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�E�H�W�Z�H�H�Q���D���I�O�R�R�U���D�Q�G���Y�H�U�W�L�F�D�O���D�Q�G���K�R�U�L�]�R�Q�W�D�O���S�H�U�L�P�H�W�H�U��
�L�Q�V�X�O�D�W�L�R�Q�� �L�Q�� �V�W�H�D�G�\���V�W�D�W�H���� �%�D�K�Q�I�O�H�W�K�� �D�Q�G�� �3�H�G�H�U�V�H�Q��
���������������K�D�Y�H���V�W�X�G�L�H�G���W�K�H���L�P�S�D�F�W���R�I���W�K�H���D�U�H�D���W�R���S�H�U�L�P�H��
�W�H�U�� �U�D�W�L�R�� �R�I�� �W�K�H�� �V�O�D�E�� �D�Q�G�� �V�K�R�Z�H�G�� �W�K�D�W�� �W�K�H�� �K�H�D�W�� �O�R�V�V�� �L�V��
�D�Q�� �L�Q�F�U�H�D�V�L�Q�J�� �I�X�Q�F�W�L�R�Q�� �R�I�� �W�K�L�V�� �U�D�W�L�R���� �0�L�Q�J�I�D�Q�J�� �D�Q�G��
�4�L�J�D�R�����������������V�W�X�G�L�H�G���W�K�H���K�H�D�W���I�O�X�[�� �V�W�U�D�W�L�I�L�F�D�W�L�R�Q���Q�H�D�U��
�W�K�H�� �H�Q�G�� �R�I�� �W�K�H�� �I�O�R�R�U�� �I�U�R�P�� �D�Q�� �D�Q�D�O�\�W�L�F�D�O�� �P�R�G�H�O�� �R�I�� �D��
�V�H�P�L���L�Q�I�L�Q�L�W�H�� �K�R�P�R�J�H�Q�H�R�X�V�� �P�H�G�L�X�P���� �=�K�R�X�� �H�W�� �D�O����
�������������� �X�V�H�G���I�L�Q�L�W�H���H�O�H�P�H�Q�W�V���W�R���F�D�O�F�X�O�D�W�H���W�K�H���W�H�P�S�H�U�D��
�W�X�U�H�� �G�L�V�W�U�L�E�X�W�L�R�Q���L�Q�� �W�K�H�� �J�U�R�X�Q�G�����7�K�H�\�� �V�K�R�Z�H�G���W�K�D�W�� �X�S��
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�W�R�� �D�� �F�H�U�W�D�L�Q�� �G�L�V�W�D�Q�F�H�� �������� �P�� �K�R�U�L�]�R�Q�W�D�O�O�\�� �D�Q�G�� ������ �P��
�Y�H�U�W�L�F�D�O�O�\������ �W�K�H�� �I�O�X�F�W�X�D�W�L�R�Q�� �R�I�� �J�U�R�X�Q�G�� �W�H�P�S�H�U�D�W�X�U�H�� �L�V��
�L�Q�I�O�X�H�Q�F�H�G���E�\���W�K�H�� �K�H�D�W���W�U�D�Q�V�I�H�U���W�K�U�R�X�J�K���W�K�H�� �I�O�R�R�U�����2�Q��
�W�K�H�� �R�W�K�H�U�� �K�D�Q�G���� �$�G�M�D�O�L�� �H�W�� �D�O���� ���������������K�D�Y�H�� �G�H�W�H�U�P�L�Q�H�G��
�W�K�D�W�� �W�K�H�� �I�D�U�� �I�L�H�O�G�� �E�R�X�Q�G�D�U�L�H�V�� �I�R�U�� �W�K�H�L�U�� �V�L�P�X�O�D�W�L�R�Q�V��
�Z�H�U�H�������P���K�R�U�L�]�R�Q�W�D�O�O�\���D�Q�G���Y�H�U�W�L�F�D�O�O�\����

