storage material. However, the disclosed 10

material is to be used in embodiments where the material does not move (fixed 

bed or molded structures) and the patent is silent about the performance of this 

material in fluidized beds, where mechanical forces on fluidizing particles are 

known to drastically enhance the attrition of fragile particles.

15

The use of fluidized bed reactors to undertake hydration dehydration reactions 

of CaO/Ca(OH)2 has been recently shown to have important theoretical 

advantages respect similar systems using fixed beds. These advantages are 

related to the improved heat transfer characteristics of fluidized beds respect to 

fixed beds and to the possibility to build reactors with much lower volume and 20

heat transfer surface, connected to lower cost silos storing CaO and Ca(OH)2

(�Conceptual process design of a CaO/Ca(OH)2 thermochemical energy storage 

system using fluidized bed reactors�; Criado et al. Appl. Therm. Eng. 2014, 73, 

1085-1092). However, fluidized bed configurations are likely to exacerbate the 

mechanical problems of the current thermochemical energy storage materials. 25

Following the teachings of other high temperature fluidized bed systems 

described in the state of the art, suitable materials for fluidized bed applications

will have crushing strengths of at least 2 Newton, N, [�Measuring attrition 

resistance of oxygen carrier particles for chemical looping combustion with a 30

customized jet cup�; Ryden et al. Powder Technol. 2014, 254, 75-86]. For 

energy storage applications using the CaO/Ca(OH)2 reaction system, they will 
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also have to sustain high hydration and dehydration conversions and rates of 

reactions, for at least 100 cycles. There is no description of such active material 

in the state of the art of CaO/Ca(OH)2 energy storage systems. A fluidizing

material with suitable particle size range for fluidization (100-2000 micrometers) 

and suitable mechanical properties for fluidization and solid transport between 5

fluidized bed reactor and silos, as well as high chemical reactivity is not

described in the state of the art. The state of the art is also silent about the 

performance of possible material candidates in long number of hydration-

dehydration cycles under realistic reaction conditions and reaction times in 

energy storage systems using fluidized bed reactors. The material disclosed in 10

this invention is the result of an experimental investigation searching for a 

suitable material for its use in all types of thermochemical energy storage 

applications using CaO/Ca(OH)2. 

BRIEF DESCRIPTION OF THE INVENTION15

The present invention discloses a method for preparing a thermochemical ener-

gy storage material comprising the following steps:

a) mixing particles of CaCO3 with a solution of Na2Si3O7 to produce a hard 

composite at room temperature,

b) curing the composite in air for at least 30 minutes at temperatures below 20

110ºC and up to 400ºC at a slow heating rate no higher than 2ºC/min

c) calcining the cured composite in a gaseous mixture at temperatures 

between 750-850ºC during at least 10 min 

d) carbonating the composite with CO2 at temperatures between 500-800ºC 

e) a second calcination of  the material resulting from d) in air at temperatures 25

between 750-850ºC during at least 10 min.

In a preferred embodiment, the carbonation step takes place with pure CO2 at 

atmospheric pressure and at temperatures between 700 � 750ºC while the cal-

cination of the carbonates takes place in air at 850ºC.30

The present invention also refers to a thermochemical energy storage material 
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5

prepared by a method as previously defined, comprising a mixture of porous 

particles of CaO embedded in a hard cementitious matrix containing calcium 

silicates formed by the reaction of Na2Si3O7 with the external part of the parti-

cles of CaO combined with the secondary products of a carbonation reaction of 

the calcium silicates with CO2 at high temperature followed by a calcination step 5

of all formed carbonates.

In a preferred embodiment, the material is in pellet or particle form and the CaO 

particles have a diameter between 10-200 micrometers, more preferably 30 

micrometers. The weight fraction of CaO particles is between 0.4-0.9, more 

preferably 0.7.10

It further constitutes an object of the present invention the use of a material as 

previously defined in thermochemical  energy storage systems involving cyclic 

hydration processes of the material with concentrated H2O(v) to form Ca(OH)2

followed by the dehydration reaction of the material to form CaO and  H2O(v).

15

DESCRIPTION OF THE INVENTION

This invention discloses a method for preparing an energy storage 

material containing CaO that maintains adequate chemical and mechanical 

properties after many reversible cycles of hydration of CaO with H2O(v) and 

dehydration of Ca(OH)2.20

The material is a result of an investigation of screening potential 

candidates from the state of the art, following the set of targets below:

- a weight fraction gain of at least 1/3 of the theoretical maximum

(0.321 is the weight fraction gained by a certain mass of pure CaO

completely hydrated to Ca(OH)2) after 100 standard hydration-25

dehydration cycles (each cycle consisting in submitting a sample of

around 10-15 mg of calcined material to 5 minutes of hydration in

pure steam at 450ºC and 5 minutes of dehydration in pure steam at

550ºC).

- a particulate material with particle size between 100-200030

micrometers, with a sustained crushing strength higher than 2 N after

100 standard hydration-dehydration cycles.
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In a particular series of test, mixtures of CaCO3 in granular form with average 

particle size between 36-63 micrometers where mixed with a solution of sodium 

silicate, Na2Si3O7. After curing the mixtures (one possible recipe for curing is 

given in the example), a hard solid material (crushing strengths between 24-30 5

N) was obtained in the form of a small pellet of between 1-3 mm equivalent

diameter. After calcination of this material at preferably between 750-850ºC, the 

fraction of CaO to binder was between 70-80 weight%. The resulting composite 

particles displayed adequate initial mechanical properties (crushing strength > 

17 N). The crushing strength was substantially lower when similar test were 10

conducted with precursors such as CaO and Ca(OH)2, the later requiring much 

large quantities of binder to achieve similar initial crushing strengths. Therefore, 

all subsequent tests were conducted using CaCO3 particles as a CaO 

precursor.

15

XRD analysis of the samples detected the formation of Ca2SiO4 and Na2CaSiO4

as main reaction products between CaO and Na2Si3O7 during calcination of the 

material, as follows.

CaO + Na2Si3O7 ® Na2CaSiO4 + SiO2 [1]

2CaO + SiO2 ® Ca2SiO4 [2]20

After hydration-dehydration cycles in pure steam of the above material, XRD 

analysis detected calcium silicate hydrated phases, mainly calcium-chondrodite 

Ca5(SiO4)2(OH)2, which reveals as an adequate cementitious material candidate 

because it has good crushing strength properties..25

9Ca2SiO4 + 2H2O ® 2Ca5(SiO4)2(OH)2 + Ca8(SiO4)2(Si3O10)    [3]

Unfortunately, it became clear during a series of 100 standard hydration-

dehydration test with this material that the material was progressively losing the 30

reactivity towards hydration (see Figure1), with a decay in the weight fraction of 

H2O(v) absorbed by the calcined material in 450ºC steam below 0.07 after 20 
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standard hydration-dehydration cycles. The crushing strength also decreased

along cycling (from 17 N before the first hydration cycle to 10.2 N after 20 

cycles) but stabilizes after 40 cycles (crushing strength 8.0 N) as it remains at 

7.5 N after 100 cycles. This can be considered highly suitable for practical 

applications including fixed and fluidized bed reactors.5

The previous experiments allowed us to make one important 

observations: the decay in the weight fraction of H2O(v) absorbed by the 

calcined material with the number of hydration-dehydration cycles takes place in 

parallel with the increase in the XRD picks of Ca5(SiO4)2(OH)2, that are the 

result of the reaction of Ca2SiO4 (formed after the reaction of CaO from the 10

precursor with the SiO2 resulting from reaction [1]) with H2O(v). This was 

confirmed by repeating identical experiments as those described above with 

particle sizes of precursors of 200-400 micrometers and d50=14 micrometers. 

These results indicated that the formation of complex hydrated forms of calcium 

silicate in the cementitious matrix was a likely cause of the reduction of porosity 15

of the cementitious matrix, making slower the diffusion process of H2O(v)

through such cementitious matrix towards the active particles of CaO. Indeed, 

when longer hydration times were allowed (20 minutes) it was experimentally 

observed that the decay in the weight fraction of H2O(v) absorbed by the 

calcined material with the increasing number of hydration-dehydration cycles 20

was less pronounced. 

In an attempt to search for conditions to maintain higher chemical activity while 

maintaining mechanical strength of the material during hydration, we tested a 

reaction of fast carbonation and fast calcination of the material. The intention 25

was first to induce a minor shrinking of the CaO particles embedded in the 

composite material, before submitting it to hydration-dehydration cycles. With 

the particles of CaO being of slightly lower volume than the original particles 

precursors of CaO, the further reaction of CaO with the cementitious 

components to form Ca2SiO4 and Na2CaSiO4 should be reduced or avoided. 30

This should also reduce the subsequent formation of Ca5(SiO4)2(OH)2 during

hydration-dehydration cycles, that had been identified as a possible cause of 
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the deactivation of the material as discussed above. In principle, the required 

reduction in the volume of CaO particles respect to the volume of CaCO3

precursor particles could be achieved by calcining the material at very high 

temperature and/or long calcination times, as calcination is known to induce 

sintering and particle shrinking in these conditions. However, test at 5

temperatures over 900ºC and 24 hours indicated that the mechanical strength

of the material was lower after these intense calcination conditions, due to the 

complex interactions between calcium silicates in these conditions, leading to 

components with less suitable mechanical properties. 

10

In contrast with the above results, the material resulting from the carbonation-

calcination cycle had all the favorable characteristics that had been set as initial 

targets. The additional carbonation-calcination reaction cycle had resulted in a 

material that is mechanically and chemically stable during hydration and 

dehydration reactions, comprising a mixture of porous particles of CaO 15

embedded in a hard cementitious matrix containing calcium silicates formed by 

the reaction of Na2Si3O7 with the external part of the particles of CaO 

characterized by the secondary products of a carbonation reaction of the 

calcium silicates with CO2 at high temperature followed by a calcination step of 

all formed carbonates.20

To further elucidate on the nature of the complex material resulting from the 

new reactions steps of carbonation and calcination, samples of the material 

disclosed in this invention were prepared from a mixture of very fine particles of 

CaCO3 (co-precipitated d50=14micrometers) and a high fraction of Na2Si3O7. 25

This facilitated the complete reaction of CaO with the Na2Si3O7 to form calcium 

silicates and the subsequent carbonation of these silicates with CO2 without the 

interference of the carbonation of free CaO to CaCO3. The XRD analysis of the 

resulting samples after carbonation in pure CO2 and 750ºC revealed the 

presence of Ca5(SiO4)2CO3 and Na2Ca(CO3)2/Ca2Na2(CO3)3, indicating the 30

reaction of some of the complex silicates with CO2 to form these complex 

carbonates. Materials carbonated at 750ºC had a high crushing strength (19 N). 
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The same carbonation test conducted at 650ºC yielded a material with less 

crushing strength (10 N). This can be explained by the fact that a certain 

fraction of free CaCO3 were detected by XRD after carbonation at 650ºC in the 

samples with a high fraction of Na2Si3O7, which is thermodynamically allowed at 

this lower carbonation temperatures by the direct decomposition of Ca2SiO4 to 5

yield CaCO3 and SiO2. Both temperatures of carbonation were able to yield 

materials with good reactivity but the crushing strength after calcination of the 

materials carbonated at 750ºC was higher than the crushing strength of the 

calcined material that had been carbonated at 650ºC and calcined at 850ºC. 

10

Therefore, a preferred characteristic of the material disclosed in this invention is 

that it contains a mixture of product of reactions of CO2 with the complex 

calcium silicates obtained by reaction of CaO with Na2Si3O7, wherein the 

carbonation reactions takes place with pure CO2 at atmospheric pressure at 

temperatures between 500-800ºC, preferably between 700-750ºC, as this 15

carbonation temperature avoids the formation of CaCO3 in the cementitious 

matrix.

The introduction of the additional carbonation-calcination step translates into a 

much better performance of the material in terms of chemical activity along 20

cycling in standard hydration dehydration test (see Figure 1). The crushing

strength of the material was maintained at values higher than 7.5 N after 100 

standard hydration-dehydration cycles. 

These materials yield similar chemical and mechanical properties at different 25

temperature of calcination higher than 700ºC in air. But in order to promote a 

full calcination of any other carbonate (including CaCO3) in relatively short 

periods of time it is a preferred characteristic of the material to be the result of a 

calcination reaction wherein the calcination of the carbonates takes place in air 

at 850ºC. 30

The experimental investigation of the chemical reactivity and mechanical 
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strength of the material in pellet or particle form (for fixed bed or fluidized bed 

applications) using different particle sizes of the CaO precursors and different 

weight fractions of precursors and Na2Si3O7, reveals that an adequate particle 

size range for the CaO particles in the material is between 10-200 micrometers, 

preferably 30 micrometers.5

Concerning the weight fraction of free CaO particles respect to the cementitious

matrix in the material of this invention it is preferred to maintain this between 

0.4-0.9, preferably 0.7 as this is a compromise between mechanical strength 

(higher than 7.5 N after 100 cycles) and the need of a high fraction of free CaO 10

that provides chemical reactivity towards hydration-dehydration cycles.

The experimental screening of conditions and materials has revealed a 

preferred method to manufacture the material of this invention, characterized by 

the following steps:15

a) mixing particles of CaCO3 with a solution of Na2Si3O7 to produce a hard

composite at room temperature,

b) curing the composite in air for at least 30 minutes at temperatures below

110ºC and up to 400ºC at a slow heating rate no higher than 2ºC/min

c) calcining  the cured composite in a gaseous mixture at temperatures be-20

tween 750-850ºC during at least 10 min

d) carbonating the composite with CO2 at temperatures between 500-800ºC

e) a second calcination of the material resulting from d) in air at temperatures

between 750-850ºC during at least 10 min.

The material produced following the previous method was tested in 25

experiments of long duration including some conducted under realistic 

temperatures and partial pressures of H2O(v) (100 cycles dehydration in 550ºC 

steam, as indicated by the white circles in Figure 2). Similar series of test were 

also carried out using milder dehydration conditions (500ºC in air, 

corresponding to the white squares in Figure 2). The stability of the weight 30

fraction of H2O(v) absorbed by the calcined material along cycling confirmed the 

reversibility of the material towards cyclic hydration-dehydration cycles. The 
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stability of the crushing strength values after cycling was also satisfactory. This 

confirmed the suitability of the use of the material disclosed in this invention in 

thermochemical energy storage systems involving cyclic processes hydration of 

the material with concentrated H2O(v) to form Ca(OH)2 followed by the 

dehydration reaction of the material to form CaO and H2O(v).5

BRIEF DESCRIPTION OF THE DRAWINGS

A set of drawings is attached wherein, with illustrative and non-limiting 

character, the following has been represented:10

Figure 1: shows the weight fraction of H2O(v) absorbed (w) by two 

composite material at 450ºC in pure steam at atmospheric pressure vs. the 

number of hydration-dehydration cycles (Nhy). Dehydration is carried out at 550ºC 

in pure steam in both cases. The white diamonds correspond to the material 

claimed in this invention while the black diamonds correspond to a material 15

without the secondary products resulting from a carbonation and calcination 

steps of the material.

Figure 2: shows similar experimental results on similar materials ant test 

conditions for a longer number of cycles (white diamonds, left axis) with 

occasional measurements of the crushing strength (black triangles, right axis). 20

The white squares correspond to similar material and test conditions except the 

dehydration step (carried out at 500ºC in air).

EXAMPLES

As an example of the teachings of this invention, the detailed 25

manufacture of a material and the testing procedure of the material regarding 

chemical reactivity and mechanical strength is presented in this Example. The 

precursor of the material was a limestone with 98.7%w CaCO3, sieved and 

washed to a particle size range of 36-63 micrometers. A mass of 1.4 g of 

CaCO3 was mixed in a crucible with a mass of 0.6 g of solution of Na2Si3O730

(Na2O, ~10.6% SiO2, ~26.5%, Sigma-Aldrich Co. LLC.) at room temperature. 

This mixture was allowed to settle and cure in oven at 80ºC during 15 min, then 
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110ºC during 15 min and finally the temperature was increased to 400ºC at a 

heating rate of 2ºC/min. The initial crushing strength (measured using 

dynamometer SHIMPO FGE-5X located in a manual test stand SHIMPO 

MFGS-100L) of the sample was 28.1 N compared to the crushing strength of 

the CaCO3 of 7-9 N. 5

For hydration/dehydration reactions in pure steam/air at temperatures 

between 450-550ºC and initial calcination/carbonation in air/CO2 at 

temperatures between 700-850ºC an experimental set-up designed for long 

multi-cycle gas-solid reactions at atmospheric pressure and adapted for10

operating with pure steam or air-steam mixtures was employed. The 

experimental set-up comprises a thermogravimetric analyzer and a steam 

generation line. The thermogravimetric analyzer consists of a quartz tube 

(2.5x10-2 m) placed in a furnace capable of working at temperatures up to 

1000ºC. A total gas flow of 7.3x10-6 m3/s (STP) around the sample was set, 15

equivalent to 0.05 m/s at 550ºC. The steam generation line comprises two 

pressurized bottles that, through a liquid mass flow controller, provide distillated 

water to a heated pipe. Filters and a needle valve at the start of the heated pipe 

are used to obtain a uniform and stable vaporization of the liquid water by 

generating a large pressure drop in the needle valve that dump the small 20

variations of pressure during the evaporation of liquid drops. The system 

generates continuously steam during hydration/dehydration tests. A three-

position pneumatic valve allows changing from pure steam to air/CO2 conditions 

inside the thermogravimetric analyzer.

25

By calcination of the precursor in air at 850ºC, a material is obtained 

characterized by a mixture of porous particles of CaO embedded in a hard 

cementitious matrix resulting from the reactions of sodium silicate with the 

external part of the particles of CaO at temperatures between 750-850ºC used

during calcination in the TG equipment. During calcination at temperatures 30

between 750-850ºC, Ca2SiO4 and Na2CaSiO4 are formed, as detected by XRD

analyzer (Bruker D8 powder diffractometer equipped with a CuK�
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monocromatic X-Ray tube, step size of 0.02º, scan step 1 s and scan rage from 

5º to 60º 2�). The initial crushing strength of the mixture of porous particles of 

CaO embedded in a hard cementitious matrix was >17 N compared to the 

crushing strength of the CaO of 3-4 N.

5

After the calcination in air at 850ºC, around 10-15 mg of CaO embedded 

in the hard cementitious matrix is subjected to 100 cycles of hydration in 450ºC 

of steam during at least 5 min and dehydration in 500ºC air during at least 5 min

(white squares in Figure 2). For hydration-dehydration in more realistic 

conditions (i.e. steam tests), after the calcination in air at 850ºC the CaO 10

embedded in the hard cementitious matrix is carbonated in CO2 at 750ºC during 

20 min and then calcined in air at 850ºC during 10 min. During the carbonation 

complex silicates are formed (Ca5(SiO4)2CO3 and Na2Ca(CO3)2/Ca2Na2(CO3)3

mainly as detected by XRD) and the resulted material is mechanically and 

chemically stable during hydration and dehydration reactions. After the 15

carbonation in CO2 at 750ºC, the hard cementitious matrix in which porous 

particles of CaO are embedded is characterized by the secondary products of a 

carbonation reaction of the calcium silicates with CO2 at high temperature 

followed by a calcination step of all formed carbonates. After the 

calcination/carbonation/calcination stages, around 10-15 mg of CaO embedded 20

in the hard cementitious matrix is subjected to hydration in 450ºC steam during 

at least 5min and dehydration in 550ºC steam during at least 5min inside the 

TG equipment (white circles in Figure 2). 

In any all the above mentioned cases, a weight fraction of H2O(v)

absorbed by the calcined material of around 0.13-0.16 is maintained for long 25

cycling (>100 cycles) and the crushing strength remained stable at values >7.5

N compared to the crushing strength of the CaO/Ca(OH)2 particles after >3

cycles of <2 N.

30
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CLAIMS

1.- A method for preparing a thermochemical energy storage material 

comprising the following steps:

a) mixing particles of CaCO3 with a solution of Na2Si3O7 to produce a 5

hard composite at room temperature,

b) curing the composite in air for at least 30 minutes at temperatures

below 110ºC and up to 400ºC at a slow heating rate no higher than

2ºC/min

c) calcining the cured composite in a gaseous mixture at temperatures10

between 750-850ºC during at least 10 min

d) carbonating the composite with CO2 at temperatures between 500-

800ºC

e) a second calcination of the material resulting from d) in air at

temperatures between 750-850ºC during at least 10 min.15

2.- The method of claim 1, wherein the carbonation step takes place with 

pure CO2 at atmospheric pressure and at temperatures between 700 �

750ºC.

20

3.- The method of anyone of claims 1 and 2, wherein the calcination of 

the carbonates takes place in air at 850ºC.

4.- A thermochemical energy storage material prepared by a method as 

defined in claims 1 to 3, comprising a mixture of porous particles of CaO 25

embedded in a hard cementitious matrix containing calcium silicates 

formed by the reaction of Na2Si3O7 with the external part of the particles 

of CaO combined with the secondary products of a carbonation reaction 

of the calcium silicates with CO2 at high temperature followed by a 

calcination step of all formed carbonates.30

5.- The thermochemical energy storage material of claim 4, wherein the 
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material is in pellet or particle form and the CaO particles have a 

diameter between 10-200 micrometers.

6. - The thermochemical energy storage material of claim 5, wherein the

CaO particles have a diameter of 30 micrometers.5

7. - The thermochemical energy storage material of anyone of claims 5

and 6, wherein the weight fraction of CaO particles is between 0.4-0.9.

8.- The thermochemical energy storage material of claim 7, wherein the 10

weight fraction of CaO particles is 0.7.

9.- Use of a material as defined in claims 4 to 8 in thermochemical 

energy storage systems involving cyclic hydration processes of the 

material with concentrated H2O(v) to form Ca(OH)2 followed by the 

dehydration reaction of the material to form CaO and  H2O(v).15

20

25

30

��������	
	 	���	



16

METHOD FOR PREPARING A THERMOCHEMICAL ENERGY STORAGE 

MATERIAL

ABSTRACT5

This invention discloses a method for preparing a thermochemical energy 

storage material comprising CaO or Ca(OH)2. The material also comprises a 

matrix of hard cementitious material containing silica and calcium silicates that 

result from the reaction of a binder, such as Na2Si3O7, with the external part of 10

the CaO particles originally embedded in the binder. The cementitious material 

is characterized by the secondary products of a reaction of the calcium silicates 

with CO2 at high temperature followed by a calcination step of all formed 

carbonates. The resulting material displays superior mechanical and chemical 

properties after many reversible cycles of hydration with H2O(v) and dehydration 15

of Ca(OH)2 and can be used for thermochemical energy storage systems.

20
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Fig. 1
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Fig. 2

5

0

5

10

15

20

25

30

0

0,05

0,1

0,15

0,2

0 20 40 60 80 100

Cw

Nhy

�������������	
����
������������������������
������������ ����



��������	
																																																																																																																																				��	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



���������������	�	��������	��	����������	�������	��	��������������������������������������������������	

���������	���������	���������	���������	����
����
�	��	
����
�	��	
����
�	��	
����
�	��	

���������������
�	�����������
�	�����������
�	�����������
�	���������	�����	�����	�����	����
��	����
��	����
��	����
��	

�����	�
�������	�
�������	�
�������	�
���
�����
�����
�����
��������				

 ��������	��!	

"���������	���	#�$�������$	

�%�������	&������%	

'()	*+�(,*+��	

-.�	�/�'	

�

�

				

				

�

 ����������	
" ����������	
" ����������	
" ����������	
"""""""""				

				

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



��������	
																																																																																																																																				��0	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



Composite Material for Thermochemical Energy Storage Using CaO/
Ca(OH)2
Yolanda Álvarez Criado,* Mońica Alonso, and J. Carlos Abanades

Instituto Nacional del Carboń, CSIC-INCAR, C/Francisco Pintado Fe 26, 33011, Oviedo, Spain

ABSTRACT: This work describes a material that has improved mechanical and reactivity properties for use in thermochemical
energy storage systems based on CaO/Ca(OH)2 reversible reactions. The composite material uses sodium silicate as a binder of
active CaO particles. The observed mechanical stability of the material is due to the formation of hard Ca silicates resulting from
the reaction of the binder with the exterior of the CaO particles. A screening of the main synthesis variables affecting the
composite was carried out, including Ca precursors of different particle size, a range of molar Ca/Si ratios, as well as the curing
and calcination conditions. The most suitable material (containing CaCO3 with a particle size of 36−63 μm as calcium precursor
and a molar Ca/Si ratio of 4.8−6.2, calcined in air at 850 °C) was tested over many hydration/dehydration cycles (up to 500) in
a thermogravimetric apparatus. The material sustained high molar hydration conversions (between 0.6 and 0.7) and crushing
strength values of >2 N after 200 cycles, when dehydrated in pure steam.

