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Abstract

Due to rapid climate change, society and politics pushes the fertiliser industry to decar­
bonise and reduce its emissions, as it is responsible for 1.4% of annual CO2 emissions.
To avoid this environmental problematic, research and development in the chemical in­
dustry is currently focused on the search for the production of green ammonia and its
integration into the production of nitric acid. This work aims to contribute to the quest of
new sustainable processes that help the decarbonisation of the fertiliser industry.

The MSc thesis focus on the search of synergies between solar­powered nitrogen and
hydrogen production technologies to provide green ammonia, and the subsequent nitric
acid process. Specific attention is put on the effect of utilizing the oxygen by­product
from solar­powered thermochemical air separation to produce nitrogen, and from water
splitting to provide green hydrogen.

A tecno­economic evaluation is performed for three different types of nitric acid plants:
a conventional nitric plant (CONV­NA), i.e using fossil­based ammonia, a solar­based
ammonia to nitric acid plant (SOL­NA) and a optimised solar­based ammonia to nitric
acid plant (OXY­SOL­NA), in which surplus oxygen from green ammonia production is
injected into SOL­NA. All the plants are simulated in Aspen Plus® and their economic
analysis is performed by following the methodology of the book entitled: Plant Design
and Economics for Chemical Engineers.

A reference case of a mono­pressure nitric acid production process is simulated for a
plant capacity of 700 t/d (eq. 100%) at a concentration of 60 wt% (CONV­NA). The inves­
tigations of injecting pure oxygen at four different points of the plant show that daily nitric
acid production can be boosted by 0.34% and final NOx concentration of the absorption
column can be reduced by up to 43.6% by enriching the main air pipeline with oxygen.

The capital costs for the OXY­SOL­NA plant are reduced by 0.65 Me compared to the
CONV­NA and SOL­NA plants. Nevertheless, the operating costs end up being more rel­
evant in the final cash flow analysis. The CONV­NA plant has 17% lower operating costs
compared to the two green ammonia plants which is explained by the fact that ammonia
costs accounted for 52.65% of the total operating costs. For that reason, CONV­NA plant
has an end­product price 14% lower than the other plants. Regardless of environmen­
tal considerations, such a significant difference in the final price may make your product
unable to compete with other potential competitors.

Currently, green ammonia is mainly dependent on the price of green hydrogen production
due to the high LCOE for solar energy and the lack of maturity of water splitting technolo­
gies. CO2 pricing policies could make the implementation of green NH3 in the nitric acid
production process feasible in the near future.
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�L�Q�)�L�J�X�U�H �������� �7�K�H �I�L�U�V�W �S�U�R�F�H�V�V �L�V �W�K�H �G�H�V�X�O�S�K�X�U�L�V�D�W�L�R�Q �R�I �Q�D�W�X�U�D�O �J�D�V�� �7�K�H �Q�D�W�X�U�D�O �J�D�V �L�V �D
�G�U�\ �J�D�V �F�R�Q�W�D�L�Q�L�Q�J �D�W �P�R�V�W ���� �S�S�P �E�\ �Z�H�L�J�K�W �R�I �V�X�O�S�K�X�U�� �7�K�L�V �V�X�O�S�K�X�U �P�X�V�W �E�H �U�H�P�R�Y�H�G �D�V
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�)�L�J�X�U�H �������� �%�O�R�F�N �F�K�D�U�W �R�I �+�D�E�H�U���%�R�V�F�K �S�U�R�F�H�V�V

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

CH4 (g) + H 2O (g)  �! CO (g) + 3 H 2 (g) �ûH = 206:0 kJ=mol ����������

CH4 (g) + 2 O 2 (g)  �! CO2 (g) + 2 H 2O (g) �ûH = � 35:6 kJ=mol ����������

�,�Q �S�U�L�P�D�U�\ �U�H�I�R�U�P�L�Q�J�� �Q�D�W�X�U�D�O �J�D�V �L�Q �W�K�H �S�U�H�V�H�Q�F�H �R�I �V�W�H�D�P �L�V �U�H�I�R�U�P�H�G �L�Q�W�R �K�\�G�U�R�J�H�Q �D�Q�G
�F�D�U�E�R�Q �P�R�Q�R�[�L�G�H ���(�T�X�D�W�L�R�Q ���������� �7�K�H �J�D�V �O�H�D�Y�L�Q�J �W�K�H �S�U�L�P�D�U�\ �U�H�I�R�U�P�L�Q�J �X�Q�L�W �H�Q�W�H�U�V �W�K�H
�V�H�F�R�Q�G�D�U�\ �U�H�I�R�U�P�L�Q�J �V�H�F�W�L�R�Q �W�R �E�H �W�U�H�D�W�H�G �Z�L�W�K �K�R�W �D�L�U �D�Q�G �R�E�W�D�L�Q �D �P�H�W�K�D�Q�H �F�R�Q�W�H�Q�W �E�H�O�R�Z
������ �� �E�\ �Y�R�O�X�P�H ���(�T�X�D�W�L�R�Q ���������� �7�K�H �Q�H�[�W �V�W�H�S �L�V �W�K�H �F�R�Q�Y�H�U�V�L�R�Q �R�I �F�D�U�E�R�Q �P�R�Q�R�[�L�G�H �L�Q�W�R
�F�D�U�E�R�Q �G�L�R�[�L�G�H�� �7�K�L�V �S�U�R�F�H�V�V �F�R�Q�V�L�V�W�V �R�I �W�Z�R �F�D�W�D�O�\�W�L�F �V�W�D�J�H�V�� �W�K�H �I�L�U�V�W �D�W �K�L�J�K �W�H�P�S�H�U�D�W�X�U�H
�Z�L�W�K �)�H3�24 �R�U �&�U�2 �D�V �F�D�W�D�O�\�V�W�V �D�Q�G �W�K�H �V�H�F�R�Q�G �D�W �O�R�Z �W�H�P�S�H�U�D�W�X�U�H �Z�L�W�K �&�X�2�� �=�Q�2 �R�U �$�O2�23

�D�V �F�D�W�D�O�\�V�W�V ���(�T�X�D�W�L�R�Q ����������

CO (g) + H 2O (g)  �! CO2 (g) + H 2 (g) �ûH = � 41:2 kJ=mol ����������

�7�K�H �F�D�U�E�R�Q �G�L�R�[�L�G�H �L�V �W�K�H�Q �U�H�P�R�Y�H�G �D�Q�G �F�D�S�W�X�U�H�G �Z�L�W�K �D�P�P�R�Q�L�D�� �S�U�R�G�X�F�L�Q�J �D�P�P�R�Q�L�X�P
�K�\�G�U�R�J�H�Q �F�D�U�E�R�Q�D�W�H �D�V �E�\���S�U�R�G�X�F�W�� �7�K�H �S�X�U�L�I�L�H�G �J�D�V �Z�L�W�K �D �&�22 �F�R�Q�W�H�Q�W �R�I ������ �� �E�\
�Y�R�O�X�P�H �L�V �F�D�O�O�H�G �V�\�Q�W�K�H�V�L�V �J�D�V�� �$�V �L�W �L�V �P�H�Q�W�L�R�Q�H�G �D�E�R�Y�H �Z�L�W�K �W�K�H �S�U�H�V�H�Q�F�H �R�I �V�X�O�S�K�X�U��
�V�P�D�O�O �D�P�R�X�Q�W�V �R�I �&�2 �D�Q�G �&�22 �D�O�V�R �O�H�D�G �W�R �F�D�W�D�O�\�V�W �S�R�L�V�R�Q�L�Q�J �L�Q �W�K�H �D�P�P�R�Q�L�D �V�\�Q�W�K�H�V�L�V��
�)�R�U �W�K�L�V �U�H�D�V�R�Q�� �W�K�H �&�2 �D�Q�G �&�22 �F�R�Q�W�H�Q�W �L�V �U�H�G�X�F�H�G �E�\ �U�H�D�F�W�L�Q�J �W�K�H �V�\�Q�W�K�H�V�L�V �J�D�V �L�Q �W�K�H
�S�U�H�V�H�Q�F�H �R�I �D �Q�L�F�N�H�O���E�D�V�H�G �F�D�W�D�O�\�V�W ���(�T�X�D�W�L�R�Q �������	 �������� ��

CO (g) + 3 H 2 (g) ��! CH4 (g) + H 2O (g) �ûH = � 206:1 kJ=mol ����������

CO2 (g) + 4 H 2 (g) ��! CH4 (g) + 2 H 2O (g) �ûH = � 164:9 kJ=mol ����������

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



�,�Q �W�K�L�V �Z�D�\�� �W�K�H �F�D�U�E�R�Q �R�[�L�G�H�V �F�R�P�S�R�V�L�W�L�R�Q �L�V �U�H�G�X�F�H�G �W�R �O�H�V�V �W�K�D�Q ���� �S�S�P�� �2�Q�F�H �W�K�H
�V�\�Q�W�K�H�V�L�V �J�D�V �� ���� �Y�R�O�� �+2�� ���� �Y�R�O�� �12�� ������ �Y�R�O�� �&�+4 �D�Q�G ������ �Y�R�O�� �$�U�� �L�V �I�U�H�H �R�I �L�P�S�X�U�L�W�L�H�V��
�L�W �L�V �F�R�P�S�U�H�V�V�H�G �W�R �W�K�H �G�H�V�L�J�Q �S�U�H�V�V�X�U�H �D�Q�G �I�H�G �L�Q�W�R �W�K�H �F�R�Q�Y�H�U�W�H�U �W�R �S�U�R�F�H�H�G �Z�L�W�K �D
�V�W�U�R�Q�J�O�\ �H�[�R�W�K�H�U�P�L�F �D�P�P�R�Q�L�D �V�\�Q�W�K�H�V�L�V ���(�T�X�D�W�L�R�Q �������� �>���� �@��

N2 (g) + 3 H 2 (g)  �! 2 NH3 (g) �ûH = � 91:8 kJ=mol ����������

�$�F�F�R�U�G�L�Q�J �W�R �W�K�H �V�W�R�L�F�K�L�R�P�H�W�U�\�� �W�K�H �G�H�V�L�U�H�G �+2�� �12 �P�R�O�D�U �U�D�W�L�R �G�R�Z�Q�V�W�U�H�D�P �W�K�H �P�H�W�K�D��
�Q�D�W�L�R�Q �S�U�R�F�H�V�V �V�K�R�X�O�G �E�H ���� ���(�T�X�D�W�L�R�Q �������� �L�V �H�Q�H�U�J�H�W�L�F�D�O�O�\ �G�H�P�D�Q�G�L�Q�J �D�Q�G �N�L�Q�H�W�L�F�D�O�O�\
�F�R�P�S�O�H�[ �D�V �L�W �U�H�T�X�L�U�H�V �K�L�J�K �W�H�P�S�H�U�D�W�X�U�H�V �������� �� ������� �&�� �D�Q�G �S�U�H�V�V�X�U�H�V ���������������� �D�W�P��
�>���� �@��

���������� �2�V�W�Z�D�O�G �S�U�R�F�H�V�V

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

�)�L�J�X�U�H �������� �%�O�R�F�N �F�K�D�U�W �R�I �W�K�H �2�V�W�Z�D�O�G �3�U�R�F�H�V�V

�7�K�H �F�D�W�D�O�\�W�L�F �R�[�L�G�D�W�L�R�Q �R�I �D�P�P�R�Q�L�D �I�R�U�P�V �W�K�H �E�D�V�L�V �R�I �W�K�H �Q�L�W�U�L�F �D�F�L�G �S�U�R�F�H�V�V�� �7�K�H �R�[�L�G�D��
�W�L�R�Q �R�F�F�X�U�V �Z�K�H�Q �D�Q�K�\�G�U�R�X�V �D�P�P�R�Q�L�D �L�Q �F�R�Q�W�D�F�W �Z�L�W�K �D�L�U �S�D�V�V�H�V �R�Y�H�U �D �S�O�D�W�L�Q�L�X�P���U�K�R�G�L�X�P
�J�D�X�]�H �F�D�W�D�O�\�V�W �F�R�P�S�R�V�H�G �R�I ������ �S�O�D�W�L�Q�X�P �D�Q�G ������ �U�K�R�G�L�X�P�� �8�Q�G�H�U �R�S�W�L�P�D�O �W�H�P�S�H�U�D�W�X�U�H
�F�R�Q�G�L�W�L�R�Q�V �D�Q�G �L�Q �W�K�H �S�U�H�V�H�Q�F�H �R�I �D �3�W���5�K �E�D�V�H�G �F�D�W�D�O�\�V�W�� �W�K�H �F�D�W�D�O�\�W�L�F �F�R�P�E�X�V�W�L�R�Q �H�I��
�I�L�F�L�H�Q�F�\ �R�I �D�P�P�R�Q�L�D �L�V �T�X�L�W�H �K�L�J�K�� �D�U�R�X�Q�G �������������� �7�K�H �D�P�P�R�Q�L�D �G�L�I�I�X�V�H�V �W�K�U�R�X�J�K �W�K�H
�J�D�V�H�R�X�V �I�L�O�P �W�R �W�K�H �F�D�W�D�O�\�V�W �V�X�U�I�D�F�H�� �Z�K�H�U�H �L�W �U�H�D�F�W�V �Z�L�W�K �D�G�V�R�U�E�H�G �R�[�\�J�H�Q �W�R �I�R�U�P �Q�L��
�W�U�L�F �R�[�L�G�H���>���� �@ �$�W �W�K�H �H�Q�G �R�I �W�K�H �F�R�P�E�X�V�W�L�R�Q �F�K�D�P�E�H�U�� �W�K�H �J�D�V�H�R�X�V �P�L�[�W�X�U�H �L�V �S�U�R�P�S�W�O�\
�T�X�H�Q�F�K�H�G �Z�L�W�K �W�K�H �D�L�P �R�I �S�U�H�Y�H�Q�W�L�Q�J �W�K�H �1�2 �G�H�F�R�P�S�R�V�L�W�L�R�Q���7�K�L�V �V�W�H�S �L�V �D�Q �H�[�W�U�H�P�H�O�\ �I�D�V�W
�K�H�W�H�U�R�J�H�Q�H�R�X�V �U�H�D�F�W�L�R�Q�� �Z�L�W�K �D �W�L�P�H �R�I �D�S�S�U�R�[�L�P�D�W�H�O�\ ������ �W�K�R�X�V�D�Q�G�W�K�V �R�I �D �V�H�F�R�Q�G �>���� �@��

4 NH3 (g) + 5 O 2 (g) ��! 4 NO (g) + 6 H 2O (g) �ûH = � 904 kJ=mol ����������

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

4 NH3 (g) + 4 O 2 (g) ��! 2 N2O (g) + 6 H 2O (g) �ûH = � 736 kJ=mol ����������

4 NH3 (g) + 3 O 2 (g) ��! 2 N2 (g) + 6 H 2O (g) �ûH = � 1260 kJ=mol ����������

4 NH3 (g) + 6 NO (g) ��! 5 N2 (g) + 6 H 2O (g) �ûH = � 1808 kJ=mol ������������

�$�O�O �U�H�D�F�W�L�R�Q�V �D�U�H �V�X�I�I�L�F�L�H�Q�W�O�\ �H�[�R�W�K�H�U�P�L�F �W�R �E�H �V�H�O�I���V�X�V�W�D�L�Q�L�Q�J�� �7�K�H �H�T�X�D�W�L�R�Q�V�������������� �D�Q�G
������ �W�D�N�H �S�O�D�F�H �G�L�U�H�F�W�O�\ �D�Q�G �D�U�H �S�U�D�F�W�L�F�D�O�O�\ �L�U�U�H�Y�H�U�V�L�E�O�H�� �,�Q �I�D�F�W�� �Z�L�W�K�R�X�W �W�K�H �S�U�H�V�H�Q�F�H �R�I
�D �F�D�W�D�O�\�V�W�� �R�Q�O�\ �Q�L�W�U�R�J�H�Q �Z�R�X�O�G �E�H �I�R�U�P�H�G�� �)�R�U �W�K�D�W �U�H�D�V�R�Q�� �W�K�H �S�U�H�V�H�Q�F�H �R�I �D �V�X�L�W�D�E�O�H
�F�D�W�D�O�\�V�W ���H���J�� �3�W���5�K�� �L�V �H�V�V�H�Q�W�L�D�O �W�R �S�U�R�G�X�F�H �Q�L�W�U�L�F �R�[�L�G�H�� �$�G�G�L�W�L�R�Q�D�O�O�\���(�T�X�D�W�L�R�Q ���������R�Q�O�\
�W�D�N�H�V �S�O�D�F�H �L�I �W�K�H �J�D�V �Y�H�O�R�F�L�W�\ �L�V �O�R�Z �H�Q�R�X�J�K �I�R�U �W�K�H �D�O�U�H�D�G�\ �I�R�U�P�H�G �Q�L�W�U�L�F �R�[�L�G�H �W�R �G�L�I�I�X�V�H
�W�R�Z�D�U�G�V �W�K�H �F�D�W�D�O�\�V�W�� �7�K�L�V �V�H�F�R�Q�G�D�U�\ �U�H�D�F�W�L�R�Q �F�D�Q �H�D�V�L�O�\ �E�H �D�Y�R�L�G�H�G �E�\ �G�H�F�U�H�D�V�L�Q�J �W�K�H
�F�R�Q�W�D�F�W �W�L�P�H �E�H�W�Z�H�H�Q �D �F�D�W�D�O�\�W�L�F �Z�L�U�H �J�D�X�]�H �D�Q�G �W�K�H �Y�D�S�R�U �J�D�V�H�V �>���@��

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



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

2 NO(g) + O 2 (g) ��! 2 NO2 (g) �ûH = � 1127 kJ=mol ������������

2 NO2 (g)  �! N2O4 (g) �ûH = � 58 kJ=mol ������������

NO (g) + NO 2 (g)  �! N2O3 (g) �ûH = � 40 kJ=mol ������������
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�3�(�0�V �K�D�Y�H �D ������ �V�K�D�U�H�� �7�K�H �U�H�P�D�L�Q�L�Q�J �F�D�S�D�F�L�W�\ �L�V �R�I �X�Q�V�S�H�F�L�I�L�H�G �H�O�H�F�W�U�R�O�\�V�H�U �W�H�F�K�Q�R�O�R�J�\
�D�Q�G �6�2�(�&�V �>���� �@��

�8�Q�I�R�U�W�X�Q�D�W�H�O�\�� �W�K�H �F�R�V�W �S�H�U �N�J �R�I �K�\�G�U�R�J�H�Q �S�U�R�G�X�F�H�G �E�\ �P�H�D�Q�V �R�I �H�O�H�F�W�U�R�O�\�V�L�V �L�V �V�L�J�Q�L�I�L��
�F�D�Q�W�O�\ �K�L�J�K�H�U �W�K�D�Q �W�K�H �F�R�V�W �E�\ �P�H�D�Q�V �R�I �6�0�5�� �,�W �L�V �K�R�S�H�G �W�K�D�W �D �F�R�P�S�H�W�L�W�L�Y�H �S�U�L�F�H �F�D�Q �E�H
�R�E�W�D�L�Q�H�G �E�\ �L�P�S�U�R�Y�L�Q�J �W�K�L�V �W�H�F�K�Q�R�O�R�J�\ �D�Q�G �S�H�Q�D�O�L�V�L�Q�J �W�K�H �X�V�H �R�I �I�R�V�V�L�O �I�X�H�O�V �E�\ ���������� �7�K�H
�J�O�R�E�D�O �D�Z�D�U�H�Q�H�V�V �D�E�R�X�W �F�O�L�P�D�W�H �F�K�D�Q�J�H �L�V �Q�R�W�D�E�O�\ �D�F�F�H�O�H�U�D�W�L�Q�J �W�K�H �S�X�V�K �I�R�U �W�K�L�V �W�H�F�K�Q�R�O��
�R�J�\ �D�Q�G �J�U�D�G�X�D�O�O�\ �U�H�G�X�F�L�Q�J �G�H�S�H�Q�G�H�Q�F�H �R�Q �I�R�V�V�L�O �I�X�H�O�V �V�X�F�K �D�V �Q�D�W�X�U�D�O �J�D�V��

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



�)�L�J�X�U�H ���������� �2�Y�H�U�Y�L�H�Z �R�I �F�R�P�P�H�U�F�L�D�O�O�\ �D�Y�D�L�O�D�E�O�H �H�O�H�F�W�U�R�O�\�V�H�U �W�H�F�K�Q�R�O�R�J�L�H�V �>���� �@��

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

�7�K�H �P�D�L�Q �D�G�Y�D�Q�W�D�J�H �R�I �W�K�H�U�P�R�F�K�H�P�L�F�D�O �F�\�F�O�H�V �L�V �W�K�D�W �W�K�H �W�K�H�U�P�D�O �H�Q�H�U�J�\ �I�U�R�P �&�6�3 �S�O�D�Q�W�V
�F�D�Q �E�H �G�L�U�H�F�W�O�\ �X�W�L�O�L�V�H�G �Z�L�W�K�R�X�W �W�K�H �L�Q�H�U�W �F�R�Q�Y�H�U�V�L�R�Q �O�R�V�V�H�V �I�U�R�P �H�O�H�F�W�U�L�F�L�W�\ �J�H�Q�H�U�D�W�L�R�Q�� �7�K�H
�L�Q�F�O�X�V�L�R�Q �R�I �W�K�L�V �P�H�W�K�R�G �R�I�I�H�U�V �W�K�H �S�R�V�V�L�E�L�O�L�W�\ �R�I �X�V�L�Q�J �V�R�O�D�U �K�H�D�W �G�L�U�H�F�W�O�\ �W�R �R�E�W�D�L�Q �K�\�G�U�R�J�H�Q
�I�R�U �W�K�H �D�P�P�R�Q�L�D �V�\�Q�W�K�H�V�L�V �S�U�R�F�H�V�V �>���� �@��

�7�K�H�U�P�R�O�\�V�L�V�� �D�Q�G �P�R�U�H �V�S�H�F�L�I�L�F�D�O�O�\ �W�K�H �W�K�H�U�P�R�F�K�H�P�L�F�D�O �Z�D�W�H�U �V�S�O�L�W�W�L�Q�J ���7�:�6���� �L�V �V�H�H�Q �D�V �D
�S�R�W�H�Q�W�L�D�O �F�R�P�S�H�W�L�W�R�U �W�R �H�O�H�F�W�U�R�O�\�V�L�V �L�Q �W�K�H �Q�H�D�U �I�X�W�X�U�H �>���� �@�� �,�W �F�R�Q�V�L�V�W�V �R�Q �D�S�S�O�\�L�Q�J �H�[�W�U�H�P�H�O�\
�K�L�J�K �W�H�P�S�H�U�D�W�X�U�H�V ��� �������� �.�� �W�R �E�U�H�D�N�G�R�Z�Q �W�K�H �Z�D�W�H�U �P�R�O�H�F�X�O�H �L�Q�W�R �K�\�G�U�R�J�H�Q �D�Q�G �R�[�\�J�H�Q
�E�D�V�H �F�R�P�S�R�Q�H�Q�W�V ���(�T�X�D�W�L�R�Q ������������

H2O ��! H2 +
1
2

O2 �ûH = 286 kJ=mol ������������

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

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

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



�7�:�6 �F�\�F�O�H �F�R�Q�V�L�V�W�V �R�I �W�Z�R �V�W�H�S�V ���)�L�J�X�U�H ������������

�‡�5�H�G�X�F�W�L�R�Q �V�W�H�S���$ �I�L�U�V�W �V�W�H�S �L�Q �Z�K�L�F�K �D�Q �H�Q�G�R�W�K�H�U�P�L�F �U�H�D�F�W�L�R�Q �W�D�N�H�V �S�O�D�F�H �D�Q�G �L�Q
�Z�K�L�F�K �W�K�H �P�H�W�D�O �R�[�L�G�H �L�V �S�D�U�W�L�D�O�O�\ �U�H�G�X�F�H�G �D�W �K�L�J�K �W�H�P�S�H�U�D�W�X�U�H �D�Q�G���R�U �O�R�Z�H�U �R�[�\�J�H�Q
�S�D�U�W�L�D�O �S�U�H�V�V�X�U�H�� ���(�T�X�D�W�L�R�Q ������������

MxOy ��! MxOy� � +
1
2�

O2 ������������

�‡�2�[�L�G�D�W�L�R�Q �V�W�H�S���$ �V�H�F�R�Q�G �V�W�H�S �L�Q �Z�K�L�F�K �D�Q �H�[�R�W�K�H�U�P�L�F �U�H�D�F�W�L�R�Q �W�D�N�H�V �S�O�D�F�H�� �7�K�H
�R�[�\�J�H�Q �D�I�I�L�Q�L�W�\ �R�I �W�K�H �S�D�U�W�L�D�O �U�H�G�X�F�H�G �R�[�L�G�H �L�V �L�Q�F�U�H�D�V�H�G �E�\ �O�R�Z�H�U�L�Q�J �W�H�P�S�H�U�D�W�X�U�H
�D�Q�G���R�U �E�\ �U�D�L�V�L�Q�J �R�[�\�J�H�Q �S�D�U�W�L�D�O �S�U�H�V�V�X�U�H�� �,�Q �W�K�D�W �Z�D�\�� �R�[�\�J�H�Q �L�V �F�D�S�W�X�U�H�G �I�U�R�P �D
�J�D�V �V�W�U�H�D�P�� �7�K�H�Q �K�\�G�U�R�J�H�Q�� �R�[�\�J�H�Q �D�Q�G �W�K�H �L�Q�L�W�L�D�O �P�H�W�D�O �R�[�L�G�H �D�U�H �S�U�R�G�X�F�H�G �Z�K�H�Q
�W�K�H �U�H�G�X�F�H�G �Y�D�O�H�Q�F�H �P�H�W�D�O �R�[�L�G�H �U�H�D�F�W�V �Z�L�W�K �Z�D�W�H�U ���(�T�X�D�W�L�R�Q ������������

MxOy� � +
1
�

H2O ��! MxOy +
1
�

H2 ������������

�)�L�J�X�U�H ���������� �6�R�O�D�U �W�K�H�U�P�R�F�K�H�P�L�F�D�O �Z�D�W�H�U���V�S�O�L�W�W�L�Q�J �F�\�F�O�H �>���� �@��

�7�K�H �V�R�O�D�U �K�H�D�W �F�R�O�O�H�F�W�H�G �E�\ �&�6�3 �W�H�F�K�Q�R�O�R�J�L�H�V �F�D�Q �D�O�V�R �E�H �X�V�H�G �L�Q �W�K�H�U�P�R�F�K�H�P�L�F�D�O �F�\�F�O�H�V
�W�R �R�E�W�D�L�Q �S�X�U�L�I�L�H�G �Q�L�W�U�R�J�H�Q �I�R�U �W�K�H �+�D�E�H�U�%�R�V�F�K �S�U�R�F�H�V�V��

���������� �6�R�O�D�U���G�U�L�Y�H�Q �D�L�U �V�H�S�D�U�D�W�L�R�Q

�1�L�W�U�R�J�H�Q �D�Q�G �K�\�G�U�R�J�H�Q �F�R�Q�V�W�L�W�X�W�H �W�K�H �W�Z�R �P�D�L�Q �I�H�H�G�V�W�R�F�N �I�R�U �D�P�P�R�Q�L�D �V�\�Q�W�K�H�V�L�V �D�Q�G �W�K�H�L�U
�S�X�U�L�W�\ �S�O�D�\ �D �F�U�X�F�L�D�O �U�R�O�H �L�Q �W�K�H �+�D�E�H�U���%�R�V�F�K �S�U�R�F�H�V�V�� �7�K�H �S�U�H�V�H�Q�F�H �R�I �R�[�\�J�H�Q �D�Q�G �Z�D�W�H�U
�L�Q�(�T�X�D�W�L�R�Q �������O�H�D�G�V �W�R �W�K�H �P�D�L�Q �G�H�D�F�W�L�Y�D�W�L�R�Q �R�I �W�K�H �F�D�W�D�O�\�V�W�� �U�H�V�X�O�W�L�Q�J �L�Q �D �F�R�Q�V�L�G�H�U�D�E�O�H
�L�Q�F�U�H�D�V�H �L�Q �W�K�H �R�S�H�U�D�W�L�Q�J �F�R�V�W�V �R�I �W�K�H �U�H�D�F�W�R�U �>���� �@��

�7�K�H �S�U�R�F�H�V�V �P�R�V�W �F�R�P�P�R�Q�O�\ �X�V�H�G �L�Q �L�Q�G�X�V�W�U�\ �I�R�U �W�K�H �V�H�S�D�U�D�W�L�R�Q �R�I �Q�L�W�U�R�J�H�Q �I�U�R�P �D�L�U �L�V
�N�Q�R�Z�Q �D�V �W�K�H �+�D�P�S�V�R�Q���/�L�Q�G�H �S�U�R�F�H�V�V �>���� �@�� �7�K�L�V �S�U�R�F�H�V�V �L�V �Y�H�U�\ �H�Q�H�U�J�\ �L�Q�W�H�Q�V�L�Y�H ������
�N�-���P�R�O �12�� �D�V �F�U�\�R�J�H�Q�L�F �W�H�P�S�H�U�D�W�X�U�H�V �D�U�H �Q�H�H�G�H�G �W�R �R�E�W�D�L�Q �R�[�\�J�H�Q �D�Q�G �Q�L�W�U�R�J�H�Q �L�Q �D
�O�L�T�X�L�G �V�W�D�W�H �>���� �@�� �2�Q �W�K�H �R�W�K�H�U �K�D�Q�G�� �W�K�H�U�H �D�U�H �R�W�K�H�U �W�H�F�K�Q�L�T�X�H�V �E�D�V�H�G �R�Q �D�G�V�R�U�S�W�L�R�Q �D�W
�K�L�J�K �S�U�H�V�V�X�U�H�V �W�K�D�W �D�O�V�R �U�H�T�X�L�U�H�V �D �K�L�J�K �H�Q�H�U�J�\ �F�R�Q�V�X�P�S�W�L�R�Q �V�X�F�K �D�V �S�U�H�V�V�X�U�H �V�Z�L�Q�J
�D�G�V�R�U�S�W�L�R�Q ���3�6�$�� �R�U �D�W �O�R�Z �W�H�P�S�H�U�D�W�X�U�H�V �V�X�F�K �D�V �W�H�P�S�H�U�D�W�X�U�H �V�Z�L�Q�J �D�G�V�R�U�S�W�L�R�Q ���7�6�$��
�>���� �@��

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



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

wsep = ln [(
pO2 ;in

pO2 ;out
)2] � 1000; J=mol ������������

�1�L�W�U�R�J�H�Q �S�X�U�L�W�\ �Z�L�W�K �D�Q �R�[�\�J�H�Q �F�R�Q�F�H�Q�W�U�D�W�L�R�Q �E�H�O�R�Z ������ �S�S�P �U�H�T�X�L�U�H�V �P�R�U�H �H�Q�H�U�J�\ �W�K�D�Q
�F�U�\�R�J�H�Q�L�F �D�L�U �V�H�S�D�U�D�W�L�R�Q �>���� �@�� �)�R�U �W�K�D�W �U�H�D�V�R�Q�� �+�D�E�H�U���%�R�V�F�K �S�O�D�Q�W�V �S�U�H�I�H�U�V �W�R �R�E�W�D�L�Q �Q�L��
�W�U�R�J�H�Q �I�U�R�P �W�K�H �+�D�P�S�V�R�Q���/�L�Q�G�H �S�U�R�F�H�V�V �R�Y�H�U �3�6�$��

�$�S�D�U�W �I�U�R�P �W�K�H�V�H �S�K�\�V�L�F�D�O �V�H�S�D�U�D�W�L�R�Q �P�H�W�K�R�G�V�� �W�K�H�U�H �D�U�H �W�K�H�U�P�R�F�K�H�P�L�F�D�O �O�R�R�S�V �W�K�D�W �F�D�Q
�G�L�U�H�F�W�O�\ �K�D�U�Q�H�V�V �W�K�H �V�R�O�D�U �K�H�D�W �I�U�R�P �&�6�3 �S�O�D�Q�W�V �W�R �V�H�S�D�U�D�W�H �Q�L�W�U�R�J�H�Q �D�Q�G �R�[�\�J�H�Q �I�U�R�P
�D�L�U�� �6�R�O�D�U �W�K�H�U�P�R�F�K�H�P�L�F�D�O �D�L�U���V�H�S�D�U�D�W�L�R�Q �F�\�F�O�H �X�V�H�V �D �V�L�P�L�O�D�U �D�S�S�U�R�D�F�K �W�R �W�K�H �W�K�H�U�P�D�O
�Z�D�W�H�U �V�S�O�L�W�W�L�Q�J �S�U�R�F�H�V�V �G�H�V�F�U�L�E�H�G �E�H�I�R�U�H�� �7�K�H �R�Q�O�\ �G�L�I�I�H�U�H�Q�F�H �L�V �W�K�D�W �D�L�U �L�V �X�V�H�G �D�V �R�[�L�G�D�Q�W
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�7�K�H �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q �R�I �R�[�\�J�H�Q���H�Q�U�L�F�K�H�G �D�L�U �L�Q�W�R �W�K�H �F�R�Q�Y�H�Q�W�L�R�Q�D�O �Q�L�W�U�L�F �D�F�L�G �S�U�R�F�H�V�V �L�V
�G�L�V�F�X�V�V�H�G �L�Q �Y�D�U�L�R�X�V �S�D�W�H�Q�W�V�� �$ �V�X�P�P�D�U�\ �R�I �W�K�H�V�H �Z�R�U�N�V �L�V �F�R�P�S�L�O�H�G �L�Q�$�S�S�H�Q�G�L�[ �&�� �7�K�L�V
�W�H�F�K�Q�L�T�X�H �D�L�P�V �D�W �R�S�W�L�P�L�V�L�Q�J �W�K�H �Q�L�W�U�L�F �D�F�L�G �S�U�R�G�X�F�W�L�R�Q �S�U�R�F�H�V�V �L�Q �V�H�Y�H�U�D�O �Z�D�\�V��
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�2�Y�H�U �W�K�H �\�H�D�U�V�� �G�L�I�I�H�U�H�Q�W �S�U�R�F�H�V�V �G�H�V�L�J�Q �P�H�W�K�R�G�R�O�R�J�L�H�V �K�D�Y�H �E�H�H�Q �S�U�R�S�R�V�H�G �D�V �G�L�I�I�H�U�H�Q�W
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�R�O�R�J�\ �X�V�H�G �L�V �N�Q�R�Z�Q �D�V �W�D�V�N���E�D�V�H�G �G�H�V�L�J�Q�� �,�W �F�R�Q�V�L�V�W�V �R�Q �G�H�F�R�P�S�R�V�L�Q�J �F�R�P�S�O�H�[ �G�H�V�L�J�Q
�S�U�R�E�O�H�P ���H���J�� �W�K�H �G�H�V�L�J�Q �R�I �D �Q�L�W�U�L�F �D�F�L�G �S�O�D�Q�W�� �L�Q�W�R �V�L�P�S�O�H�U �V�X�E���S�U�R�E�O�H�P�V �Z�K�L�F�K �D�U�H �V�R�O�Y�H�G
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�L�V �X�V�H�G �>���� �@�� �7�K�L�V �W�K�H�U�P�R�G�\�Q�D�P�L�F �P�R�G�H�O �L�P�S�O�H�P�H�Q�W�H�G �L�Q �$�V�S�H�Q �3�O�X�V�Š �S�U�R�Y�L�G�H�V �D�Q �D�F��
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�S�U�H�V�H�Q�F�H �R�I �Z�D�W�H�U �L�V �G�L�V�V�R�F�L�D�W�H�G �L�Q�W�R �K�\�G�U�R�Q�L�X�P �D�Q�G �Q�L�W�U�D�W�H �L�R�Q ���(�T�X�D�W�L�R�Q ���������� �7�K�H�U�H��
�I�R�U�H�� �W�K�H �S�U�H�V�H�Q�F�H �R�I �L�R�Q�V �L�Q �W�K�H �O�L�T�X�L�G �S�K�D�V�H �U�H�T�X�L�U�H�V �Q�R�Q���L�G�H�D�O �V�R�O�X�W�L�R�Q �W�K�H�U�P�R�G�\�Q�D�P�L�F�V
�D�V �(�/�(�&�1�5�7�/��

HNO3 + H 2O  �! NO3� + H 3O+ ����������

�2�Q �W�K�H �R�W�K�H�U �K�D�Q�G�� �P�D�Q�\ �S�D�U�W�V �R�I �W�K�H �S�O�D�Q�W �R�S�H�U�D�W�H �D�W �K�L�J�K �S�U�H�V�V�X�U�H �D�Q�G �W�H�P�S�H�U�D�W�X�U�H
�Z�K�H�U�H �Q�R �O�L�T�X�L�G���S�K�D�V�H �L�V �S�U�H�V�H�Q�W�� �,�Q �W�K�D�W �F�D�V�H�� �W�K�H �1�5�7�/���5�. �P�H�W�K�R�G �L�V �X�V�H�G�� �7�K�L�V �P�R�G�H�O
�X�V�H�V �W�K�H �5�H�G�O�L�F�K���.�Z�R�Q�J ���5�.�� �H�T�X�D�W�L�R�Q �R�I �V�W�D�W�H �W�R �G�H�V�F�U�L�E�H �W�K�H �Y�D�S�R�U �S�K�D�V�H �D�Q�G �W�K�H �Q�R�Q��
�U�D�Q�G�R�P �W�Z�R���O�L�T�X�L�G �P�R�G�H�O �I�R�U �W�K�H �O�L�T�X�L�G �S�K�D�V�H ���1�5�7�/���� �)�R�U �F�R�R�O�L�Q�J �Z�D�W�H�U �D�Q�G �V�W�H�D�P�� �W�K�H
�6�7�(�$�0�1�%�6 �P�R�G�H�O �L�V �X�V�H�G �V�L�Q�F�H �L�W �F�R�X�Q�W�V �Z�L�W�K �1�%�6���1�5�& �H�T�X�D�W�L�R�Q �R�I �V�W�D�W�H �I�R�U �V�W�H�D�P �D�Q�G
�O�L�T�X�L�G �Z�D�W�H�U �S�U�R�S�H�U�W�L�H�V �>���� �@��

�+�H�Q�U�\�¶�V �O�D�Z �L�V �X�V�H�G �W�R �P�R�G�H�O �W�K�H �Y�D�S�R�U���O�L�T�X�L�G �H�T�X�L�O�L�E�U�L�D �I�R�U �1�2�� �1�22�� �22�� �12 �D�Q�G �12�24

�L�Q �W�K�H �D�T�X�H�R�X�V �S�K�D�V�H�� �+�R�Z�H�Y�H�U�� �W�K�H �+�H�Q�U�\�¶�V �O�D�Z �F�R�Q�V�W�D�Q�W�V �I�R�U �1�22 �D�Q�G �12�24 �D�U�H �Q�R�W
�L�Q�F�O�X�G�H�G �L�Q �W�K�H �%�L�Q�D�U�\ �'�D�W�D �%�D�Q�N �L�Q �$�V�S�H�Q �3�O�X�V�Š�� �7�K�H �Y�D�O�X�H�V �D�W ����� �& �D�U�H �������������6 �D�Q�G
�������������4 �P3�3�D���N�P�R�O �U�H�V�S�H�F�W�L�Y�H�O�\ �>���� �@�� �,�W �Z�D�V �D�V�V�X�P�H�G �W�K�D�W �+�H�Q�U�\�¶�V �O�D�Z �F�R�Q�V�W�D�Q�W�V �I�R�U
�1�22 �D�Q�G �12�24 �K�D�Y�H �W�K�H �V�D�P�H �W�H�P�S�H�U�D�W�X�U�H �G�H�S�H�Q�G�H�Q�F�\ �D�V �W�K�D�W �I�R�U �6�22 �L�Q �Z�D�W�H�U��

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



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

�6�S�H�F�L�H�V �6�H�F�W�L�R�Q �7�K�H�U�P�R�G�\�Q�D�P�L�F �P�R�G�H�O

�$�L�U�� �:�D�W�H�U �D�Q�G �$�P�P�R�Q�L�D �$�L�U �F�R�P�S�U�H�V�V�L�R�Q���*�D�V �P�L�[�L�Q�J�1�5�7�/���5�.
�$�L�U�� �V�W�H�D�P �D�Q�G �$�P�P�R�Q�L�D �$�P�P�R�Q�L�D �R�[�L�G�D�W�L�R�Q �1�5�7�/���5�.
�1�2x �J�D�V�H�V�� �$�L�U �D�Q�G �$�P�P�R�Q�L�D �1�L�W�U�L�F �R�[�L�G�H�V �R�[�L�G�D�W�L�R�Q�1�5�7�/���5�.
�1�2x �J�D�V�H�V�� �$�L�U�� �:�D�W�H�U �D�Q�G �1�L�W�U�L�F �D�F�L�G�$�E�V�R�U�S�W�L�R�Q �(�/�(�&�1�5�7�/
�&�R�R�O�L�Q�J �Z�D�W�H�U �D�Q�G �6�W�H�D�P �8�W�L�O�L�W�L�H�V �6�7�(�$�0�1�%�6

���������� �,�P�S�O�H�P�H�Q�W�H�G �N�L�Q�H�W�L�F�V

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

�‡�0�R�G�H�O �����&�D�W�D�O�\�W�L�F �R�[�L�G�D�W�L�R�Q �R�I �D�P�P�R�Q�L�D��

�‡�0�R�G�H�O �����2�[�L�G�D�W�L�R�Q �R�I �Q�L�W�U�R�J�H�Q �R�[�L�G�H�V �L�Q �U�H�D�F�W�L�Y�H �K�H�D�W �H�[�F�K�D�Q�J�H�U�V��

�‡�0�R�G�H�O �����$�E�V�R�U�S�W�L�R�Q �R�I �Q�L�W�U�R�J�H�Q �R�[�L�G�H �J�D�V�H�V �Z�L�W�K �Z�D�W�H�U��

� �&�D�W�D�O�\�W�L�F �R�[�L�G�D�W�L�R�Q �R�I �D�P�P�R�Q�L�D

�$�V �D�O�U�H�D�G�\ �P�H�Q�W�L�R�Q�H�G �L�Q �6�H�F�W�L�R�Q������������ �W�K�H �V�H�O�H�F�W�L�Y�L�W�\ �W�R�Z�D�U�G�V �1�2 ���(�T�X�D�W�L�R�Q �������� �L�V �D�U�R�X�Q�G
�������������� �7�K�H�U�H �D�U�H �V�R�P�H �X�Q�G�H�V�L�U�D�E�O�H �E�\�S�U�R�G�X�F�W�V �I�R�U�P�H�G �G�X�U�L�Q�J �U�H�D�F�W�L�R�Q�V ����������������������

�7�K�H �F�D�W�D�O�\�W�L�F �R�[�L�G�D�W�L�R�Q �R�I �D�P�P�R�Q�L�D �L�V �V�L�P�X�O�D�W�H�G �L�Q �$�V�S�H�Q �3�O�X�V�Š �F�R�Q�V�L�G�H�U�L�Q�J �R�Q�O�\ �H�T�X�D�W�L�R�Q�V
������ �D�Q�G�������� �7�K�H �F�R�Q�Y�H�U�V�L�R�Q �R�I �D�P�P�R�Q�L�D �W�R�Z�D�U�G�V �U�H�D�F�W�L�R�Q�V������ �D�Q�G�������� �L�V �T�X�L�W�H �O�R�Z��
�7�K�H�U�H�I�R�U�H�� �W�K�R�V�H �U�H�D�F�W�L�R�Q�V �D�U�H �Q�H�J�O�H�F�W�H�G �L�Q �R�X�U �P�R�G�H�O�� �7�K�H �E�O�R�F�N �X�V�H�G �W�R �V�L�P�X�O�D�W�H �W�K�L�V
�X�Q�L�W �L�V �D �V�W�R�L�F�K�L�R�P�H�W�U�L�F �U�H�D�F�W�R�U ���5���������� �F�R�Q�V�L�G�H�U�L�Q�J �D �1�+3 �F�R�Q�Y�H�U�V�L�R�Q �R�I ������ �D�Q�G ���� �I�R�U
�H�T�X�D�W�L�R�Q�V������ �D�Q�G������ �U�H�V�S�H�F�W�L�Y�H�O�\��

� �2�[�L�G�D�W�L�R�Q �R�I �Q�L�W�U�R�J�H�Q �R�[�L�G�H�V �L�Q �U�H�D�F�W�L�Y�H �K�H�D�W �H�[�F�K�D�Q�J�H�U�V

�'�X�U�L�Q�J �W�K�H �K�H�D�W �U�H�F�R�Y�H�U�\ �V�W�D�J�H �L�Q �W�K�H �K�H�D�W �H�[�F�K�D�Q�J�H�U�V ���(������ �� �(�������� �R�Q�O�\ �W�K�U�H�H �Y�D�S�R�X�U
�S�K�D�V�H �U�H�D�F�W�L�R�Q�V �W�D�N�H �S�O�D�F�H��

2 NO(g) + O 2 (g)  �! 2 NO2 (g) �ûH = � 1127 kJ=mol ����������

2 NO2 (g)  �! N2O4 (g) �ûH = � 58:08 kJ=mol ����������

3 NO2 (g) + H 2O (g)  �! 2 HNO3 (g) + NO (g) �ûH = � 72:8 kJ=mol ����������

�7�K�H�U�H �D�U�H �R�W�K�H�U �L�Q�W�H�U�P�H�G�L�D�W�H �E�\���S�U�R�G�X�F�W�V �V�X�F�K �D�V �+�1�22 �D�Q�G �12�23 �Z�K�L�F�K �D�U�H �X�Q�V�W�D�E�O�H
�V�S�H�F�L�H�V �D�Q�G �D�U�H �Q�R�W �F�R�Q�V�L�G�H�U�H�G �L�Q �W�K�H �V�L�P�X�O�D�W�L�R�Q�� �7�K�H�V�H �U�H�D�F�W�L�R�Q�V �D�U�H �F�R�P�S�X�W�H�G �F�U�H�D�W�L�Q�J
�D �)�R�U�W�U�D�Q �X�V�H�U �N�L�Q�H�W�L�F �V�X�E�U�R�X�W�L�Q�H ���$�S�S�H�Q�G�L�[ �$���� �7�K�H �X�V�H�U �V�X�E�U�R�X�W�L�Q�H �Q�D�P�H�G �D�V �+�1�23