�,�Q�� �W�K�H�� �S�U�H�V�H�Q�W�� �S�D�S�H�U���� �Z�H�� �D�U�H�� �L�Q�W�H�U�H�V�W�H�G���L�Q�� �D�Q�D�O�\�]�L�Q�J��
�W�K�H�� �L�P�S�D�F�W�� �R�I�� �J�U�R�X�Q�G�� �W�K�H�U�P�D�O�� �L�Q�H�U�W�L�D�� �R�Q�� �H�Q�H�U�J�\�� �F�R�Q��
�V�X�P�S�W�L�R�Q�� �D�Q�G�� �F�R�P�I�R�U�W�� �R�I���D���F�R�P�P�H�U�F�L�D�O�� �E�X�L�O�G�L�Q�J���� �,�Q��
�W�K�H�� �I�L�U�V�W�� �S�D�U�W���� �W�K�U�H�H�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O�O�\���X�V�H�G�� �P�R�G�H�O�V�� �D�U�H��
�S�U�H�V�H�Q�W�H�G�� �W�R�� �V�L�P�X�O�D�W�H�� �W�K�H�� �W�K�H�U�P�D�O�� �E�H�K�D�Y�L�R�U�� �R�I�� �W�K�H��
�J�U�R�X�Q�G�����7�K�H���V�H�F�R�Q�G���S�D�U�W���S�U�H�V�H�Q�W�V���W�K�H���U�H�V�X�O�W�V���R�E�W�D�L�Q�H�G��
�E�\�� �W�K�H�V�H�� �G�L�I�I�H�U�H�Q�W�� �P�R�G�H�O�V���� �7�K�H�� �L�P�S�D�F�W�V�� �R�I�� �J�U�R�X�Q�G��
�S�D�U�D�P�H�W�H�U�V�� ���W�K�H�U�P�D�O�� �F�R�Q�G�X�F�W�L�Y�L�W�\���� �K�H�D�W�� �F�D�S�D�F�L�W�\����
�G�L�P�H�Q�V�L�R�Q�V�«���� �R�Q�� �W�K�H�� �H�Q�H�U�J�\�� �S�H�U�I�R�U�P�D�Q�F�H�� �R�I�� �W�K�L�V��
�W�\�S�H�� �R�I�� �E�X�L�O�G�L�Q�J�� �L�Q�� �W�H�U�P�V�� �R�I�� �K�H�D�W�L�Q�J�� �D�Q�G�� �F�R�R�O�L�Q�J�� �D�U�H��
�D�O�V�R���V�W�X�G�L�H�G����
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Description of the commercial building 

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

��
Figure 1. Geometry of the studied commercial build-

ing 
��

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

�7�K�H�� �E�X�L�O�G�L�Q�J�� �L�V�� �K�H�D�W�H�G�� �G�X�U�L�Q�J�� �Z�L�Q�W�H�U�� �V�H�D�V�R�Q�� �D�Q�G�� �W�K�H��
�S�H�U�I�R�U�P�D�Q�F�H�� �L�V�� �L�Q�F�U�H�D�V�H�G�� �E�\�� �D�� �+�5�9�� �V�\�V�W�H�P�� ���+�H�D�W��
�5�H�F�R�Y�H�U�\�� �9�H�Q�W�L�O�D�W�L�R�Q�������)�R�U�� �W�K�H�� �V�X�P�P�H�U�� �F�R�Q�G�L�W�L�R�Q�V����
�W�K�H���E�X�L�O�G�L�Q�J���K�D�V���Q�R���D�L�U���F�R�Q�G�L�W�L�R�Q�L�Q�J���V�\�V�W�H�P�����,�Q���Z�L�Q�W�H�U��
�W�K�H���D�L�U���W�H�P�S�H�U�D�W�X�U�H���L�V���V�H�W���D�W�������ƒ�&���L�Q���R�F�F�X�S�D�Q�F�\���S�H�U�L�R�G��
�D�Q�G�� �D�O�O�R�Z�H�G�� �W�R�� �G�U�R�S�� �G�R�Z�Q�� �W�R�� �����ƒ�&�� �L�Q�� �W�K�H�� �U�H�P�D�L�Q�L�Q�J��
�S�H�U�L�R�G���� �/�L�J�K�W�V�� �D�U�H�� �V�Z�L�W�F�K�H�G�� �R�Q�� �Z�K�H�Q�� �W�K�H�� �Z�R�U�N�� �S�O�D�Q�H��
�L�O�O�X�P�L�Q�D�W�L�R�Q���L�V���E�H�O�R�Z�����������O�X�[�����7�K�H���R�F�F�X�S�D�Q�F�\���W�L�P�H���L�V��
�G�H�I�L�Q�H�G���I�U�R�P�����$�0���W�R�������3�0���H�[�F�H�S�W���R�Q���6�X�Q�G�D�\����

Ground heat transfer models coupled to the build-
ing 

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

Adiabatic model: 

�,�Q�� �W�K�L�V�� �P�R�G�H�O�� ���)�L�J�X�U�H�� �������� �L�W�� �Z�D�V�� �D�V�V�X�P�H�G�� �W�K�D�W�� �E�H�O�R�Z��
�W�K�H�� �F�R�Q�F�U�H�W�H�� �V�O�D�E���� �K�H�D�W�� �W�U�D�Q�V�I�H�U�V�� �D�U�H�� �Q�X�O�O���� �7�K�H�� �F�R�O�G��
�E�U�L�G�J�H�V�� �E�H�W�Z�H�H�Q�� �W�K�H�� �V�O�D�E�� �D�Q�G�� �R�X�W�V�L�G�H�� �D�U�H�� �F�D�O�F�X�O�D�W�H�G��
�Z�L�W�K���W�K�H���)�U�H�Q�F�K���W�K�H�U�P�D�O���U�H�J�X�O�D�W�L�R�Q�����5�7��������������
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Figure 2. Adiabatic model 

��

One-dimensional model (1D): 

�)�R�U�� �W�K�L�V�� �P�R�G�H�O�� ���)�L�J�X�U�H�� �������� �Z�H�� �F�R�Q�V�L�G�H�U�� �W�K�D�W���� �E�H�O�R�Z��
�W�K�H���V�O�D�E�����W�Z�R���O�D�\�H�U�V���R�I���W�K�H���V�D�P�H���P�D�W�H�U�L�D�O�V���D�U�H���S�U�H�V�H�Q�W����
�7�K�H�� �I�L�U�V�W�� �O�D�\�H�U�� �����������P���� �S�D�U�W�L�F�L�S�D�W�H�V���W�R�� �W�K�H�� �W�K�H�U�P�D�O��
�L�Q�H�U�W�L�D�����D�Q�G���L�V���P�R�G�H�O�H�G���D�V���D���P�D�V�V�L�Y�H���O�D�\�H�U�����Z�K�L�O�H���W�K�H��
�V�H�F�R�Q�G�� �O�D�\�H�U�� �����������P���� �K�D�V�� �Q�R�� �L�Q�H�U�W�L�D�� ���P�D�V�V�O�H�V�V������ �7�K�L�V��
�V�L�P�S�O�L�I�L�F�D�W�L�R�Q�� �I�R�U�� �W�K�H�� �V�H�F�R�Q�G�� �J�U�R�X�Q�G�� �O�D�\�H�U�� �D�Q�G�� �W�K�H��
�I�L�U�V�W�� �O�D�\�H�U�� �W�K�L�F�N�Q�H�V�V�� �D�U�H�� �Y�D�O�L�G�D�W�H�G�� �I�U�R�P�� �W�K�H�� �S�U�H�O�L�P�L��
�Q�D�U�\���V�L�P�X�O�D�W�L�R�Q�V�����V�H�H���Q�H�[�W���V�H�F�W�L�R�Q�������$�W�������P�����W�K�H���W�H�P��
�S�H�U�D�W�X�U�H���R�I���W�K�H���J�U�R�X�Q�G���F�D�Q���E�H���F�R�Q�V�L�G�H�U�H�G���L�Q�G�H�S�H�Q�G�H�Q�W��
�R�I�� �W�K�H�� �E�X�L�O�G�L�Q�J�� �E�H�K�D�Y�L�R�U�� ���$�G�M�D�O�L�� �H�W�� �D�O������ �������������� �7�K�H��
�W�H�P�S�H�U�D�W�X�U�H�� �U�H�T�X�L�U�H�G�� �L�Q�� �W�K�H�� �P�R�G�H�O�� �D�W�� �W�K�L�V�� �G�H�S�W�K�� �L�V��
�F�D�O�F�X�O�D�W�H�G���E�\���W�K�H���P�R�G�H�O���R�I���.�X�V�X�G�D�����(�F�N�H�U�W���D�Q�G���'�U�D�N�H��
�-�U�����������������.�X�V�X�G�D���D�Q�G���%�H�D�Q������������������
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�7�K�H�� �F�R�O�G�� �E�U�L�G�J�H�V�� �D�U�H�� �F�D�O�F�X�O�D�W�H�G���D�V�� �I�R�U�� �W�K�H�� �D�G�L�D�E�D�W�L�F��
�P�R�G�H�O����

��

��
Figure 3. 1D model 
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Three-dimensional model (3D): 

�7�K�L�V���P�R�G�H�O���W�D�N�H�V���L�Q�W�R���D�F�F�R�X�Q�W���W�K�H���K�H�D�W���W�U�D�Q�V�I�H�U���L�Q���W�K�H��
�J�U�R�X�Q�G���D�O�R�Q�J���W�K�H���W�K�U�H�H���G�L�U�H�F�W�L�R�Q�V�����)�L�J�X�U�H�����������7�K�H���K�H�D�W��
�W�U�D�Q�V�I�H�U���L�V���D�V�V�X�P�H�G���W�R���E�H���F�R�Q�G�X�F�W�L�Y�H���R�Q�O�\�����7�K�L�V���P�R�G��
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�U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���R�I���W�K�H���J�U�R�X�Q�G�����7�K�H���G�H�W�D�L�O�V���R�I���W�K�H���P�R�G�H�O��
�D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���=�K�R�X���H�W���D�O�������������������D�Q�G���0�F�'�R�Z�H�O�O���H�W��
�D�O���� ���������������� �$�� �G�L�V�W�D�Q�F�H�� �I�U�R�P�� �W�K�H�� �V�O�D�E�� �R�I�� �����P�� �L�Q�� �H�D�F�K��
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�D�Q�G�� �%�U�D�X�Q���� ���������������$�G�L�D�E�D�W�L�F�� �F�R�Q�G�L�W�L�R�Q�V�� �D�U�H�� �L�P�S�R�V�H�G��
�W�R�� �W�K�H�� �Y�H�U�W�L�F�D�O�� �E�R�X�Q�G�D�U�L�H�V�� �Z�K�L�O�H�� �W�K�H�� �K�R�U�L�]�R�Q�W�D�O�� �S�O�D�Q�H��
�D�W�������P���G�H�S�W�K���K�D�V���D���I�L�[�H�G���W�H�P�S�H�U�D�W�X�U�H���F�D�O�F�X�O�D�W�H�G���I�U�R�P��
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�I�R�U���D���V�L�Q�J�O�H���\�H�D�U�����,�Q���W�K�L�V���P�R�G�H�O�����L�W���L�V���Q�R�W���Q�H�F�H�V�V�D�U�\���W�R��
�H�Y�D�O�X�D�W�H�� �W�K�H�� �F�R�O�G�� �E�U�L�G�J�H�V���� �7�K�H�\�� �D�U�H�� �D�X�W�R�P�D�W�L�F�D�O�O�\��
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Figure 4. 3D model 