■ INTRODUCTION

Concentrating solar power (CSP) has an installed capacity
worldwide of 3.4 GW and is expected to grow at a fast rate in
scenarios of high deployment of renewable energies.1 CSP
plants experience highly predictable variations in incoming
energy flow that do not necessarily match demand. The storage
of excess thermal energy for short periods of time (hours)
allows a high level of dispatchability of electricity from the CSP
plants. The main thermal energy storage technologies are
sensible, latent, sorption, and reversible reaction heat
storage.2−5 The last two technologies (known as thermochem-
ical energy storage) have been the least investigated until now.
Yet, potentially, they can yield higher energy storage densities,
compared to sensible or latent heat storage systems.6−9 In
particular, we are interested in the use of the calcium oxide
hydration/dehydration reaction, proposed by Ervin et al. in the
late 1970s10−13 as the basis of some thermochemical energy
storage systems:10−21

+ ↔

Δ = −

s g

H

CaO( ) H O( ) Ca(OH)

109 kJ/mol

2 2

298 K (1)

This system is based on two steps: during the hydration of
CaO in the presence of steam (discharge step), useful thermal
heat is released at temperatures of >450 °C. During the charge
step, the stored Ca(OH)2 is dehydrated using incoming heat
from the solar field (or other heat source) in the presence of a
gas that purges the steam generated out of the reactor
system.10,21 The main advantages of this reversible reaction
couple are its high reversibility and fast reaction rates,22 high
reaction enthalpy (ΔH298 K = −109 kJ/mol), which allows for
large energy storage densities, and appropriate charge and
discharge temperatures (400−550 °C) at atmospheric pressure
for an efficient heat integration with standard steam cycles.
The most recent works on this energy storage technology

have focused on two different reactor designs for carrying out
the hydration/dehydration reactions: fixed beds20,23−26 and
circulating/bubbling fluidized beds.11,21,27 One of the main

drawbacks of fixed beds is their need for a large heat-transfer
network in order to extract/supply the large amount of thermal
power generated/required during the hydration/dehydration
reactions on a large scale. In addition, the high pressure drop of
the flowing gases in the system (the reacting steam or the purge
gases) can pose a problem in highly packed systems, especially
if the materials swell or break up into finer particles.
In principle, fluidized-bed reactor systems are a suitable

option for the CaO/Ca(OH)2 hydration/dehydration.
21 These

systems are able to operate in continuous mode, the necessary
heat transfer area is reduced (thanks to the high heat transfer
coefficients within the fluidized bed), and the reactor for the
hydration and dehydration steps can be decoupled from the
solid storage silos. Furthermore, operations such as the solids
circulation between reactors, the capture of fine solids
generated by attrition, and any other solids handling operations
between the storage silos can draw on the experience of similar
fluidized beds that are used in the chemical or energy industry.
However, prior experience of these systems has also revealed
the tendency of lime particles obtained from the calcination of
natural limestone to attrite.28,29 Although attrition is a complex
phenomenon, CaO particles are known to be substantially
weaker than their parent CaCO3 particles (CaO crushing
strengths are usually between one-half to one-quarter of their
limestone counterparts30−32).
Despite the theoretical benefits of the CaO/Ca(OH)2

system, only a few works have been published on the chemical
and mechanical properties of the CaO/Ca(OH)2 materials used
for thermochemical energy storage applications.13,18,22,33−36

The ability of the particles or pellets to withstand fast reaction
rates and to retain their mechanical integrity after many
hydration/dehydration cycles is a prerequisite for process

Received: April 21, 2015
Revised: September 3, 2015
Accepted: September 5, 2015
Published: September 6, 2015

Article

pubs.acs.org/IECR

© 2015 American Chemical Society 9314 DOI: 10.1021/acs.iecr.5b02688
Ind. Eng. Chem. Res. 2015, 54, 9314−9327

�������������	
����
������������������������
������������ ����



viability. The reaction kinetics under reasonable conditions for
thermochemical energy storage have been investigated only
recently.18,22,33,34 Fast intrinsic reaction rates for the hydration
and dehydration of CaO/Ca(OH)2 at temperatures between
400 °C and 560 °C and partial steam pressures ranging from
pure steam to pure air at atmospheric pressure have been
confirmed.22 Under favorable operation conditions, complete
hydration and dehydration (in pure steam at 450 and 550 °C,
respectively) can be achieved within <60 s and with a high level
of chemical reversibility for particle sizes typical of fluidized-bed
reactors (100−200 μm). However, it should be mentioned that
severe particle breakage was detected in these tests. In all cases,
a high degree of hydration/dehydration was observed to be
counterproductive and the mechanical resistance of the CaO
particles diminished as the hydration/dehydration conversion
increased. Particle disintegration after just 5 hydration/
dehydration cycles was observed under many conditions.
Other authors investigating the mechanical stability of the
material over consecutive hydration/dehydration cycles ob-
tained similar qualitative results.22,32,35,37,38 In short, the
progressive breaking and swelling mechanism of natural
calcined limestone during intense hydration/dehydration
reactions makes natural CaO materials unsuitable for practical
applications in fluidized-bed reactors. A similar conclusion
could be drawn regarding their suitability for fixed-bed
applications, as the tendency to generate fines may translate
into an unacceptable increase in the pressure drop of gases
passing through the fixed-bed reactor and/or in particle
entrainment.36

The main objective of this work was to investigate ways to
improve the mechanical stability of CaO-rich pellets subjected
to hydration/dehydration reactions while maintaining a high
reactivity and reversibility. In the absence of sufficient literature
on synthetic CaO materials for this purpose, we first examined
works on CaO-based synthetic sorbent materials suitable for
CO2 capture applications that make use of the reversible CaO/
CaCO3 equilibrium. As indicated in two recent reviews on the
subject by Kierzkowska et al.39 and Liu et al.,40 two different
approaches can be adopted for the synthesis of such materials:
CO2 sorbents with a certain fraction of active CaO supported
on a porous material (calcium aluminates, γ-Al2O3, MgO, SiO2,
CuO, etc.)40 and cemented sorbents with CaO particles
embedded in a certain amount of binder.41 The main
disadvantage of supported CaO-based materials for the CaO/
Ca(OH)2 system is the very modest CaO content that can be
achieved (typically well below 30 wt % of CaO). This makes
them less suitable for thermochemical energy storage
applications, because of the thermal ballast effect of the inert
support.
The synthesis of cemented CaO-based composite sorbents

seems a more appropriate manufacturing route. A larger
fraction of CaO can form part of the composite and the
individual CaO particles can maintain their high activity during
hydration/dehydration.22 To achieve this high activity, a
minimum amount of binder needs to be used to create a
matrix in which the CaO/Ca(OH)2 particles can be embedded.
Cementitious binders such as binding clays (i.e., attapulgite,
sepiolite, kaolinite, bentonite)42 or silica,36 that show a good
chemical stability at high temperatures (800−1000 °C) can be
employed. Other CaO binders used for desulfurization
applications, such as portland cement, magnesium oxysulfate
cement, sodium silicates, and the like, may also be used in
combination with one or more cementitious clays, or

separately.42,43 However, many of these binders are known to
swell when subjected to hydration conditions44 and other
promising options45 have yet to be tested under realistic
conditions for thermochemical energy storage applications at
high temperature (in pure steam at 400−550 °C).
One of the possible candidates for use as binder for

thermochemical storage applications was mentioned in an early
work by Bauerle et al.13 They tested sodium silicate (Na2Si3O7)
as a binder for a MgO/Mg(OH)2 energy storage material with
positive results. Other authors also tested sodium silicate as a
binder for CaO-based cemented materials in various high-
temperature applications, such as the removal of sulfur from hot
gases42,43 or the synthesis of molds and cores for use in
foundries to cast various metals.46 Other applications of sodium
silicate as a low-cost binder are in refractory cements, pellets,
and briquettes, where their high-temperature resistance (up to
1000 °C) and high mechanical strength when mixed with
limestone materials can be used to full advantage.47 This is
particularly the case when a calcination step is involved during
the composite synthesis, since high temperatures favor the
formation of mechanically strong calcium silicates.48

The objective of this work is to screen potential composite
materials between CaO/Ca(OH)2 and Na2Si3O7 as binder and
test them under realistic operation conditions for thermochem-
ical energy storage applications. The material obtained will be
the result of a compromise between the mechanical strength of
the composite afforded by the binding properties of sodium
silicate, and the reactivity toward hydration provided by the free
CaO present in the composite. In this study, we first screened
the synthesis conditions and characterized the material in terms
of chemical composition, including relevant secondary products
from the reaction of CaO with Na2Si3O7, that may help to
explain the superior mechanical properties observed in the
resulting pellets. Then, the performance of the materials over
hundreds of hydration/dehydration cycles was studied. Finally,
a mechanism has been proposed in order to interpret the
observations.

■ EXPERIMENTAL SECTION

Materials. A reagent-grade Sodium silicate solution (∼10.6
wt % Na2O, ∼ 26.5 wt % SiO2, balance water) from Sigma−
Aldrich Co., LLC, was used as a binder. Three types of CaO
precursor were used: (i) CaCO3 from a natural limestone
(Imeco, 98.7 wt % CaCO3), and coprecipitated calcium
carbonate of reagent quality (Merck KGaA, d50 = 14 μm);
(ii) CaO obtained from the calcination of Imeco limestone; and
(iii) Ca(OH)2 from the total hydration of calcined Imeco
limestone. For the tests in which CaO was used as calcium
precursor for the composite materials, the limestone samples
were calcined in an oven at 850 °C for 1 h. When Ca(OH)2
was used as precursor, the CaO was first hydrated using
distillated liquid water before preparing the composite mix. The
effect of the initial precursor particle size was studied using
particle size cuts (dp) of d50 = 14 μm (coprecipitated), <36 μm,
36−63 μm, 63−100 μm, and 200−400 μm. The synthesis
procedure used to create these composites is described below.

Apparatus. To experimentally follow the hydration and
dehydration reactions of the composites under controlled
differential conditions, a thermogravimetric analyzer coupled to
a pure steam generation line was used. The experimental setup
has been described in detail elsewhere.22 It consists of a quartz
tube (2.5 × 10−2 m) placed in a two-zone furnace capable of
operating at temperatures of up to 1000 °C. The sample
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weight, temperatures, and gas flows were continuously recorded
throughout the tests. For each test, a total gas flow (air or
steam) of 7.3 × 10−6 m3/s (at standard temperature and
pressure), equivalent to 0.05 m/s at 550 °C, was introduced
into the bottom of the quartz tube. Blank tests at different gas
velocities were also performed to confirm the absence of
undesired diffusional effects and to correct the small weight
disturbances caused by the change in operation conditions. The
steam generation line is fed from pressurized bottles. A
controlled mass flow of distilled water is supplied to a pipe
heated by means of a heating tape. A needle valve located at the
end of the heated pipe introduces a deliberately large difference
in pressure (ΔP) to ensure a uniform and stable flow of steam,
which is due to a dampening effect. Finally, to avoid
condensation, a heating cord and an air purge (3.3 × 10−5

m3/s) are placed at the top of the quartz tube.
The hydration reaction was carried out in all cases at 450 °C

in pure steam. However, two different dehydration conditions
were tested (500 °C in air and 550 °C in pure steam). To
evaluate the hydration/dehydration activity of the composite
material, ∼10−15 mg of calcined material (sufficiently low to
avoid mass-transfer limitations) was employed. For the study of
the mechanical properties with the number of cycles, larger
samples were used (∼50 mg) at the expense of less-detailed
kinetic information during the initial fast hydration periods in
order to be able to operate with multiple pellets and measure
their crushing strength (CS), using the procedure below
described. In most of these tests, the reaction time in each
hydration or dehydration step was 4 min. However, some
cycling tests were performed for longer hydration times (tHy =
20 and 400 min) to analyze the effect of this variable.
In the case of some selected samples, up to 500 cycles were

completed when the dehydration was carried out under air and
up to 200 cycles when dehydration was performed under pure
steam. During these tests, the thermogravimetric equipment
(TG) was left overnight on standby in a purge of synthetic air,
for safety reasons. This led to some small errors and minor
changes in the behavior of the sample during the longest testing
periods (up to 8 days long). In some of these long duration
experiments, a certain carbonation of the sample (due to the
CO2 that diffuses from the purge air introduced into the TG
head) was detected. In these cases, an occasional additional
calcination of the sample was applied to restore the original
value of the mass of active CaO.
The activity of the composite materials was evaluated using

three parameters: first of all, the molar conversion of the Ca in
the composite, which was calculated from the differences in
weight as measured by the TG and from the total amount of Ca
present in the pellet. The molar conversion of the Ca is
expressed as the number of moles of H2O absorbed per mole of
Ca in the composite; thus,

=
−

‐ ‐

X
w w M

w M

( )/

/
Hy

Hy calcined H O

Ca precursor Ca precursor

2

(2)

where XHy is the hydration molar conversion of calcium, wHy

the weight of the sample as measured via TG after the
hydration step, wcalcined the weight of the sample as measured
via TG after the calcination step, wCa‑precursor the weight of the
calcium precursor in the sample, and MCa‑precursor and MH2O the

molecular weight of the calcium precursor and H2O,
respectively.

The second parameter used to compare the results was the
weight fraction of H2O absorbed per mass of calcined
composite. This parameter takes a maximum theoretical value
for CaO of 0.321. Therefore, the H2O absorption capacity can
be defined as the ratio of H2O absorbed by the composite to
the maximum theoretical value for CaO. Using these
parameters, it was thus possible to discard materials and
conditions that would lead to chemical activity that is too low
(i.e., hydration molar conversions of XHy < 0.3 or H2O
absorption capacities of <25%).
In order to characterize the mechanical resistance of the

materials, crushing strength (CS) measurements of the
composite material pellets ∼2 mm in size were performed
using a SHIMPO FGE-5X dynamometer (maximum capacity =
20 N, resolution = 0.01 N) supported on a SHIMPO MFGS-
100L manual test stand. This measurement corresponds to the
peak force (in Newtons) required to break a single round
pellet. Since the pellets tested in the TG apparatus are
individual particles and the CS measurements have a tendency
to split the pellet, the CS values given in this work for the
calcined materials are the average of only three measurements.
In this case, the standard deviations were unusually high
(approximately ±1.0 N). For the cycling tests consisting of
hundreds of cycles, the CS measurements reported are more
uncertain, because only one particle could be extracted from the
TG pan after a certain number of hydration/dehydration cycles.
To identify the main chemical species present in the

synthesized materials, X-ray diffraction (XRD) tests were
performed using a Bruker D8 powder diffractometer equipped
with a Cu Kα monochromatic X-ray tube, a Göbel mirror in the
incident beam, and a parallel-slit analyzer in the diffracted
beam. Diffraction data were collected by step scanning using a
step size of 0.02°, a scan step time of 1 s, and a scan range of
5°−60° 2θ. Morphological characterization of the material
before and after cycling was performed by scanning electron
microscopy (SEM) using a Quanta FEG 650 microscope
equipped with an energy-dispersive X-ray (EDX) analyzer
Ametek-EDAX and an Apollo X detector.

Composite Samples. The Ca-based composites were
prepared by manually mixing the calcium precursor (CaCO3,
Ca(OH)2, or CaO) with the Na2Si3O7 solution at different Ca/
Si molar ratios (rCa/Si between 1.5 and 13.2) at ambient
temperature. Cylindrical pellets of 1−3 mm long and 2 mm in
diameter were manually formed using the resulting slurry of the
mixture of the two components. The pellets were cured in an
oven at 80 °C for 15 min and then at 110 °C for 15 min. The
temperature was finally increased to 400 °C at a slow rate of 2
°C/min in order to avoid “bubble-like” weakening formations
in the pellet, caused by water released from the Na2Si3O7

solution. The samples were typically calcined at 850 °C in air
for 10 min. For some long-cycling tests, an initial carbonation
step was required, as discussed later. This step was carried out
in pure CO2 at temperatures between 650 and 750 °C for
periods ranging between 20 min and 1 h. After the carbonation
step, the samples were again calcined under the same
conditions as during the initial calcination of the pellets.

■ RESULTS AND DISCUSSION

In order to establish a reference for comparing the chemical
and mechanical performances of the composite materials tested
in this work, initial experiments were carried out using two
natural limestones subjected to calcination in air at 850 °C as
precursors of CaO. The CS values of these fresh limestones
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ranged between 7 and 9 N and were 3−4 N in the case of their
calcined counterparts. After 1 or 2 hydration/dehydration
cycles, the CS values were <2 N in all cases; after 20 cycles, the
particles were so fragile that it was impossible to collect them
from the TG pan to carry out CS measurements. Consistent
with previous discussions and references,28−32 we adopted a CS
threshold value of 2 N to disregard CaO composite materials
with unsuitable mechanical properties. This threshold also has
been used in other fluidized-bed applications.49 Therefore, it
could be considered very conservative for thermochemical
storage systems using fixed-bed reactor configurations. In
contrast to their poor mechanical performance, the chemical
reversibility of the fine CaO particles is extremely high.
Experimental tests using natural calcined limestone over 300
cycles of hydration in pure steam at 450 °C and dehydration at
500 °C in air revealed complete conversions after just 60 s of
hydration/dehydration. These results are in agreement with the
experimental results up to 211 and 1171 cycles for other CaO
materials and conditions reported by Ervin10 and Rosemary et
al.12 respectively.
In complete contrast with the results above, a material

prepared with CaCO3 as a precursor of CaO and Na2Si3O7 as
binder yielded a composite material with a very high initial CS
(26.0 N, as indicated in Table 1); the CS value after calcination
was 16.2 N. This is ∼4 times higher than that of the original
CaO particles of similar size, confirming the good binding
properties of Na2Si3O7 after curing and after calcination, as
reported by other researchers43,46,48 using different materials. In
addition, the hydration conversion results reported in Table 1
support the good chemical reactivity of the pellets synthesized

with CaCO3 toward hydration, since they all display fast
hydration reaction rates, up to XHy > 0.8 after 200 s.
However, a drastic change in the performance of the pellets

took place when CaO was used as calcium precursor, as can be
seen from Table 1. The preparation of these pellets required a
larger fraction of binder to reach acceptable levels of
mechanical strength (see their low rCa/Si values in Table 1).
Even with a larger fraction of binder, the pellets presented
lower mechanical resistance (CS = 5.9 N). The direct reaction
between CaO and the sodium silicate solution during the
mixing of the two compounds lead to weak lumps of CaO-rich
material and a poor-quality mixture. Moreover, hydration
conversion remained at a modest value (with a XHy value of just
over 0.3) as 70% of the original calcium present in the sample
was no longer available to form Ca(OH)2 during hydration.
Some of the possible reactions that might have taken place
between the binder and the Ca-rich particles forming the pellet
will be discussed below, but no more detailed investigation was
conducted on these particular materials in view of their poor
chemical activity and their modest CS values. The same
problems and observations applied when Ca(OH)2 was used as
a precursor for the pellets (see third line of Table 1).
In order to facilitate comparison of the effects of the calcium

precursors, samples using CaCO3 and similar rCa/Si values to
those required for CaO and Ca(OH)2 were synthesized. A
hydration conversion similar to that of the other two calcium
precursors was observed (Table 1) after the composite
calcination. In contrast, CS > 30 N was measured when
CaCO3 was used with the same molar Ca/Si ratio. In view of
these results, all subsequent experiments were carried out using
CaCO3 as calcium precursor.

Table 1. Crushing Strength (CS) of Composite Materials and Maximum Chemical Activity Values (Hydration under Pure Steam
at 450 °C after 200 s of Reaction)

Effect of Calcium Precursora

Ca-precursor rCa/Si fresh CS (N) XHy (mol H2O/mol Ca) weight fraction H2O/calcined sample H2O absorption capacity (%)

CaCO3 6.2 26.0 0.80 0.196 61.1

2.0 >30 0.34 0.074 23.1

CaO 2.3 5.9 0.30 0.081 25.4

Ca(OH)2 2.0 4.2 0.33 0.073 23.0

Calcination Conditionsb

temperature, time fresh CS (N) calcined CS (N) XHy (mol H2O/mol Ca) weight fraction H2O/calcined sample H2O absorption capacity (%)

850 °C, 10 min 28.1 17.0 0.68 0.168 52.3

850 °C, 16 h 28.1 17.8 0.68 0.168 52.3

650 °C, 16 h 28.1 7.5 0.83 0.195 60.7

Precursor Particle Sizec

dp fresh CS (N) calcined CS (N) XHy (mol H2O/mol Ca) weight fraction H2O/calcined sample H2O absorption capacity (%)

coprecipitated (d50 = 14 μm) 9.8 5.7 0.68 0.168 52.3

<36 μm 12.2 10.2 0.63 0.156 48.6

36−63 μm 28.1 17.0 0.68 0.168 52.3

63−100 μm 8.2 6.3 0.68 0.168 52.3

200−400 μm 6.0 4.9 0.83 0.170 53.0

Molar Ca/Si Ratio, rCa/Si
d

rCa/Si f CaO fresh CS (N) calcined CS (N) XHy (mol H2O/mol Ca) weight fraction H2O/calcined sample H2O absorption capacity (%)

13.2 0.88 4.5 1.9 0.85 0.219 68.2

6.2 0.74 26.0 16.2 0.75 0.190 59.1

4.8 0.67 28.1 17.0 0.68 0.168 52.3

1.8 0.12 >30 17.5 0.37 0.071 22.1
aPrecursor particle size of <36 μm. bCaCO3 precursor with a particle size = 36−63 μm, rCa/Si = 4.8 ( f CaO = 0.67). cCaCO3 precursor, rCa/Si = 4.8
( f CaO = 0.67), except for particles 200−400 μm in size, which exhibits values of rCa/Si = 3.2 ( f CaO = 0.50). dCaCO3 precursor with a particle size of
36−63 μm.
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In order to study the effect of the calcination conditions
needed to generate the pellet, two calcination temperatures
(650 and 850 °C in air) and two very different calcination times
(10 min and 16 h) were applied (see Table 1 for the CS results
and the main conversions measured after the hydration test).
After each calcination step, a decrease in CS values occurred,
with respect to the CS values of the material resulting from the
curing process (where harder particles of CaCO3 still represent
a large fraction of the pellet mass). However, the CS values of
the calcined pellets were still very high (17−18 N) when the
material was calcined at high temperature (850 °C). In contrast,
there was a remarkable decrease in CS values (down to CS =
7.5 N) when the pellet was subjected to a very slow calcination
process at 650 °C, lasting 16 h. The calcination conditions also
affected the hydration conversions of the calcined pellets. The
samples calcined at 850 °C presented similar conversions (XHy

= 0.68 after 200 s), but they increased up to XHy = 0.83 when
the calcination proceeded at 650 °C. This is another clear
indication of the different chemical reactions that are taking
place between the binder and the CaO particles during
calcination, yielding different reaction products, depending on
the calcination conditions. Since the CS and reactivity
properties of the pellets are clearly dependent on these
solid−solid reactions, the samples were analyzed in more detail
by XRD, in order to establish the nature of the reaction
products.
First, XRD analysis of the composite material was carried out

before calcination, as illustrated in Figure 1a. Only the presence

of CaCO3 could be ascertained in this sample, as the sodium
silicate was undetectable by XRD, because of its amorphous
nature.50 When the sample was calcined at 850 °C, the CaO
signals appeared together with peaks clearly associated with
Na2CaSiO4 and Ca2SiO4 (see Figure 1b). Therefore, these
silicates must be the result of a fast solid−solid reaction
between the external part of the CaO grains and the sodium
silicate:

+ → +CaO Na Si O Na CaSiO 2SiO2 3 7 2 4 2 (3)

The formation of Ca2SiO4 required contact between the
CaO and the silica formed in the previous reaction:

+ →2CaO SiO Ca SiO2 2 4 (4)

Reactions 3 and 4 can be combined as follows:

+ → +5CaO Na Si O Na CaSiO 2Ca SiO2 3 7 2 4 2 4 (5)

The reactant mobility necessary for these reactions to occur
must be favored at high calcination temperatures, since the
XRD analysis of the samples calcined at 650 °C could not fully
confirm the presence of Ca2SiO4, even after 16 h of calcination
(Figure 1c). This was also confirmed by the hydration
experiments. A higher hydration conversion was obtained for
the material calcined at 650 °C, compared to the material
calcined at 850 °C (XHy = 0.83 vs XHy = 0.68). At lower
calcination temperatures, a larger fraction of free CaO was
available to react with H2O, which is consistent with the lower
consumption of CaO in reactions 3 and 4. On the other hand,
the formation of Ca2SiO4 and Na2CaSiO4 in the pellets calcined
at 850 °C must be related to the higher crushing strength
values, compared to those obtained at 650 °C, as the silicates
formed are known to provide good mechanical properties to
the portland cement.48

Because of the importance of reactions 3 and 4 for
determining the properties of the pellets, some samples were
prepared so that a more-detailed investigation of the nature of
the reaction products could be carried out in the absence of free
CaO. For this purpose, stoichiometric mixtures of Ca and Si
(rCa/Si = 1.5) were prepared using very fine particles of CaCO3

(coprecipitated, d50 = 14 μm). In this specific case, the sample
was calcined in an oven at 850 °C for 1 h to ensure that
reactions 3 and 4 were completed. The full conversion of the
initial calcium compounds was confirmed by the absence of
CaO or CaCO3 peaks in the XRD plot of Figure 2a. XRD

analysis showed the presence of Ca2SiO4 and Na2CaSiO4 as the
main reaction products, together with other complex silicates
such as Na2Ca2Si2O7/Na2Ca3Si2O8. Other silicates with various
Ca:Si:Na ratios may also play a role in the CaO−SiO2−Na2O
reaction system48,51 but could not be detected in this analysis. It
is beyond the scope of this work to investigate the chemistry
and crystalline structure of these silicates in more detail,
because these aspects are still uncertain52 in these temperature
ranges, even though they are believed to have a considerable

Figure 1. XRD results for a composite material prepared using CaCO3

of 36−63 μm and a rCa/Si = 4.8: (a) fresh particle (after curing), (b)
after calcination at 850 °C for 10 min, and (c) after calcination at 650
°C for 16 h.

Figure 2. XRD results for a composite material prepared using
coprecipitated CaCO3 (d50 = 14 μm) and rCa/Si = 1.5: (a) after
calcination at 850 °C in an oven for 1 h; (b) after calcination at 850
°C, followed by carbonation in pure CO2 at 750 °C; and (c) after
calcination at 850 °C, followed by carbonation in pure CO2 at 650 °C.
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impact on the mechanical properties of these materials. The
results presented so far are sufficient to indicate that the
formation of complex silicates is responsible for the superior
mechanical properties of these composites. It is also clear that
the drastic improvement in CS, with respect to natural CaO
materials, is at the expense of the consumption of a fraction of
the calcium originally loaded onto the composite, which will no
longer be available for fast hydration after the formation of
stable calcium silicates.
The above results highlight the need to minimize the

quantity of binder (maximize the rCa/Si ratio) when
manufacturing these composite materials. Reactions 3 and 4
seem to be very fast under the most adequate calcination
temperatures and times (i.e., 850 °C for at least 10 min) for
these composite materials, in light of the XRD results presented
in Figures 1b and 2a. If it is assumed that both reactions 3 and 4
proceed until one of the reactants has been consumed, it is
possible to calculate the fraction of free CaO left in the
composite for hydration, with respect to the total amount of Ca
present in the sample ( f CaO), as follows:

= −

+ −⎜ ⎟
⎛
⎝
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f 1

2
w
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w
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w
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SiO2

Na2O

Na2O

CaCO3

CaCO3 (6)

where Mi is the molecular weight and wi is the initial mass of
each compound in the composite material. The parameters
wSiO2

and wNa2O can be estimated from the total mass of sodium

silicate solution present and the composition of the sodium
silicate solution. Furthermore, eq 6 can be simplified to yield eq
7, because it is inversely proportional to the molar Ca/Si ratio
in the cured composite material, rCa/Si:

= −f
r

1
1.592

CaO
Ca/Si (7)

If eq 7 is used, a stoichiometric mixture of CaCO3 and
Na2Si3O7 ( f CaO = 0) will have a Ca/Si ratio of rCa/Si = 1.6 (close
to the experimental ratio used for the composite prepared for
the XRD analysis in Figure 2a).

