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Purpose: Despite their achievements, the industrial parks have had a devastating effect on the 

environment and sometimes did not address social welfare issues. Therefore, it is necessary to improve 

their design based on the characteristics of sustainable development and ecological principles. One of the 

effective measures in this regard is Industrial Symbiosis (IS). It is a set of integrated plants aiming to 

exchange the waste of each plant as the raw material of another plant. Although several models have been 

presented for the optimization of water or energy exchange, one of the purposes of this research is to 

simultaneously exchange raw materials and waste in solid, liquid, and gas types. Considering the social 

characteristic of sustainable development is another necessity of this research that has been less 

discussed. Also, a significant portion of the waste needs to be recycled and cannot be exchanged directly 

between plants. Therefore, another purpose of this research is to increase the productivity of the model 

considering material flow between plants and recovery centres, which did not exist in previous models. 

 

Design/methodology/approach: In this research, a two-objective mixed-integer linear programming 

model is proposed considering the characteristics of sustainable development, which simultaneously 

enables the exchange of all raw materials and waste. Providing recyclable waste exchanges via recovery 

centres is another strength of the proposed model. The first objective is to minimize the economic costs 
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of the IS network, and the second objective is to maximize social welfare. The environmental 

characteristic is also controlled by model constraints. Finally, to validate the proposed model, it has been 

implemented in one of the industrial parks of Alborz province. Also, to solve the model, the ε-Constraint 

method has been used. 

 

Findings:  According to the model’s results, most of the plant's waste was replaced by the input raw 

materials of other plants, while before IS, all plant waste was disposed and all input materials were 

supplied through fresh materials. Therefore, the findings of the proposed model are as follows: 

- reducing the volume of disposed and useless plant waste and its costs; 

- reducing the volume of fresh input raw materials plants and its costs; 

- creating 23  job opportunities through the establishment of centres to recover; 

- compensating for lost working days due to the reduction of environmental pollutants to 

achieve the social characteristics of sustainable development; and 

- improving the characteristics of sustainable development in the industrial park compared to 

the time before IS.  

 

Research limitations/implications: This research, like other studies, has assumptions and limitations in 

model development. For example, the transmission path of all three types of material and waste was 

considered the same. The feasibility of situations trade-off and the use of waste of recovery centres was 

not studied. Also, the expectations of the park and the plants were considered in an integrated manner. 

Therefore, the following subjects are suggested to improve and develop the model in future studies: 

- design of IS network using bi-level models; 

- development of a model for the use of waste from the recovery centre; for example, methane 

gas or sludge treatment plant; 

- model development by considering seasonal plants through reliability inventory models and 

intermittent flows; 

- development of a model for locating and allocating unusable waste in the current network to 

the new plant; and 

- development of a model based on the different transmission paths for material and waste 

flow in solid, liquid, and gaseous according to the research assumption 3. 

 

Practical implications: One of the most significant applications of this paper is the simultaneous 

optimization of exchange material and waste in three types of solid, liquid, and gaseous in IS network to 

achieve the characteristics of sustainable development. Also, reducing the cost of input material and 

waste disposal compared to the time before IS are the economic advantages of this research. 

Social implications - One of the aims of this paper was to reduce the environmental and social impact of 

the industrial park to achieve the characteristics of sustainable development. For example, reducing the 

volume of fresh input raw materials and disposed waste plants and job creation were the environmental 

and social advantages of this study. 

 

Originality/value: The innovations of this research include the following: 

- simultaneous optimization of material and waste flow in three types: solid, liquid, and 

gaseous; 

- considering the social characteristic of sustainable development; and 

- considering the exchange between recovery centres and plants to use the waste in need of 

recovery. 
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:!,���(min)   ����H�� $��%� �	��� _T-N�1 