Simulation 

�7�K�H�� �V�L�P�X�O�D�W�L�R�Q�V�� �K�D�Y�H�� �E�H�H�Q�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �7�5�1��
�6�<�6�� �������� �&�R�X�S�O�L�Q�J�� �Z�L�W�K�� �&�2�1�7�$�0�� �K�D�V�� �E�H�H�Q�� �X�V�H�G�� �W�R��
�F�D�O�F�X�O�D�W�H���W�K�H���L�Q�I�L�O�W�U�D�W�L�R�Q���D�Q�G���Q�D�W�X�U�D�O���Y�H�Q�W�L�O�D�W�L�R�Q�����7�L�P�H��
�V�W�H�S�� �R�I�� ���K�� �K�D�V�� �E�H�H�Q�� �X�V�H�G�� �W�R�� �V�L�P�X�O�D�W�H�� �W�K�H�� �E�X�L�O�G�L�Q�J��
�E�H�K�D�Y�L�R�U����
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Preliminary simulation: evaluation of the massive 
layer thickness for the 1D model 
�%�H�F�D�X�V�H���R�I���O�L�P�L�W�D�W�L�R�Q�V���R�I���W�K�H���P�R�G�H�O�L�Q�J���W�R�R�O���U�H�J�D�U�G�L�Q�J��
�L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I�� �W�K�H�� �D�O�J�R�U�L�W�K�P�� �R�I�� �W�K�H���K�H�D�W�� �F�R�Q�G�X�F��
�W�L�R�Q�� �W�U�D�Q�V�I�H�U�V���� �K�L�J�K�� �L�Q�H�U�W�L�D�� �O�D�\�H�U�� �V�X�F�K�� �D�V�� �����P�� �V�R�L�O��
�F�D�Q�Q�R�W���E�H���V�L�P�X�O�D�W�H�G�����'�H�O�F�U�R�L�[���H�W���D�O���������������������+�R�Z�H�Y�H�U����
�W�K�H�U�H���L�V���D�F�W�X�D�O�O�\���Q�R���Q�H�H�G���W�R���P�R�G�H�O���W�K�H���Z�K�R�O�H���G�H�S�W�K���R�I��
�V�R�L�O���D�V���Q�R���Y�D�U�L�D�W�L�R�Q�V���L�Q���W�K�H���S�U�H�G�L�F�W�L�R�Q���R�E�W�D�L�Q�H�G���E�\���W�K�H��
���'�� �P�R�G�H�O�� �D�U�H�� �R�E�V�H�U�Y�H�G�� �I�R�U�� �G�H�S�W�K�� �K�L�J�K�H�U�� �W�K�D�Q�� �����F�P��
�I�R�U���W�K�H���V�W�X�G�L�H�G���F�D�V�H�����)�L�J�X�U�H���������� �7�K�H���U�H�V�X�O�W�V���S�U�H�V�H�Q�W�H�G��
�L�Q�� �W�K�H�� �Q�H�[�W�� �V�H�F�W�L�R�Q�� �I�R�U�� �W�K�H�� ���'�� �P�R�G�H�O�� �K�D�Y�H�� �E�H�H�Q�� �R�E��
�W�D�L�Q�H�G���X�V�L�Q�J�������F�P���R�I���P�D�V�V�L�Y�H���O�D�\�H�U����
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�D�� �:�L�Q�W�H�U���S�H�U�L�R�G��

��

��
�E�� �6�X�P�P�H�U���S�H�U�L�R�G��

Figure 5. Indoor surface of slab temperature ac-
cording to the massive layer thickness (1D mod-
el) for one typical day in winter (a) and in sum-
mer (b) 
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Comparison of the ground-coupled models 
�)�L�J�X�U�H�������S�U�H�V�H�Q�W�V���W�K�H���H�Y�R�O�X�W�L�R�Q���R�I���W�K�H���L�Q�W�H�U�Q�D�O���V�X�U�I�D�F�H��
�W�H�P�S�H�U�D�W�X�U�H���R�I���W�K�H���V�O�D�E���Y�H�U�V�X�V���W�L�P�H���I�R�U���W�K�H���Z�L�Q�W�H�U�����D����
�D�Q�G�� �W�K�H�� �V�X�P�P�H�U�� ���E���� �S�H�U�L�R�G�� �D�O�R�Q�J�� �Z�L�W�K�� �W�K�H�� �R�X�W�V�L�G�H��
�W�H�P�S�H�U�D�W�X�U�H�� �D�Q�G�� �V�R�O�D�U���L�U�U�D�G�L�D�Q�F�H���� �,�Q�� �F�R�Q�W�U�D�V�W�� �W�R�� �W�K�H��
�R�W�K�H�U���W�Z�R���P�R�G�H�O�V�����W�K�H���D�G�L�D�E�D�W�L�F���P�R�G�H�O���S�U�R�Y�L�G�H�V���K�L�J�K��
�H�U���V�O�D�E���W�H�P�S�H�U�D�W�X�U�H���L�Q���Z�L�Q�W�H�U�����7�K�L�V���U�H�V�X�O�W���F�R�P�H�V���I�U�R�P��
�W�K�H�� �I�D�F�W�� �W�K�D�W�� �W�K�H�� �K�H�D�W�� �I�U�R�P�� �W�K�H�� �L�Q�G�R�R�U�� �D�L�U�� �F�D�Q�Q�R�W�� �E�H��
�W�U�D�Q�V�I�H�U�U�H�G�� �G�R�Z�Q�� �W�R�� �W�K�H�� �J�U�R�X�Q�G�� �G�X�H�� �W�R�� �W�K�H�� �P�R�G�H�O��
�K�\�S�R�W�K�H�V�L�V���� �Z�K�L�F�K�� �D�U�W�L�I�L�F�L�D�O�O�\�� �L�Q�F�U�H�D�V�H�V�� �W�K�H�� �V�O�D�E���W�H�P��
�S�H�U�D�W�X�U�H���� �$�V�� �D�� �F�R�Q�V�H�T�X�H�Q�F�H���� �W�K�H�� �V�O�D�E�� �W�H�P�S�H�U�D�W�X�U�H�� �I�R�U��
�W�K�L�V�� �P�R�G�H�O���G�R�H�V�� �Q�R�W���G�H�S�H�Q�G���R�Q���W�K�H�� �R�X�W�G�R�R�U���W�H�P�S�H�U�D��
�W�X�U�H�� �E�X�W�� �R�Q�O�\�� �R�Q�� �W�K�H�� �L�Q�G�R�R�U�� �D�L�U�� �W�H�P�S�H�U�D�W�X�U�H�� �V�H�W���� �7�K�H��
�V�X�U�I�D�F�H�� �W�H�P�S�H�U�D�W�X�U�H�V�� �I�R�U�� ���'�� �D�Q�G�� ���'�� �P�R�G�H�O�V�� �D�U�H�� �D�O��
�P�R�V�W���W�K�H���V�D�P�H���L�Q���Z�L�Q�W�H�U�����7�K�H�U�H���L�V���D���V�O�L�J�K�W���W�H�P�S�H�U�D�W�X�U�H��
�G�H�Y�L�D�W�L�R�Q�� �Z�K�H�Q�� �W�K�H�� �R�X�W�V�L�G�H�� �W�H�P�S�H�U�D�W�X�U�H�� �G�U�R�S�V�� �G�R�Z�Q����
�7�K�H�� �D�Y�H�U�D�J�H�� �U�H�G�X�F�W�L�R�Q�� �I�U�R�P�� �W�K�H�� �D�G�L�D�E�D�W�L�F�� �P�R�G�H�O�� �L�Q��
�Z�L�Q�W�H�U���L�V�� �L�V�����������ƒ�&�� �I�R�U���W�K�H�����'�� �P�R�G�H�O���D�Q�G�����������ƒ�&���I�R�U��
���'�� �P�R�G�H�O���� �7�K�H�� �K�H�D�W�L�Q�J�� �H�Q�H�U�J�\�� �G�H�P�D�Q�G�� �F�R�P�S�X�W�H�G��
�Z�L�W�K�� �W�K�H�� ���'�� �P�R�G�H�O�� ������������ �N�:�K���P�����\�H�D�U���� �L�V�� �J�U�H�D�W�H�U��
�W�K�D�Q���W�K�H���U�H�V�X�O�W���R�I���W�K�H�����'���P�R�G�H�O�����������������N�:�K���P�����\�H�D�U������
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a. Winter period 
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b. Summer period 