�L�V �X�V�H�G �W�R �G�H�V�F�U�L�E�H �W�K�H �N�L�Q�H�W�L�F �P�R�G�H�O �I�R�U �V�H�Y�H�U�D�O �K�H�D�W �H�[�F�K�D�Q�J�H�U�V �P�R�G�H�O�O�H�G �D�V �S�O�X�J �I�O�R�Z
�U�H�D�F�W�R�U�V ���3�)�5�V�� �L�Q �W�K�H �Q�L�W�U�L�F �D�F�L�G �V�L�P�X�O�D�W�L�R�Q��

�7�K�H �I�L�U�V�W �H�T�X�L�O�L�E�U�L�X�P �U�H�D�F�W�L�R�Q �F�R�U�U�H�V�S�R�Q�G�V �W�R �W�K�H �R�[�L�G�D�W�L�R�Q �R�I �Q�L�W�U�L�F �R�[�L�G�H �W�R �Q�L�W�U�R�J�H�Q �G�L�R�[��
�L�G�H�� �7�K�L�V �L�V �D �V�O�R�Z �K�R�P�R�J�H�Q�H�R�X�V �U�H�D�F�W�L�R�Q �Z�K�L�F�K �L�V �I�D�Y�R�X�U�D�E�O�H �D�W �O�R�Z �W�H�P�S�H�U�D�W�X�U�H�V �D�Q�G
�K�L�J�K �S�U�H�V�V�X�U�H�V�� �$�W �W�H�P�S�H�U�D�W�X�U�H�V �E�H�O�R�Z ������� �& �D�Q�G �Z�L�W�K �V�X�I�I�L�F�L�H�Q�W �U�H�V�L�G�H�Q�F�H �W�L�P�H�� �D�O�P�R�V�W
�D�O�O �R�I �W�K�H �Q�L�W�U�L�F �R�[�L�G�H �L�V �F�R�Q�Y�H�U�W�H�G �W�R �Q�L�W�U�R�J�H�Q �G�L�R�[�L�G�H �>���� �@��

r3:2f =
k3:2f

RT
P2

NO PO2 ; logk3:2f = ( � 1:0366 +
652:1

T
) atm � 2s� 1 ����������

r3:2b =
k3:2b

RT
P2

NO 2
; k3:2b =

k3:2f

K eq
; lnK eq = ( � 17:9956 +

13870:9
T

) atm � 1 ����������

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



�7�K�H �U�H�Y�H�U�V�H �U�H�D�F�W�L�R�Q �R�I������ �J�D�L�Q�V �L�P�S�R�U�W�D�Q�F�H �D�W �O�R�Z �W�H�P�S�H�U�D�W�X�U�H�V �>���� �@�� �7�K�H�U�H�I�R�U�H�� �W�K�H
�I�R�U�Z�D�U�G �D�Q�G �E�D�F�N�Z�D�U�G �U�H�D�F�W�L�R�Q �U�D�W�H�V �Q�H�H�G �W�R �E�H �F�R�Q�V�L�G�H�U�H�G ���5�D�W�H������ �	 ����������

�7�K�H �V�H�F�R�Q�G �H�T�X�L�O�L�E�U�L�X�P �U�H�D�F�W�L�R�Q ���(�T�X�D�W�L�R�Q �������� �F�R�U�U�H�V�S�R�Q�G�V �W�R �W�K�H �G�L�P�H�U�L�V�D�W�L�R�Q �R�I �Q�L�W�U�R�J�H�Q
�G�L�R�[�L�G�H�� �7�K�L�V �U�H�D�F�W�L�R�Q �U�H�D�F�K�H�V �U�D�S�L�G�O�\ �W�K�H �H�T�X�L�O�L�E�U�L�X�P �V�W�D�W�H�� �$�V �/�H �&�K�D�W�H�O�L�H�U�¶�V �S�U�L�Q�F�L�S�O�H �L�Q��
�G�L�F�D�W�H�V�� �O�R�Z�H�U �W�H�P�S�H�U�D�W�X�U�H �D�Q�G �K�L�J�K �S�U�H�V�V�X�U�H �V�K�L�I�W �W�K�H �H�T�X�L�O�L�E�U�L�X�P �W�R�Z�D�U�G�V �W�K�H �S�U�R�G�X�F�W�L�R�Q
�R�I �G�L�Q�L�W�U�R�J�H�Q �W�H�W�U�R�[�L�G�H�� �1�H�Y�H�U�W�K�H�O�H�V�V�� �G�X�U�L�Q�J �W�K�H �Z�K�R�O�H �K�H�D�W �U�H�F�R�Y�H�U�\ �X�Q�L�W �R�Q�O�\ �D �V�P�D�O�O
�I�U�D�F�W�L�R�Q �R�I �Q�L�W�U�R�J�H�Q �G�L�R�[�L�G�H �L�V �F�R�Q�Y�H�U�W�H�G �L�Q�W�R �G�L�Q�L�W�U�R�J�H�Q �W�H�W�U�R�[�L�G�H��

r3:3f =
k3:3f

RT
P2

NO ; k3:3f = 10 � k3:2f atm � 1s� 1 ����������

r3:3b =
k3:2b

RT
PN2O4 ; k3:3b =

10� k3:2f

K eq
; lnK eq = ( � 21:244 +

6891:6
T

) atm � 1 ����������

�$ �U�D�W�H �F�R�Q�V�W�D�Q�W �R�I ���� �W�L�P�H�V �W�K�H �1�2 �R�[�L�G�D�W�L�R�Q �U�H�D�F�W�L�R�Q �K�D�V �E�H�H�Q �X�V�H�G �I�R�U �W�K�H �I�R�U�Z�D�U�G
�U�H�D�F�W�L�R�Q�� �7�K�L�V �I�D�F�W�R�U �F�D�Q �E�H �F�R�Q�V�L�G�H�U�H�G �D�V �D�Q �D�G�M�X�V�W�D�E�O�H �S�D�U�D�P�H�W�H�U �L�Q �F�R�Q�W�U�R�O�O�L�Q�J �W�K�H
�U�H�D�F�W�L�R�Q �U�D�W�H �I�R�U �Q�L�W�U�R�J�H�Q �G�L�R�[�L�G�H �G�L�P�H�U�L�V�D�W�L�R�Q �>���� �@��

�)�L�Q�D�O�O�\�� �W�K�H �O�D�V�W �U�H�D�F�W�L�R�Q �L�V �W�K�H �I�R�U�P�D�W�L�R�Q �R�I �Q�L�W�U�L�F �D�F�L�G �I�U�R�P �Z�D�W�H�U �D�Q�G �Q�L�W�U�R�J�H�Q �G�L�R�[�L�G�H
���(�T�X�D�W�L�R�Q ���������� �7�K�L�V �U�H�D�F�W�L�R�Q �W�D�N�H�V �S�O�D�F�H �U�H�D�O�O�\ �I�D�V�W �L�Q �J�D�V���S�K�D�V�H �X�Q�W�L�O �L�W �U�H�D�F�K�H�V �H�T�X�L�O�L�E��
�U�L�X�P�� �7�K�H �H�T�X�L�O�L�E�U�L�X�P �F�R�Q�V�W�D�Q�W �X�V�H�G �I�R�U �W�K�L�V �U�H�D�F�W�L�R�Q �F�R�P�H�V �I�U�R�P �W�K�H �.�X�R�N�R�O�L�I �D�Q�G �0�D�U�H�N
�L�Q�Y�H�V�W�L�J�D�W�L�R�Q �>���� �@��

r3:4f =
k3:4f

RT
P3

NO 2
PH 2O ; k3:4f = 8000 � k3:2f atm � 3s� 1 ����������

r3:4b =
k3:4b

RT
P2

HN 03
PNO ; k3:3b =

k3:4f

K eq
; lnK eq = ( � 19:7292 +

4282:34
T

) atm � 1 ������������

�7�K�H �U�H�D�F�W�L�R�Q �U�D�W�H �F�R�Q�V�W�D�Q�W �I�R�U �W�K�H �I�R�U�Z�D�U�G �U�H�D�F�W�L�R�Q �K�D�V �E�H�H�Q �V�H�W �W�R �������� �W�K�H �E�D�V�L�F �1�2
�R�[�L�G�D�W�L�R�Q �U�D�W�H �F�R�Q�V�W�D�Q�W�� �7�K�L�V �I�D�F�W�R�U �L�V �F�K�R�V�H�Q �W�R �V�L�P�X�O�D�W�H �H�I�I�H�F�W�L�Y�H�O�\ �W�K�H �H�T�X�L�O�L�E�U�L�X�P �P�R�G�H�O
�>���� �@��

� �$�E�V�R�U�S�W�L�R�Q �R�I �Q�L�W�U�R�J�H�Q �R�[�L�G�H �Z�L�W�K �Z�D�W�H�U

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

�,�Q�)�L�J�X�U�H �������� �W�K�H �F�R�P�S�O�H�W�H �Q�R�Q���V�W�R�L�F�K�L�R�P�H�W�U�L�F �P�R�G�H�O �I�R�U �W�K�H �D�E�V�R�U�S�W�L�R�Q �R�I �Q�L�W�U�R�J�H�Q �R�[�L�G�H�V
�L�Q �Z�D�W�H�U �L�V �V�K�R�Z�Q�� �+�R�Z�H�Y�H�U�� �L�W �Z�D�V �G�H�F�L�G�H�G �W�R �X�V�H �D �V�L�P�S�O�H�U �P�R�G�H�O �G�H�Y�H�O�R�S�H�G �E�\ �0�L�O�O�H�U
�L�Q ���������� �7�K�L�V �P�R�G�H�O �K�D�V �F�R�U�U�H�O�D�W�L�R�Q�V �W�R �P�R�G�H�O �W�K�H �E�H�K�D�Y�L�R�X�U �R�I �D�E�V�R�U�S�W�L�R�Q �W�R�Z�H�U�V �L�Q �W�K�H
�S�U�R�G�X�F�W�L�R�Q �R�I �Q�L�W�U�L�F �D�F�L�G �>���� �@��

�$�V�)�L�J�X�U�H �������V�K�R�Z�V�� �W�K�L�V �P�R�G�H�O �F�R�Q�V�L�G�H�U�V �W�Z�R �Y�D�S�R�U���S�K�D�V�H �D�Q�G �R�Q�H �O�L�T�X�L�G���S�K�D�V�H �U�H�D�F��
�W�L�R�Q�� �)�L�U�V�W�O�\�� �W�K�H �1�2 �R�[�L�G�D�W�L�R�Q �W�D�N�H�V �S�O�D�F�H �W�R �I�R�U�P �1�22 ���(�T�X�D�W�L�R�Q ���������� �,�Q �0�L�O�O�H�U�¶�V �S�D�S�H�U
�W�K�H �N�L�Q�H�W�L�F �U�D�W�H �F�R�Q�V�L�G�H�U�H�G �L�V �G�H�V�F�U�L�E�H�G �L�Q �D �G�L�I�I�H�U�H�Q�W �Z�D�\ �W�K�D�Q �W�K�D�W �R�I �H�T�X�D�W�L�R�Q�V������ �D�Q�G
�������� �1�H�Y�H�U�W�K�H�O�H�V�V�� �L�W �L�V �D�V�V�X�P�H�G �W�R �X�V�H �W�K�H �N�L�Q�H�W�L�F �U�D�W�H �G�H�V�F�U�L�E�H�G �E�\ �%�R�G�H�Q�V�W�H�L�Q �L�Q ��������
�>���� �@��

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



�)�L�J�X�U�H �������� �6�L�P�S�O�L�I�L�H�G �P�H�F�K�D�Q�L�V�P ���0�L�O�O�H�U�¶�V �D�S�S�U�R�D�F�K�� �>���� �@��

�6�H�F�R�Q�G�O�\�� �W�K�H �G�L�P�H�U�L�V�D�W�L�R�Q �R�I �Q�L�W�U�R�J�H�Q �G�L�R�[�L�G�H �W�D�N�H�V �S�O�D�F�H ���(�T�X�D�W�L�R�Q ���������� �7�K�L�V �H�T�X�L�O�L�E�U�L�X�P
�H�T�X�D�W�L�R�Q �K�D�V �E�H�H�Q �P�R�G�H�O�O�H�G �X�V�L�Q�J �W�K�H �H�T�X�L�O�L�E�U�L�X�P �F�D�S�D�E�L�O�L�W�\ �L�Q �5�D�G�I�U�D�F��

�)�L�Q�D�O�O�\�� �W�K�H �R�Y�H�U�D�O�O �U�H�D�F�W�L�R�Q �I�R�U �W�K�H �S�U�R�G�X�F�W�L�R�Q �R�I �Q�L�W�U�L�F �D�F�L�G �F�D�Q �E�H �G�H�V�F�U�L�E�H�G ���(�T�X�D��
�W�L�R�Q ������������ �0�L�O�O�H�U �V�W�D�W�H�G �W�K�D�W �G�L�Q�L�W�U�R�J�H�Q �W�H�W�U�R�[�L�G�H �I�L�U�V�W �D�E�V�R�U�E�V �L�Q �W�K�H �O�L�T�X�L�G �S�K�D�V�H �D�V �D
�P�D�V�V���W�U�D�Q�I�H�U �O�L�P�L�W�H�G �U�H�D�F�W�L�R�Q �D�Q�G �W�K�H�Q �T�X�L�F�N�O�\ �U�H�D�F�W�V �W�R �I�R�U�P �Q�L�W�U�L�F �D�F�L�G��

3 N2O4 (g) + 2 H 2O (l)  �! 4 HNO3 (l) + 2 NO (g) �ûH = � 75 kJ=mol ������������

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

rN2O4 = JN2O4 � A � PN2O4 ; kmol=s ������������

�7�K�L�V �U�H�D�F�W�L�R�Q �U�D�W�H �L�V �Z�U�L�W�W�H�Q �D�V �D �I�X�Q�F�W�L�R�Q �R�I �W�K�H �D�E�V�R�U�S�W�L�R�Q �U�D�W�H ���-N2O4 ���� �W�K�H �L�Q�W�H�U�I�D�F�L�D�O �D�U�H�D
���$�� �D�Q�G �W�K�H �S�D�U�W�L�D�O �S�U�H�V�V�X�U�H �R�I �G�L�Q�L�W�U�R�J�H�Q �W�H�W�U�R�[�L�G�H ���3N2O4 ����

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

A = 325 � u1=2
g S� 1=2�

d2

4
; m2 ������������

�0�L�O�O�H�U �I�R�X�Q�G �G�L�I�I�H�U�H�Q�W �F�R�U�U�H�O�D�W�L�R�Q�V �I�R�U �W�K�H �D�E�V�R�U�S�W�L�R�Q �U�D�W�H ���-N2O4 �� �D�V �D �I�X�Q�F�W�L�R�Q �R�I �W�H�P�S�H�U��
�D�W�X�U�H ���7�� �D�Q�G �P�D�V�V �I�U�D�F�W�L�R�Q �� �:HNO 3 �� �� �7�K�H �D�E�V�R�U�S�W�L�R�Q �U�D�W�H �Z�D�V �G�H�V�F�U�L�E�H�G �G�H�S�H�Q�G�L�Q�J �R�Q
�W�K�H �W�\�S�H �R�I �W�U�D�\��

�‡�%�X�E�E�O�H���F�D�S �W�U�D�\�V��

������������JN2O4 = exp
�

�
1500

T
� 4:3790� 23:279WHNO 3 + 130:42W 2

HNO 3
� 370:87W 3

HNO 3

+ 486:94W 4
HNO 3

� 236:54W 5
HNO 3

�
; kmol m� 2kPa� 1 s� 1

�‡�6�L�H�Y�H �W�U�D�\�V��

�)�R�U �:HNO 3 �! ����������

������������JN2O4 = exp
�

�
1500

T
� 2:7648� 39:614WHNO 3 + 181:98W 2

HNO 3
� 429:65W 3

HNO 3

+ 496:99W 4
HNO 3

� 223:24W 5
HNO 3

�
; kmol m� 2kPa� 1 s� 1

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



�)�R�U �:HNO 3 �� ����������

������������JN2O4 = exp
�

�
1500

T
+ 0 :2548� 315:73WHNO 3 + 9256:2W 2

HNO 3

� 95602W 3
HNO 3

�
; kmol m� 2kPa� 1 s� 1

�7�K�L�V �P�R�G�H�O �F�D�Q �R�Q�O�\ �E�H �L�P�S�O�H�P�H�Q�W�H�G �L�Q �$�V�S�H�Q �3�O�X�V�Š �W�K�U�R�X�J�K �D �X�V�H�U �N�L�Q�H�W�L�F �V�X�E�U�R�X�W�L�Q�H��
�7�K�H �X�V�H�U �V�X�E�U�R�X�W�L�Q�H �F�D�O�O�H�G �1�2�$�%�6 �K�D�V �E�H�H�Q �F�U�H�D�W�H�G �E�\ �$�V�S�H�Q�7�H�F�K�Š�� �,�W �L�V �L�P�S�O�H�P�H�Q�W�H�G
�L�Q �D �5�D�G�I�U�D�F �E�O�R�F�N �D�Q�G �L�W �K�D�V �R�Q�H �L�Q�W�H�J�H�U �L�Q�S�X�W �Y�D�U�L�D�E�O�H �D�Q�G �� �U�H�D�O �L�Q�S�X�W �Y�D�U�L�D�E�O�H�V �>���� �@�� �$�Q
�L�Q�W�H�J�H�U �Y�D�O�X�H �R�I �� �F�R�U�U�H�V�S�R�Q�G �W�R �D �E�X�E�E�O�H���F�D�S �W�U�D�\�V �F�R�O�X�P�Q �D�Q�G �D �Y�D�O�X�H �R�I �� �I�R�U �D �V�L�H�Y�H
�W�U�D�\�V �F�R�O�X�P�Q�� �7�K�H �� �U�H�D�O �Y�D�O�X�H�V �F�R�U�U�H�V�S�R�Q�G �W�R�� ���� �&�R�O�X�P�Q �G�L�D�P�H�W�H�U ���P���� ���� �%�X�E�E�O�H �F�D�S
�V�O�R�W �R�U �V�L�H�Y�H �K�R�O�H �V�X�E�P�H�U�J�H�Q�F�H ���P���� ���� �)�D�F�W�R�U �I�R�U �H�T�X�D�W�L�R�Q�������� �D�Q�G ���� �)�D�F�W�R�U �I�R�U �H�T�X�D�W�L�R�Q
����������

���������� �3�L�Q�F�K �D�Q�D�O�\�V�L�V

�7�K�H �J�R�D�O �R�I �W�K�H �S�L�Q�F�K �D�Q�D�O�\�V�L�V �L�V �W�R �G�H�F�U�H�D�V�H �K�H�D�W�L�Q�J �D�Q�G �F�R�R�O�L�Q�J �X�W�L�O�L�W�L�H�V �E�\ �L�Q�W�H�J�U�D�W�L�Q�J
�W�K�H �K�R�W �V�W�U�H�D�P�V �W�R �K�H�D�W �W�K�H �F�R�O�G �V�W�U�H�D�P�V �X�S �D�Q�G �Y�L�F�H �Y�H�U�V�D�� �7�K�L�V �P�H�W�K�R�G�R�O�R�J�\ �S�U�H�W�H�Q�G�V
�W�R �P�L�Q�L�P�L�V�H �H�Q�H�U�J�\ �F�R�Q�V�X�P�S�W�L�R�Q �R�I �F�K�H�P�L�F�D�O �S�U�R�F�H�V�V�H�V�� �7�K�H �I�L�U�V�W �V�W�H�S �L�V �W�R �F�D�O�F�X�O�D�W�H �W�K�H
�S�L�Q�F�K �W�H�P�S�H�U�D�W�X�U�H�� �7�K�L�V �P�H�W�U�L�F �U�H�S�U�H�V�H�Q�W�V �W�K�H �P�L�Q�L�P�X�P �W�H�P�S�H�U�D�W�X�U�H �G�L�I�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q
�W�K�H �K�R�W �D�Q�G �F�R�O�G �F�R�P�S�R�V�L�W�H �F�X�U�Y�H�� �,�W �L�V �W�K�H �S�R�L�Q�W �Z�K�H�U�H �W�K�H �G�H�V�L�J�Q �L�V �P�R�U�H �F�R�Q�V�W�U�D�L�Q�W��
�,�W �F�R�Q�V�W�L�W�X�W�H�V �W�K�H �I�L�U�V�W �V�W�H�S�� �D�I�W�H�U �W�K�D�W �W�K�H �H�Q�H�U�J�\ �U�H�T�X�L�U�H�P�H�Q�W�V �F�D�Q �E�H �I�X�O�I�L�O�O�H�G �X�V�L�Q�J �K�H�D�W
�H�[�F�K�D�Q�J�H�U �W�R �U�H�F�R�Y�H�U �K�H�D�W �E�H�W�Z�H�H�Q �W�K�H �F�R�O�G �D�Q�G �K�R�W �V�W�U�H�D�P�V�� �2�Q�F�H �W�K�L�V �V�W�H�S �L�V �H�[�H�F�X�W�H�G��
�W�K�H �K�H�D�W �H�[�F�K�D�Q�J�H�U �Q�H�W�Z�R�U�N �V�\�Q�W�K�H�V�L�V ���+�(�1�6�� �L�V �G�H�I�L�Q�H�G�� �,�Q �W�K�D�W �Z�D�\�� �W�K�H �L�Q�W�H�J�U�D�W�L�R�Q �R�I
�W�K�H �K�H�D�W �H�[�F�K�D�Q�J�H�U�V �D�Q�G �W�K�H �U�H�T�X�L�U�H�G �X�W�L�O�L�W�\ �V�W�U�H�D�P�V �D�U�H �S�U�R�S�H�U�O�\ �G�H�V�L�J�Q�H�G��

� �+�H�D�W �F�D�S�D�F�L�W�\ �F�D�O�F�X�O�D�W�L�R�Q

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

�+�H�D�W �G�X�W�L�H�V�� �I�O�R�Z�U�D�W�H�V�� �W�H�P�S�H�U�D�W�X�U�H �G�L�I�I�H�U�H�Q�F�H�V �D�Q�G �K�H�D�W �F�D�S�D�F�L�W�L�H�V �Q�H�H�G �W�R �E�H �N�Q�R�Z�Q
�W�R �S�H�U�I�R�U�P �W�K�L�V �P�H�W�K�R�G�� �7�K�H �K�H�D�W �F�D�S�D�F�L�W�\ ���&p�� �L�V �Q�R�W �G�L�U�H�F�W�O�\ �J�L�Y�H�Q �E�\ �$�V�S�H�Q �3�O�X�V�Š��
�1�H�Y�H�U�W�K�H�O�H�V�V�� �L�W �F�D�Q �E�H �H�D�V�L�O�\ �F�D�O�F�X�O�D�W�H�G �G�L�Y�L�G�L�Q�J �W�K�H �K�H�D�W �G�X�W�\ �E�\ �W�K�H �I�O�R�Z�U�D�W�H ���)�� �D�Q�G �W�K�H
�W�H�P�S�H�U�D�W�X�U�H �G�L�I�I�H�U�H�Q�F�H ��� �7����

Cp =
Q

F � � T
������������

�2�Q�F�H �W�K�H �K�H�D�W �F�D�S�D�F�L�W�\ �L�V �N�Q�R�Z�Q�� �L�W �L�V �P�X�O�W�L�S�O�L�H�G �E�\ �W�K�H �I�O�R�Z�U�D�W�H �W�R �R�E�W�D�L�Q�� �)�&p�� �Z�K�L�F�K �L�V
�G�H�I�L�Q�H�G �D�V �W�K�H �D�P�R�X�Q�W �R�I �K�H�D�W �U�H�T�X�L�U�H�G �W�R �L�Q�F�U�H�D�V�H �R�U �G�H�F�U�H�D�V�H �W�K�H �I�O�R�Z �W�H�P�S�H�U�D�W�X�U�H �E�\
���. �S�H�U �V�H�F�R�Q�G��

� �3�L�Q�F�K �S�R�L�Q�W �D�Q�D�O�\�V�L�V��

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

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

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



�‡�6�H�O�H�F�W �W�K�H �P�L�Q�L�P�X�P �G�L�I�I�H�U�H�Q�F�H �R�I �W�H�P�S�H�U�D�W�X�U�H �E�H�W�Z�H�H�Q �W�K�H �F�R�O�G �D�Q�G �K�R�W �F�R�P�S�R�V�L�W�H
�F�X�U�Y�H�V ��� �7min ���� �7�K�H �G�H�F�L�V�L�R�Q �L�V �E�D�V�H�G �R�Q �H�T�X�L�S�P�H�Q�W �D�Q�G �X�W�L�O�L�W�\ �F�R�V�W�V�� �1�R�U�P�D�O�O�\��
�W�K�H �D�Q�D�O�\�V�L�V �L�V �S�H�U�I�R�U�P�H�G �I�R�U �G�L�I�I�H�U�H�Q�W� �7min �D�Q�G �L�V �S�O�R�W�W�H�G �D�J�D�L�Q�V�W �W�K�H �R�S�H�U�D�W�L�R�Q�D�O
�D�Q�G �F�D�S�L�W�D�O �F�R�V�W�V��
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�:�K�H�U�HPWFcf;j �L�V �W�K�H �S�U�H�V�H�Q�W �Z�R�U�W�K �I�D�F�W�R�U �I�R�U �W�K�H �F�D�V�K �I�O�R�Z �L�Q �\�H�D�Uj; sj �V�D�O�H�V �L�Q �\�H�D�U
j; coj �W�R�W�D�O �S�U�R�G�X�F�W�L�R�Q �F�R�V�W �L�Q �\�H�D�Uj; dj �G�H�S�U�H�F�L�D�W�L�R�Q �L�Q �\�H�D�Uj��� �L�V �L�Q�F�R�P�H �W�D�[ �U�D�W�H��PWFv;j

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

PWFcf;j = (1 + i ) � j ; PWFv;j = (1 + i ) � j ������������

�7�K�H �D�S�S�U�R�S�U�L�D�W�H �G�L�V�F�R�X�Q�W �U�D�W�Hi �X�V�H�G �I�R�U �G�L�V�F�U�H�W�H �F�R�P�S�R�X�Q�G�L�Q�J �L�V �H�T�X�D�O �W�R �P�L�Q�L�P�X�P �D�F��
�F�H�S�W�D�E�O�H �U�D�W�H �R�I �U�H�W�X�U�Q��mar �X�V�H�G �E�\ �F�R�P�S�D�Q�\ �V�W�D�Q�G�D�U�G�V�� �7�K�H �1�3�9 �P�H�W�U�L�F �L�V �D�Q �L�Q�G�L�F�D�W�R�U
�R�I �W�K�H �S�U�R�I�L�W�D�E�L�O�L�W�\ �I�R�U �D �J�L�Y�H�Q �G�L�V�F�R�X�Q�W �U�D�W�H�� �7�K�H �K�L�J�K�H�U �W�K�H �1�3�9�� �W�K�H �P�R�U�H �I�D�Y�R�X�U�D�E�O�H �W�K�H
�L�Q�Y�H�V�W�P�H�Q�W��

�'�L�V�F�R�X�Q�W�H�G �F�D�V�K �I�O�R�Z �U�D�W�H �R�I �U�H�W�X�U�Q ���'�&�)�5��

�7�K�H �G�L�V�F�R�X�Q�W�H�G �F�D�V�K �I�O�R�Z �U�D�W�H �R�I �U�H�W�X�U�Q �L�V �W�K�H �U�H�W�X�U�Q �R�E�W�D�L�Q�H�G �I�U�R�P �D�Q �L�Q�Y�H�V�W�P�H�Q�W �L�Q �Z�K�L�F�K
�D�O�O �L�Q�Y�H�V�W�P�H�Q�W�V �D�Q�G �F�D�V�K �I�O�R�Z�V �D�U�H �G�L�V�F�R�X�Q�W�H�G �>���� �@�� �7�K�H �'�&�)�5 �L�V �F�D�O�F�X�O�D�W�H�G �E�\ �L�W�H�U�D�W�L�Q�J
i dcfr �X�Q�W�L�O �V�D�W�L�V�I�L�H�V �W�K�H �H�T�X�D�E�L�O�L�W�\ �F�R�Q�V�W�U�D�L�Q�W �I�R�U�(�T�X�D�W�L�R�Q ���������E�H�L�Q�J �]�H�U�R��

�0�L�Q�L�P�X�P �V�H�O�O�L�Q�J �S�U�L�F�H �R�I �S�U�R�G�X�F�W ���0�6�(�3��

�7�K�H �0�6�(�3 �L�V �G�H�I�L�Q�H�G �D�V �W�K�H �P�L�Q�L�P�X�P �S�U�R�G�X�F�W �S�U�L�F�H �W�K�D�W �H�Q�V�X�U�H�V �D �P�L�Q�L�P�X�P �L�Q�Y�H�V�W�P�H�Q�W
�W�D�U�J�H�W �E�D�V�H�G �R�Q �W�K�H �'�&�)�5 �D�Q�G �W�K�H �Par �� �,�W �P�X�V�W �E�H �V�R�O�Y�H�G �E�\ �L�W�H�U�D�W�L�Q�J �X�Q�W�L�O �W�K�H �S�U�R�G�X�F�W
�S�U�L�F�H��p �V�D�W�L�V�I�L�H�V �W�K�H �H�T�X�D�O�L�W�\ �F�R�Q�V�W�U�D�L�Q �I�R�U �1�3�9 �E�H�L�Q�J �]�H�U�R �I�R�U �D �J�L�Y�H�Q �P�L�Q�L�P�X�P �D�F�F�H�S�W�D�E�O�H
�U�D�W�H �R�I �U�H�W�X�U�Q��

0 =
NX

j =1

(1 + mar ) � j [(Fj p � coj � dj ) (1 � � ) + dj ] �
NX

j = � b

(1 + mar ) � j TCI j ������������

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

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



���������� �6�H�Q�V�L�W�L�Y�L�W�\ �D�Q�D�O�\�V�L�V

�3�U�R�G�X�F�W �S�U�L�F�H�� �U�D�Z �P�D�W�H�U�L�D�O�V �D�Q�G �X�W�L�O�L�W�\ �S�U�L�F�H�V �D�U�H �V�X�E�M�H�F�W �W�R �I�O�X�F�W�X�D�W�L�R�Q �G�X�H �W�R �P�D�U�N�H�W
�I�R�U�F�H�V �D�Q�G �V�R�F�L�R�H�F�R�Q�R�P�L�F �D�V�S�H�F�W�V�� �7�K�H�U�H�I�R�U�H�� �V�H�Q�V�L�W�L�Y�L�W�\ �D�Q�D�O�\�V�L�V �L�V �F�R�Q�V�L�G�H�U�H�G �D �X�V�H�I�X�O
�S�U�D�F�W�L�F�H �W�R �V�W�X�G�\ �W�K�H �L�P�S�D�F�W�V �R�I �S�R�V�V�L�E�O�H �P�D�U�N�H�W �I�O�X�F�W�X�D�W�L�R�Q�V �R�Q �\�R�X�U �S�U�R�M�H�F�W �G�H�V�L�J�Q �S�O�D�Q�W��
�0�R�U�H�R�Y�H�U�� �L�W �K�D�V �E�H�H�Q �F�R�Q�V�L�G�H�U�H�G �W�R �S�H�U�I�R�U�P �V�H�Q�V�L�W�L�Y�L�W�\ �D�Q�D�O�\�V�L�V �W�R �)�&�,�� �S�U�R�I�L�W�V�� �L�Q�F�R�P�H
�W�D�[�H�V�� �Par �D�Q�G �R�W�K�H�U �L�Q�S�X�W�V �W�K�D�W �D�I�I�H�F�W�V �W�K�H �S�U�R�I�L�W�D�E�L�O�L�W�\ �P�H�W�U�L�F�V��

�7�K�H �P�H�W�K�R�G �X�V�H�G �W�R �S�H�U�I�R�U�P �V�H�Q�V�L�W�L�Y�L�W�\ �D�Q�D�O�\�V�L�V �L�V �N�Q�R�Z�Q �D�V �D�V �R�Q�H �I�D�F�W�R�U �D�W �D �W�L�P�H
���2�)�$�7���� �,�W �F�R�Q�V�L�G�H�U�V �W�K�D�W �W�K�H �V�H�Q�V�L�W�L�Y�L�W�\ �R�I �D �P�R�G�H�O �U�H�V�S�R�Q�V�H ��y = f (x)�� �W�R �D �I�D�F�W�R�Ux
�F�R�U�U�H�V�S�R�Q�G�V �W�R �W�K�H �U�D�W�H �R�I �F�K�D�Q�J�H �R�I �W�K�H �U�H�V�S�R�Q�V�H �L�Q �W�K�H �G�L�U�H�F�W�L�R�Q �R�I �L�Q�F�U�H�D�V�L�Q�J �Y�D�O�X�H�V �R�I
�W�K�H �I�D�F�W�R�Ux �>���� �@�� �7�K�L�V �U�D�W�H �R�I �F�K�D�Q�J�H �L�V �N�Q�R�Z�Q �D�V �W�K�H �V�O�R�S�H �D�Q�G �G�H�I�L�Q�H�G �D�V��

�$�E�V�R�O�X�W�H �V�H�Q�V�L�W�L�Y�L�W�\��sa =
@y
@x

������������

�5�H�O�D�W�L�Y�H �V�H�Q�V�L�W�L�Y�L�W�\��sr =
@y
@x

x �

y� ������������

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

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

�)�R�U�Z�D�U�G �S�H�U�W�X�U�E�D�W�L�R�Q��
@y
@x

=
f (x � + � x) � f (x � )