:!,��	(min)  ����H�� $��%� �	��� _T-N�2  

:!,���(min)  ����H�� $��%� �	��� _T-N�3  

:/�"�(01�)  8,�:��0 �9��: ��<��J �	b	0i  x�,�1 

:/�"	(01�) 0 8,�:��0 �9��: ��<��J �	b	i  x�,�2 

:/�"�(01�)  8,�:��0 �9��: ��<��J �	b	0i  x�,�3 

:/�"	(�2)  8,�:��0 8� )���� �-�� �	b	0 _T-Nj  x�,�2 

:/�"�(�2)  8,�:��0 8� )���� �-�� �	b	0 _T-Nj  x�,�3 

:/��"�(01�) H- �9��: �	b	0  ����H�� W0-���1  x�,�1 

:/�	"	(01�)  ����H�� W0-�� H- �9��: �	b	0�2  x�,�2 

:/��"�(01�)  ����H�� W0-�� H- �9��: �	b	0�3  x�,�3  

:!��"�  ��<��J N-��@ )H�.H�� �	e;� 8/�W@�3  ����H�� ���3 

:���"� (34) ��	T�@ $���rM N-� �H���1 6	��� �� �//0�1 

:��	"	 (34) ��	T�@ $����.� � �<	I5 )R�,- N-� S�-�2   6	��F� EF.��-

 �//0�2 

:���"� (34) ��	T�@ $����.� �-��9 N-� S�-�3 6	��� �� �//0�3 

:5"�(66) 8/�W@Z	� �	e;��@ 8���9 � 8	b7� ���b;.-w� ��<��J N-��1 

5"	(66) 8/�W@Z	� �	e;��@ 8���9 � 8	b7� ���b;.-w� ��<��J N-��2 

:5"�(66) 8/�W@Z	� �	e;��@ 8���9 � 8	b7� ���b;.-w� ��<��J N-��3 

:67(�') ��*�- _j�+� _0 �-<� 4H�����H�� W0-�� �� ��  

67(6�) 4-�I9 )�@H�� _0 �-<� 4H��� �� ����H�� ���2  

:851"� N ��<��J 	��� H�*��1 ?��� ��  

:852"	 N ��<��J 	��� H�*��2 ?��� ��  

:853"� N H�*� ��<��J 	����3 ?��� ��  

:831"� N�.� 8	��- �-�� K�7� H�*� S�-�1 ?��� ��  

:832"	 N�.� 8	��- �-�� K�7� H�*�S�- �2 ?��� ��  

:833"� N�.� 8	��- �-�� K�7� H�*�S�- �3 ?��� �� 

:*�"�(in)  8,�:��0 )�J�^�j  8	��- ���� H-�1 

:*�"	(in)  8,�:��0 )�J�^�j  8	��- ���� H-�2 

:*�"�(in)  8,�:��0 )�J�^�j  8	��- ���� H-�3 

::� 8
2�� �`0-N S�^;,- )-�� H�*��1 

::	 8
2�� �`0-N S�^;,- )-�� H�*��2  

:W�"�(01�) ��<��J Y*N 8,�:��0 �9��:i  x�,�1 

:W�"	(01�) N��<��J Y* 8,�:��0 �9��:i  x�,�2 

:W�"�(01�) ��<��J Y*N 8,�:��0 �9��:i  x�,�3 

:/��"� (01�) 6	��� H- �9��: �	b	0 �//0�1  x�,�1  

:/�	"	 (01�) 6	��� H- �9��: �	b	0 �//0�2  x�,�2 

:/��"� (01�) 6	��� H- �9��: �	b	0/0 �/�3  x�,�3  

:<1�"� N ��<��J K�7� H�*��1  8,�:��0 �z�7D� 	�����j 

:<2�"	 N ��<��J K�7� H�*��2  8,�:��0 �z�7D� 	�����j 

:<3�"� N ��<��J K�7� H�*��3 8,�:��0 �z�7D� 	��� ��j 

: β ���� L��J����H�� W0-�� �� ��<��J _�I� )��  

R��&, ���#�Q�  

:#���"� (34) �.� rM S�^;,- Y*N S�-�1  H-�1  8�j   

:#�	�"	 (34) �.� )R�,- S�^;,- Y*N S�-�2  H-�2  8�j   

:#���"� (34) �.� ��9 S�^;,- Y*N S�-�3  H-�3  8�j   

:#��"�(?7)���b;.- �-�� S�^;,- Y*N �*��1  H-i  8�j   

:#��"	(?7)���b;.- �-�� S�^;,- Y*N �*��2  H-i  8�j   

:#��"�(?7)���b;.- �-�� S�^;,- Y*N �*��3  H-i  8�j   

:#���"� (?') ��<��J S�^;,- Y*N ����H���1  H-i 8� �1  

:#��	"	 (?') ��<��J S�^;,- Y*N ����H���2  H-i 8� �2  

:#���"� (?') ��<��J S�^;,- Y*N ����H���3  H-i 8� �3  

:��	�"	 (34) �	e;��.� )R�,- S�^;,- �>- �)�/��� S�-�2  H-�2   8F�j  ���F2-

 ���%�1 �� ��	j�b2 ���7/�-  

:����"� (34) �	e;��.� ��9 S�^;,- �>- �)�/��� S�-�3  H-�3   8F�j  ���F2-

 ���%�1 �� ��	j�b2 ���7/�-  

:����"� (?') �	e;� ����H�� �-�� S�^;,- �>- �)�/����1  H-�1  8�j ���2���%� 1 

�� ��	j�b2 ���7/�-  

:��	�"	 (?') �	e;� ����H�� �-�� S�^;,- �>- �)�/����2  H-�2  8�j ���2 ���%�1 

�� ��	j�b2 ���7/�-  

:����"� (?') �	e;� ����H�� �-�� S�^;,- �>- �)�/����3  H-�3  8�j ���2 ���%�1 



����� ����  	����������  ����  !" �� #$% �&'� (�)#* ��� ��+, 	 ��!-.�   /3���4�! "��5 2�,��� �/�.0 /39 