Equation 7 can be used to interpret the maximum hydration
conversion results when using different rCa/Si ratios. To confirm
this, composites with different rCa/Si ratios between 1.5 and 13.2
were prepared using the coprecipitated CaCO3 precursor to
enhance the fast reactions of silicates formation. The hydration
tests revealed that the hydration of the composite with rCa/Si =
1.5 is very low (XHy < 0.1), which is consistent with what has
been discussed above. The residual hydration detected can be
explained by an incomplete conversion of CaO to silicates that
was not detected by XRD or by a modest degree of hydration
of the silicates. Other experiments conducted with rCa/Si ratios
of 4.8 and 13.2 showed hydration conversions of 0.70 and 0.90,
respectively, which are close to those calculated with eq 7 ( f CaO
0.67 and 0.88, respectively). The small positive deviations can
again be explained by the potential ability of calcium silicates to
partially hydrate during the hydration test.
From the previous discussion, it can be inferred that there is

a tradeoff between the use of increasing fractions of binder to
generate strong calcium silicates in the composite and the need
to maximize f CaO by reducing the fraction of the binder. Since
the solid−solid reactions (reactions 3 and 4) must follow a
core−shell reaction pattern, it seems reasonable to assume that
precursors with a larger particle size will yield different levels of
conversion of CaO to calcium silicates to those with a finer
particle size. This should have an impact on the reactivity and
mechanical properties of the pellet. To confirm these effects,
CaCO3 from different sources and with different particle sizes
were employed: coprecipitated CaCO3 (d50 = 14 μm) and
Imeco limestone with particle size cuts of <36 μm, 36−63 μm,
63−100 μm, and 200−400 μm. The same rCa/Si ratio was used
in all of these samples (rCa/Si = 4.8), except in the 200−400 μm
sample, which was prepared with a rCa/Si ratio of 3.2 (a lower
rCa/Si was required in order to obtain mechanically stable
pellets). As can be seen in Figure 3a, for calcium precursor
particle sizes of <100 μm, a hydration conversion between 0.6
and 0.7 was achieved within <1 min in all cases. This result is
consistent with the complete hydration of the free Ca fraction
calculated from eq 7 ( f CaO = 0.67). In contrast, for the
composite prepared with a particle size of 200−400 μm, there is
a significant gap between the experimental hydration

Figure 3. Hydration conversion (XHy) as a function of time for (a) five different particle sizes of sizes (coprecipitated CaCO3 d50 = 14 μm and Imeco
CaCO3 < 36 μm, 36−63 μm, 100−200 μm and 200−400 μm), rCa/Si = 4.8 (except for dp= 200−400 μm, which had rCa/Si = 3.2) and (b) four
different rCa/Si ratios (13.2, 6.2, 4.8, and 1.8), using 36−63 μm Imeco CaCO3 as calcium precursor. Corresponding f CaO (from eq 7) values are
indicated by the dotted lines.
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conversion and the conversion estimated from eq 7 (XHy = 0.83
vs f CaO = 0.50). This is consistent with the core−shell reaction
pattern in which the silicate product layers become thicker for a
given level of conversion as the particle size increases, so that
the transport of reactants necessary to allow reactions 3 and 4
becomes slower.
From a practical point of view, the composite samples

prepared with larger particles sizes, 63−100 μm and 200−400
μm, present lower CS values (see Table 1), and approach the
CS values of the unmixed CaO particles. In contrast, the CS of
the finer particles has a tendency to be closer to the high values
expected of the calcium silicates formed during calcination.
However, if the precursor particle size is too small
(coprecipitated CaCO3), the CS value also decreases, since a
higher fraction of Na2Si3O7 is required to manufacture strong
pellets. Therefore, when activity and mechanical strength are
considered together, a precursor particle size of ∼36−63 μm
seems to be the most suitable.

Once the most suitable particle size of the precursor was
chosen, a series of tests were carried out to investigate the
minimum fraction of binder needed to maintain acceptable CS
values using limestone particles 36−63 μm in size as CaO
precursor. Figure 3b shows the hydration conversion of the
resulting samples. As expected, as the rCa/Si decreases, the
hydration conversion decreases due to the fact that a larger
fraction of CaO reacts following reactions 3 and 4. When the
hydration conversion predicted by f CaO (dotted line in Figure
3b) is compared with the experimental XHy, a good agreement
is observed in all the samples except the one that was prepared
with the lower molar Ca/Si ratio (rCa/Si = 1.8). This is, again, an
indication of an incomplete reaction between CaO and the
Na2Si3O7 during the calcination step for the selected particle
size, since the core−shell reaction pattern should impose
kinetic restrictions on the progress of the reactions as the
calcium silicate shell thickens around the CaO particles.
A comparison of the CS of the calcined composite with the

highest rCa/Si ratio (1.9 N) with the composites with a rCa/Si

Figure 4. Long duration test (8 days) of a material with rCa/Si = 4.8 subjected to hydration (450 °C in steam) and dehydration in air: (a) hydration
molar conversion (XHy) after 3 min versus the number of hydration/dehydration cycles (N cycle) and (b) XHy versus time. Corresponding f CaO

values (from eq 7) are indicated by the dotted line.

Figure 5. SEM images of a composite material prepared using 36−63 μm CaCO3 and rCa/Si = 4.8: (a) fresh composite (after curing) and (b) material
after the cycling test of Figure 4 (N = 500 cycles). EDAX testing areas indicated by rectangles shown in photomicrographs.
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ratio of 1.8−6.2 (CS > 16 N) highlights the need for a low rCa/Si

in order to ensure that the material has good mechanical
properties. In the light of these results, for composite material
prepared using 36−63 μm CaCO3, rCa/Si values of 4.8−6.2 can
be considered a reasonable compromise between mechanical
strength and activity.
Once the most promising material was selected, tests with a

high number of hydration/dehydration cycles were performed
to observe the evolution of the XHy and CS values over
hundreds of cycles. Five hundred (500) cycles of hydration in
pure steam at 450 °C and dehydration in air at 500 °C were
completed for the material prepared with 36−63 μm CaCO3

and rCa/Si = 4.8. Figure 4a shows the hydration molar
conversion achieved after 3 min, versus the number of
hydration/dehydration cycles (N cycle).
As can be seen, the degree of hydration conversion attained

in the 500-cycle experiment is generally stable with cycling, and
the values of XHy are consistent with f CaO = 0.67. The value of
XHy > 0.67 during the first few cycles may be indicative of an
incomplete conversion of Na2Si3O7 to calcium silicate for this
specific experiment or a certain hydration of the silicates
formed during calcination, or it may simply be a result of minor
experimental errors during the 8-day long test. The plot in
Figure 4a also reveals small discontinuities in the results and
trends, which correspond to the points where the equipment
was left on standby during the night (as mentioned in the
Experimental Section). Despite these limitations to accuracy,
the experiment confirms the high degree of reactivity stability of
the material. Furthermore, a comparison of the XHy vs time
curves for different hydration cycles (Figure 4b) shows the fast
hydration rate at different number of cycles.
Concerning the evolution of the mechanical properties of the

material tested in the experiment of Figure 4, the CS value
measured at N = 1 was 17.7 N. One pellet extracted from the
TG after 20 cycles retained a CS close to 13.6 N. However,
after 500 cycles, the CS was <2 N, which is lower than the
threshold value previously adopted to disregard materials with
unsuitable mechanical properties for their practical application
in fluidized beds. In order to investigate morphological changes
that might explain this decay in CS over cycles, the material was
subjected to SEM analysis. Figure 5 shows images of the cured

pellet before calcination (Figure 5a) and after 500 cycles
(Figure 5b). In the fresh sample, the CaCO3 particles can easily
be distinguished from the mass of Na2Si3O7 embedding them.
EDAX tests of the selected area (indicated in each SEM image
by a small square) confirm two neat areas of different elemental
composition for CaCO3 and sodium silicate. In contrast, after
500 cycle test the morphological appearance of the material is
more homogeneous and the dense morphology of the cured
sample surface has changed into a surface of higher roughness.
The CaO particles cannot be easily differentiated from the
silicate matrix by SEM and their particle size has been
considerably reduced. Only EDAX analysis (squares) of this
cycled particle still reveal areas rich in CaO from those with a
mixture of Ca−Si−Na, consistent with the core−shell reaction
pattern mentioned above.
It is evident that major textural changes in the silicate matrix

are occurring during cycling, and that these must be responsible
for the drastic decay in the CS values. An additional test with
one long duration cycle (400 min in each reaction step,
equivalent to the accumulated reaction times in previous cyclic
tests) did not result in such a decrease in CS. This is an
indication that the mechanical forces originated inside the pellet
linked to the consecutive hydration and dehydration of the
small grains of free CaO are the cause of the decay in CS,
because of the molar volume change associated with the
hydration/dehydration reactions (33.5 and 16.9 cm3/mol Ca
for Ca(OH)2 and CaO, respectively) and the Ca(OH)2
anisotropic growth.53

Despite the observed decay in CS after 200 cycles, the results
of Figure 4 suggest a promising route for manufacturing
composite materials that can be used in thermochemical energy
storage applications. To our knowledge, no previous study has
succeeded in synthesizing such a stable material for these
applications. In particular, when high concentrations of water
vapor are used during hydration, because these conditions are
inherent to any reactor and process design and, therefore, are
unavoidable.21

A common technique for evaluating materials for hydration/
dehydration thermochemical applications is dehydration in
air.10,17,19,25,27 However, more-realistic cycling operation
conditions require the dehydration to be carried out in

Figure 6. Effect of the dehydration atmosphere on the reactivity of the material: (a) dehydration under air at 500 °C and under pure steam at 550
°C, and (b) both tests under pure steam at 550 °C. The rest of the conditions are as described in Figure 4 (except for data points represented by
open symbols, where the hydration time is 20 min).
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atmospheres with a substantial concentration of water vapor. A
high fraction of water vapor will result from the dehydration of
Ca(OH)2, and process efficiency will be favored by the use of
steam as purge gas instead of air.21 Therefore, it is important to
acquire experimental information on how these materials
behave when dehydration is carried out in the presence of
high proportions of water vapor or even pure steam. This will
require slightly higher dehydration temperatures in order to
ensure fast dehydration reaction rates22 (at atmospheric
pressure, the equilibrium temperature of the CaO/Ca(OH)2
system in pure steam is 519 °C). Therefore, cycling tests using
the same material as in Figure 4 were carried out for hydration
at 450 °C and dehydration at 550 °C under pure steam.
A drastic change in the performance of the material was

detected in these new, more-realistic, testing conditions. Figure
6a shows the evolution of hydration conversion during the first
15 hydration/dehydration cycles of two similar materials (solid
symbols). In the case of these two samples only the
dehydration conditions (i.e., air at 500 °C to steam at 550
°C) were changed, and similar hydration times were used (3
and 4 min duration, respectively). There is also a series of
points (triangles, tHy = 20 min), where the hydration step was
extended to 20 min for each cycle. This was intended to
determine whether the decay observed in the hydration
capacity of the materials dehydrated under pure steam (solid
circles in Figure 6a) was due to kinetic limitations during
hydration or to a more fundamental deactivation mechanism.
Some examples of the XHy vs time curves linked to points in

Figure 6a are also plotted in Figure 6b. As can be seen, when
the hydration lasts 20 min, there are no significant differences
in the plots of XHy vs N cycle. Furthermore, the f CaO value
calculated from eq 7 is consistent with this experimental
measurement. Since the reactivity of free CaO grains in the
interior of the composite is known to be very high,22 these
results point to increasing diffusional limitations in the silicates
matrix that impede the diffusion of steam as the most likely
explanation for the decay in XHy over short hydration times.
These restrictions must be linked to textural and/or chemical
changes taking place in these complex materials, because of the
prolonged presence of water vapor at high temperatures (in
particular under pure steam at 550 °C during dehydration).
In order to further elucidate the deactivation mechanism

observed in Figure 6 and in other experiments undertaken with
steam as dehydration gas, XRD analyses of hydrated samples
after 20 hydration/dehydration cycles were performed, for both
tests in which dehydration was carried out at 500 °C in air and
in pure steam at 550 °C. The XRD results are presented in
Figures 7a and 7b, respectively. CaO and Ca(OH)2 were
detected by XRD, accompanied by Ca2SiO4 and Na2CaSiO4

signals. The most significant difference between the XRD
results of the calcined sample (see Figure 1b) and those
obtained after 20 hydration/dehydration cycles (Figure 7) was
the presence of complex silicate hydrated forms, mainly
Ca5(SiO4)2(OH)2 (calciochondrodite or reinhardbraunsite).
The presence of these hydrated silicates allows the main
reaction patterns taking place during the cycling experiments to
be identified. In addition to this, the presence of free CaO was
also detected in the sample after 20 cycles, in which the
dehydration step was carried out under pure steam (Figure 7b).
This confirms the results of Figure 6, which show that no
complete hydration of the free CaO was achieved.
The interpretation of the experimental results involving

dehydration in a rich atmosphere of water vapor requires

information about the CaO−SiO2−H2O reaction system. This
has been studied extensively, because of its relevance for
building materials.54 However, few studies have investigated the
hydration of Ca2SiO4 under conditions above 200 °C.

55−59 It is
known that the formation of Ca5(SiO4)2(OH)2 under hydro-
thermal conditions at 150−600 °C, without the addition of lime
or silica, follows the reaction path proposed by Speakman et
al.:55

+

→ +

9Ca SiO 2H O

2Ca (SiO ) (OH) Ca (SiO ) (Si O )

2 4 2

5 4 2 2 8 4 2 3 10 (8)

+

→ +

8Ca (SiO ) (Si O ) 2H O

9Ca (SiO )(Si O ) 2Ca (SiO ) (OH)

8 4 2 3 10 2

6 4 3 10 5 4 2 2 (9)

+ +

→

3Ca (SiO )(Si O ) 6Ca (SiO ) (OH) 2H O

8Ca (SiO )(Si O )(OH)

6 4 3 10 5 4 2 2 2

6 4 2 7 2 (10)

Hydration tests of Ca2SiO4 at high temperatures by
Yanagisawa et al.56 concluded that, at temperatures of >400
°C, the main hydrated product observed is reinhardbraunsite
(which is consistent with the results of our experimental
analysis by XRD). Furthermore, in a recent work by Roßkopf et
al.,36 in which CaO/Ca(OH)2 samples were mixed with
nanostructured silica, Ca5(SiO4)2(OH)2 was also detected as
the main hydrated silicate compound formed during the
hydration/dehydration tests at temperatures of 400−600 °C.
However, minor traces of other complex forms with various
Ca/Si ratios, such as kilchoanite (Ca6(SiO4)(Si3O10)), foshagite
(Ca4(Si3O9)(OH)2), or dellaite (Ca6(SiO4)(Si2O7)(OH)2),
may also be present at these high temperatures.15,21

Furthermore, other amorphous or poorly crystalline hydrated
calcium silicate forms (known as C−S−H, which is the
principal binding phase in most concretes) undetectable by
XRD analysis, may also form by direct hydration of
Ca2SiO4:

48,54

+ →Ca SiO H O Ca (HSiO )(OH)2 4 2 2 4 (11)

Figure 7. XRD results for different hydrated materials after N = 20
hydration/dehydration cycles and prepared using 36−63 μm CaCO3

and rCa/Si = 4.8. Dehydration (a) at 500 °C under air and (b, c) at 550
°C under pure steam. Sample depicted by spectrum c was also
carbonated at 750 °C under pure CO2 for 20 min, followed by a
second calcination before cycling.
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The transformation mechanism, the exact reaction sequence,
and the nature and crystalline phases of the products during the
hydration/dehydration of these hydrated calcium silicates are
still controversial issues among specialists,58,59 and it is beyond
the scope of this work to contribute to this debate. However,
we have proposed a simplified reaction mechanism (Figure 8)
that provides a satisfactory qualitative explanation of all our
XRD observations, reactivity measurements, and crushing
strength trends.
Figure 8 has been constructed assuming that reactions 3 and

4 are complete and follow a core−shell reaction pattern. After
the first calcination, (see the middle of Figure 8) a composite
with a large fraction of unreacted CaO surrounded by
micrograins of the products of reactions 3 and 4 is obtained.
The resulting matrix of micrograins of Na2CaSiO4 and Ca2SiO4

is responsible for the improved mechanical properties of the
material. This initial silicate matrix must also have a suitable
porosity to allow steam to permeate and react with the free
CaO grains to form Ca(OH)2 during the hydration step. As

pointed out above, there must be a progressive hydration of the
cementitious part (right-hand side of Figure 8) toward hydrated
silicates with a large molecular volume (50.1 cm3/mol Ca has
been reported48 for the amorphous material Ca2(HSiO4)(OH),
compared to 25.8 for Ca2SiO4).
According to the thermodynamic equilibrium,55−59 the

formation of these hydrated silicate compounds must take
place in all the samples during hydration at 450 °C in pure
steam, irrespective of the dehydration conditions. However,
when the dehydration step is carried out in air at 500 °C, the
dehydration of some of these hydrated silicates is thermally
allowed.58,59 This would explain why the material in Figure 4
displays a stable reactivity up to 500 cycles. In contrast, when
the dehydration is carried out under pure steam at 550 °C, the
presence of hydrated silicates in the cementitious matrix
increases with the number of cycles. This reduces the porosity
of the silicates layer and causes the decay in hydration rates
observed in Figure 6a (solid circles, ●). Therefore, the
diffusion of steam through the resultant partially hydrated

Figure 8. Mechanism proposed for the formation of species observed by XRD during dehydration in pure steam, resulting in a decay in hydration
conversion of calcium, because of the growth of hydrated silicates.

Figure 9. Example of material stability when a carbonation/calcination stage is introduced: (a) hydration conversion (XHy) versus the number of
hydration/dehydration cycles (N cycle) and (b) hydration and dehydration conversions (XHy and XDehy) vs time. Dehydration at 550 °C in pure
steam. Composite material with rCa/Si = 6.2 ( f CaO = 0.74 data are indicated by the dotted lines). Carbonation carried out under CO2 at 750 °C for 20
min and calcinations under air at 850 °C for 10 min.
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silicate matrix is slower than in freshly calcined samples.
However, if longer hydration times are allowed to overcome the
increased resistance to the diffusion of steam, the observed
decay in hydration capacity over cycling is negligible (see
Figure 6a, tHy = 20 min).
In view of these results, and in order to try to maintain the

activity over a high number of cycles, tests with occasional
calcination steps to dehydrate the hydrated silicates were
performed. However, these tests only partially succeeded in
their objective. The samples resulting from these calcinations
recovered part of their initial reactivity, but the hydration
reaction rates observed were even lower than those observed in
the original calcined sample. To investigate possible textural
and/or chemical changes on the material of Figure 8 more
closely, an additional carbonation reaction step was considered.
This reaction is known to confer higher mechanical properties
on some cements rich in calcium silicates by a process known
as “CO2 curing”.60 It is clear that any carbonation of the
silicates present in the pellet will also lead to the carbonation of
the free CaO particles. Therefore, a calcination step after the
carbonation reaction must be performed and only textural
changes associated with rearrangements, at microscopic scale,
of the calcium silicate compounds can be considered when
comparing the performances of calcined pellets subjected to
different cycles of carbonation.
The introduction of this additional carbonation/calcination

step led to a major improvement in the reactivity of the
materials without causing any deterioration in their superior
mechanical properties. Figure 9a shows the hydration
conversion versus the number of hydration/dehydration cycles
up to 60 cycles for a small sample (10 mg) subjected to an
initial carbonation/calcination step. This small sample served to
obtain accurate XHy versus time curves (Figure 9b). Longer
cycling tests (up to 200 cycles) were carried out with similar
materials but using a much larger sample mass (55 mg), to be
able to measure the evolution of the CS values during cycling
(Figure 10). Figure 10 does not show the kinetic data for these
cyclic experiments, since they were affected by additional

diffusion limitations in the sample pan, leading to initially lower
hydration conversions (XHy ≈ 0.45) at the end of the 4 min
hydration step.
As can be seen from Figure 9, the hydration reaction rate

over cycling is faster and more sustained than in Figure 6.
Furthermore, the hydration proceeds in two steps, irrespective
of the number of cycles, and a maximum hydration molar
conversion of ∼0.67 is sustained during cycling (consistent with
a value of f CaO = 0.74). During the dehydration step (Figure 9b,
open data symbols), complete reaction is achieved within ∼100
s, which is comparable with the kinetics of natural calcined
limestone.22 The need for fast reaction rates is essential for
both fluidized-bed and fixed-bed reactor configurations. In a
previous work,21 we used a basic fluidized-bed hydrator/
dehydrator reactor model that exploits these high reactivities
(comparable to that of fresh particles of CaO) to predesign
reactors with reasonable dimensions for large-scale energy
storage systems. Another key design parameter in these systems
is the chemical energy storage density (2080 kJ/kg for pure
CaO), which is reduced by one-half for the best materials tested
in this work, because of the need to accommodate the silicates
responsible for their superior mechanical strength.
As Figure 10 shows, the high reactivity and reversibility of the

material of Figure 9 toward the hydration and dehydration is
accompanied by high crushing strength values (CS > 7 N), for
all samples subjected to fewer than 100 hydration/dehydration
cycles. To our knowledge, no previous material has ever been
reported with such superior chemical and mechanical proper-
ties capable of resisting so many hydration/dehydration cycles
of CaO/Ca(OH)2. However, the mechanical resistance of the
material gradually deteriorates toward a value of CS = 2 N after
200 cycles. Therefore, it is clear that there is still scope for
optimizing similar composite materials and for improvement of
the results reported in Figures 9 and 10.
To facilitate future progress in the synthesis of these

materials, we investigated by XRD analysis the chemical species
that appear after the carbonation step. This analysis (Figure 7c)
revealed the presence of the same hydrated silica compounds as
in the samples without the carbonation step. However, in this
case, the peaks associated with CaO were less clear than when
no carbonation step was included (see Figure 7b). Further
XRD analyses were performed for the calcined samples
prepared with very fine limestone (d50 = 14 μm) and a low
rCa/Si ratio (rCa/Si = 1.5) after subsequent carbonations at 750
and 650 °C (see Figures 2b and c, respectively). After
carbonation under pure CO2, both at 750 and 650 °C,
Na2Ca(CO3)2 and Na2Ca2(CO3)3 were detected, together with
small peaks for Ca5(SiO4)2CO3. The presence of these
carbonates in these XRD analyses is expected, since, at
atmospheric pressures and moderate temperatures (<700 °C),
it is well-known61 that Ca2SiO4 can react with CO2 to form
SiO2 and CaCO3:

+ ↔ +Ca SiO CO CaCO SiO2 4 2 3 2 (12)

In addition, other crystalline carbonated calcium silicates
(more stable than CaCO3 at high temperatures) may form,62

such as

+ + ↔2Ca SiO CO CaO Ca (SiO ) CO2 4 2 5 4 2 3 (13)

or even amorphous carbonated silicates,63 as well as sodium
silicate carbonates:64

+ ↔ +Na CaSiO 2CO Na Ca(CO ) SiO2 4 2 2 3 2 2 (14)

Figure 10. Crushing strength in Newtons (N) for fresh, calcined and
after different numbers of hydration/dehydration cycles composite
material, as depicted in Figure 9.
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The formation of these carbonated compounds was also
corroborated by an increment in mass during TG analysis at
750 °C in CO2 (0.063 mg of CO2 per mg of the calcined
sample, equivalent to 0.249 mol CO2/mol total). At lower
carbonation temperatures (650 °C) a small fraction of CaCO3

was also detected by XRD. This was formed by direct
decomposition of Ca2SiO4 into CaCO3 and SiO2 (reaction
12), since this reaction is allowed by the thermodynamics65 and
there is no other possible source of CaCO3. Under these lower
carbonation conditions, the increment in mass observed in the
TG was significantly higher than that recorded in the test at 750
°C (0.083 mg of CO2 per mg of calcined sample, equivalent to
0.329 mol CO2/mol total), as might be expected from reaction
12. Additional XRD analysis of the carbonated samples at 750
°C in pure CO2 and prepared with a higher rCa/Si ratio of 4.8
and larger calcium particles sizes (CaCO3, 36−63 μm), also
revealed the presence of Na2Ca(CO3)2 and Ca5(SiO4)2CO3.
Other calcination/carbonation/calcination sequences (in-

volving carbonation tests of up to 1 h or different numbers
of carbonation/calcination cycles), as well as other carbonation
temperatures (650−750 °C), were explored. However, no
relevant improvements were detected during these other tests.
The only difference worthy of note was that, when the
carbonation temperature was reduced to 650 °C, the material
obtained yielded lower CS values (∼10 N) than when the
carbonation was carried out at 750 °C (∼18 N). This indicates
that the formation of free CaCO3 during carbonation at 650 °C
(reaction 12) is counterproductive for the mechanical proper-
ties of the material. In summary, it seems that a single, relatively
short carbonation step (around 20 min in pure CO2 at 750 °C)
is the key to obtaining a substantial improvement in material
properties over hundreds of cycles of hydration/dehydration in
pure steam.
The previous discussion and observations are summarized in

Figure 11, which has been constructed following guidelines
similar to those for Figure 8: all reactions in the cementitious
matrix are assumed to follow a core−shell pattern and it is
assumed that the hydrated species of calcium silicates are
responsible for the decay in the kinetics of hydration reaction
shown in Figure 6. As in Figure 8, after the first calcination, the
material is characterized by grains of CaO embedded in a
matrix of micrograins of Na2CaSiO4 and Ca2SiO4. Under

carbonation conditions, a layer of Na2Ca(CO3)2 and SiO2

forms over the Na2CaSiO4 micrograin surface. The higher
molar volume per mole of calcium of the carbonated
compound formed (81.1 cm3/mol Ca vs 62.7 cm3/mol Ca)
will have an expansive effect on the layer of silicates.
Furthermore, traces of Ca5(SiO4)2CO3 may also form in the
interphase CaO silicates layer following reaction 13. This is
possible due to the presence of an excess of CaO, and it allows
the silicate matrix to expand even more. After the second
calcination, the same original compounds will form because of
decomposition of the carbonates. However, the layer of silicates
will have a more open structure. Under these conditions, it is
reasonable to assume that the more open pore structure
resulting from this carbonation/calcination step will be able to
accommodate the growth of the outer layers of Ca2SiO4

micrograins more easily, because of the formation of hydrated
silicates without any rapid blockage of the porous structure.
Irrespective of the nature of the reaction mechanism, the
hydration conversion results in Figure 9 show that a
carbonation step at high temperatures, followed by a second
calcination step, is essential to obtain a composite material with
a high chemical activity for the hydration/dehydration cycles
under pure steam.

■ CONCLUSIONS

The use of CaO as a thermochemical energy storage material in
hydration/dehydration cycles is very limited, because of the
very poor mechanical properties of the CaO particles derived
from the calcination of natural limestones. The use of
composite materials that are composed of small CaO particles
and the products of their reactions at high temperature with
Na2Si3O7 offer a promising route for overcoming this
fundamental limitation. Research into the most favorable
conditions for manufacturing pellets reveals that CaCO3 is
the most suitable precursor, because it generates, after
calcination, a CaO-rich pellet with an exceptionally high
crushing strength (CS > 26 N). X-ray diffraction (XRD)
analyses reveal that the superior mechanical properties of the
composites, with respect to the parent CaO materials, is a result
of the formation of a cementitious matrix of complex calcium
silicates (i.e., Na2CaSiO4 and Ca2SiO4) via a core−shell
reaction of the CaO precursor with the Na2Si3O7 at high

Figure 11. Mechanism proposed for the formation of species observed by XRD after an additional carbonation/calcination step and subsequent
hydration/dehydration cycles under pure steam.
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calcination temperatures, leading to CS values of >16 N, which
is ∼4 times greater than that of the original CaO. Screening of
the synthesis conditions revealed that a favorable material is
obtained by using CaCO3 with a particle size of 36−63 μm as
calcium precursor and molar Ca/Si ratios of 4.8−6.2. These
materials were tested for up to 500 cycles of hydration under
pure steam and dehydration under air or pure steam. During
these long cycling tests, a sharp decay in the hydration capacity
of the materials occurred when both hydration and dehydration
were carried out under pure steam. This decay did not occur
when dehydration was carried out in air at 500 °C. Analysis by
XRD revealed the formation of hydrated silicates, which
introduced a substantial new resistance to the hydration of the
CaO particles. Subjecting the calcined pellet to an additional
carbonation/calcination cycle led to a more active composite
material, because of an expansive effect in the cementitious
matrix during the carbonation of the silicates. For the most
promising samples, hydration molar conversions of ∼0.6 were
maintained over 200 cycles and with fast reaction rates. The
crushing strength of the composite material along cycling was
also favorable (CS > 7 N after 100 cycles), compared to that of
natural CaO (CS < 2 N after 1−5 cycles). However, the CS
values decayed to 2 N after 200 cycles of hydration/
dehydration under pure steam, leaving scope for further
improvement of these materials for use in thermochemical
energy storage systems.
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a b s t r a c t

The application of hydration/dehydration reactions of CaO/Ca(OH)2 to thermochemical energy storage

systems can be facilitated by the development of Ca-basedmaterials with improvedmechanical properties

when compared to the natural Ca-precursor, while maintaining good chemical activity. For this purpose,

we are developing composite materials for fluidized bed or fixed bed applications synthesized using

sodium silicate to bind fine CaO/Ca(OH)2 particles. In this work, themechanism of decay in themechanical

properties of the resulting CaO/Ca-silicates composites over hundreds of hydration/dehydration cycles has

been investigated. Based on the observed mechanism, improvements to the method of synthesis of the

materials have been introduced, in order to retain the original carbonate grain volumes, which are larger

than those of the equimolar quantity of the expanding Ca(OH)2 during hydration. A noticeable improve-

ment in the mechanical stability of the resulting pellets was observed when the material was exposed

to temperatures of around 880 °C in pure CO2 before calcination in order to avoid the decomposition of

CaCO3 during the formation of the hard Ca-silicates that provide mechanical strength to the composite.