 
Figure 6. Internal surface temperature of slab 
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+LJKHU�GLIIHUHQFHV�UHJDUGLQJ�WKH�VODE�LQWHUQDO�VXUIDFH�
WHPSHUDWXUH� DUH� REVHUYHG� IRU� WKH� VXPPHU� SHULRG��
,QGHHG�� QR� FRROLQJ� V\VWHP� LV� RSHUDWLQJ� GXULQJ� VXP�
PHU�� DQG� WKH� LQGRRU� DLU� WHPSHUDWXUH� LV� IUHH�IORDWLQJ��
VWURQJO\� GHSHQGLQJ� RQ� WKH� RXWGRRU� DLU� WHPSHUDWXUH��
VRODU� LUUDGLDWLRQ� DQG� WKHUPDO� LQHUWLD� RI� WKH� JURXQG��
7KH�DGLDEDWLF�PRGHO�JLYHV�KLJKHU�WHPSHUDWXUH�ZKHUH�
DV�WKH��'�PRGHO�SUHGLFWV�WKH�ORZHVW�RQH��7KLV�LV�GXH�
WR�D�EHWWHU�UHSUHVHQWDWLRQ�RI�WKH�WKHUPDO�LQHUWLD�RI�WKH�
JURXQG� E\� WKH� �'� PRGHO� WKDW� DFWV� D� KHDW� VLQN� DQG�
ORZHU�GRZQ�WKH�VODE�WHPSHUDWXUH��LQ�FRPSDULVRQ�ZLWK�
WKH� �'� PRGHO� WKDW� SDUWLDOO\� DFFRXQWV� IRU� WKHUPDO�
LQHUWLD�DQG�WKH�DGLDEDWLF�PRGHO�WKDW�GRHV�QRW��
�
7R�SURYLGH�D�EURDGHU�YLHZ�RI�WKH�GLIIHUHQFHV�EHWZHHQ�
WKH�WKUHH�PRGHOLQJ�OHYHOV�� WUHQGV�UHJDUGLQJ�WKH�LQWHU�
QDO�VXUIDFH�WHPSHUDWXUH�RI�WKH�VODE�KDYH�EHHQ�SORWWHG�
DJDLQVW� WKH� RXWGRRU� WHPSHUDWXUH� �)LJXUH� ���� 7KH�
VORSHV�RI�WKHVH�WUHQGV�VKRZ�WKDW�WKLV�VODE�WHPSHUDWXUH�
DQG� WKH� GLIIHUHQFHV� EHWZHHQ� WKH� PRGHO� SUHGLFWLRQV�
LQFUHDVH� VWURQJO\� IRU�KLJK�RXWGRRU� WHPSHUDWXUHV��)RU�
RXWGRRU� WHPSHUDWXUHV� EHORZ� ��&�� WKH� WKUHH� PRGHOV�
DUH�HTXLYDOHQW��7KH��'�DQG��'�PRGHOV�JLYHV�DOPRVW�
WKH� VDPH� UHVSRQVHV� IRU� RXWGRRU� WHPSHUDWXUH� EHORZ�
���&� VR� WKDW� HQHUJ\� DQDO\VLV� IRU� KHDWLQJ� VHDVRQ� FDQ�

EH� SHUIRUPHG� E\� ERWK� PRGHOV�� )RU� KLJKHU� RXWGRRU�
WHPSHUDWXUHV�� GLIIHUHQFHV� EHWZHHQ� WKH� PRGHOV� DUH�
LPSRUWDQW��7KLV�VXJJHVWV�WKDW� WKHUPDO�FRPIRUW�DQDO\�
VLV�IRU�WKH�VXPPHU�SHULRG�UHTXLUHV�WKH�XVH�RI�WKH��'�
PRGHOLQJ�IRU�XQFRQGLWLRQHG�VSDFHV��
�

�
Figure 7. Internal surface temperature of slab on 
outside temperature function for different model 

�
,Q� DGGLWLRQ� WR� WKH� PRGLILFDWLRQ� RI� WKH� VODE� WHPSHUD�
WXUH��WKH�WKHUPDO�LQHUWLD�DFWV�RQ�WKH�WLPH�YDOXHV�FRUUH�
VSRQGLQJ� WR� WKH�PD[LPDO�DQG�PLQLPDO� WHPSHUDWXUHV��
7KLV� WLPH� VKLIW� LV� HVVHQWLDOO\� LPSRUWDQW� IRU� WKHUPDO�
FRPIRUW�LQ�VXPPHU�DV�LW�FDQ�GHOD\�WRR�KLJK�WHPSHUD�
WXUHV�DW� WKH�HQG�RI� WKH�GD\��ZKHQ�WKH�EXLOGLQJ�LV�XQ�
RFFXSLHG��7DEOH���SUHVHQWV�WKH�WLPH�VKLIW�EHWZHHQ�WKH�
WLPH�RI�GD\�RI� WKH�PD[LPDO� WHPSHUDWXUH�REWDLQHG�E\�
WKH��'�DQG��'�PRGHOV�DQG�WKDW�RI�WKH�DGLDEDWLF�PRG�
HO�� 7KH� YDOXHV� SUHVHQWHG� LQ� WKLV� WDEOH� DUH� DYHUDJHG�
RYHU�WKH�ZKROH�ZLQWHU�DQG�VXPPHU�VHDVRQV��7KHUH�LV�
D� GLIIHUHQW� WLPH� VKLIW� IRU� ERWK� PRGHOV�� ,Q� SDUWLFXODU��
IRU�WKH�VXPPHU�SHULRG��WKH�WLPH�VKLIW�RI�WKH��'�PRGHO�
LV�WZLFH� WKH�RQH�RI�WKH��'�PRGHO��DQG�LV�PDLQO\�GXH�
WR� WKH� KLJKHU� FRPSOH[LW\� RI� KHDW� WUDQVIHU� IORZ� SDWK��
)RU�WKH�ZLQWHU�VHDVRQ��WKH��'�PRGHO�YDOXH�LV�VOLJKWO\�
KLJKHU� WKDQ� WKH��'�PRGHO� WLPH� VKLIW�� VXSSRUWLQJ� WKH�
SUHYLRXV� REVHUYDWLRQ� RI� VLPLODULW\� IRU� WKH� KHDWLQJ�
SHULRG��
�
Table 1Maximal temperature�[�• time shift for 1D/3D model 