:#���"� (?')  ����H�� �-�� S�^;,- Y*N�1  H-�1  8�j   

:#�	�"	 (?')  ����H�� �-�� S�^;,- Y*N�2  H-�2  8�j   

:#���"� (?')  ����H�� �-�� S�^;,- Y*N�3  H-�3  8�j   

:#�%�"�(66) ���b;.-w� ��<��J S�^;,- Y*N�1  H-i 8� �1  

:#�%	"	(66) ���b;.-w� ��<��J S�^;,- Y*N�2  H-i 8� �2  

:#�%�"�(66) ���b;.-w� ��<��J S�^;,- Y*N�3  H-i 8� �3  

:����"� (34) �	e;�rM S�^;,- �>- �)�/��� �H���1  H-�1  8�j ���2  ���%F�

1 �� ��	j�b2 ���7/�-  

:@�� �	e;� ����H�� �>- �)�/����1 �-N- ���>1 �� ��	j�b2 ���7/�-  

:@�	 �	e;� ����H�� �>- �)�/����2 �-N- ���>1 �� ��	j�b2 ���7/�-  

:@�� �	e;� ����H�� �>- �)�/����3 �-N- ���>1 �� ��	j�b2 ���7/�- 

:�) ���� _0 H�	;�-?��� ����;9-  

�� ��	j�b2 ���7/�-  

:���"�(?7) �	e;����b;.- �-�� S�^;,- �>- �)�/��� �*��1  H-i  8�j ���2 ���%�

1 �� ��	j�b2 ���7/�-  

:���"	(?7) �	e;�-�� S�^;,- �>- �)�/������b;.- � �*��2  H-i  8�j ���2 ���%�

1 �� ��	j�b2 ���7/�-  

:���"�(?7) �	e;����b;.- �-�� S�^;,- �>- �)�/��� �*��3  H-i  8�j ���2 ���%�

1 �� ��	j�b2 ���7/�-  

:��%�"�(66) �	e;� ���b;.-w� ��<��J S�^;,- �>- �)�/����1  H-i  8��1 ���2-

 ���%�1 �� ��	j�b2 ���7/�-  

:��%	"	(66) �	e;� ���b;.-w� ��<��J S�^;,- �>- �)�/����2  H-i  8��2 ���F2-

 ���%�1 �� ��b2 ���7/�- �	j  

:��%�"�(66) �	e;� ���b;.-w� ��<��J S�^;,- �>- �)�/����3  H-i  8��3 ���2-

 ���%�1 �� ��	j�7/�-�b2 ��  

:����"� (?') �	e;�       ���F�H�� _F��T ��<��FJ S�F^;,- �F>- �)�/��F��1  H-i   8F��1 

���2 ���%�1 �� ��	j�b2 ���7/�-  

:���	"	 (?') �	e;�       ���F�H�� _F��T ��<��FJ S�F^;,- �F>- �)�/��F��2  H-i   8F��2 

���2 ���%�1 �� ��	j�b2 ���7/�-  

:����"� (?') �	e;�       ���F�H�� _F��T ��<��FJ S�F^;,- �F>- �)�/��F��3  H-i   8F��3 

���2 ���%�1 �� ��	j�b2 ���7/�- 

:$A! ?��� 1��/2 �-�� 6	��� � 83I� )-�9- _0 8/�W@  
  

H.� G�-+,  

)6(  B�2 $A! = $!DEF%G H�F�IFEJ + $!L%MNO%NMG+$!LN��JP �E%GM�EJF + $!QGR�OJG+ $!S�GME%�IT +  $!U���TV ETH %METFWGM 
 