Further gains in mechanical stability were achieved by avoiding the complete hydration of the CaO grains

in the composites. These results confirm the primary role of Ca(OH)2 anisotropic expansion as the main

cause of the reduction in crushing strength of the pellets. It can be concluded that the formation of calcium

silicates as binders of CaO rich grains is a promising route for the development Ca-based composite

materials. However, more effort is still needed to overcome the decay in performance observed after

several hundreds of cycles.

2016 Elsevier Ltd. All rights reserved.

1. Introduction

Concentrated solar power (CSP) is one of the main elements in

any portfolio of renewable energies intended to decarbonize the

energy system during the XXI century (IEA, 2014a; IPCC, 2014;

IRENA, 2015). Built-in energy storage technologies are undergoing

intensive development because they allow CSP plants to supply

power on demand (IEA, 2014c). Of the different concepts for energy

storage under investigation, thermochemical energy storage

systems are considered by many authors as highly promising due

to their high-density and potential for low-cost energy storage

(see reviews by (Cot-Gores et al., 2012; Gil et al., 2010; Kuravi

et al., 2013; Pardo et al., 2014b; Xu et al., 2014). In these systems,

a reversible chemical reaction is used to store thermal energy in

the form of chemical compounds. Depending on the properties of

the thermochemical reaction, energy can be discharged at different

temperatures. Currently, the major challenges of these systems are

related to the stability of the material, as well as the development

of effective, low cost reactor and control technology (IEA, 2014b;

Kuravi et al., 2013; Xu et al., 2014).

The CaO/Ca(OH)2 hydration/dehydration reaction couple has

been studied as a suitable thermochemical energy storage system

by a number of authors (Azpiazu et al., 2003; Bauerle et al., 1976;

Criado et al., 2014a; Ervin, 1977; Kanzawa and Arai, 1981; Pardo

et al., 2014a; Schmidt et al., 2014). The basic conceptual design of

this system is based on two steps, an initial hydration of CaO during

which useful thermal heat is released at high temperatures (above

400 °C). The material is then regenerated by supplying heat from

the solar field to drive the dehydration of Ca(OH)2. The high reac-

tion enthalpy (DHo
298K =  109 kJ/mol), the fast reaction rates and

reversibility, the appropriate temperatures required during the

hydration and dehydration reactions under pure atmospheres of

steam (400–550 °C) for coupling with typical CSP systems based on

tower technology and the low-cost material make this system an

attractive thermochemical energy storage technology for CSP.

CaOðsÞ þH2OðvÞ $ CaðOHÞ2ðsÞ DHo
298K ¼  109 kJ=mol ð1Þ

http://dx.doi.org/10.1016/j.solener.2016.06.056

0038-092X/ 2016 Elsevier Ltd. All rights reserved.
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One of the main drawbacks of CaO/Ca(OH)2 reversible systems

is related to the poor mechanical properties of the material. It is

well known that CaO particles obtained from the calcination of

CaCO3 from natural sources show a strong tendency to attrite

(Materić et al., 2010; Scala et al., 2013) and to break during intense

hydrations/dehydrations (Glasson, 1958). Since CaO/Ca(OH)2 parti-

cles or pellets will be in contact with a large flow of steam and/or

air during the thermochemical reactions, a prerequisite for the

development of this technology is that the material should pre-

serve its mechanical integrity in order to minimize entrainment

of the material by the gases and large pressure drop. This mechan-

ical requirement is equally valid for fixed (Kanzawa and Arai, 1981;

Schaube et al., 2013; Schmidt et al., 2014) or fluidized bed reactors

(Criado et al., 2014a; Ervin, 1976; Pardo et al., 2014a), that are pro-

posed for undertaking the hydration and dehydration reactions in

continuous mode. The use of very fine Ca(OH)2 materials with

improved fluid-dynamic properties by adding nanoparticles

(Roßkopf et al., 2015) has also been recently proposed.

Various proposals for improving mechanical properties of

Ca-materials for use in thermochemical energy storage applications

have been studied in the past. Most of the synthesis routes have

consisted in the cementation or pelletization of Ca-particles using

a binder or a dopant. In principle, these routes allow a higher Ca

content and therefore higher energy storage densities, compared

to Ca-particles supported on a porous material. The chemical and

mechanical stability of Ca-based pellets obtained from CaO and

Ca(OH)2 powders doped with additives such as Al, Zn or Cu have

been testedwith only limited improvements to themacrostructural

integrity of the materials (Fujii et al., 1994; Sakellariou et al., 2015).

A recent work (Hara et al., 2013) describes a synthesis procedure for

obtaining cemented materials based on the use of a clay (sepiolite)

as a binder of a thermochemical energy storage material (e.g. CaO).

The materials obtained following such synthesis procedures show

improvedmechanical properties thanks to the silicates formed after

the reaction of these two components at high temperatures. Other

similar materials for thermochemical energy applications have also

been developed using sodium silicate (Na2Si3O7) as binder (Bauerle

et al., 1976). The main advantages of using sodium silicate for this

application are its high temperature resistance, low cost and high

mechanical strength when it is mixed with limestone materials,

in particularly when treated at high temperatures due to the forma-

tion of hard calcium silicates (McDonald et al., 2007; Taylor, 1997).

In a previous work (Criado et al., 2015), we screened some

synthesis conditions and evaluated composite materials rich in

CaO/Ca(OH)2 using sodium silicate as a binder. Reactions between

CaO andNa2Si3O7 during the calcination of thematerial at high tem-

peratures were confirmed, Ca2SiO4 and Na2CaSiO4 being the main

silicate species observed. The formation of these calcium silicate

products from quantitative reactions between the binder and the

CaO provided the material with a very high crushing strength

(CS of over 17–18 N compared to values of 3–4 N measured for

the natural calcined limestone precursor). The screening test made

it possible to minimize the mass fraction of binder needed to man-

ufacture strong pellets (molar ratios of Ca to Si, rCa/Si, of between 4.8

and 6.2, that will reduce the energy storage density of the resultant

material by about 50%, when compared to pure CaO). The superior

crushing strength values observed during the first cycles were com-

patiblewith fast reaction rates andhigh conversion values of around

0.6–0.7 mol H2O absorbed per mol of total Ca. However, crushing

strength values higher than 7 N could be only maintained after

100 cycles for the most suitable composite materials tested, while

for certain pellets the CS decreased to values below 5 N after just

20 cycles.

The present work describes a further attempt to develop these

kinds of composite materials. First, the main mechanism

responsible for the decrease in the crushing strength values

observed over cycling must be established and on the basis of

the results the synthesis protocols can be refined and materials

with a higher mechanical stability obtained.

2. Experimental section

2.1. Composite materials synthesis

As described in more detail elsewhere (Criado et al., 2015), the

composite materials used in this work were synthesized as a mix-

ture of a aqueous sodium silicate solution (reagent grade,  10.6%w

Na2O,  26.5%w SiO2 and  62.9%w H2O from Sigma-Aldrich Co.

LCC) with two different CaCO3 as Ca-precursors, Imeco limestone

(98.7%w CaCO3) with a particle size (dp) fraction of between 36

and 63 lm and reagent quality co-precipitated calcium carbonate

(Merck KGaA d50 = 14 lm). Different mixtures of binder and

Ca-precursors with molar Ca:Si ratios (rCa/Si) of between 1.5 and

9.7 were manually mixed at ambient temperature. The resultant

slurries were used to form cylindrical pellets (2–3 mm long and

2 mm in diameter) that were slowly cured in an oven to release

the water present in the Na2Si3O7 solution. The curing procedure

consisted of three steps in order to avoid debilitating bubble-like

formations in the material due to the fast release of water: (i) heat-

ing up to 80 �C; (ii) maintenance of this temperature during 15 min

and then at 110 �C during 15 min and (iii) increasing the tempera-

ture to 400 �C at a heating rate of 2 �C/min.

In our previous work (Criado et al., 2015), and in order to ensure

a fast reaction between the Ca-precursor and the sodium silicate

before cycling it for hydration/dehydration, the cured pellets were

subjected to a calcination reaction at 850 �C in air for 10 min. In

order to compare the results of the present study with the previous

work, we will consider as the reference material the one obtained

through the calcination step under air at 850 �C. In order to explore

new methods to improve the mechanical properties of such refer-

ence material, the effect of a high initial temperature (750–880 �C)

under pure CO2 was evaluated as a new synthesis route, as will be

discussed in Section 3. The resulting pellet was then calcined under

air at temperatures between 700 and 850 �C before starting the

series of hydration/dehydration cycles.

2.2. Thermogravimetric analysis over cycling

After the air calcination step, the composite materials contain-

ing free CaO grains surrounded by a strong calcium silicate struc-

ture were tested for hydration/dehydration cycles under realistic

operating conditions for their use in energy storage applications.

For the reference cycling tests, the hydration reaction was per-

formed under pure steam at 450 �C while two different operation

conditions have been evaluated for the dehydration step: pure

steam at 550 �C or air at 500 �C. However, and in order to study

the kinetic behavior of these materials, a few tests were performed

at other temperatures between 450 and 550 �C as well as at differ-

ent partial steam pressures, as reported below. The reaction times

(tHy and tDehy) for each cycle in most tests were selected from

between 0.5 and 5 min, but in some of the tests the effect of this

variable was investigated by applying hydration/dehydration

times as long as 400 min.

The thermogravimetric equipment (TG) used for cyclic experi-

ments has been described in detail in previous works (Criado

et al., 2014b, 2015). The sample inside a platinum pan hangs in a

quartz tube (2.5 ! 10"2 m) situated in an oven that can operate

at temperatures up to 1000 �C. The reaction gases (H2O, CO2

and/or air) are introduced through the bottom of the quartz tube

at a total gas flow of 7.3 ! 10"6 m3/s (at standard temperature

and pressure), which is equivalent to a gas velocity of 0.05 m/s at

Y.A. Criado et al. / Solar Energy 135 (2016) 800–809 801
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500 °C around the sample mass. This high velocity avoids the pres-

ence of external mass transfer diffusion resistances during these

tests. An in-house built steam generation line coupled to the TG

allows the mixtures of H2O and air or pure steam to be introduced

through a heated up pipe (by means of heating cords up to 400 °C).

A measured flow of liquid water from pressurized bottles is sup-

plied to the system. A uniform and steady steam flow is achieved

with this system which is aided also by filters placed along the

heated pipe and a needle valve that creates a dampening effect.

To avoid disturbances during the tests, the steam is continuously

generated and introduced into the TG or removed from the system

through a pneumatic valve.

10–15 mg of sample (one single pellet) was used when only the

chemical properties of the material were studied, and around

50 mg (3–4 pellets) when the evolution of the mechanical behavior

was evaluated by measuring the crushing strength (CS) of the pel-

lets after different numbers of cycles. Reference values of 10, 40

and 200 cycles were chosen as benchmark in order to be able to

compare between different materials and testing conditions.

The chemical activity of the material over cycling was evaluated

from TG measurements by estimating the hydration/dehydration

molar conversion of the total Ca present in the composite

(XHy and XDehy) as well as the weight fraction or the total H2O

absorption capacity (equivalent to 0.321 for pure CaO). Another

useful conversion variable characteristic of the composite is

fCaO,exp, defined as the fraction of active CaO (i.e. only the ‘‘free

CaO” that is able to hydrate to Ca(OH)2 in the composite) thus:

fCaO;exp ¼ NCa;active=NCa;total ð2Þ

where NCa,active is the mol of Ca active in the sample as CaO able to

hydrate and NCa,total is the total mol of Ca present in the sample.

Fig. 1 represents a typical cycling test performed in the TG were

the raw data recorded in the computer in the form of weight

changes vs time is shown. The first decrease in sample weight is

due to the release of CO2 during the formation of calcium silicates

at 880 °C in pure CO2. A second more pronounced weight loss is

linked to the calcination of the remaining CaCO3 in air at 850 °C.

From this point, the gas atmosphere and the temperatures are

modified to allow hydration/dehydration to take place during con-

secutive cycles under pure steam at 450 °C and 550 °C respectively

by changing the reaction temperature. Since such changes in the

reaction temperature proceed smoothly (around 25 s to heat up

from 450 °C to 550 °C, but about 2 min for the cooling process),

in all test devoted to kinetic investigations, the much faster change

in reaction atmosphere has been used as the tool to move from

hydration to dehydration reaction conditions. In a typical full

hydration/dehydration cycle starting from a hydrated sample,

when moving from hydration to dehydration, the gas mixture is

changed from pure H2O(v) to air and the temperature is increased

from 450 to 500 °C (which only takes a few seconds). Then, once

the sample is completely dehydrated, the temperature is decreased

and stabilized at 450 °C under air before changing to pure H2O(v)

for the hydration reaction (which is an step change compared to

the time scale of the reaction cycle). This allow us to ensure that

the hydration step only lasts a certain selected time, tHy. For

experiments conducted under pure steam (for hydration and dehy-

dration) only the evolution of the maximum conversion with the

number of cycles is investigated, and sufficient time is allowed

for full conversions in all cycles. Since these modifications to the

operation conditions (gas flow rates and/or temperatures) cause

small changes in the apparent weight measurements, blank tests

were also performed using an empty pan to correct these distur-

bances. From the measured weight losses/increments (as shown

in Fig. 1) plots of conversion vs time or vs the number of cycles

(N cycle) were obtained (see Section 3) assuming that the CaO is

converted to Ca(OH)2 during hydration.

2.3. Material characterization

In order to chemically and morphologically characterize the

composite materials after different reactions and/or number of

cycles, X-ray diffraction (XRD) and scanning electron microscopy

(SEM) tests were performed. For the qualitative XRD tests, a Bruker

D8 powder diffractometer equipped with a Cu Ka monochromatic

X-ray tube, a Göbel mirror in the incident beam, and a parallel-slit

analyzer in the diffracted beam was used. A scanning step size of

0.02° with a scan step time of 1 s and a range of 5–60° 2h was

selected. The SEM images were taken using a Quanta FEG 650

microscope coupled to an energy-dispersive X-ray (EDX) analyzer

Ametek-EDAX and an Apollo X detector. Since these samples are

not electro-conductive, the materials were covered with a thin

layer of iridium in order to obtain good quality SEM images.

2.4. Crushing strength apparatus

A SHIMPO FGE-5X dynamometer (maximum capacity 20 N, res-

olution 0.01 N) located in a SHIMPO MFGS-100L manual test stand

was employed to measure the crushing strength of the pellets

and/or their large fragments. This instrument measures the peak

force (in Newtons) required to break the pellet. As pointed out in

Fig. 1. Typical weight changes vs time measured in the TG for a repeated number of hydration/dehydration cycles (under pure steam at 450 °C and 550 °C respectively)

except in the two high temperature periods at the beginning of the thermogram: pure CO2 at 880 °C is used during the first period of silicates formation and air at 850 °C

during the calcination.
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our previous work (Criado et al., 2015), only a few CS measure-

ments can be taken on each sample during the cycling since only

one pellet is extracted from the TG for CS evaluation. After the pel-

let and large fragments were subjected to the crushing test, the

broken particle was discarded. We assumed for these CS measure-

ments a similar standard deviation (of approximately ±1.0 N) to

that reported in our previous work.

3. Results and discussion

The main objective of the experiments carried out in this work

was to explore improved synthesis routes and operating conditions

needed to produce more stable composite materials containing

calcium silicates (which provide the mechanical strength) while

maintaining as high as possible the amount of free CaO (for the

reversible hydration/dehydration reactions in thermochemical

energy storage applications). To achieve this objective it was

essential to identify the main cause responsible for the decay in

crushing strength after only 30–40 hydration/dehydration cycles

reported in a previous work (Criado et al., 2015). As mentioned

in the previous work, composites produced from a mixture of

CaCO3 as Ca-precursor and Na2Si3O7 at high molar Ca/Si ratios

(rCa/Si) of 4.8–6.2 yielded a high fraction of active CaO (over 0.6

hydration molar conversion) and a very high crushing strength in

the first hydration cycle when compared to lime obtained from

the calcination of limestone. The high crushing strength was attrib-

uted to the formation of calcium silicates at temperatures between

750 °C and 850 °C, following reactions (3) and (4) (Taylor, 1997):

CaOþ Na2Si3O7 ! Na2CaSiO4 þ 2SiO2 ð3Þ

2CaOþ SiO2 ! Ca2SiO4 ð4Þ

that can be combined to give:

5CaOþ Na2Si3O7 ! Na2CaSiO4 þ 2Ca2SiO4 ð5Þ

It was confirmed by XRD analysis that some of the initial Ca

present in the sample was consumed in the formation of these

silicates (Criado et al., 2015). Despite the encouraging results, the

positive effect on the crushing strength linked to the formation

of the Ca-silicates gradually disappeared with the number of

hydration/dehydration cycles (i.e. from an initial CS of 17–18 N

to 1–2 N after about 200 cycles).

3.1. Observations on the decay of crushing strength

In order to attempt new synthesis methods and/or operating

conditions to minimize the decay in crushing strength it is

essential to elucidate in more detail the main mechanism for this

decay. In principle, two possible regions in the pellet need to be

investigated when looking for the main factor responsible for the

decay in crushing strength: the small grains of CaO (molecular

volume of 16.9 cm3/mol) that expand to form Ca(OH)2 (molecular

volume of 33.5 cm3/mol) during each hydration step, and the

complex calcium silicate matrix surrounding the CaO/Ca(OH)2
grains resulting from the reaction of part of the Ca-precursor with

Na2Si3O7.

Compositional changes in the silicate matrix due to the pres-

ence of H2O during the hydration/dehydration tests at 450/550 °C

were observed by XRD. These changes are consistent with the

hydration of Ca2SiO4 to form different hydrated silicates (Garbev

et al., 2014; Mitsuda et al., 1985; Roßkopf et al., 2015; Speakman

et al., 1967; Yanagisawa et al., 2006), being Ca5(SiO4)2(OH)2 the

main compound identified in our samples (Criado et al., 2015).

Although these hydrated silicates only represent a small fraction

of the total amount of silicates present in the composite material,

the formation of these hydrates could play a role in the

deterioration of the mechanical properties over cycling. Therefore,

several purpose-designed tests were conducted in order to

elucidate the role of the hydration mechanism in the deterioration

of the crushing strength of the pellets.

In the first experimental campaign, tests with extremely long

hydration and dehydration times (400 min) under pure steam at

atmospheric pressure (at 450 °C during hydration and 550 °C

during dehydration) were performed using a typical sample of

composite material (rCa/Si of 4.8, initial CS of around 25 N) in order

to promote the formation of a significant fraction of hydrated

silicates. The samples in the form of pellets were produced by

using a mixture of limestone with a particle size of 36–63 lm

(60 wt% referred to the total CaCO3) and co-precipitated CaCO3

with Na2Si3O7. The experimental time selected was equivalent to

40 cycles in a reference test. The crushing strength of the pellets

even after such long tests remained at the same value as in the ini-

tial material (i.e. CS over 25 N). Similar results were obtained when

other rCa/Si compositions were used. It was observed that the CS of

the original pellet did not decrease after a long duration hydration

test and/or an equally long period under dehydration conditions.

Based on these results, as well as the confirmed reactions between

the steam and the silicates framework present in the composite

materials at the hydration and dehydration conditions, the forma-

tion of these hydrated phases can be ruled out as the main cause of

the reduction in the crushing strength of the pellets.

To further confirm whether the cycling hydration/dehydration

conditions could have an effect on the crushing strength of the sil-

icates forming the composite, a stoichiometric sample (rCa/Si = 1.5

i.e. to achieve the complete conversion of Ca into calcium silicates

and a CS > 30 N for the fresh sample) was synthesized and sub-

jected to 40 cycles of hydration/dehydration under pure steam

(by cycling between 450 °C and 550 °C). Again, the CS of the mate-

rial was unaffected by the cycling test. The experiments with these

stoichiometric samples allowed us to study the textural character-

istics of these silicates without the interference of CaO porous

materials, which represent the greater part of the final pellets that

have a higher rCa/Si. For this purpose, some samples were extracted

at different stages of these tests so that they could be examined by

SEM, as shown in Fig. 2. As can be seen, although some textural

changes are visible in the sample after 40 cycles (Fig. 2a and b com-

pared to Fig. 2c and d), it is clear that the silicate layer maintains a

very rich network of pores and bridging formations, which seems

to explain the high reactivity (in terms of hydration/dehydration

rates when CaO is present in the pellet). Since a large pore network

is still maintained for the pellets without any free CaO and a

similar structure is observed before and after cycling, it can be

concluded that the decay in the crushing strength of the composite

materials can only be due to the consecutive growth/shrinkage

cycles of the small CaO/Ca(OH)2 grains embedded in these

Ca-silicate structures when free CaO is available.

3.2. New strategies to improve the mechanical stability

It is conjectured that the growth of Ca(OH)2 grains during

hydration produces an increasing number of fractures on the hard

Ca silicate framework. A logical consequence of this mechanism is

that any method to introduce into the composite larger empty

volumes per CaO grain, without compromising the overall strength

of the pellet, must have a positive effect on the mechanical stability

of the pellet as the grains of CaO will have more room to grow into

Ca(OH)2 grains. In order to test this approach as a possible route to

enhance the mechanical performance of the pellet over cycling,

two strategies were explored:
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– Promoting the formation of the calcium silicate framework in

conditions such that each grain of CaO has a larger volume in

which to grow as Ca(OH)2. In other words, creating the neces-

sary conditions such that the regions with free CaO inside the

silicate network have a larger volume than the volume occupied

by the fully converted Ca(OH)2.

– Carrying out hydration/dehydration cycles in conditions where

the conversion of the free CaO grains to Ca(OH)2 is incomplete.

In other words, ensuring that the pore and grain volume associ-

ated with each CaO grain is never completely filled by Ca(OH)2.

Both strategies should lead to fewer mechanical tensions inside

the pellet when it is subjected to a hydration cycle if the growth of

Ca(OH)2 is the main mechanism responsible for the loss in crushing

strength over cycling.

3.2.1. Synthesis under CO2 at high temperature

The first strategy can be implemented and tested by exploiting

the fact that the precursors of the CaO grains in the pellets are

themselves small grains of CaCO3 (Criado et al., 2015). Even if the

original CaCO3 grains were nonporous, these grains would have a

higher volume (36.9 cm3/mol) than the equivalent nonporous

grain of Ca(OH)2 (33.5 cm3/mol). Therefore a simple way to achieve

the objective set above is to allow the formation of the calcium sil-

icate framework while avoiding the decomposition of the original

CaCO3 grains. In order to achieve this, an initial heating stage of

the composites under pure CO2 at high temperatures was investi-

gated as a suitable way to facilitate the formation of the silicate

structures (see Fig. 3) without calcining the CaCO3 (the equilibrium

temperature for the calcination of CaCO3 in pure CO2 being about

900 °C (Barin, 1989).

As shown in Fig. 3, the cured mixture of CaCO3 and Na2Si3O7 is

heated up to the 750–880 °C range under CO2. These temperatures

are high enough to ensure the formation of calcium and sodium

silicates following reactions (6)–(9):

CaCO3 þ Na2Si3O7 ! Na2CaSiO4 þ 2SiO2 þ CO2 ð6Þ

2CaCO3 þ SiO2 ! Ca2SiO4 þ 2CO2 ð7Þ

2Ca2SiO4 þ CaCO3 ! Ca5ðSiO4Þ2CO3 ð8Þ

Na2CaSiO4 þ 2CO2 ! Na2CaðCO3Þ2 þ SiO2 ð9Þ

XRD analysis of the resulting composite after this thermal treat-

ment confirmed the formation of the products of reactions (6)–(9),

as can be seen in Fig. 4a and b for a stoichiometric sample and a

typical composite with a rCa/Si = 4.8, respectively. This treatment

under CO2 also modifies the nature of the silicates compared to

the reference material (see Eq. (5)), due to the formation of carbon-

ated phases (i.e. Na2Ca(CO3)2 and Ca5(SiO4)2CO3). However, as indi-

cated in Fig. 3, there is a final step for the synthesis of the CaO rich

pellet where the pellet is calcined in air at temperatures between

700 and 850 °C so that the remaining CaCO3 grains will decompose

into free CaO suitable for subsequent cycling hydration/dehydra-

tion reactions (see Fig. 4c). After this calcination step the carbon-

ated silicates will also decompose, mainly into Ca2SiO4 and

Na2CaSiO4. No major changes were observed when comparing this

new treatment with a single calcination step under air following

reaction (5). The XRD analyses shown in Fig. 4 have provided the

qualitative information of the major compounds present in these

samples, allowing us to propose the basic mechanism for the

reactions between CaO and Na2Si3O7 shown in Fig. 3. More detailed

Fig. 2. SEM images of a stoichiometric sample of co-precipitated CaCO3 and Na2Si3O7 after (a) curing, (b) calcination under air at 850 °C, (c and d) 40 cycles of hydration/

dehydration under pure steam at 450 °C/550 °C.
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discussion on other minor Ca-Si-Na compounds/crystalline phases

linked to smaller signals in the XRD plots, are beyond the scope of

this work. Further SEM images of a stoichiometric sample (Fig. 5)

after the two synthesis steps evaluated, indicate that the silicates

formed under these new protocols retain a rich porous network

despite the high temperatures used in their formation, as CO2 gas

is evolved (reactions (6) and (7)).