� x
������������

�%�D�F�N�Z�D�U�G �S�H�U�W�X�U�E�D�W�L�R�Q��
@y
@x

=
f (x � ) � f (x � � � x)

� x
������������

�&�H�Q�W�U�D�O �G�L�I�I�H�U�H�Q�F�H��
@y
@x

=
f (x � + � x) � f (x � � � x)

� x
������������

���������� �$�V�V�X�P�S�W�L�R�Q�V

�7�K�H �W�H�F�K�Q�R���H�F�R�Q�R�P�L�F �D�Q�D�O�\�V�L�V �L�V �S�H�U�I�R�U�P�H�G �I�R�U �W�K�H �F�X�U�U�H�Q�W �\�H�D�U �������� �D�Q�G �W�K�H �F�X�U�U�H�Q�F�\
�X�V�H�G �W�R �H�[�S�U�H�V�V �W�K�H �U�H�V�X�O�W�V �L�V �W�K�H �H�X�U�R ��e ���� �7�K�H �H�[�S�H�F�W�H�G �O�L�I�H�W�L�P�H �R�I �W�K�H �S�O�D�Q�W �L�V �D�V�V�X�P�H�G
�W�R �E�H ���� �\�H�D�U�V �Z�L�W�K �D �I�X�O�O �O�R�D�G �R�S�H�U�D�W�L�Q�J �W�L�P�H �R�I �������� �K�R�X�U�V �S�H�U �\�H�D�U�� �7�K�H�V�H �S�O�D�Q�W�V �D�U�H
�D�V�V�X�P�H�G �W�R �E�H �O�R�F�D�W�H�G �L�Q �V�R�X�W�K�H�U�Q �6�S�D�L�Q�� �L�Q �W�K�H �U�H�J�L�R�Q �R�I �$�Q�G�D�O�X�V�L�D��

�7�K�H �F�R�V�W �L�Q�I�R�U�P�D�W�L�R�Q �D�E�R�X�W �U�D�Z �P�D�W�H�U�L�D�O�V �D�Q�G �X�W�L�O�L�W�L�H�V �D�U�H �V�K�R�Z�Q �L�Q�7�D�E�O�H �������� �$�O�O �W�K�H
�P�D�U�N�H�W �S�U�L�F�H�V �D�U�H �X�S�G�D�W�H�G �W�R ���������� �'�X�H �W�R �W�K�H �L�P�S�R�V�V�L�E�L�O�L�W�\ �R�I �R�E�W�D�L�Q�L�Q�J �P�D�U�N�H�W �I�L�J�X�U�H�V
�I�R�U �Q�L�W�U�L�F �D�F�L�G �S�U�L�F�H�V�� �W�K�H �H�F�R�Q�R�P�L�F �D�Q�D�O�\�V�L�V �L�V �G�R�Q�H �E�D�V�H�G �R�Q �W�K�H �P�L�Q�L�P�X�P �V�H�O�O�L�Q�J �S�U�L�F�H
�R�I �Q�L�W�U�L�F �D�F�L�G �W�K�D�W �P�H�H�W�V �D �Par �R�I ���� �� ���(�T�X�D�W�L�R�Q ������������

�7�K�H �F�D�V�K �I�O�R�Z �D�Q�D�O�\�V�L�V �L�V �S�H�U�I�R�U�P�H�G �D�V�V�X�P�L�Q�J �D �W�K�U�H�H �\�H�D�U�V �F�R�Q�V�W�U�X�F�W�L�R�Q �S�H�U�L�R�G �L�Q �Z�K�L�F�K
������ �� ������ �D�Q�G ������ �R�I �W�K�H �)�&�, �L�V �L�Q�Y�H�V�W�H�G �L�Q �W�K�H �I�L�U�V�W�� �V�H�F�R�Q�G �D�Q�G �W�K�L�U�G �\�H�D�U �R�I �W�K�H �F�R�Q��
�V�W�U�X�F�W�L�R�Q �S�H�U�L�R�G �U�H�V�S�H�F�W�L�Y�H�O�\�� �7�K�H �W�K�U�H�H �\�H�D�U�V �R�I �W�K�H �F�R�Q�V�W�U�X�F�W�L�R�Q �S�H�U�L�R�G �D�U�H �G�H�Q�R�W�H�G �D�V
�Q�H�J�D�W�L�Y�H �\�H�D�U�V �L�Q �W�K�H �F�D�V�K �I�O�R�Z �D�Q�D�O�\�V�L�V ���V�H�H�$�S�S�H�Q�G�L�[ �(����

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

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



�S�U�R�G�X�F�W�L�R�Q �L�Q �W�K�H �V�H�F�R�Q�G �\�H�D�U�� �6�S�D�L�Q �K�D�V �D�Q �L�Q�F�R�P�H �W�D�[ �U�D�W�H �D�U�R�X�Q�G �W�K�H ������ �I�R�U �O�D�U�J�H
�F�R�P�S�D�Q�L�H�V �>���� �@�� �'�H�S�U�H�F�L�D�W�L�R�Q �L�V �F�R�Q�V�L�G�H�U�H�G �I�R�U �W�K�H �Z�K�R�O�H �S�O�D�Q�W �O�L�I�H �W�L�P�H�� �7�K�H �P�H�W�K�R�G�R�O��
�R�J�\ �F�K�R�V�H�Q �W�R �F�D�O�F�X�O�D�W�H �W�K�H �D�Q�Q�X�D�O �G�H�S�U�H�F�L�D�W�L�R�Q �L�V �W�K�H �D�F�F�H�O�H�U�D�W�H�G �F�R�V�W �U�H�F�R�Y�H�U�\ �V�\�V�W�H�P
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A User kinetic subroutines in Aspen Plus
There are different functionalities that cannot be directly introduced in Aspen Plus. This is
the case for several kinetic equations that are not written in the conventional form. In that
case, Aspen Plus® has created a developer user manual to allow the users to customize
the simulator and adjust to their needs. One of the main functionalities is the so called
”Fortran user models”, subroutines are created by the user to perform several tasks as
sizing and costing and unit operation models among others [67].

Kinetic forms in Aspen Plus
The power law expression (conventional form) has two possibilities:

• If T0 is specified, then the general law expression will be:

r = k (T/To)n e(−E/R)
[

1
T
− 1

To

] N∏
i=1

Cαi
i (A.1)

• On the other hand if T0 is not specified, the general law expression will reduce to

r = k(T )ne(−E/R)[ 1
T ]

N∏
i=1

Cαi
i (A.2)

The rate is expressed in kmol/(s· basis) where the basis is either m3 for “Rate Basis:
Reac (vol)”, or kilogram catalyst for ”Rate Basis: Cat (wt)”.

Apart from the conventional forms, Aspen Plus offers different possibilities such as: Langmuir­
Hinshelwood­Hougen­Watson (LHHW) reactions, equilibrium reactions, rate controlled
reactions, salt precipitation reactions, crystallization reactions...etc

Nevertheless, the heat exchangers (From E­104 to E­108) were modelled as plug flow
reactors (PFRs) since kinetic reactions cannot be included in the heat exchangers blocks
in Aspen Plus®. The introduction of the kinetic in the conventional form led to problems
during the simulation. Equilibrium reactions (2.12­2.13) must be simulated independently
for PFRs: The forward reaction from one side and backward reaction from the other side.
For that reason, all the kinetics were programmed in Fortran and introduced in Aspen
Plus®.

Linking Aspen Plus with Microsoft Visual Studio and Intel
Fortran Compiler
There are several steps to be done before writing and using any Fortran user model.
Aspen tech software does not include Microsoft visual studio ® (MVS) and Intel fortran
compiler ® (IFC) by default. Those programs are required for the code development, the
compiling step and for the linkage of the files.

• step 1: Search in programs for “Set Compiler” in my case: ”C:\Program Files
\AspenTech\AprSystem V11.0\Engine\Xeq\ApSetComp.exe”. Figure A.2 will ap­
pear in your desk.

• step 2: Check the compatibility versions for MVS and IFC and proceed to install
the same versions. In my case, I have installed IFC 17/2017 with VS 2015 & IFC
18/2018 with VS 2015 (Figure A.2).
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Figure A.1: Basic steps and required programs.

• step 3: Once both programs has being successfully installed “OK” message will
appear instead of “ERROR” in the column state.

• step 4: Configure the compiler of Aspen Plus® for USER and MACHINE (see at the
bottom of Figure A.2). Write the number of the row that your state column shows
“OK” and click ENTER in your keyboard. Repeat the same for the machine option.

Figure A.2: Set compiler window for Microsoft visual studio and Intel fortran versions.

Code compilation and linkage with Aspen Plus
First of all, the Fortran code must be written following the Aspen User manual [67]. One
of the easiest ways is to start using a default template available in the AspenTech folders
(C:\Program Files\AspenTech\Aspen Plus V11.0\Engine\User).

Once the code is prepared and saved with the extension .f, it must be translated from the
Visual Basic language to Fortran using IFC. it can be easily done following these steps:

• step 1: Open “Customize Aspen Plus program”. In my case: (“C:\Program Files
\AspenTech\Aspen Plus V11.0\Engine\Xeq\aspsetup.bat”)
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Figure A.3: .opt file creation in Notepad. a. Step 4 and b. Step 6.

• step 2: Open the location of your file. Type: cd + “location of your fortran code
file” and click ENTER (see Figure A.4).

• step 3: Compile your fortran code. Write: aspcomp + “the name of your fortran
code file”.f and click ENTER. This step creates an object file with an extension .obj
(see Figure A.4).

• step 4: Create a file with the program Notepad and write down the name of the
object file created (see Figure A.3). Then, save this file in the same location with
the extension .opt.

Figure A.4: Customize Aspen Plus window.

• step 5: Go back to Customize Aspen Plus® window and type: asplink [dlopt “name
of your object file”.opt] “type name of the file”. This process generates a .dll,
.ld and .lds file. However, we will just use the file with the extension .dll.

• step 6: Create a file with the program Notepad and write down the name of the
dll file created (see Figure A.3). Then, save this file in the same location with the
extension .opt.

• step 7: Go to Aspen Plus® simulation environment and click on: Run→ Settings→

Techno­economic analysis of a solar ammonia and fertilizer production 55




	Preface
	Abstract
	Acknowledgements
	1 Introduction
	1.1 Motivation
	1.2 Thesis objectives

	2 Theory and background
	2.1 Conventional ammonia and nitric acid production
	2.1.1 Haber-Bosch process
	2.1.2 Ostwald process

	2.2 Solar-based ammonia and nitric acid production
	2.2.1 Solar energy production
	2.2.2 Solar hydrogen production
	2.2.3 Solar-driven air separation
	2.2.4 Oxygen-enriched air into conventional nitric acid process


	3 Methodology 
	3.1 Process simulation
	3.1.1 Thermodynamic models
	3.1.2 Implemented kinetics
	3.1.3 Pinch analysis
	3.1.4 Optimised nitric acid plant

	3.2 Economic analysis
	3.2.1 Capital expenses (CapEx) 
	3.2.2 Operational expenses (OpEx) 
	3.2.3 Profitability metrics 
	3.2.4 Sensitivity analysis 
	3.2.5 Assumptions


	4 Results and discussion
	4.1 Process simulation
	4.1.1 Sensitivity analysis
	4.1.2 Pinch analysis
	4.1.3 Optimised nitric acid plant through oxygen injections

	4.2 Economic analysis
	4.2.1 Sensitivity analysis


	5 Conclusions
	Bibliography
	A User kinetic subroutines in Aspen Plus
	B Schematic configurations
	C Summary of the patents studied
	D Simulation results
	E Pinch analysis calculations
	F Design of the combustion chamber (R-101)
	G Economic analysis