 S�- K@� )-�_T-N H�. x��*� )W@8/�  )�@83I�  �� 8]-�- �.-���<� |��f� .P )6  F/�W@ _��F� 1��� 6�- �( P

 4�� ��<��J 1�� . �83I� �� ���b;.- �����H�� W0-�� �:��C� �-�� H- �+A� 6	��- 80 8	_��T  �C� ��G	, 83I� H- 6	

_�N _^,�  ���9 �-��W@8/� )�@   ���	
���� )�@ N-�  ��<��J_��T  H�� P/�W@ � ���� S�F^;,-  �  8F���  F+0  � �-�F� �

 O�.- )R�,- � rM ���N ��<��J8� 8,�> :80 )- 
  

)7(  

  

$!U���TV ETH %METFWGM = 

X X X ���� × #���"� (34) ×  !Z�[
�\�

Z�
"�\�

]�
��\� + X X X ��	� × #�	�"	 (34) ×  !Z	 [

�\�
Z	

"	\�
]	

�	\�  

  

+ X X X ��� × #��"	(?7) ×  !Z	[
�\�

Z	
"	\�

^
�\� + X X X ��� × #��"�(?7) ×  !Z�[

�\�
Z�

"�\�
^

�\�  

 

+ X X X ���	 × #��	"	 (?') ×  !Z	U	
�	\�

"	
"	\�

^
�\� + X X X ���� × #���"� (?') ×  !Z�U�

��\�
"�

"�\�
^

�\�  
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+ X X X ��	� × #�	�"	 (?') ×  !Z	[
�\�

Z	
"	\�

U	
�	\� + X X X ���� × #���"� (?') ×  !Z�[

�\�
"�

"�\�
U�

��\�  

 

+ X X X ��%	 × #�%	"	(66) ×  !Z	_	
%	\�

"	
"	\�

^
�\� + X X X ��%� × #�%�"�(66) ×  !Z�_�

%�\�
"�

"�\�
^

�\�  

 

)8(  

  
$!L%MNO%NMG = X X X @��

U�
��\�

U	
�	\�

`�
��\� × &'�� + @�	 × &'�	 + @�� × &'�� 

)9(  

  

  

$!DEF%G H�F�IFEJ
= X X X #�%�"�(66)_�

%� × 5"�(66)^
�

Z�
"�

+ X X X #�%	"	(66)_	
%	 × 5"	(66)^

�
Z	
"	

+ X X X #�%�"�(66)_�
%� × 5"�(66)^

�   Z�
"�  

)10(  

  

$!LN��JP  �E%GM�EJF = ∑ ∑ ∑ #��b"� (34) × ���"� (34)[� + ∑ ∑ ∑ #�	b"	 (34) ×�̂Z	"	]	�	Z�"�]�����	"	 (34) + ∑ ∑ ∑ #��b"� (34) × ���"� (34)�̂Z�"�]���  
  

)11( $!S�GME%�IT = X X X #���"� (?') × !��"�U�
��\�

"�
"�\�

^
�\� + X X X #��	"	 (?') × !�	"	U	

�	\�
"	

"	\�
^

�\�  

  + X X X #���"� (?') × !��"�U�
��\�

"�
"�\�

^
�\�  

 

)12(  $!cGR�OJG = [ X X X ���� × ����"� (34) +[
�\�

Z�
"�\�

]�
��\� X X X ���� × ����"� (?')U�

��\�
"�

"�\�
^

�\�
+ X X X ���� × ����"� (?')[

�\�
Z�

"�\�
U�

��\�
+ X X X ��� × ���"�(?7) +[

�\�
Z�

"�\�
^

�\� X X X ��%� × ��%�"�(66)_�
%�\�

"�
"�\�

^
�\� ] × #$! 