Crushing strength measurements of the composites obtained

following the new protocol yielded values beyond the measuring

limit of our apparatus (30 N) revealing that these composites had

formed an extremely hard silicate framework around the remain-

ing grains of unreacted CaCO3. More importantly, the resulting sil-

icates after calcination should retain the volume originally

occupied by the CaCO3 grain (that acts as a template during the

first high temperature heat treatment) resulting in an excess of

void volume due to the smaller molecular volume of CaO com-

pared to that of CaCO3 (16.9 and 36.9 cm3/mol respectively). This

void volume should, in theory, allow the Ca(OH)2 grains to grow

with less influence on the silicates layer.

Several tests were performed in order to study the effect of the

heating temperature under pure CO2 and air on the chemical and

mechanical properties of the pellets (Table 1). Temperatures

between 700 and 880 �C were studied for the two steps under

CO2 and air. Also, sufficiently long times for each temperature

tested were selected to ensure the complete calcination of all spe-

cies (this is confirmed when a constant weight measurement is

achieved on the thermogram as shown during the calcination step

in Fig. 1). As can be seen in Table 1, for the temperatures studied,

no significant differences were observed in the chemical properties

of the samples tested, XHy values being at least 0.5 at cycle 10 in all

the tests. Longer tests of up to 40 cycles confirmed that the chem-

ical activity remained stable over cycling (same XHy values as

Fig. 3. Mechanism proposed for the formation of different compounds and porous

structures after a two high-temperature steps: initial silicates formation under pure

CO2 and then calcination in air.

Fig. 4. XRD results for a stoichiometric composite material (a) and a typical

material with rCa/Si = 4.8 (b and c). Plots (a) and (b) correspond to samples after

20 min under CO2 at 880 �C and (c) followed by calcination under air at 850 �C

during 20 min. Please take into account that the effect over the background is

caused by the low crystallinity of some of the samples. JCPDS Card Numbers used:

CaO 01-070-5490, CaCO3 01-071-3699, Ca2SiO4 01-070-0388, Ca5(SiO4)2CO3

01-074-0371, Na2CaSiO4 00-024-1069 and Na2Ca(CO3)2 00-028-1059.

Fig. 5. SEM images of a stoichiometric sample of co-precipitated CaCO3 and

Na2Si3O7 after (a) heat treatment under CO2 at 880 �C and then (b) calcination

under air at 850 �C.
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reported in Table 1 for cycle 10). TG studies confirmed the high

reaction rates for different hydration and dehydration operation

conditions. Complete conversion of the active CaO/Ca(OH)2 present

in these samples was achieved within less than 2 min for the

reference operation conditions (see Fig. 6). These reaction rate

results for the new materials were compared with a kinetic model

developed for CaO from the calcination of natural CaCO3 (Criado

et al., 2014b), and summarized in Eqs. (10) and (11) for hydration

and dehydration respectively.

XHy ¼ 1! ð1! t=sHyÞ
3 ð10aÞ

sHy ¼ 1=½ð1=dpÞ % 3:5 % 10!4 expð59:4 % 103=ðR % ðT þ 273ÞÞÞ

% ðmH2O ! meqÞ' ð10bÞ

XDehy ¼ ð1! t=sDehyÞ
3 ð11aÞ

sDehy ¼ 1=½ð1=dpÞ % 7:3 % 104 expð!60:8 % 103=ðR % ðT þ 273ÞÞÞ

% ðmeq ! mH2OÞ' ð11bÞ

where t is the time (s), si the complete conversion time (s), dp the

average particle size (lm), R the universal gas constant (J/mol K),

T the temperature (�C), mH2O the steam volume fraction and meq
the equilibrium volume fraction, which can be estimated by means

of Eq. (12) (Barin, 1989):

meq ¼ ð2:3 % 10
8=PTotÞ % expð!11607=TÞ ð12Þ

PTot being the total pressure (kPa).

In order to apply this model to the pellets, we have considered

two extreme cases for defining the effective particle size in

Eqs. (10b) and (11b). Either it can be assumed that the composite

behaves as a mass of individual grains of CaO/Ca(OH)2 (with a dp

of 36–63 lm) following the kinetic model of Eqs. (10) and (11).

This is equivalent to assuming that the highly porous Ca-silicate

matrix in the pellets does not introduce any relevant resistance

to the progress of reactions. Under these conditions considerably

faster reaction rates can be expected, as shown in Fig. 6.

Alternatively, it can be assumed that the pellet is a single reacting

large particle with an equivalent diameter of 1400 lm (calculated

from the volume of a sphere with the same volume as the

cylindrical pellet). In this case lower reaction rates can be

expected. The results of Fig. 6 indicate that the reactivity of these

composite materials can be modelled using a kinetic model close

to a shrinking core model at pellet scale. This is possible thanks

to the high porosity of the silicate layer that allows the rapid

diffusion of steam toward the CaO/Ca(OH)2 grains, as shown in

Figs. 2 and 5.

Finally, the tests were directed toward investigating the evolu-

tion of the crushing strength of the newmaterials with the number

of cycles. As can be seen in Table 1, a significant improvement was

detected for the samples calcined at higher temperatures, with CS

values beyond the measuring limit of our apparatus. Further tests

of up to 40 cycles were carried out on these materials. Although a

drop in the CS values to around 18 N was observed, this represents

a considerable advance on the CS measured compared to the refer-

ence materials (when only a calcination step under air is included

in the synthesis route) with the same rCa/Si. Other composite sam-

ples with even higher rCa/Si (up to 9.7) and lower initial crushing

strengths were synthesized in order to study the positive effect

of the new synthesis route. In the case of these samples, similar

crushing strengths were measured for the cured and cycled

material after 10 cycles, confirming the positive effect of the new

synthesis route. However, after a longer number of cycles lower

crushing strength were observed (CS < 2 N up to 100 for a

Fig. 6. (a) Hydration and (b) dehydration molar conversion (XHy and XDehy) vs time (s) at different temperatures and steam volume fractions (mH2O) for a composite sample of

rCa/Si = 4.8 (fCaO,exp = 0.53) prepared following the procedure described in Fig. 3. Dotted lines plotted for each experimental conditions using Eqs. (10) and (11).

Table 1

Chemical and mechanical evaluation of a composite sample prepared following the procedure described in Fig. 3 at different temperatures and cycled for hydration/dehydration

under pure steam (450 �C/550 �C).

Sample Temperature (�C) CS (N) XHy at cycle 10 (tHy = 5 min)

CO2 Air Cured Cycle 10a

CaCO3 36–63 lm (60%w) + Co-precipitated rCa/Si = 4.8 750 750 25 11 0.54

880 700 24.3 0.50

750 30 0.51

850 30 0.50

a Reference material: CS = 17 N at cycle 10.
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rCa/Si = 9.7 vs a CS < 2 N after only 20 cycles measured for a

reference material with the same rCa/Si). These results confirm that

the new synthesis route translated into a very substantial

improvement of the crushing strength values for the first cycles

of hydration/dehydration, although a clear decrease in the CS

measurements was detected for a longer number of cycles.

3.2.2. Incomplete hydration of the CaO grains

A final attempt to improve the long term mechanical stability of

the pellets was made by avoiding the complete hydration of the

CaO grains embedded in the pellet. Since all of our investigations

so far suggest that the growth of CaO grains over consecutive

hydration/dehydration cycles is the main reason for the deteriora-

tion of the crushing strength of our composite materials, positive

effects ought to follow from this uncompleted conversion strategy.

Based on the kinetic behavior shown in Fig. 6, two different hydra-

tion times were selected: 0.5 and 1 min in order to be able to abort

hydration at a sufficiently relevant value of CaO conversion. Tests

of up to 40 cycles again provide encouraging results: CS values

above 30 N were measured at cycle 40 for a typical material with

rCa/Si = 4.8 while XHy values of around 0.3 and 0.4 were maintained

for hydration times of 0.5 and 1 min respectively. Comparison of

these results with the ones previously reported, confirms that

short reaction times are a suitable strategy for reducing the rapid

decrease in the crushing strength of these materials over cycling.

Fig. 7 also shows this positive effect on the crushing strength for

longer numbers of cycles when the two strategies studied in this

work are combined. As mentioned above, the reference composite

material experienced a rapid drop in the CS values (see the open

symbols in Fig. 7). In the case of the composite material synthe-

sized in this work, CS values above 28 N (4 times higher when

compared to the reference material) can be maintained over 100

cycles when tHy = 1 min under the same operation conditions. A

penalty on the maximum conversion to Ca(OH)2 is paid with this

approach, as only modest hydration molar conversions of around

0.4 at cycle 100 are obtained. A certain trend toward an increase

in these conversions can be observed, with XHy close to the maxi-

mum fCaO,exp of the material. This can be explained in terms of the

activation behavior of CaO/Ca(OH)2 grains during the consecutive

hydration/dehydration cycles, resulting in higher reaction rates at

grain level as the number of cycles increases. This tendency toward

higher conversions again raises the problem of decay in crushing

strength. The mechanical stresses within the pellet must intensify

at higher hydration conversions and lower CS values will be

reached if the CaO grains are allowed to fully convert to Ca(OH)2.

In view of these results, lower reaction times should be considered

for longer numbers of cycles in order to achieve a compromise

between high crushing strength and a suitable chemical activity

(i.e. XHy  0.4). SEM images (Fig. 8) of the material tested in

Fig. 7 confirm the positive effect of the partial hydration reported.

After 40 cycles of incomplete hydration, the grains of CaO/Ca(OH)2
largely maintain their integrity, with a continuous silicate layer

between them (despite the presence of a few cracks when com-

pared to the fresh material). On the other hand, when the material

Fig. 7. Contrast between the chemical (as hydration molar conversion, XHy) and

mechanical behavior (as crushing strength, CS) of the reference material (open

symbols) and a material synthesized following the route described in Fig. 3 and

tHy = 1 min (gray symbols). The fCaO,exp values from Eq. (2) are included as dotted

lines.

Fig. 8. SEM images of a material synthesized following the route described in Fig. 3

and tHy = 1 min. (a) Fresh, (b) after 40 cycles and (c) after >200 cycles. Ca-grains

indicated by the areas inside the dotted lines.
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is allowed to achieve maximum conversion and CS has fallen to

lower values (i.e. N cycle > 200) their general morphology is more

homogeneous, with the grains of CaO/Ca(OH)2 completely broken

up and it being impossible to visually distinguish them from the

silicate layer.

In summary, only a relative degree of success was achieved by

combining the two strategies investigated in this work. To the best

of our knowledge, no CaO rich material has been described before

in large particulate form that is capable of withstanding more than

100 cycles of intense hydration/dehydration under pure steam and

sustaining CS values higher than 28 N. The idea of using the origi-

nal grains of CaCO3 precursors as templates to create volume for

the growth of CaO grains seems a very promising route. The partial

conversion of the material to limit the growth of Ca(OH)2 crystals

also contributes to an improvement of the results. However the

benefits introduced by this last approach are achieved at the

expense of important design parameters in the energy storage sys-

tem (i.e. a reduced energy storage density as the conversion to Ca

(OH)2 decreases) as well as the need to envisage strategies to con-

trol the maximum conversion achieved by the solids in future

works focused on the reactor and process development at large

scale. Reactor design and operation must take this into account

to find the necessary compromises. In addition, the search for other

types of composite material, using alternative binders to sodium

silicate, should continue. The strategies analyzed in this work to

improve their performance might also prove to be effective for

other similar composite materials.

4. Conclusions

The mechanical and chemical behavior over cycling of new CaO/

Ca(OH)2 composite materials for thermochemical energy storage

applications has been investigated in this work. Reference materi-

als containing CaO/Ca(OH)2 grains inside a Ca-silicate matrix show

high initial crushing strength, CS, but display a sharp decay in

crushing strength after only 20 cycles. The investigation of similar

materials with different initial quantities of Ca and Si precursors

confirmed that the observed decay was linked to the successive

growth/shrinkage cycles of the small CaO/Ca(OH)2 grains embed-

ded in the Ca-silicate structures and not to changes linked to the

hydration of the silicates. The anisotropic growth of Ca(OH)2 grains

must generate internal forces acting on the hard silicate layer in

which they are embedded. In light of this, two different routes to

minimize the drop in CS values were evaluated. These routes led

to significant improvements in the crushing strength of the com-

posite materials. The first route involved the introduction of a first

heating step under pure CO2 to allow the formation of the Ca sili-

cates at high temperature without calcining the CaCO3 grains used

as Ca-precursor. After a subsequent calcination of the remaining

CaCO3 material under air, it was demonstrated that the grains of

CaO had available a larger volume in which to grow as Ca(OH)2.

Fast hydration/dehydration reaction rates were measured, consis-

tent with the extensive pore network of the silicate layer in the

composite. In relation to the mechanical properties, the materials

showed improved CS values compared to reference materials in

the first hundred cycles. Further gains in crushing strength

(i.e. for longer number of cycles) were observed when this new

synthesis route was combined with an incomplete conversion of

CaO to Ca(OH)2. In this case, crushing strength values of above

28 N were retained during 100 cycles when incomplete conversion

was maintained (i.e. XHy around 0.4) in each cycle. Higher conver-

sions of CaO to Ca(OH)2 again led to materials with lower crushing

strength after more than 200 cycles. These results indicate that a

suitable compromise between two conflicting tendencies must be

found during operation of these materials in energy storage

systems: high CS values for a very long number of cycles are only

achievable with modest hydration conversions (XHy < 0.4). A

primary objective for future works in this field is to increase these

chemical activities while maintaining the same level of CS of the

pellets developed in this work.
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Abstract

The present study relates to the preparation of mixed calcium oxide–alumina compositions as candidate materials for a cyclic ther-
mochemical hydration–dehydration scheme at moderate to high temperatures (e.g. 400–600 °C) that can offer the possibility of short and
long term energy storage, particularly suitable for concentrated solar power installations. The synthesized materials were assessed in
terms of their cyclic hydration–dehydration performance in the temperature range of 200–550 °C. Acknowledging the fact that the par-
ticular thermochemical scheme has been identified to result in substantial cycle-to-cycle fragmentation of pure CaO particles which is
detrimental to particle reactor bed concepts, one of the main purposes of using Al as additive is related to materials structural enhance-
ment. To this respect, preliminary studies related to macro-structural integrity assessment were also conducted. In addition, the perfor-
mance of synthesized material is compared to the one of natural lime (benchmark material). The additive content spanned over a wide
range of Ca/Al molar ratios, namely from 95/5 to 52/48, while two different calcium oxide precursors, i.e. calcium nitrate and calcium
acetate, were employed. Fresh and hydrated compositions were characterized in-detail with respect to their physicochemical properties in
order to correlate different behaviors with certain attributes of the materials. Synthetic materials, both calcium nitrate and calcium acet-
ate derived, favored the formation of Ca/Al mixed phases. The latter led to materials with higher surface areas and, for a given Ca/Al
ratio, resulted to higher hydration/dehydration performance. Mixed oxides, although capable of being hydrated at ambient temperature,
did not participate in the reaction scheme at temperaturesP200 °C and thus presence of such phases resulted in considerable decrease of
hydration/dehydration capacity versus the one of natural lime. On the other hand, the presence of such mixed compositions improved,
albeit not dramatically, macro-structural integrity. A relatively good combination of hydration–dehydration performance with better-
than-natural lime structural integrity was achieved for the mixed materials with a Ca/Al molar ratio equal to 89/11 and 81/19 molar
ratio. The Ca-precursor used in these materials slightly affected their cyclic performance with the ex-CaN ones presenting better behavior.

2015 Elsevier Ltd. All rights reserved.

Keywords: Thermochemical energy storage; Calcium oxide; Aluminum; Composite

1. Introduction

Concentrated solar thermal power (CSP) technology has
gained substantial worldwide interest from both industrial
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and research communities, since it can provide a free, end-
less and fully renewable energy source that can be utilized
to cover energy needs of various processes with potentially
high efficiencies, mainly due to relatively high temperatures
achievable. The employment of CSP technology has been
gradually induced by the continuously increasing demand
in energy, the depletion of fossil fuels and the serious envi-
ronmental problems caused by the increase of CO2 concen-
tration in the atmosphere (Gil et al., 2010; Kuravi et al.,
2013).

However, the major challenge that CSP technology has
to deal with is the intermittence of solar radiation. The
development of efficient, simple and high energy density
systems, with the ability of storing the excess of solar power
during on-sun operation, would allow prolonged or even
continuous operation. These are known as Thermal Energy
Storage (TES) systems. Recently, they have been employed
commercially in CSP plants and their effectiveness relies on
their ability to balance the discontinuous energy supply
with the continuous energy demand.

The state-of-the-art concepts for TES systems currently
utilized in the industrial world are based on the molten
salts technology and the use of phase change materials
(PCM), that dominate in sensible and latent heat systems
(Gil et al., 2010; Mahlia et al., 2014). Although the technol-
ogy of these systems is based on simple principles and is
commercially available, such systems are characterized by
low to moderate energy densities (0.2–0.5 GJ/m3) and sig-
nificant heat losses resulting in large volume of materials
required (Abedin and Rosen, 2011; Felderhoff et al., 2013).

The challenges of the above mentioned state-of-the-art
TES systems can be in-principle overcome by an alternative
approach based on Thermochemical Heat Storage (THS)
concepts. THS is a valid option for TES technology that
offers high energy storage density (0.5–3 GJ/m3), low heat
losses, easy transfer and the potential for long storage peri-
ods (Abedin and Rosen, 2011; Pardo et al., 2014; Solé
et al., 2012). Heat storage in THS systems is achieved via
reversible chemical reactions, taking place in 2 or more
steps. In particular, the surplus energy is stored during
on-sun operation through one or more endothermic reac-
tions and transferred to the CSP plant in order to be
released through the corresponding exothermic reaction
(s) under off-sun conditions (Pagkoura et al., 2014). THS
concepts are applied by different reaction categories, such
as carbonation–decarbonation of CaO/CaCO3 energy cou-
ple (Abanades et al., 2005; Anthony, 2011; Edwards and
Materic, 2012; Grasa and Abanades, 2006; Muller et al.,
2011), oxidation via redox materials (Carrillo et al., 2014;
Karagiannakis et al., 2014), the decomposition/synthesis
of ammonia (Lovegrove et al., 2004; Wentworth and
Chen, 1976) and hydration–dehydration of CaO/Ca(OH)2
(Criado et al., 2014a; Schaube et al., 2012) or MgO/Mg
(OH)2 couple (Ervin, 1977).

Recently, the CaO/Ca(OH)2 couple has been assessed as
a promising candidate for THS applications at moderate-
to-high temperatures (400–550 �C). THS technology using

the CaO/Ca(OH)2 couple is based on the reversible hydra-
tion–dehydration reaction presented in the following
scheme:

CaOðsÞ þH2OðgÞ ! CaðOHÞ2ðsÞ þ Heat ð1Þ

CaðOHÞ2ðsÞ þ Heat ! CaOðsÞ þH2OðgÞ ð2Þ

During the CSP plant operation and under surplus of
solar irradiation, the endothermic dehydration of Ca
(OH)2 (reaction 2) takes place. CaO is obtained and can
be subsequently hydrated (reaction 1), so that previously
stored energy is released thereby providing the CSP plant
with the ability to operate under off-sun conditions. The
energy released through the exothermic reaction can be
as high as 104 kJ/mol (or 1.85 MJ/kg). The CaO/Ca
(OH)2 system has been studied both for heat pump applica-
tions (Cerkvenik et al., 2002; Ogura and Mujumdar, 2000)
and energy storage.

Most of the experimental studies conducted so far relate
to the investigation of the CaO/Ca(OH)2 system at the mg-
scale, based on commercial/natural materials. Regarding
materials development, some relevant work with interest-
ing preliminary findings has been conducted (Murthy
et al., 1986; Yan and Zhao, 2014), however no particular
effort has been devoted to the behavior of such materials
under multi-cyclic hydration–dehydration conditions. The
aforementioned reversible reaction was examined thermo-
dynamically and kinetically by Schaube et al. for partial
H2O pressures up to 95.6kPa and atmospheric total pres-
sure. They reported full conversion with good stability
for over 100 hydration–dehydration cycles (Schaube
et al., 2012). The same scientific group also presented
experimental data regarding TES with CaO/Ca(OH)2 in a
reactor where agglomeration of the material was noted
after 25 cycles, also studying important parameters for
the storage process in order to determine a kinetic model
for both reaction steps (Schaube et al., 2013). Linder
et al. conducted experimental studies with Ca(OH)2 with
the aid of a 10 kW unit and they also employed simulation
to determine one possible operation mode for the material
(Linder et al., 2014).

In very recent works and in the framework of the EU-
funded StoRRe Project, Criado et al. (2014a,b) investi-
gated and proposed a fluidized bed reactor suitable for
the hydration–dehydration of CaO/Ca(OH)2 material cou-
ple in order to determine a kinetic model for the hydration
and dehydration steps, under realistic conditions (tempera-
tures and atmospheres).

Despite the notable advantages of the CaO/Ca(OH)2
couple (Pardo et al., 2014), the sensitivity of the material
to two different mechanisms, namely recrystallization and
sintering, imposed by CaO treatment with water or steam
induce challenges for its use in such systems (Azpiazu
et al., 2003). CaO hydration with either water or steam
has been considered as a suitable solution to the deactiva-
tion of CaO particles through multiple carbonation–
decarbonation. The proposed mechanism is fragmentation
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of the crystallites of the material due to its hydration and
dehydration, resulting to higher surface area and subse-
quently improving higher CO2 capture capacity
(Anthony, 2011; Yu et al., 2012). However, the opposing
mechanism of sintering has been also reported in Ca
(OH)2 particles in earlier studies, in which it was concluded
that the reduction of CaO activity was induced by the
reduction of surface area of the particles (Glasson, 1958;
Serris et al., 2011; Yu et al., 2012).

Despite the favorable effect of CaO hydration in its CO2

capturing capability, the severe fragmentation and there-
fore substantial attrition of CaO/Ca(OH)2 particles in the
course of multi-cyclic hydration–dehydration can be a pro-
found challenge in relevant applications. Several attempts
have been conducted so far in order to enhance the struc-
tural integrity and durability of the material upon its
repeated hydration–dehydration, as well as to find a way
to decrease the decomposition temperature in order to fur-
ther lower the heat losses and decrease the load of the solar
concentrator. To this direction, some scientific groups stud-
ied the effect of doping CaO materials with other elements,
such as aluminum (Al), zinc (Zn) or nickel (Ni) comparing
them with pure CaO materials. Thermogravimetric mea-
surements of the decomposition of doped and undoped
CaO materials showed that the decomposition tempera-
tures of the doped ones were lower than that of pure
CaO materials (Fujii et al., 1994; Murthy et al., 1986).
Experimental results of the previously mentioned scientific
groups, showing that Al as an additive in CaO-based mate-
rials is promising, triggered our experimental efforts to pre-
pare pure and synthetic CaO materials for heat storage via
hydration (Sakellariou et al., 2013).

The present work focused on the synthesis and examina-
tion of CaO-based materials, both pure and Ca/Al com-
posite ones, for THS applications through the reversible
hydration–dehydration reaction. Natural lime was also
studied as benchmark material, while pure CaO as well
as mixed Ca/Al oxides were synthesized using calcium
nitrate and calcium acetate precursors. The materials pre-
pared were characterized both structurally and morpholog-
ically, while compact pellets were also fabricated by the
synthetic powders in order to test their structural integrity
at a macroscopic scale. The hydration–dehydration perfor-
mance of the synthetic materials was evaluated with the aid
of an in-house constructed thermo-gravimetric setup and
the results obtained were correlated with the materials
physico-chemical characterization findings.

2. Experimental

2.1. Chemicals and materials

Calcium nitrate tetrahydrate (Ca(NO3)2 4H2O) (Fluka)
and calcium acetate monohydrate (Ca(CH3COO)2 H2O)
(Sigma Aldrich, >99%) were used as CaO precursors for
the preparation of synthetic CaO-based materials (stated
as ex-CaN and ex-CaA respectively). Aluminum nitrate

nonhydrate (Al(NO3)2 9H2O) (Merck, >98.5%) was used
for the synthesis of the mixed Ca/Al oxides. Citric acid
monohydrate (C6H8O7 H2O) (Sigma Aldrich) was used as
the organic reactant for the Liquid Phase Self-
propagating High-Temperature Synthesis technique,
described below. Ammonium hydroxide solution (NH4-
OH) (Sigma Aldrich, >25%) was also used for the pH
correction.

2.2. Materials preparation

Natural lime derived from natural limestone (Compos-
tilla 89% CaCO3, 100–200 lm) via calcination in air at
900 �C for 2 h was used as the benchmark material for this
series of experiments. For the preparation of the synthetic
materials of this study (both pure CaO powders and mixed
Ca/Al oxides), the method of Liquid Phase Self-
propagating High-Temperature Synthesis (LPSHS) was
applied. LPSHS relies on amodification of Pechini’s method
(Pechini, 1967) and is a bulk synthesis process, where the
total precursor amount in the reactor is processed in one
step. The method also employed an organic compound (e.
g. citric acid) that promoted the occurrence of an ‘‘explo
sive’’ reaction for the formation of the desirable particles.

The required amounts of the respective metal precursors
were dissolved in distilled water under vigorous stirring.
The appropriate amounts of the precursor compounds
used were calculated in order to obtain pure CaO powders
and synthetic Ca/Al. All the materials prepared are pre-
sented in Table 1 with Ca/Al molar ratios ranging between
52/48 and 89/11 in the precursors mixed. Citric acid mono-
hydrate was the organic reactant/fuel used for the combus-
tion reaction and the ratio of total metal atoms/moles of
fuel employed was 1/1. The acidic environment was cor-
rected by the addition of ammonium hydroxide so that
the pH value was adjusted to 7 in the final precursor solu-
tion. Subsequently, the solution was subjected to continu-
ous stirring under heating, thereby leading to the gelation
of the material via gradual solvent evaporation. The forma-
tion of the products took place rapidly via a self-
propagating combustion reaction at ambient air due to
the presence of the organic reactant. The resulting materi-
als were subsequently calcined at 900 �C for 2 h under air
with a heating rate of 3 �C/min.

2.3. Pellet preparation and preliminary macro-structural

integrity tests

A certain quantity of the powders synthesized (in
hydrated form) was used in order to prepare compact
and perforated pellets for the preliminary assessment of
the materials structural integrity that, as already explained
above, is a very important factor for such applications.
Despite relevant findings reported in the literature (Lin
et al., 2006) referring to sintering and loss of surface area
phenomena upon cyclic hydration–dehydration, as it will
be demonstrated later in the text, the present study
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provided enough experimental evidence to support that the
challenge to be addressed is actually related to severe frag-
mentation of the material particles upon cyclic hydration/
dehydration.

The pellets were shaped with the aid of an ‘‘in-house”
designed hydraulic press instrument applying a pressure
of 200 bar, presented in-detail elsewhere (Pagkoura et al.,
2014). A certain amount of each powder synthesized by
LPSHS was mixed with the appropriate amount of 2%
polyvinyl alcohol (PVA) aqueous solution (binder) and
the mixture was mortared until homogeneity was achieved.
The pellets shaped were 30 mm in diameter and 5 mm in
height. The perforated structure was shaped by using 12
spikes ( 2 mm in diameter). After their preparation, the
pellets were dried at 100 °C for 2 h and then calcined at
600 °C for 2 h in air with a heating rate of 3 °C/min. Their
macroscopic structural integrity tests involved their subjec-
tion to 2–5 hydration–dehydration cycles. The hydration
step took place at room temperature, while the pellet dehy-
dration was achieved via calcination at 600 °C for 2 h
under air with a heating rate of 3 °C/min.