from reference (adiabatic model) 

7LPH�
VKLIW��

7�PD[�

�'�PRGHO��
>PLQ�@��

�'�PRGHO�
>PLQ�@�

6XPPHU� :LQWHU� 6XPPHU� :LQWHU�
��� ��� ��� ���

�

Computing time 
6LPXODWLRQ� WLPH� GHSHQGV� RQ� WKH� FDOFXODWLRQ� SURFHVV�
IRU�HDFK�PRGHO��:H�DVVHVV�WKH�FRPSXWLQJ� WLPH�IRU���
WHVWHG�PRGHOV��DGLDEDWLF���'�DQG��'�PRGHOV��DQG�DQ�
DGGLWLRQDO� RQH� ZLWKRXW� IORRU�JURXQG� HOHPHQW� IRU�
FRPSDULVRQ��)LJXUH���SUHVHQWV�WKH�FRPSXWLQJ�WLPH�RI�
WKRVH���DSSURDFKHV�IRU�WKH�PDLQ�7\SHV�RI�WKH�VLPXOD�
WLRQ��6LPLODU�VLPXODWLRQ�WLPHV�UDQJLQJ�EHWZHHQ�������
VHFRQGV� DUH� REVHUYHG� IRU� WKH� VLPSOHVW� PRGHOV�� WKHUH�
LV� QR� QRWDEOH� FRPSXWDWLRQDO� FRVW� RI� LQWHJUDWLQJ� WKH�
DGLDEDWLF�DQG��'�PRGHOV��&RQYHUVHO\�IRU�WKH�ODVW�RQH�

T-adiabatic model  = 0.3603  * Text + 16.85 

T-1D model = 0.2915 * Text  + 16.67 

T-3D model = 0.2382 * Text + 16.4 
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Figure 8. Computing time for the different modeling 

approaches 
��

Effect of thermal ground properties  
�,�Q�� �R�U�G�H�U�� �W�R�� �L�Q�Y�H�V�W�L�J�D�W�H�� �W�K�H�� �L�P�S�D�F�W�� �R�I�� �J�U�R�X�Q�G�� �W�K�H�U�P�D�O��
�S�U�R�S�H�U�W�L�H�V�� �R�Q�� �W�K�H�� �W�K�H�U�P�D�O�� �E�X�L�O�G�L�Q�J�� �S�H�U�I�R�U�P�D�Q�F�H�� �D�Q�G��
�W�K�H�U�P�D�O�� �F�R�P�I�R�U�W���� �D�G�G�L�W�L�R�Q�D�O�� �V�L�P�X�O�D�W�L�R�Q�V�� �K�D�Y�H�� �E�H�H�Q��
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Figure 9. Average temperature [°C] of the slab in-
ternal surface versus ground thermal properties 
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Figure 10. Maximal slab temperature time shift ver-

sus ground thermal properties 
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Figure 11. Heating energy (01 0ct-20 may) 
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Figure 12.  Indoor operative temperature 
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Figure 13. 26°C- based degree hours in summer 
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Roman symbols 
T = temperature [°C] 
Tm = mean surface temperature over the year 

[°C] 
Ta = surface temperature variation amplitude 

[°C] 
t = time [days] 
tp = day of the year when the surface 

temperature is minimal [days] 
z = ground depth [m] 
 
Greek symbols 
𝛼 = ground thermal diffussivity [m2/s] 
 
Subscripts 
in = inside 
n  = time of the year (days) 
out = outside 
s = surface 
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