 

Pf�-� �� )7(� /�W@8 )�@ S�^;,- ��<��J � 8	��- �-��  � rMH�>  y�D� �� �.-    6F�- .�F.- ���G� H- �<��� 80

8/�W@ �@  _���8��� �+0 )�@��	, �)-�� aHz  ��+� � R���� /,�� �z�	. S�^;,-�.- .8/�W@ )�@  �-FN-   QF� �F@  H-

 ����H�� W0-���� ���<�P )8 8]-�- ( �� �.-���<� .P )9) � (10 (8� ����L	 8/�W@ )�@ ���b;.- ��<��J 1��  �,F��,  ��
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 � 83I�6	�C� 	��- �-��P  6	�C� �,��, 83I� H- �.�) (S�-  -� 8;��> �k, �� �.-f�-� .P )11 ( 8F/�W@  )�F@   )H�F.H��

N-� �@ f�-� � ����H�� W0-�� �� ��<��JP )12/�W@ (P _�N _^,� ���N  8]-�- -� ��9���0  �.-. 

  

)13(  �,f�6 = 67(6�) × [)*+1
× (X X X #��"�(?7) + X X X #���"� (?')Z�

"�
[
�

U�
�� ) + )*+2Z�

"�
[
�

^
�

× (X X X #��"	(?7) + X X X #�	�"	 (?')Z	
"	

[
�

U	
�	

Z	
"	

[
�

^
� ) + )*+3

× (X X X #��"�(?7) + X X X #���"� (?')Z�
"�

[
�

U�
��

Z�
"�

[
�

^
� )] + 67(�') × 

                                          [X @�� ×  (�� + X @�	 ×  (�	
U	
�	

U�
�� + X @�� ×  (��

U�
��  ] 

  

1��FF�  KFF@ FFf�-� |��FFf� a��P )13 (@�FF� �FFG� )H�FF.�`0-N ��FF��  ���FF�;9- 8FF]-�-  �FF� �FF.-.  �;�-��FF�

)*+3, )*+2,)*+1 8�  a��b�  )�@H�� �-<� x��*�8,z�. - )�.-  808� f.-� P��b;.- X �*�   � ��<��FJ H-

 Z@�0zM��/ �@ 4-W	� H- ���,M H- ���, )j	�I   Z@�0 �� 4�/0��04��,-�  ��0 �8;.�0 )���I� 8�- ��  4-�FI9 �@H�� 6�

�� ��� .�� �@	6  u�.-ZA� � 8f�-� 6�- S�-�  )��0 )�@H�� 4-�I9 K�<��.�H- 8;��    8F� 8F9�� �� � �.- � F	4-W 

 4H� � �;�-��� 6�-67(6�) ��<��J Y*N Z�-W�- �� �G�@ ���b;.- X�*�  ��H������ ��  a-T-�� /0.   a�� ZFA�

1��� 6�-� S�e;�- ��*�- 8� Pf.-� N- 4�+, -� ����H�� W0-�� �-��-�  .�.-  

67(�') 8�  a��b� S�e;�- �	�@-  � ��-H67(6�)  )��0 )�@H�� 4-�I9 �	�@-�.�H- 8;��    8F0 �F.- 8^f/� ��

 6		<� 8^f/� E�-�� )�/I��� ��I: 4�.�/���0�� //0 )��0 )�@H�� ����^� �8<��f� 6�- �� . 4-�FI9  �F� 4H� �   )�F@

8G
9 �� ��0%�  �0�� 4-��� ��?��� �@ 6		<� H�I�- 4�;.- �;</2 )��  �.-  .  