2.4. Thermo-gravimetric experimental setup and procedure

The materials synthesized (in powder form) were sub-
jected to repeated hydration–dehydration cycles in order
to study their cycle-to-cycle hydration capacity and com-
pare it with the one of the (reference) natural lime. The
hydration–dehydration process took place in a thermo-
gravimetric (TG) apparatus, in-house designed and con-
structed by INCAR-CSIC for long multi-cycling gas–solid
reactions that can operate in pure steam or pure air, as well
as steam–air mixtures and the details of its operation and
capabilities are described elsewhere (Criado et al., 2014a).
The materials were preliminarily evaluated under favorable
hydration–dehydration conditions that were adjusted to
each sample. In all experiments conducted, the hydration
reaction took place at temperatures between 200 and
450 °C at atmospheric pressure and under pure steam

atmosphere for 5 min and an applied flow rate of
444 mL/min (STP)), while the dehydration was performed
in the range of 200–500 °C under synthetic air flow
(438 mL/min (STP)), also for 5 min. The gas flows, applied
for the hydration and dehydration reactions were selected
in order to avoid diffusional effects around the sample
(gas velocity of 0.05 m/s at 550 °C). Furthermore, for each
test around 3 mg of powder sample were used. Before
hydration, all the materials were pre-calcined at 800 °C
for 10 min under pure air. At least 10 cycles of hydra-
tion–dehydration, under the conditions above mentioned,
were performed in order to evaluate the cycling capacity
of the most promising synthesized materials.

2.5. Material characterization

The materials synthesized were fully characterized after
their synthesis (fresh materials) and also, after being sub-
jected to 2 hydration (at room temperature)–dehydration
cycles. The crystalline phases of the synthesized materials
were determined by X-ray diffraction (XRD) on a Siemens
D500/501 diffractometer using Cu Ka radiation
(k = 1.5406 Å) and after each hydration and dehydration
step. The specific surface area of the materials was charac-
terized using a TriStar 3000 V6.04 A instrument. Specific
surface area measurements were based on the Brunauer–
Emmett–Teller (BET) method. N2 adsorption–desorption
isotherms were measured using a nitrogen bath at 77 K
(ÿ196 °C). Prior to the actual measurements, the powders
were degassed at 250 °C overnight in the degassing port.
BJH method was applied for the determination of pore size
distribution using a single point at P/P° = 0.990 from the
adsorption curve. The morphological characterization of
the powders was conducted using a scanning electron
microscope (SEM) JEOL 6300. The thermal decomposition
measurements of the synthetic hydrated powders was con-
ducted in a Universal T.A. Instruments SDT 2960 analyzer
and DSC analysis was conducted on an instrument of the
same company.

Table 1

List of materials synthesized.

Material Precursors Sample denotation

Natural CaO Compostilla limestone Reference

Pure CaO Ca(NO3)2"4H2O CaO ex-CaN

Ca/Al = 89/11 Ca(NO3)2"4H2O/Al(NO3)3"9H2O Ca/Al = 89/11 ex-CaN

Ca/Al = 81/19 Ca(NO3)2"4H2O/Al(NO3)3"9H2O Ca/Al = 81/19 ex-CaN

Ca/Al = 69/31 Ca(NO3)2"4H2O/Al(NO3)3"9H2O Ca/Al = 69/31 ex-CaN

Ca/Al = 56/44 Ca(NO3)2"4H2O/Al(NO3)3"9H2O Ca/Al = 56/44 ex-CaN

Ca/Al = 52/48 Ca(NO3)2"4H2O/Al(NO3)3"9H2O Ca/Al = 52/48 ex-CaN

Pure CaO Ca(CH3COO)2"H2O CaO ex-CaA

Ca/Al = 95/5 Ca(CH3COO)2"H2O/Al(NO3)3"9H2O Ca/Al = 95/5 ex-CaA

Ca/Al = 89/11 Ca(CH3COO)2"4H2O/Al(NO3)3"9H2O Ca/Al = 89/11 ex-CaA

Ca/Al = 81/19 Ca(CH3COO)2"H2O/Al(NO3)3"9H2O Ca/Al = 81/19 ex-CaA

Ca/Al = 75/25 Ca(CH3COO)2"H2O/Al(NO3)3"9H2O Ca/Al = 75/25 ex-CaA

Ca/Al = 69/31 Ca(CH3COO)2"4H2O/Al(NO3)3"9H2O Ca/Al = 69/31 ex-CaA

Ca/Al = 56/44 Ca(CH3COO)2"H2O/Al(NO3)3"9H2O Ca/Al = 56/44 ex-CaA

Ca/Al = 52/48 Ca(CH3COO)2"4H2O/Al(NO3)3"9H2O Ca/Al = 52/48 ex-CaA
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3. Results and discussion

3.1. Preliminary physico-chemical characterization studies

Table 2 presents relevant findings referring to the fresh
materials and after the second hydration–dehydration
cycle. It is noted that during the preliminary characteriza-
tion studies of the materials, as presented in this paragraph,
hydration was performed at ambient conditions in distilled
water while dehydration was achieved via calcination in air
at 600 �C for 2 h. More realistic multi-cyclic hydration–de-
hydration results are presented in the next paragraph. The
main crystal phase identified in the reference material
(lime) derived from Compostilla limestone via calcination
was CaO, while its measured BET surface area was
3.42 m2/g. After completion of 2 hydration–dehydration
cycles, its composition was not altered, however its BET
value was increased to 7.87 m2/g. As expected, synthetic
pure calcium oxide powders also had CaO as the only
phase identified in their XRD patterns, both in their fresh
state and after 2 cycles. Interestingly, the ex-CaN material
exhibited a similar, albeit somewhat lower, increase in its
surface area upon cyclic hydration–dehydration. This was
not the case for the respective ex-CaA powder, which
retained its initial (relatively high) BET value in the course
of the two cycles performed. These findings indicated that
cyclic hydration–dehydration led to notable fragmentation
of CaO particles, which was opposed to the claims reported
by Glasson (1958) and Borgwardt (1989) for sintering and
reduction of the surface area. Nevertheless, it was identified
that this phenomenon can be significantly mitigated, if not
eliminated, via utilization of an appropriate precursor (i.e.
calcium acetate) at least for a limited number of cycles.
Using Al as an additive, even at very low molar ratios

(Ca/Al = 95/5, 89/11, 81/19 and 69/31), led to the forma-
tion of an intermediate mixed Ca/Al phase corresponding
to Ca3Al2O6, as noted in Table 2. This was the case for
both material groups with reference to the calcium oxide
precursor used, as exhibited by the presence of the corre-
sponding peaks in their XRD patterns of Figs. 1 and 2.
This mixed Ca/Al phase tended to be dominant as the
amount of Al increased in the mixed materials. The peaks
corresponding to CaO became weaker, while the Ca3Al2O6
phase was the only XRD-detectable crystal phase in the
compositions with molar ratios of Ca/Al = 56/44 and
52/48 and for both groups of materials. For the particular
powders, only low amounts or traces of CaO were detected,
as the quantity of CaO was all consumed for the formation
of the mixed Ca3Al2O6 oxide. In the case of the ex-CaA
corresponding powders, small amounts of CaO still existed.
Though, for all mixed compositions, the first dehydration
(not shown here for brevity) led to the formation of
Ca3Al2O6 phase, which after the second dehydration of
the materials changed to Ca12Al14O33 phase. The transition
between these two mixed Ca/Al phases was continuous in
the temperature range used in this series of experiments
making less evident which of the two could be the main

mixed Ca/Al phase. Fig. 3 presents the XRD pattern for
both mixed Ca/Al oxides and it is obvious that some of
the crystal peaks are common. In some experimental works
(Mastin et al., 2011; Ruszak et al., 2011), Ca3Al2O6 was
mentioned as an unstable intermediate crystal phase, which
subsequently decomposed and Ca12Al14O33 was formed
under certain conditions of temperature, steam and CO2
presence. However, there have been contradictory experi-
mental results presenting Ca12Al14O33 as the intermediate
phase for the more stable Ca3Al2O6 formation at high tem-
peratures (T > 1200 �C) (Rivas Mercury et al., 2004;
Mohamed and Sharp, 2002).
Regarding the ex-CaN mixed compositions, the addition

of Al in relatively small amounts (i.e. up to Ca/Al = 81/19)
caused a measurable increase in BET values comparatively
to the respective pure CaO powder. However, further
increase in Al content resulted in gradual decrease of surface
area with the Ca/Al = 69/31 composition exhibiting a simi-
lar to ex-CaN pure CaO BET value. A similar general trend
was observed for the ex-CaA materials, but the initial
increase was not that significant, while it was observed only
for the case of the lowest Al content employed (i.e. Ca/
Al = 95/5). It is also important to highlight that, similarly
to the case of pure CaO powders reported above, cyclic
hydration–dehydration systematically increased the surface
area of ex-CaN and ex-CaACa/Al powders, as thematerials
tested after 2 hydration–dehydration cycles presented
clearly higher BET values. This provided preliminary indica-
tion that the addition of Al did not cause substantial
improvement with regards to the aforementioned issue of
particles gradual fragmentation upon cyclic hydration–
dehydration. The fragmentation phenomenon became
evident in theXRDdiffractiongraphsby the reductionof crys-
tallinity in the materials tested after the second hydration–
dehydration cycle where the crystal peaks were weakened.
The physicochemical characterization of the fresh mate-

rials in this study was supplemented by the morphological
analysis by SEM. SEM imaging was conducted for the
fresh synthesized materials, as well as for the materials
after 2 hydration–dehydration cycles. As it is presented in
the following figure (Fig. 4), the morphology of fresh refer-
ence CaO material is slightly porous with a labyrinthine
surface which corresponds to the CaO particles. LPSHS
pure CaO obtained from both calcium nitrate and calcium
acetate precursors resulted in particles with irregular shape
having a similar morphology to the reference ones. A small
difference that could be noted in ex-CaA materials was that
they were slightly denser than the ex-CaN ones, as it is pre-
sented in Fig. 4e. The similarity in the particles surface
morphology was more obvious in higher magnifications
(Fig. 4b–f). The porosity showed by the SEM images of
pure CaO materials was in qualitative agreement with the
BET values presented in Table 2.
Examining the Ca/Al mixed materials, adding Al in rel-

atively small molar percentages (e.g. Ca/Al = 89/11)
resulted in morphologies very similar to the pure CaO
materials (Fig. 5a, b, e and f). This finding is valid for both
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ex-CaN and ex-CaA materials. Nevertheless, the effect of
Al on the morphology of the mixed Ca/Al particles was
more evident for the materials with higher Al content that
exhibited more open-structured particles. This was verified

by the higher BET values of the corresponding materials in
Table 2.

Further increase in the Al content of the studied materi-
als presented even more open-structured particles but with

Table 2

Crystal phases and specific surface area of materials (fresh and after subjected to 2 hydration–dehydration cycles).

Sample Fresh After 2 cycles

Main crystal phases BET (m2/g) Main crystal phases BET (m2/g)

Reference CaOa 3.42 CaO 7.87

CaO ex-CaN CaO 3.32 CaOb 6.07

Ca/Al = 89/11 ex-CaN CaO, Ca3Al2O6
b 8.15 CaO, Ca3Al2O6

a,b 11.49

Ca/Al = 81/19 ex-CaN CaO, Ca3Al2O6
b 9.02 CaO, Ca12Al14O33

b 10.15

Ca/Al = 69/31 ex-CaN CaO, Ca3Al2O6 7.19 CaO, Ca12Al14O33
b 7.67

Ca/Al = 56/44 ex-CaN Ca3Al2O6 5.08 CaO, Ca12Al14O33 9.1

Ca/Al = 52/48 ex-CaN Ca3Al2O6 3.02 CaO, Ca12Al14O33 10.28

CaO ex-CaA CaO, Ca(OH)2
b 11.34 CaOa 11.67

Ca/Al = 95/5 ex-CaA CaOa,b,c 12.57 Ca(OH)2, Ca12Al14O33
b 12.3

Ca/Al = 89/11 ex-CaA CaO, Ca3Al2O6
a 9.08 CaO, Ca12Al14O33

a 12.42

Ca/Al = 81/19 ex-CaA CaO, Ca3Al2O6
a,b 8.2 CaO, Ca12Al14O33

a 12.13

Ca/Al = 75/25 ex-CaA CaO, Ca3Al2O6
a 7.76 CaO, Ca12Al14O33

a,b 9.36

Ca/Al = 69/31 ex-CaA CaO, Ca3Al2O6
b 6.86 CaO, Ca12Al14O33 8.69

Ca/Al = 56/44 ex-CaA Ca3Al2O6
d 5.32 CaO, Ca12Al14O33 12.33

Ca/Al = 52/48 ex-CaA Ca3Al2O6
d 4.03 CaO, Ca12Al14O33 15.68

a Traces of Ca(OH)2.
b Traces of CaCO3.
c Traces of Ca3Al2O6.
d Traces of CaO.
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Fig. 1. XRD analysis for ex-CaN materials (a) fresh powders and (b) after

2 hydration–dehydration cycles (JCPDS Card Numbers used: CaO: 00-

037-1467; Ca(OH)2: 00-044-1481; CaCO3: 00-005-0586; Ca3Al2O6: 00-038-

1429; Ca12Al14O33: 00-048-1882).
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Fig. 2. XRD analysis for ex-CaA materials (a) fresh powders and (b) after

2 hydration–dehydration cycles (JCPDS Card Numbers used: CaO: 00-

037-1467; Ca(OH)2: 00-044-1481; CaCO3: 00-005-0586; Ca3Al2O6: 00-038-

1429; Ca12Al14O33: 00-048-1882).
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less porous and denser surfaces (Fig. 5c, d, g and h). The
reduction in the specific surface area of Ca/Al = 56/44
materials presented in BET results (Table 2) was depicted
with smoother surfaces, where the characteristic CaO mor-
phology, as shown in Fig. 4, almost disappeared. The effect
of the different Ca-precursor was significant in the materi-
als with higher Al molar percentage, as the ex-CaA parti-
cles showed denser structure than the ex-CaN ones.

The morphological characterization after 2 hydration–
dehydration cycles of some of the aforementioned materi-
als is presented in Fig. 6. As it can be seen, comparing
the SEM images of the fresh materials and after 2 hydra-
tion–dehydration cycles, the particle morphology did not
particularly change. Though, for images with the same
order of magnitude the particles seemed to be fragmented.
This phenomenon was verified by the BET values that were
higher at the end of the second hydration–dehydration
cycle than in the fresh powders. Supplementarily, the loss
of crystallinity in XRD diffraction graphs that was obvious
by the decrease in the characteristic peaks intensity with
cycling could be attributed to the particles fragmentation
that could further prove the above findings. Even after 2

hydration–dehydration cyclic operation of the aforemen-
tioned materials, the particle fragmentation induced was
significant and the presence of Al in the mixed oxides even
at high percentage (Ca/Al = 56/44) seemed to have limited
contribution to the elimination of this phenomenon. This
finding, as it was mentioned above, contradicts with the
sintering phenomenon and reduction of surface area
(Glasson, 1958; Lin et al., 2006), at least for the small num-
ber of hydration–dehydration cycles conducted here.

3.2. Dissociation of hydrated materials

All the materials used in this series of studies, both the
reference and synthetic ones, were subjected to hydration
in water followed by drying overnight at 100 °C. The
decomposition of the hydrated materials was studied via
TGA. Their thermal decomposition was conducted in air
atmosphere up to 950 °C with a heating rate of 5 °C/min.
Such an analysis facilitated the determination of the tem-
perature ranges where phases decomposition occurred, as
identified by samples weight losses.

Regarding the reference material (dark blue line in
Figs. 7 and 8), the thermal decomposition curve showed
that there was a curve of 20% weight loss in the tempera-
ture range of 400–470 °C, corresponding to the decomposi-
tion of Ca(OH)2. In the hydrated powders originating from
the ex-CaN synthetic materials, it was noted that the
decomposition curve of the pure CaO material had the
same morphology with the reference one.

Interestingly, the mixed Ca/Al hydrated materials pre-
sented substantially different decomposition curves. The
addition of Al in relatively low amounts (Ca/Al = 89/11)
led to the appearance of an additional, albeit less pro-
nounced, decomposition curve at significantly lower tem-
peratures (190–260 °C) that was attributed to the
decomposition of the mixed Ca/Al hydrated phases formed
and also verified by means of XRD analysis. The main
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Fig. 3. XRD pattern for Ca3Al2O6 and Ca12Al14O33 (JCPDS Card

Numbers used: Ca3Al2O6: 00-38-1429; Ca12Al14O33: 00-48-1482).
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Fig. 4. SEM images for (a and b) reference CaO, (c and d) CaO ex-CaN and (e and f) CaO ex-CaA.
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mixed Ca/Al hydrated phase that was observed both in the
first and the second hydration cycle was Ca3Al2(OH)12 (as
verified by XRD analysis, not shown in this study for brev-
ity) thereby corresponding to the hydration reaction of
Ca3Al2O6. The low temperature decomposition curve
became even more intense and broader with the increase
in the Al content in the composite materials, as it is noted
in Fig. 7. Particularly, in materials Ca/Al = 81/19 and
Ca/Al = 69/31 the weight loss of the mixed Ca/Al phase
appeared between 220–320 �C, while the corresponding
curve of the materials Ca/Al = 56/44 and Ca/Al = 52/48
was broader between temperatures of 190–330 �C. At this
point, it is worth mentioning that as the amount of Al
increased in the mixed materials, the presence mainly of
Ca(OH)2 gradually disappeared and the materials with
the highest Al molar percentages presented only one
decomposition curve corresponding to the dissociation of
the mixed hydrated species. The results of the decomposi-
tion curves in the second hydration cycle, that are not pre-
sented here, were very similar. It is worth mentioning that
Ca3Al2(OH)12 mentioned above as the main mixed
hydrated phase was formed during both hydration steps,
indicating that Ca3Al2O6 rather than Ca12Al14O33 is the
dominant mixed Ca/Al phase.
In the case of ex-CaA materials, the morphology of the

decomposition curves of the hydrated materials followed
the same behavior (Fig. 8). The hydrated powders of pure
CaO and mixed Ca/Al material with the lowest Al content

(Ca/Al = 95/5) presented exactly the same trend regarding
their weight loss curves with the reference, as the Ca/Al
hydrated phase detected by XRD appeared in traces. The
main difference between the reference material and the syn-
thetic ones was that the decomposition of Ca(OH)2 was
noted to start at lower temperatures (370 �C) and the
weight loss curves were broader, meaning that Ca(OH)2
dehydration of Ca/Al composite materials is slower than
pure CaO. Increasing the Al amount in the mixed materi-
als, the low temperature weight loss was also detected in
this group of powders, indicating the presence of the mixed
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Fig. 5. SEM images for (a and b) Ca/Al = 89/11 ex-CaN, (c and d) Ca/Al = 56/44 ex-CaN, (e and f) Ca/Al = 89/11 ex-CaA and (g and h) Ca/Al = 56/44

ex-CaA.
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Fig. 6. SEM images after 2 hydration–dehydration cycles for: (a) Reference, (b) CaO ex-CaN, (c) Ca/Al = 56/44 ex-CaN and (d) Ca/Al = 56/44 ex-CaA.

0.7

0.75

0.8

0.85

0.9

0.95

1

50 150 250 350 450 550

W
e
ig
h
t 
lo
ss
 (
-)

Temperature (C)

Reference

Pure CaO ex-CaN

Ca/Al = 89/11 ex-CaN

Ca/Al = 81/19 ex-CaN

Ca/Al = 69/31 ex-CaN

Ca/Al = 56/44 ex-CaN

Ca/Al = 52/48 ex-CaN

Fig. 7. TGA curves for hydrated ex-CaN materials during the 1st

dehydration.

222 K.G. Sakellariou et al. / Solar Energy 122 (2015) 215–230

��������	
	 	��	



Ca/Al hydrated phase. This was also verified by the XRD
analysis of the samples. As it was aforementioned in the
case of the ex-CaN materials, this weight loss curve became
dominant for the mixed Ca/Al ex-CaA materials. The
above findings are in agreement with the findings of
Murthy et al. (1986), where doping with 5% of Al(OH)3
was reported to cause a significant decrease of the decom-
position temperature of the material comparatively with
pure Ca(OH)2.
Table 3 below presents a comparison of the temperature

windows where the decomposition of the studied materials
took place. Lower decomposition temperatures were noted
for the mixed Ca/Al hydrated phases in both groups of
materials, comparatively to the pure CaO reference and
synthetic powders. These results could be in-principle
promising regarding the temperature window where the
cyclic hydration–dehydration scheme could take place, as
there is evidence for a hydration–dehydration scheme
occurring at substantially lower temperatures than the ones
applicable to the typical CaO/Ca(OH)2 couple.
In order to further confirm the presence of mixed Ca/Al

hydroxide phases and to also verify that such species are in-
principle compatible for THS in a similar to the proposed
CaO/Ca(OH)2 reaction couple way, DSC measurements
were conducted on the hydrated samples (Fig. 9). The
results of this series of experiments can be considered of
qualitative nature, as their main purpose is to further vali-
date the above commented TGA tests. Indeed, according
to the plots of Fig. 9, the presence of two distinct endother-
mic reaction steps for all Ca/Al mixed compositions was
verified while the particular temperature regions correlate
very well to the respective ones identified for the TGA
experiments. Similarly to the TGA results as the amount
of Al increased, the low temperature endothermic reaction
due to the mixed hydroxide decomposition became more
pronounced. For the lowest Ca/Al ratio employed (i.e.
52/48), the energy absorbance was solely attributed to the
dehydration of Ca3Al2(OH)12. Naturally, for the case of
pure CaO samples there is only one heat absorbance peak
associated with the higher temperature window of Ca
(OH)2 decomposition.

3.3. Preliminary macro-structural integrity assessment in

pellet formulations

Images of pellets prepared by the reference material as
well as by selected synthetic powders are shown in
Fig. 10. The pellets were visually inspected at their
hydrated form just after their preparation and after their
calcination, which completed the first hydration–dehydra-
tion cycle. Such formulations of Ca-based materials have
been previously reported using commercial materials
(Fujii et al., 1994), but this is the first time that synthetic
materials derived from liquid chemistry methods are stud-
ied for such purposes.
As it can be seen, the pellet derived from the reference

material suffered from notable deformation after the first
cycle, as its structure was severely fragmented (Fig. 10)
while it also completely lost its structure after its subjection
to hydration at ambient conditions (Fig. 11a). Similar
results were presented by Fujii et al. (1994) for a pure
CaO pellet derived from a natural material. Examining
the synthetic pure CaO pellets, the use of different
Ca-precursor resulted in different structural integrity, with
the ex-CaN pellet presenting several cracks on its surface,
while the ex-CaA one, interestingly, remained relatively
intact at the end of the first hydration–dehydration cycle.
In general, the addition of Al resulted to the enhance-

ment of the macro-structural integrity of the materials
examined. In the case of mixed Ca/Al pellets, low Al con-
tent ex-CaA materials (i.e. Ca/Al = 95/5) exhibited severe
deformation after dehydration. This phenomenon was con-
tradictory to the above mentioned pure CaO ex-CaA pellet
as the Al addition was expected to enhance the material’s
structural integrity. Increasing the amount of Al in the
mixed powders led to an obvious improvement of the cor-
responding pellets’ integrity referring to the first hydra-
tion–dehydration cycle. Comparing the morphology of
the perforated pellets with the compact ones, as expected,
the perforated pellets were more susceptible to cracking
than the corresponding compact formulations in the case
of Ca/Al = 89/11 ex-CaN materials. However, the perfo-
rated pellets with higher Al content (e.g. Ca/Al = 52/48
ex-CaN) presented better integrity.
Fig. 11 presents the status of the pellets after more than

one complete hydration–dehydration cycle. Increasing the
concentration of Al in the mixed materials resulted in bet-
ter macro-structural integrity and the first signs of cracking
and fragmentation were noted after the 3rd hydration–
dehydration cycle.
Apart from the optical observation of the morphologi-

cal changes taking place on the pellets’ structure, after each
hydration–dehydration step the pellets’ dimensions (diam-
eter and width) and weight were measured. The main con-
clusion of the relevant measurements was that, on the one
hand, hydration resulted in the pellets expansion with
increase in their diameter and width, while dehydration,
on the other hand, led to the pellets shrinkage, which
induced their fragmentation with a notable weight loss.
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The shrinkage phenomenon was more intense in the case of
the reference material. Al addition and increasing its con-
centration had a slighter effect on the pellet shrinkage after
its calcination.
The shrinkage phenomenon during dehydration of pure

Ca(OH)2 was also studied employing the reference material
in powder form (same as the one used for the pellet prepa-
ration). 22 mL of loosely packed Ca(OH)2 powder were
dehydrated via calcination at 600 �C and a 55% decrease
in volume was noted. As can be seen from the numbers
in Table 4, the corresponding effect for the case of the

respective pellet was substantially lower. Thus, it can be
concluded that the formulation of the same material into
a structured body is by itself capable of mitigating, albeit
not eliminating, the unfavorable phenomenon of cyclic
swelling-shrinkage upon hydration/dehydration of CaO/
Ca(OH)2. As seen from Table 4, this can be further reduced
via utilization of Al as additive although it seems that in
order to achieve notable improvement a very high amount
of Al must be considered.

3.4. Multi-cyclic hydration–dehydration evaluation

The hydration–dehydration capacity of the synthesized
materials with the number of cycles at reasonable condi-
tions for high temperature thermochemical energy storage
was evaluated in the TG equipment at INCAR-CSIC, as
above described. All materials in powder form presented
in Table 1 were hydrated (in pure steam) and dehydrated
(in air) at temperatures between 200–500 �C. The maxi-
mum (theoretical) capacity is indicated as a black dotted
line in all plots, while CaO reference corresponds to the cal-
cined Compostilla limestone (particle size = 100–
200 micrometers) used as benchmark in the present work.
Fig. 12 shows the hydration and dehydration evolution

curves (weight fraction of H2O/calcined sample) vs. time
(in seconds) for the ex-CaN compositions. During the first
cycle, hydration was conducted at 450 �C and dehydration
at 500 �C (Fig. 12a). Subsequently, the mixed Ca/Al com-
positions were subjected to hydration and dehydration at
lower temperatures and more specifically in the range of
250–400 �C (Fig. 12b), taking place under pure steam and
pure air, respectively. As it can be seen in Fig. 12a, the final
hydration and dehydration capacity of ex-CaN pure CaO
was slightly better than the reference material. In both
cases, measured activity was lower than the maximum the-
oretical one and corresponded to a value of approximately
0.29. The capacity of reference material is justified from the
presence of impurities as its precursor material consists of

Table 3

Temperature window of the materials’ decomposition.

Sample Low temperature window High temperature window

Reference None 400–470 �C

CaO ex-CaN None 415–470 �C

Ca/Al = 89/11 ex-CaN 190–260 �C 375–450 �C

Ca/Al = 81/19 ex-CaN 220–320 �C 375–450 �C

Ca/Al = 69/31 ex-CaN 220–320 �C 380–440 �C

Ca/Al = 56/44 ex-CaN 190–330 �C None

Ca/Al = 52/48 ex-CaN 190–330 �C None

CaO ex-CaA None 400–470 �C

Ca/Al = 95/5 ex-CaA None 370–470 �C

Ca/Al = 89/11 ex-CaA 160–290 �C 380–470 �C

Ca/Al = 81/19 ex-CaA 210–300 �C 390–450 �C

Ca/Al = 75/25 ex-CaA 190–330 �C 375–450 �C

Ca/Al = 69/31 ex-CaA 190–330 �C 410–460 �C

Ca/Al = 56/44 ex-CaA 220–290 �C None

Ca/Al = 52/48 ex-CaA 190–310 �C None

(a) 

-4.00

-3.50

-3.00

-2.50

-2.00

-1.50

-1.00

-0.50

0.00

100 150 200 250 300 350 400 450 500 550

H
e
a
t 
F
lo
w
 (
W
/g
)

Temperature (C)

Reference

Pure CaO ex-CaN

Ca/Al=89/11 ex-CaN

Ca/Al=81/19 ex-CaN

Ca/Al=69/31 ex-CaN

Ca/Al=56/44 ex-CaN

Ca/Al=52/48 ex-CaN

(b) 

-4.00

-3.50

-3.00

-2.50

-2.00

-1.50

-1.00

-0.50

0.00

100 150 200 250 300 350 400 450 500 550

H
e
a
t 
F
lo
w
 (
W
/g
)

Temperature (C)

Reference

Pure CaO ex-CaA

Ca/Al=95/5 ex-CaA

Ca/Al=89/11 ex-CaA

Ca/Al=81/19 ex-CaA

Ca/Al=75/25 ex-CaA

Ca/Al=69/31 ex-CaA

Ca/Al=56/44 ex-CaA

Ca/Al=52/48 ex-CaA

Fig. 9. DSC curves for hydrated materials during the 1st dehydration (a)

ex-CaN materials and (b) ex-CaA materials.

224 K.G. Sakellariou et al. / Solar Energy 122 (2015) 215–230

��������	
	 	��	



89% of CaCO3, as previously mentioned. Evidently, all
Ca/Al composite samples presented lower hydration–
dehydration capacities c.f. pure CaO. In particular,
samples with high Al content (i.e. Ca/Al = 52/48 and
56/44 ex-CaN) showed no-significant hydration–dehydra-
tion activity. This finding was consistent for both low
and high temperatures studied. It is noted that hydration
capacities lower than 0.03 weight fraction of H2O/calcined
sorbent cannot be distinguished from the inherent experi-
mental error of the measuring system. Ca/Al = 52/48
ex-CaN is not included in Fig. 12b for simplicity as the
activity was nearly zero, similarly to the sample
Ca/Al = 56/44 ex-CaN. As detected by XRD analysis com-
mented above (Fig. 1a), no-free CaO was present in those
samples, with the main crystal phase being Ca3Al2O6.
The results of Fig. 12 clearly indicate that, contrary to
hydration under ambient temperature described earlier,
the Ca3Al2O6 is not prone to hydration–dehydration under
the conditions studied for the multi-cyclic evaluation. On
the other hand, for samples with lower Al content, the
hydration–dehydration capacities were non-detrimentally
affected. Samples Ca/Al = 89/11 and 81/19 ex-CaN pre-
sented a hydration capacity of around 0.2 expressed as
weight fraction of H2O/calcined sample and sample

Ca/Al = 69/31 ex-CaN showed a capacity of as low as
0.06 when tested at high temperatures (400–500 �C)
(Fig. 12a). In all three cases, their maximum capacity can
be achieved in less than 30s.

When the operation temperature was reduced (<400 �C),
samples with lower Al content showed hydration capacities
similar to the ones measured at 450 �C. Nonetheless no
dehydration activity was detected (Fig. 12b, right), which
is in agreement with the hydration/dehydration behavior
of natural CaO presented elsewhere (Criado et al., 2014b).
Dehydration was favored only in temperatures exceeding
400 �C. These results further confirmed that, under the
hydration–dehydration conditions studied here, only free
CaO participates in the cyclic scheme.

The ex-CaA synthesized samples were also evaluated
under the same hydration–dehydration conditions. For
hydration–dehydration tests at higher temperatures (450–
500 �C, Fig. 13a), pure CaO ex-CaA exhibited measurably
lower hydration–dehydration activity than the reference
material corresponding to a value of approximately 0.25.
In the case of mixed compositions, the same trend as for
ex-CaN mixed powders was detected and samples with
lower Al content achieved higher hydration values (0.27
and 0.16 as weight fraction of H2O per calcined sorbent
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Fig. 10. Indicative images of compact and perforated Ca-based pellets during the first hydration–dehydration cycle at environment conditions.
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Fig. 11. Indicative images of compact and perforated Ca-based pellets after some hydration–dehydration cycles (a) reference pellet after 2nd hydration,

(b) Ca/Al = 89/11_ex-CaN after 2nd hydration, (c) Ca/Al = 95/5_ex-CaA after 2nd dehydration, (d) Ca/Al = 75/25_ex-CaA after 3rd hydration, (e) Ca/

Al = 69/31_ex-CaA after 4th dehydration and (f) Ca/Al = 52/48_ex-CaA after 4th dehydration.

Table 4

Expansion and shrinkage in pellets during hydration and dehydration.

Sample Hydrated Calcined

Mass (g) Diameter (mm) Width (mm) Density (g/cm3) Mass (g) Diameter (mm) Width (mm) Density (g/cm3)

Reference 8.5 30 6.9 1.73 6.88 22.4 4.1 1.46

Ca/Al = 95/5 ex-CaA 4.7 29.8 3.98 1.68 3.6 29.1 3.8 1.42

Ca/Al = 52/48 ex-CaA 4.1 30.1 4.8 1.22 3.9 30.1 4.8 1.15
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for Ca/Al = 95/5 and Ca/Al = 89/11, 81/19 ex-CaA,
respectively). It is noteworthy that the hydration–dehydra-
tion activity of the Ca/Al = 95/5 ex-CaA composition was
better than the one of pure CaO ex-CaA. For all materials
depicted in Fig. 13, complete hydration/dehydration at
temperatures of 450–500 �C was achieved within 30 s.
Again, it is confirmed that the Ca/Al mixed oxides present
in these samples did not hydrate–dehydrate at the reaction
conditions here described and the activity detected was
associated merely to free CaO.

Fig. 13b shows the hydration and dehydration capacities
vs. time for the first cycle of ex-CaA mixed compositions at
temperatures between 200 and 400 �C. As it can be seen,
ex-CaA mixed compositions presented similar capacities
to the ones of ex-CaN materials with the same Ca/Al ratio.
Similarly to the case of ex-CaN compositions, there is a
straightforward dependence of measured capacity on the
Ca content. Similarly to Fig. 13a, for all samples tested
and contrary to the TGA/DSC dehydration curves for
samples hydrated in liquid water (Figs. 7 and 8 and Table 3)
where dehydration was observed at temperatures between
190–330 �C, no measurable dehydration at temperatures
below 400 �C was identified for all samples tested.

In order to further clarify the effect of Al on the hydra-
tion performance of the materials tested (Figs. 12 and 13),

simple calculations were conducted. Taking into account
the results from XRD analysis presented above (Table 2,
Figs. 1a and 2a) and assuming stoichiometric consumption
of Al2O3 by CaO for the formation of the mixed phase via
the corresponding solid phase reaction, the molar concen-
tration of free CaO in-principle available to participate in
the cyclic hydration–dehydration scheme was calculated
(Table 5). On the basis of this concentration and taking into
account the above finding that hydration is associated only
to free CaO, the maximum hydration capacity of all compo-
sitions studied was calculated. However, and especially for
the Ca/Al composite materials, the measured hydration val-
ues as noted in Table 5 were substantially lower than the
corresponding calculated values, thus showing that the neg-
ative effect of mixed Ca/Al phase formation on the materi-
als performance is over-proportional. In line with previous
findings reported in the literature (Pagkoura et al., 2014)
with respect to the behavior of composite materials com-
prising active/inert phases in cyclic reaction schemes, a rea-
sonable explanation could be provided by unfavorable
phenomena of active phase (CaO) encapsulation inside
the matrix of the inactive one (Ca3Al2O6). In this way, the
inert phase acts as a barrier to the contact between steam
and CaO, thereby inhibiting the occurrence of the hydration
reaction. Nevertheless, additional systematic work is

Fig. 12. Hydration–dehydration capacities (weight fraction of H2O per calcined sorbent) for the first cycle vs. time (s) for the ex-CaN compositions for (a)

hydration in pure steam (left) at 450 �C and dehydration in air (right) at 500 �C and (b) hydration in pure steam (left) and dehydration in air (right) at

temperatures between 250 and 400 �C.
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required to further elaborate on the precise details of such a
reaction inhibition mechanism.

Fig. 14 presents the hydration capacity after 5 min in
pure steam at 450 �C vs. the number of cycles for the most
promising Ca/Al synthesized materials and the pure CaO
synthesized samples. For these cycling tests, dehydration
was conducted in air at 500 �C. Evidently, in all tests the
hydration activity was maintained with the number of
cycles (up to a total number of 10), confirming the fact that

in the hydration–dehydration scheme deactivation with
cycling is not an issue. With respect to the effect of CaO
precursor employed, the ex-CaN materials showed measur-
ably higher activity than the respective ex-CaA ones, but in
all cases hydration capacities between 0.15–0.2 were
achieved and maintained, especially for samples
Ca/Al = 89/11 and 81/19. Notably for the Ca/Al = 95/5
ex-CaA composition, the hydration capacity was measured
at around 0.25–0.27, thereby showing a clearly better per-

Fig. 13. Hydration/dehydration capacities (weight fraction of H2O per calcined sorbent) for the first cycle vs. time (s) for the ex-CaA mixed compositions

for (a) hydration in pure steam at 450 �C (left) and dehydration in air at 500 �C (right) and (b) hydration in pure steam (left) and dehydration in air (right)

at temperatures between 200 and 400 �C.

Table 5

Estimated free CaO in the final material (after calcination) and measured hydration capacity.

Sample Estimated free CaO (%) Theoretical/maximum hydration capacity

(weight fraction of H2O/calcined sample)

Measured hydration capacity

(weight fraction of H2O/calcined sample)

Reference 100 0.32 0.28

Pure CaO 100 0.32 (0.25) 0.29a

Ca/Al = 95/5 (ex-CaA) 97 0.31 0.27

Ca/Al = 89/11 93 0.30 (0.17) 0.2a

Ca/Al = 81/19 85 0.27 (0.15) 0.17a

Ca/Al = 75/25 (ex-CaA) 75 0.24 0.07

Ca/Al = 69/31 59 0.19 0.06

Ca/Al = 56/44 – – 0.03

Ca/Al = 52/48 – – 0.01

a Values in brackets refer to ex-CaA materials.
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formance than the pure ex-CaA CaO synthesized from the
same precursor.

In view of the high temperature hydration–dehydration
multi-cycling tests, it is clear that the addition of aluminum
is counterproductive for the activity of the material at
practical conditions for thermochemical energy storage.
Naturally, this is due to the fact that no hydration–
dehydration activity of the Ca/Al mixed oxides formed
was detected under the conditions applied. Nevertheless,
in order to achieve significant improvement of the macro-
structural integrity of the materials high amounts of Al
are required (Figs. 10 and 11). Hence, the most suitable
material has to be the result of the compromise between
hydration–dehydration capacities of the powders at practi-
cal operation conditions for thermochemical energy stor-
age applications and the mechanical properties of small
structured bodies. Based on the combination of all findings
presented here and despite the fact that employing Al as
additive did not lead to a breakthrough solution to the
challenging conditions of the cyclic hydration–dehydration
scheme, it can be argued that an ex-CaN Ca/Al composi-
tion close to the 81/19 ratio could provide an alternative
to pure CaO materials.

In order to further support this conclusion, the perfor-
mance of the most promising material, as stated above,
could be compared to the reference one in terms of their
energy contents. As noted above, the hydration capacity
of the mixed Ca/Al phases under hydration with steam
was negligible (Figs. 12 and 13). On the other hand in
hydration experiments at ambient temperature, the forma-
tion of Ca3Al2(OH)12 was confirmed and measurable
energy content attributed to mixed Ca/Al phases under
such conditions was demonstrated (Fig. 9). Thus, estima-
tions on the potential energy content of the materials exam-
ined could be obtained in a safer way by considering
measured weight changes on the basis of free CaO hydra-
tion and its enthalpy (1.85 kJ/g CaO). Considering hydra-
tion under steam as more realistic (Figs. 12 and 13), the
energy content of the reference material can be estimated

at 1.65 kJ/g. The respective calculated values for the
ex-CaN and ex-CaA Ca/Al = 81/19 compositions were
about 1.11 kJ/g and 0.96 kJ/g. These results indicate that
such a composition could be the starting point for a
trade-off option (energy density potential vs higher struc-
tural stability) in the cyclic hydration–dehydration reaction
scheme suggested in this work. Further work to elaborate
on the feasibility of such an option is currently underway.

4. Conclusions

Synthetic pure CaO, as well as mixed Ca/Al composi-
tions were prepared and examined as candidate materials
for a cyclic thermochemical hydration–dehydration
scheme, comparatively with a natural lime material that
was studied as reference. Al addition in CaO-based materi-
als affected the structural and morphological properties of
the materials. Al presence led to the formation of mixed
Ca/Al oxides and the mixed crystal phases (Ca3Al2O6

and Ca12Al14O33) became dominant in materials with
increased Al percentage (Ca/Al = 56/44 and 52/48),
regardless the Ca-precursor used. The composite materials
with high Al concentration were characterized by lower
BET values than the ones with lower Al content with den-
ser and more compact surfaces.

The main purpose of the preparation of Ca/Al composite
materials was to enhance their structural integrity facing the
substantial cycle-to-cycle particle fragmentation. This phe-
nomenon was proven by a clear reduction in the crystallinity
(XRD results) and increase in the BET value of the materials
after 2 hydration–dehydration cycles, as well as by SEM
imaging, comparatively to the fresh powders. Al presence
in mixed Ca/Al crystal phases even at high concentrations
did not eliminate the fragmentation phenomenon at powder
scale. Though, a different result was obtained when testing
these powders in structured (pellet) formulations on a
macroscopic scale. Higher Al content resulted in more stable
pellets that maintained their structural integrity after more
than 2 hydration–dehydration cycles at ambient conditions.
The fragmentation due to cyclic hydration–dehydration
operation was also obvious in the pellets via a shrinking–
swelling mechanism that resulted in formulations cracking.
Pellets with the highest Al content (Ca/Al = 52/48)
remained relatively intact after 4 hydration–dehydration
cycles, while pure CaO pellets collapsed after just one cycle.

Regarding the hydration–dehydration performance of
the material prepared in this study, their preliminary eval-
uation under cyclic operation at ambient conditions
(hydration with liquid water) showed that the mixed
Ca/Al oxide formed participated in the thermochemical
reaction scheme. XRD analysis exhibited the formation
of Ca3Al2(OH)12 phase that presented a dehydration
activity at substantially lower temperatures c.f. Ca(OH)2
(200–250 °C vs 400 °C). This was verified by TGA and
DSC tests performed with fully hydrated powders. Multi-
cyclic tests where hydration took place under pure steam
in the temperature range of 250–500 °C, though, showed
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that the mixed Ca/Al phase did not participate in the
hydration–dehydration reaction. Thus, high aluminum
content (i.e. Ca/Al ratio in lower than 75/25) led to a poor,
essentially non-existent hydration–dehydration activity of
the Ca/Al mixed oxides.

Studying all the above mentioned results, it proved to be
challenging to arrive at one suitable material for the CaO/
Ca(OH)2 thermochemical energy storage system.
Although, using Al in order to improve materials perfor-
mance did not result in a breakthrough solution, a good
combination of the findings presented in this work could
lead to the conclusion that an ex-CaN mixed Ca/Al com-
position close to 81/19 could provide a potentially promis-
ing option for the cyclic hydration–dehydration scheme of
CaO-based materials.
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ABSTRACT 

Experimental efforts have shown that thermo-chemical heat storage through cyclic hydration/dehydration of the 

CaO/Ca(OH)2 couple requires efficient CaO-based particles, in terms of both hydration capacity and structural robustness. 

Acknowledging the serious problem caused by high fragmentation of pure CaO particles during multi-cyclic operation in 

bed reactors, the development of CaO-based materials with enhanced mechanical properties is essential. Promising results 

have been obtained for spherical structured formulations using kaolinite as binder. The combination of natural limestone 

with 25% wt kaolinite rendered mechanically strong materials with a hydration capacity of around 40-50% compared to 

the maximum hydration capacity of pure CaO. These formulations remained intact and showed stable reactivity in the 

course of 20 hydration/dehydration cycles, when tested in a TGA instrument. In order to obtain valid conclusions for the 

suitability of these materials for the here suggested reaction scheme, further examination upon multiple 

hydration/dehydration cycles was necessary. The current work is related to the assessment of CaO-kaolinite composite 

materials under three different evaluation protocols, as well as to the examination of their mechanical properties through 

crushing strength measurements and attrition tests. For most of the materials examined, more satisfactory results were 

obtained for hydration and dehydration reactions conducted in vapor-rich atmosphere at 450 and 550ºC, respectively. 

Results obtained in the course of 20 cycles further verified previous findings. Multi-cyclic evaluation (50-200 cycles) 

confirmed the initial findings of the 20-cycle tests. The final selected composition constituted a promising material for the 

suggested reaction scheme and was also assessed as in-principle suitable for long-term operation in pilot scale units. 

Introduction 

The development of effective storage systems and 

technologies is of high importance for Concentrated Solar 

Power (CSP) applications. Thermo-Chemical energy 

Storage (TCS) constitutes a promising approach for such 

applications and has been considered as a suitable solution 

to overcoming the intermittence of solar energy [1-3]. 

Compared to other technologies related mostly to sensible 

and latent heat storage [4-5], TCS constitutes a more 

attractive path mainly due to higher energy storage density 

and system compactness, lower heat losses as well as the 

potential for longer storage duration [6-7]. 

Heat storage in TCS systems is achieved through 

reversible chemical reactions, usually completed in two 

steps. Uber this rationale, the CaO/Ca(OH)2 couple can be 

exploited by reversible hydration/dehydration reactions at 

temperatures of 400�550ºC, as described by the reaction 

scheme in Eq. 1. In this reaction scheme, a certain amount 

of heat is released via the exothermic hydration of CaO 

(T~400-470ºC), while at higher temperatures the material 
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can be recovered through the reversible endothermic 

reaction, which, in CSP applications, is achieved with the 

aid of solar energy.  

CaO(s) + H2O(v) � Ca(OH)2 (s) ∆Hrxn=-104 kJ/mol  (1) 

The prominent advantages of the CaO/Ca(OH)2 couple 

arise from its high energy density (1.85 MJ/kg CaO), the 

fast reaction rates achieved during the energy 

release/storage steps and the high reversibility of the 

reaction [8-9 ]. The CaO/Ca(OH)2 couple was initially 

studied as an energy storage system as early as 1977 [10]. 

However, it regained scientific attention during the past 

few years from several scientific groups employing 

commercial or natural materials [11-15]. 

The prominent challenge of the CaO/Ca(OH)2 reaction 

couple that is related mainly to its operation in bed reactor 

concepts stems from the severe fragmentation of CaO 

particles during multi-cyclic hydration/dehydration. This 

phenomenon has been described in detail in previous 

works [16-18]. The generation of fine CaO particles after 

a few hydration/dehydration cycles is strongly related to 

the low mechanical properties of the particles. Thus, the 

employment of such a material in fixed or fluidized bed 

reactors should be based on the improvement and 

preservation of its mechanical and structural stability, as 

well as on its high thermal stability and sufficient 

reactivity. These requirements can ensure the long-term 

utilization of the material with a stable performance 

during cycling, thereby leading cost-effective and more 

reliable storage systems. 

To this respect, recent works have focused on the 

improvement of the mechanical properties of CaO by 

using various additives (Al, Na or Ce) or binders (clays, 

silica-based powders, Al-rich cements). In a previous 

work from our group [16], Al was used as an additive and 

mixed Ca/Al compositions were obtained. Structured 

pellets were manufactured and a measurable, albeit not 

adequate, improvement of their macro-structural integrity 

was noted. In another work [19], sodium silicate was used 

as a binder and CaO-rich pellets were prepared. These 

materials presented a stable hydration/dehydration 

performance with hydration molar conversions of around 

0.6 maintained during 500 cycles tests, presenting though 

a decreasing trend in their mechanical stability. 

Eventually, the particles exhibited a crushing strength of 

as low as 2 N after 200 cycles. In order to improve this, 

they proceeded with another approach in a recent study 

[20]. In that work, a combination of initial calcination 

under pure CO2 and lower hydration conversion was 

found to lead to higher mechanical stability measurably 

improving the materials total performance in the course of 

200 cycles. 

Encouraging results so far regarding materials robustness 

upon multiple hydration/dehydration cycles have been 

obtained in a recently submitted work from our group 

[21]. A good combination between hydration capacity and 

mechanical stability was achieved through the fabrication 

of spherical structured formulations employing natural 

limestone and clay (kaolinite) at 25% wt. The addition of 

kaolinite resulted in changes of the structural and 

morphological properties of composite materials 

comparatively to pure CaO. A mixed Ca/Al/Si phase 

corresponding to gehlenite (Ca2Al2SiO7) was formed, 

thereby enhancing mechanical stability. The mechanical 

properties evaluation was conducted through crushing 

strength measurements and CaO-rich formulations 

exhibited crushing strength (CS) values over 20 N in their 

fresh form. Selected materials were subjected to 20 

hydration/dehydration cycles in a TGA instrument 

presenting improved mechanical properties (> 20 N). 

Moreover, these composite formulations exhibited a stable 

hydration/dehydration performance of around 40-50% of 

maximum theoretical value. 

In continuation of our previous work and in order to 

investigate the suitability of these composite materials for 

long-term hydration/dehydration processes, the 

examination of these formulations under multiple 

hydration/dehydration cycles is required. To this respect, 

the objective of the current study is to further assess the 

suitability of CaO-kaolinite spherical formulations for a 

CaO/Ca(OH)2-based TCS system. Composite materials 

are examined upon cyclic operation in an in-house built 

TG apparatus. Three different evaluation protocols were 

applied, mainly on the basis of reaction atmosphere and 
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reaction duration. The first evaluation steps included the 

structured formulations assessment upon 20 cycles in 

order to further verify materials performance as reported 

in [21]. Longer-term performance was assessed through 

multi-cyclic evaluation experiments (50 and 200 

hydration/dehydration cycles). Emphasis was put on the 

examination of the materials mechanical properties by CS 

measurements conducted before and after cycling. 

Furthermore, attrition tests were carried out on the most 

promising spherical formulations at ambient conditions, in 

order to further assess the in-principle suitability of these 

materials for fluidized bed reactor concepts. 

Experimental section 

Materials 

Two different grades of natural limestone were used as 

Ca-precursors; Natural1 (� 89% wt CaCO3) and Natural2 

(� 98.7% wt CaCO3). Natural1, in particular, was used

after calcination at 900ºC for 2 h under air and hydration 

at ambient conditions, thereby generating Ca(OH)2. The 

ranges of particle sizes for Natural2 powders used were < 

45 �m and in the range of 45-75 �m, while non-specific 

particle size of Natural1 precursor was utilized. Kaolinite 

(Al2(Si2O5)(OH)4) in powder form (mean particle size 0.2-

4 �m) was examined as binder and it was used at a ratio of 

25% wt in terms of total CaO-precursor and kaolinite 

mass employed. 

Spherical formulations preparation 

Preparation of the composite materials has been described 

in detail in a previous work [21]. The basic approach 

followed was based on CaO incorporation into an inert 

and mechanically strong support material. Two different 

techniques were applied: a) mechanical mixing and b) 

suspension of the two (insoluble) precursors in an aqueous 

medium. In brief, CaO-precursor and kaolinite were 

mixed at a 75/25 weight ratio. Homogeneous mixing was 

achieved via solid mechanical mixing in the presence of 

cylindrical zirconia grinders (d=1 cm, h=1 cm, 

powder/grinders=1/4 in weight) in the first case and via 

suspension and continuous stirring in distilled water 

followed by drying in the second case. The spherical 

shape of the formulations was obtained with the aid of a 

rotary mill (Fritsch Pulverisette 6) operated at 600 rpm, 

while distilled water was added as binder for the mixed 

powders. The diameters of the mixed Ca-kaolinite spheres 

were mostly between 850 �m and 2 mm. Figure 1 shows 

the spherical formulations in their dry/non-calcined form. 

Special thermal treatment was followed for the 

stabilization of the materials after drying at ambient 

conditions. The calcination temperature applied was 

900ºC and the curing duration was 2 h for Natural1 

material and 4 h for Natural2 compositions with a heating 

rate of 5 C�min
-1

. Taking into consideration the sensitivity 

of CaO in ambient moisture [16], after each calcination, 

the formulations were stored in plastic bags under 

vacuum. Table 1 summarizes the materials prepared 

including applied preparation conditions. 

Figure 1. Photos of composite spherical formulations after 

preparation 

Table 1. List of materials examined 

CaO precursor

CaCO3

particle size / 

�m 

Mixing 

technique 
Sample denotation 

Calcined Natural1 - Solid mixing calcNatural1_S 

Natural2 45-75 Solid mixing Natural2_45-75_S 

Natural2 45-75 
Solid mixing 

without grinders 
*Natural2_45-75_S 

Natural2 45-75 Aqueous medium Natural2_45-75_A 

Natural2 <45 Solid mixing Natural2_<45_S 
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Hydration/dehydration evaluation protocol 

The cyclic hydration/dehydration evaluation of the 

materials was conducted under controlled environment 

with the aid of a thermogravimetric analyzer coupled to a 

pure steam generator. This apparatus for gas-solid reaction 

application has been designed and constructed in-house by 

INCAR-CSIC, more detailed description can be found 

elsewhere [17]. It consists of a quartz tube (2.5x10
-2

 m) 

where the sample is placed in a platinum pan. The furnace 

is a two-zone one with the ability to operate at 

temperatures up to 1000ºC. Steam generation is achieved 

by feeding a controlled amount of distilled water through 

a heated-up line. During tests the sample weight, 

temperatures and gas flows are continuously recorded. 

More details can be found in [17].  

Materials performance evaluation was based on three 

different hydration/dehydration protocols, according to the 

atmosphere applied and the reaction duration. For 

clarification reasons, Table 2 presents the denotation of 

the different evaluation protocols applied in this study. 

The basic protocol included hydration and dehydration 

reaction under pure steam at 450ºC and 550ºC, 

respectively, for 5 min. In another protocol, hydration was 

conducted under the same conditions, while dehydration 

was carried out at 500ºC in air atmosphere for 5 min. For 

comparison reasons, selected materials were also 

examined for hydration reaction carried out under a 60% 

vol. of steam at 450ºC and dehydration under air at 450ºC 

with a duration of 10 min for each reaction. The gas flows, 

applied for both reactions in all cases were selected in 

order to avoid diffusional effects around the sample (gas 

velocity of 0.05 m/s at 550ºC, corresponding to a total gas 

flow -air and/or steam- of 438 mL�min
-1

 at standard 

temperature and pressure). 

Reaction conditions like the ones applied in Dehy-steam 

protocol can be considered to be closer to a future real 

application. Especially parameters related to reaction 

atmosphere and gas flows are more demanding 

comparatively to the ones applied in [21], where the total 

gas flow was 300-350 mL�min
-1

 and the reaction times 

applied were 3 times higher. 

In each experiment and in order to obtain realistic intrinsic 

kinetic data, one spherical formulation was used and 

mechanical strength measurements were conducted after 

cycling. Sample mass per typical test was in the range of 

10-15 mg (corresponding to one sphere of diameter of 

around 2-2.5 mm). Materials that remained intact and with 

high mechanical strength after 20 hydration/dehydration 

cycles were then subjected to 50 and 200 cycles. In the 

case of the longer tests and for safety reasons, the 

operation of thermogravimetric apparatus was stopped at 

the end of each day. The spherical formulation tested was 

left in the thermogravimetric apparatus in synthetic air 

flow at ambient temperature until the next cycle.  

The multi-cyclic evaluation protocol included an extra 

calcination step in the TG apparatus at 850ºC for 10 min 

in synthetic air flow before the first cycle in order to 

render the material free of potential hydrated or 

carbonated species. The hydration capacity of each 

composition was calculated as the weight fraction of the 

amount of H2O over calcined sample (mg H2O/mg 

material). The hydration efficiency is also indicated in this 

study as a percentage over maximum theoretical value for 

pure CaO hydration (i.e. 0.319 mg H2O/mg CaO) and for 

each sample it was calculated as mean value from all 

cycles conducted. 

Hydration Dehydration 

Denotation 

Atmosphere Temperature  Duration Atmosphere Temperature  Duration 

Pure steam 450oC 5 min Pure steam 550oC 5 min Dehy_steam 

Pure steam 450oC 5 min Air 500oC 5 min Dehy_air 

Steam 60% vol 450oC 10 min Air 450oC 10 min Hy_steam60 

Table 2. Evaluation protocols. 
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Mechanical properties 

The mechanical properties of composite formulations 

were measured before (denoted as �fresh�) and after 

(denoted as �used�) the hydration/dehydration cycles via 

crushing strength (CS) measurements on a SHIMPO FGE-

5XY dynamometer with the ability to measure values in 

the range of 0-30 N and a resolution of 0.01 N. Higher 

mechanical strength values cannot be further specified and 

are denoted as >30 N. This dynamometer was supported 

on a SHIMPO MFGS-100L manual lever stand. CS 

measurements were performed on nearly spherical 

formulations with 1 particle used per test and the recorded 

value corresponded to the peak force required to break the 

sphere. In those cases were the spherical formulations 

were collapsed in the TGA sample pan after the cycling 

tests, a CS value of 0 N was considered. 

To further examine the mechanical properties of the 

composite formulations, attrition tests were performed on 

fresh spherical particles. Unfortunately, due to the 

restricted number of spherical formulations tested in the 

TG apparatus (i.e. 3-4 spheres at maximum per test), no 

attrition tests could be performed after their multi-cyclic 

evaluation. These tests were based on the fluidization of a 

mini-batch of material by a single jet of high velocity gas, 

resembling inlet conditions in realistic fluidized bed 

systems. The setup, constructed by INCAR-CSIC, is 

depicted in Figure 2. The main principles of the here 

employed setup were according to a previous work [22] 

for measuring attrition resistance of oxygen carrier 

particles used in chemical looping combustion. The 

apparatus consists of a 39 mm high conical cup with an 

inner diameter of 13 mm at the bottom and 25 mm at the 

top. The conical design improves mixing and movement 

of solids during testing. A nozzle with an inner diameter 

of 1.5 mm is located at the bottom of the cup, and 

tangentially in relation to the cup wall. During operation, 

air or N2 (depending on the material in order to avoid a 

possible carbonation of calcined spherical formulations 

during testing) is added at very high velocity (i.e. 100 m/s) 

through the inlet nozzle, creating a vortex of particles 

swirling upwards through the cup. This induces 

accelerated attrition with mechanisms similar to grid jets 

(due to the high gas velocity in the nozzle) and cyclones 

(due to the cone shaped particle vortex). The cup is 

located at the bottom of a 634 mm high gravitational 

particle-gas separator (a cone with a maximum diameter 

of 216 mm). The low gas velocity in the upper part of the 

gravitational separator allows elutriated particles to fall 

back into the cup, while generated fines are allowed to 

exit. A particle filter with a 0.01 �m filter element is 

located at the top of the device to collect the fines 

generated during the experiment. 

The operation conditions applied for the attrition tests in 

the composite materials of this study included a 5 h testing 

under 10 L�min
-1

 N2. In order to evaluate the attrition rate,

Figure 2. Attrition equipment at by INCAR-CSIC based on [22] 
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the fine particles generated inside the equipment were 

measured every hour and subsequently particle size 

distribution of the material left in the testing cup followed 

after the 5 h test. 

Results and discussion 

Figure 3 presents the hydration/dehydration performance 

of material Natural1. The evaluation protocols applied for 

this material included the conditions of Dehy_steam and 

Dehy_air (see Table 2). Figure 3a, shows the 

hydration/dehydration performance of the material upon 

10 hydration/dehydration cycles. As it can be seen, 

material calcNatural1_S exhibited stable 

hydration/dehydration performance. Dehydration under 

pure steam and air resulted to hydration capacities around 

0.15 mg H2O/mg material corresponding to hydration 

efficiency of around 49%. For comparison, previously 

reported results of the same material upon 5 cycles [21] 

are shown in Table 3. The here presented values are in 

good agreement with those previously presented [21] for 

dehydration under vapor. Thus, despite the different TG 

apparatus employed between the previous study and the 

present one, results are directly comparable. 

Table 3. Hydration capacity and hydration efficiency for

calcNatural1_S material 

# Results obtained from [21] 

** Efficiency with reference to theoretical value 0.319 mg H2O/mg CaO 

In Figure 3b and c, the hydration and dehydration curves 

for the 1
st
 and 10

th
 cycle are depicted with time. 

Examining the hydration curve for cycle 1, it is evident 

that the reaction was slower when Dehy_air was applied 

with hydration reaction finishing at t = 160 s, while in the 

case of Dehy_steam hydration was completed by t =140 s. 

On the other hand, for cycle 10 hydration reaction was 

faster for Dehy_air experiment and its completion was 

achieved by t = 120 s. Irrespectively of the dehydration 

atmosphere employed, the temperature is sufficiently high 

Material 

Hydration capacity / mg H2O/mg 

material Efficiency 

** / % 

Cycle 1 Cycle 5 Cycle 10 

calcNatural1_S_1

0c_Dehy_steam 
0.154 0.159 

0.158 
49 

calcNatural1_S_1

0c_Dehy_air 
0.160 0.157 

0.158 
49 

#calcNatural1_S_5

c_Dehy_steam 
0.147 0.158 

- 
49 

Figure 3. Multi-cyclic evaluation of calcNatural1_S: a. Hydration/dehydration performance with the number of cycles, b. Hydration 

and c. Dehydration curves with time (1st and 10th cycles) 
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so that no notable differences between the 1
st
 and the 10

th

cycle for both cases are identified. The differences 

observed in hydration curves for cycle 10 between the two 

protocols applied can be justified by considering that for 

dehydration under air, the conditions inside TG when 

changing from dehydration to hydration were achieved by 

modifying the gas atmosphere. Thus, the conditions 

around the sample in the TG changed abruptly. However, 

when dehydration took place under pure steam the change 

between hydration and dehydration conditions was 

smoother by varying the temperature around the sample. 

However, it must be noted that the different dehydration 

conditions did not affect hydration capacities and rates for 

composition calcNatural1_S. 

Table 4 presents the CS values for composition 

calcNatural1_S before and after the 10 

hydration/dehydration cycles performed. This composition 

in its fresh form presented a CS value of 19 N. Though, it 

presented a different behavior after cycling with CS 

values exceeding 20 N for both dehydration conditions, 

thereby confirming the trend already identified in [21]. 

Table 4. Mechanical properties for calcNatural1 material in 

fresh and used form (after 10 cycles)

The high mechanical properties noted in Table 4 for 

calcNatural1_S led to the conclusion that this composition 

could be a promising candidate for the cyclic 

hydration/dehydration reaction scheme suggested in this 

study. To this respect, it was subjected to 50 

hydration/dehydration cycles. Three (3) spherical 

formulations were used for this experiment and the 

evaluation conditions applied were according to protocol 

Dehy_steam. The results are depicted in Figure 4. 

Material calcNatural1_S maintained stable 

hydration/dehydration performance for the 50 cycles 

performed with a hydration capacity corresponding to 

49% of max. theoretical value (0.158 mg H2O/mg 

material) (Figure 4a). However, all three spherical 

formulations lost their structural integrity and were 

completely swollen, as shown in Figure 4(b). 

Considering the promising results obtained for Natural2 

materials in [21], these materials were further examined. 

Materials with two different ranges of CaCO3 particle size 

were evaluated, 45-75 and < 45 �m and all three different 

hydration/dehydration protocols (Table 2) up to 20 cycles 

were applied and compared. Figure 5 presents the results 

for compositions Natural2_45-75_S and Natural2_<45_S. 

Figure 5a shows the hydration capacity of the materials 

with the cycle number and comparatively to the maximum 

theoretical hydration. Material Natural2_45-75_S 

exhibited a stable hydration/dehydration performance in 

the course of 20 cycles according to Dehy_steam protocol 

and its measured hydration capacity was around 0.170 mg 

H2O/mg material corresponding to a hydration efficiency 

of 54%. Similar behavior was noted for the evaluation 

protocol Dehy_air. Natural2_<45_S composition 

Material

Mechanical 

strength (fresh) / 

N 

Mechanical 

strength (used) / N 

calcNatural1_S_10c_steam 

19 

25 

calcNatural1_S_10c_air 22 

Figure 4. Multi-cyclic evaluation of calcNatural1_S: a. Hydration/dehydration performance with the number of cycles, b. Hydration 

and c. Dehydration curves with time (1st and 10th cycles) 
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presented measurably lower hydration capacity (0.135 mg 

H2O/mg material), which corresponds to a hydration 

efficiency of 42% under the Dehy_steam protocol. The 

here presented Dehy_steam results are also in line with 

relevant previous results [21]. 

In the case where protocol Hy_steam60 was applied, both 

compositions exhibited a different behavior. The 

hydration capacity curve was not smooth during the 20 

hydration/dehydration cycles. More specifically for the 

first 8 cycles, the hydration capacity in both materials was 

lower than the maximum hydration capacity observed 

after the 9
th

 cycle, which is indicative of hydration 

reaction rate increase with the number of cycles. From the 

9
th

 to the 20
th
 cycle, materials performance was stable, 

though, the hydration values noted were lower than in the 

case of hydration in pure steam. Hydration efficiencies 

achieved by Natural2_45-75_S and Natural2_<45_S were 

quite close (i.e. 41 and 37% respectively). These results 

can be better justified taking also into consideration the 

measured CS values for both materials examined under 

protocol Hy_steam60 (Table 5). Spherical formulations of 

both materials were swollen exhibiting CS values close to 

0 N. This, naturally gradual, swelling effect led to higher 

surface available for reaction, thereby increasing the 

hydration capacity measured under steam 60% vol with 

cycles. Such a behavior would be expected also in the 

Natural2_45-75_S_Dehy_steam experiment, where the 

formulation also collapsed. Instead, a stable and higher 

hydration capacity was measured in all cycles, being very 

close to the maximum hydration capacity of the free CaO 

available in the composite material, on the basis of 

calculations already presented in detail in [21]. This can 

be further supported in the case of material 

Natural2_<45_S. The sample used in 

Natural2_<45_S_Hy_steam60 experiment exhibited low 

structural integrity after the 20 cycles performed with a 

CS of 2.5 N (Table 5) and the same increasing trend in its 

hydration capacity was noted. On the other hand, the 

combination of stable hydration performance for the 

experiment Natural2_<45_S_Dehy_steam (Figure 5a) and 

very high mechanical stability (CS = 29 N) defines a clear 

case of an in-principle qualified formulation for the here 

proposed application. 

Figure 5. a. Hydration/dehydration performance with the 

number of cycles upon 20 hydration/dehydration cycles under 

different conditions, b. Hydration and c. Dehydration curves 

with reaction time (1st and 20th cycles) 

In Figure 5b and c, the hydration and dehydration curves 

of the 1
st
 and 20

th 
cycles obtained within protocol 

Dehy_steam are shown as a function of reaction time. 

Both hydration and dehydration reactions were completed 

for the materials examined with the corresponding curves 

reaching a plateau before t = 300 s of reaction time. 

Hydration reaction in the 20
th

 cycle was completed faster 

than in the 1
st
 one. Protocol Dehy_air in material 

Natural2_45-75_S favored hydration reaction rate and the 

reaction was completed by t = 140 s in the 20
th

 cycle. 
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Material Natural2_<45_S presented faster reaction rates 

during hydration and the reaction was completed by t = 

120 s.  

Regarding the mechanical properties shown in Table 5, 

both materials exhibited high mechanical strength in their 

fresh form, corresponding to CS values of 30 and 29 N for 

Natural2_45-75_S and Natural2_<45_S, respectively. 

However, the application of different evaluation protocols 

resulted in notable differences of CS values measured 

after the 20 cycles. In particular, when protocols 

Dehy_steam and Hy_steam60 were applied, the spherical 

formulations lost their structural integrity after 20 cycles 

and were substantially swollen leading to CS values 

between 2.5 and 0 N (Figure 6). When dehydration was 

carried out under air at 500ºC, the spherical formulations 

obtained after cycling were more stable and the CS values 

noted were higher. Especially for material 

Natural2_<45_S, the CS measurement led to very stable 

formulation with a CS equal to 29 N. 

Table 5. Mechanical properties for Natural2-derived materials in 

fresh and used form (after 20 cycles)

Figure 6. Materials a. Natural2_45-75_S and b. Natural2_<45_S 

after 20 hydration/dehydration cycles under Dehy_steam 

evaluation protocol 

Such a behavior could be attributed to parameters related 

to materials preparation. However, the spherical 

formulations tested belonged to the same batch and were 

prepared under the exact same conditions as in [21]. In 

that study, the formulations evaluation was conducted 

right after their calcination and no disintegration was 

noted in the spheres tested. Thus, the period between 

materials calcination and multi-cyclic evaluation could be 

a crucial parameter for the preservation of their structural 

integrity, especially in the case where more demanding �

and more realistic � conditions are applied for their 

evaluation as in the current work. To this direction, and in 

order to explain the loss of structural integrity of the 

spherical formulations, the period between material 

calcination and multi-cyclic evaluation was examined. 

In results presented in [21], the multi-cyclic evaluation 

was conducted right after their calcination. The above 

presented results refer to spherical formulations evaluated 

some days after their stabilization via calcination at 900ºC 

for 4 h (i.e. 5 to 15 days). In the meantime and as already 

stated, they were stored under vacuum. These materials 

were intact before their hydration/dehydration evaluation. 

However, there were some compositions exhibiting higher 

sensitivity which led to cracks on their surface. Figure 7 

shows examples of spheres corresponding to 

Natural2_<45_S, *Natural2_45-75_S and Natural2_45-

75_A, 8 days after their calcination at 900ºC for 4h. 

Figure 7. Photos of calcined materials 8 days after their 

calcination: a. Natural2_<45_S, b. *Natural2_45-75_S and c.

Natural2_45-75_A 

In order to investigate the extent to which an interval 

between materials stabilization and evaluation would 

affect their stability, calcination of spherical formulations 

was performed right before their multi-cyclic evaluation.  

Using spherical formulations of the same batch and 

maintaining all parameters related to their stabilization 

and evaluation, materials Natural2_45-75_S, 

Material

Mechanical 

strength 

(fresh) / N 

Mechanical 

strength (used) 

/ N 

Natural2_45-75_S_Dehy_steam 

30 

0 

Natural2_45-75_S_Dehy_air 6 

Natural2_45-75_S_Hy_steam60 0 

Natural2_<45_S_Dehy_steam 

29 

0 

Natural2_<45_S_Dehy_air 29 

Natural2_<45_S_ Hy_steam60 2.5 
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Natural2_<45_S, *Natural2_45-75_S and Natural2_45-

75_A were evaluated for 20 hydration/dehydration cycles. 

The evaluation protocol applied was Dehy_steam, which 

is more significant for the large-scale applications of this 

energy storage system, as discussed above. Figure 8a 

presents the hydration capacity of these materials with the 

cycle number. The corresponding results obtained for the 

same materials in [21] are presented in colored dotted 

lines for comparison. Following the previous trend, all 

materials exhibited a stable cycle-to-cycle 

hydration/dehydration performance. The hydration 

capacities measured were between 0.11 and 0.17 mg 

H2O/mg material, thereby corresponding to hydration 

efficiencies of 35 to 54%. In particular, material 

Natural2_45-75_S presented slightly better hydration 

performance cf. the other compositions with a hydration 

efficiency equal to 54%. This value is better than the one 

presented in the corresponding dotted line. *Natural2_45-

75_S and Natural2_<45_S followed with hydration 

capacities of 0.140 and 0.135 mg H2O/mg material and 

42-44 % of mean hydration efficiencies, while material 

Natural2_45_75_A exhibited lower hydration capacity of 

around 0.11 mg H2O/mg material. These findings are in 

line with the results presented in dotted lines. 

In Figure 8b and c, the hydration and dehydration curves 

of the 1
st
 and 20

th
 cycle are depicted with time. As it can 

be seen, both hydration and dehydration reactions were 

completed for all materials examined and a plateau was 

reached before the end of the hydration and dehydration 

steps. Material Natural2_<45_S presented the fastest 

reaction rates during hydration and the reaction was 

completed by t = 120 s, while Natural2_45-75_S and 

Natural_45-75_A presented slower kinetics under the 

conditions applied in this study. 

After their 20-cycle evaluation, the spherical formulations 

remained intact and were subjected to mechanical strength 

measurements. Results are presented in Table 6. A 

significant improvement in the mechanical properties was 

noted in all materials and CS values over 30 N were 

measured. The mechanical strength noted after 20 

hydration/dehydration cycles performed was enhanced 

comparatively to the CS values in the fresh form of the 

examined formulations, following the same trend as 

reported in [21]. Especially for materials Natural2_45-

75_S and Natural2_<45_S, the CS values noted in their 

fresh form are lower than those already presented in Table 

4. Such a finding could be explained by the fact that after

partial or full hydration, CS is actually improved. Since 

spherical formulations measured in Table 4 were not 

freshly calcined, hydrated species had been formed 

according to data presented above, thus, higher CS values 

can be justified. 

Figure 8. Multi-cyclic evaluation of 20 hydration/dehydration 

cycles: a. Hydration/dehydration performance with number of 

cycles, b. Hydration and c. Dehydration curves with time and for 

20th cycle 
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Table 6. Mechanical properties for Natural2 derived materials in 

fresh and used form (after 20 cycles) 

Several tests upon 20 hydration/dehydration cycles were 

performed in the above listed materials (up to 4 

repetitions) in order to verify the repeatability of materials 

performance and preservation of their mechanical 

properties. Materials Natural2_45-75_S and Natural2_45-

75_A presented discrepancies in their behavior and at the 

end of 20 cycles, as some spherical formulations were 

swollen. *Natural2_45-75_S and Natural2_<45_S 

exhibited promising results and good repeatability in 

terms of both hydration performance and mechanical 

endurance.  

To this respect, spherical formulations were subjected to 

longer cyclic assessment (50 cycles). Both hydration and 

dehydration reactions were conducted according to 

Dehy_steam protocol. In this experimental series, 

although material *Natural2_45-75_S presented a stable 

hydration dehydration performance with a hydration 

capacity of 0.14 mg H2O/mg material, its structural 

integrity after 50 cycles was poor. More promising results 

were obtained for Natural2_<45_S composition, which 

maintained its structural stability and had a mean 

hydration efficiency of 44%.  

In view of the positive outcome of Natural2_<45_S 

composition, two spherical formulations were subjected to 

200 cycles. As shown in Figure 9a, hydration activity 

remained constant and a hydration efficiency of 42-44% 

was achieved. Regarding the hydration rates noted in 

Figure 9b, the maximum hydration of the material was 

Material
Mechanical 

strength (fresh) / N 

Mechanical 

strength (used) / N 

Natural2_45-75_S 18 >30 

Natural2_<45_S 22 >30 

*Natural2_45-75_S 30 >30 

Natural2_45-75_A 26 >30 

Figure 9. a. Multi-cyclic evaluation of material Natural2_<45_S up to 200 cycles, b. Hydration curve with time for selected 

hydration/dehydration cycles and c. Photo of Natural2_<45_S after 200 hydration/dehydration cycles 
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achieved within 250 s after reaction started, irrespectively 

of the cycle number. The lower reaction rates for 

Natural2_<45_S shown in Figure 9b with respect to those 

previously presented in Figure 8b can be explained by 

taking into account the larger mass employed for this long 

cycling test (i.e. higher external mass transfer resistances). 

Figure 9c presents the photo of material Natural2_<45_S 

after the 200 cycles performed. A swelling effect was 

noted in the spherical formulations, which affected mainly 

the outer surface of the formulations. Despite the fact that 

the external surface of the spherical formulations 

collapsed, an inner and mechanically strong core 

incorporated most of the material. The stable core was 

subjected to CS measurement and the determined value 

was found to be over 30 N. 

In view of the promising results obtained for material 

Natural2_<45_S in terms of both hydration capacity and 

mechanical stability over cycling, more experiments on its 

mechanical properties were conducted. With the latter 

parameter being the most critical for long-term cyclic 

operation especially in fluidized bed reactor concepts, 

spherical formulations of this composition right after 

calcination were subjected to attrition tests. Two different 

diameter ranges were selected - < 2 mm and > 2 mm. The 

average diameter values for the two groups were 1.47 and 

2.1 mm, respectively. Table 7 presents the results of the 

attrition tests, as well as the main variables applied. Figure 

10 shows the spherical formulations before and after 

attrition tests. Smaller in size spherical formulations 

presented a CS value of 14 N in their fresh form and 

spheres > 2 mm appeared more mechanically stable with 

CS values equal to 26 N. This difference was clearly 

related to the different size and it was observed throughout 

all experimental attempts during all composite materials 

preparation. Examining the mechanical properties after the 

5 h testing, all spheres remained intact maintaining their 

structural integrity and spherical shape, while no dust was 

collected, neither in the filter nor in the cup. The CS 

measurements before and after the experiment showed 

similar values for both spheres sizes examined. 

Table 7. Main variables and results of attrition tests of 

Natural2_<45_S spherical formulations 

Figure 10. Photos of material Natural2_<45_S before (top) and 

after (bottom) attrition tests for 5 h: a. � c. Spherical 

formulations with diameters <2 mm, b. � d. Spherical 

formulations with diameters �2 mm 

Encouraging results were obtained from multi-cyclic 

evaluation of material Natural2_<45_S and thus the 

particular formulation can be considered suitable material 

for the suggested reaction scheme. Spherical formulations 

of this composition exhibited stable hydration capacity 

corresponding to a 44% hydration efficiency maintaining 

their structural stability up to 200 hydration/dehydration 

cycles. The spherical shape played a crucial role in the 

mechanical robustness, as it could render a reactive and 

erosion-resistant material suitable for fluidized and fixed 

bed reactor concepts. Attrition tests resulted in no 

Variable Spheres <2 mm Spheres �2 mm 

Sample mass / g 1.0 1.0 

Spheres average diameter / mm 1.47 2.1 

Testing time / min 300 300 

Gas N2 N2

Gas flow / L�min-1 10 10 

CS before test / N 14 26 

CS after test / N 15 27 

Pellets / % 100 100 

Dust / % 0 0 
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corrosion of the spheres, thereby providing further 

confidence on this material�s applicability in pilot scale 

reactor system. To the best of our knowledge, it is the first 

time that a CaO-based material maintains its reactivity and 

mechanical integrity for such a long-term operation for the 

cyclic hydration/dehydration reaction scheme. The results 

reported here shall be used as starting point for further 

development and evolution of TCS schemes based on 

cyclic hydration/dehydration of the CaO/Ca(OH)2 system. 

Conclusions 

Promising CaO-based composite materials obtained in a 

previous study were further evaluated under multi-cyclic 

hydration/dehydration operation. Spherical formulations 

employing kaolinite as binder (25% wt) were 

manufactured using two different grades of natural 

limestone as CaO-precursor. The preparation protocol was 

based on two basic mixing techniques for solid powders � 

solid mechanical mixing and solids suspension in water. 

Formulations manufacturing was achieved using water as 

binding agent and by applying rotary forces. The resulting 

composite materials were evaluated under cyclic 

hydration/dehydration operation up to 200 cycles with the 

aid of three different protocols according to the 

atmosphere and reaction duration for hydration and 

dehydration. Better hydration capacities ranging between 

40 and 50% of the maximum theoretical value were noted 

under favorable operation conditions and maintained 

along with cycling. The mechanical properties of the 

materials were evaluated through crushing strength 

measurements before and after cycling. The composite 

spherical formulations exhibited improved mechanical 

stability after 20 hydration/dehydration cycles (CS>30 N), 

verifying previously reported promising findings. 

However, a critical parameter that affected repeatability of 

their mechanical performance under cyclic operation was 

the time interval between materials stabilization via 

calcination and their hydration/dehydration. Formulations 

examined days after their structural stabilization exhibited 

cracks on their surface and presented very low CS values 

after 20 cycles. However, substantially improved 

performance was obtained for formulations tested right 

after their thermal treatment, which presented a stable 

hydration/dehydration performance and high mechanical 

strength (CS > 30 N). 

A composition consisting of high purity CaCO3 with small 

particle size (<45 �m) presented a constant hydration 

capacity with a 44% hydration efficiency for up to 200 

hydration/dehydration cycles. For this longer cycling, the 

spherical formulations got slightly swollen on the outer 

surface which collapsed, while a mechanically stable core 

was obtained (CS > 30 N). In view of such promising 

results, spherical formulations of the most promising 

composition were subjected to attrition tests in a 5 h 

experiment at ambient conditions, showing highly positive 

results.  

The selected composition and, most importantly, the 

spherical shape of the formulations examined in this study 

resulted in a good combination of hydration performance 

and mechanical robustness upon multi-cyclic 

hydration/dehydration operation. Such an approach led to 

the conclusion that the serious challenge of CaO particles 

fragmentation can be efficiently tackled to a large extent 

and CaO-based materials can be considered as in-principle 

suitable for a scaled-up multi-cyclic CaO/Ca(OH)2 TCS 

process. 
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