  

"�.MF� I. ���  

•  ����D���+;,- H�*�  |��f� �?��� 1��/2 H- �9��: ��<��J x��*�) E�-��14 ( �F� )16 (  �F.-  8F0

�<���  4�� ��<��J Z@�0 H- .�.- ���b;.-  

)14(  X X #�%�"�(66)_�
%�

^
� ≤ 851"�           ∀�1 

)15( X X #�%	"	(66)_	
%	

^
� ≤ 852"	          ∀�2 

)16( X X #�%�"�(66)_�
%�

^
� ≤ 853"�            ∀�3 

•  �`0-N ����D�K�7�  H�*�  �.� P	��- �-�� x��*� �� S�-  1��/F2  ?��F��   ) EF�-�� |��Ff�17 ( �F� 

)19 (08 S�;/0 )-��  <� E	D�  �;G�H<.�� P �� y�D� �-���  .�.-  
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)17(  X X #���"� (34)[
�

]�
�� ≤ 831"�                   ∀�1 

)18( X X #�	�"	 (34)[
�

]	
�	 ≤ 832"	                   ∀�2 

)19( X X #���"� (34)[
�

]�
�� ≤ 833"�                  ∀�3 

•  ����H�� H- �9��: Y*N H-�� ����D��1 ��2  ��3  |��f�) E�-��20 (�� )22(  

)20(  X X #���"� (?')Z�
"�

[
� ≤ β × X X #���"� (?')  ∀�1ij

kj
l
m  

)21( X X #�	�"	 (?')Z	
"	

[
� ≤ β × X X #��	"	 (?')  ∀�2in

kn
l
m  

)22( X X #���"� (?')Z�
"�

[
� ≤ β × X X #���"� (?')  ∀�3io

ko
l
m  

•  ����H�� W0-�� �	��� ����D��1 ��2  ��3 �-�� |��f�) E23 (�� )25.(  

)23(  X X #���"� (?') ≤Z�
"�

^
� !,���(max) × @��  ∀�1 

)24( X X #��	"	 (?') ≤Z	
"	

^
� !,��	(max) × @�	  ∀�2 

)25( X X #���"� (?') ≤Z�
"�

^
� !,���(max) × @��  ∀�3 

• �z�^;,- 4���9 ��9 � Y*N S�;/0 ����D� �f�) E�-�� |�26 (�� )55.( 

 

)26(  
!,���(min) × ����"� (?') ≤ #���"� (?') ≤ !,���(max) × ����"� (?')    ∀�, �1, �1 

  

)27( !,��	(min) × ���	"	 (?') ≤ #��	"	 (?') ≤ !,��	(max) × ���	"	 (?')    ∀�, �2, �2 
  

)28( !,���(min) × ����"� (?') ≤ #���"� (?') ≤ !,���(max) × ����"� (?')    ∀�, �3, �3 
  

)29(  ����"� (?') ≤ @��    ∀�, �1, �1 

)30(  ���	"	 (?') ≤ @�	    ∀�, �2, �2 

)31(  ����"� (?') ≤ @��    ∀�, �3, �3 

)32(  #��"�(?7) ≤ *�"�(�2) × ���"�(?7)    ∀�, �, �1 

 

)33(  #��"	(?7) ≤ *�"	(�2) × ���"	(?7)    ∀�, �, �2 
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)34(  #��"�(?7) ≤ *�"�(�2) × ���"�(?7)    ∀�, �, �3 

 

)35(  ���"�(?7)  ≤ #��"�(?7)    ∀�, �, �1 

 

)36(  ���"	(?7)  ≤ #��"	(?7)    ∀�, �, �2 

 

)37(  ���"�(?7)  ≤ #��"�(?7)    ∀�, �, �3 

 

)38(  #���"� (?') ≤ *�"�(�2) × ����"� (?')    ∀�1, �, �1 

 

)39(  #�	�"	 (?') ≤ *�"	(�2) × ��	�"	 (?')    ∀�2, �, �2 

 

)40(  #���"� (?') ≤ *�"�(�2) × ����"� (?')    ∀�3, �, �3 

)41(  ����"� (?') ≤ #���"� (?')    ∀�1, �, �1 

 

)42(  ��	�"	 (?') ≤ #�	�"	 (?')    ∀�2, �, �2 

)43(  ����"� (?') ≤ #���"� (?')    ∀�3, �, �3 

 

)44(  #�%�"�(66) ≤ 851"� × ��%�"�(66)   ∀�1, �, �1 

 

)45(  #�%	"	(66) ≤ 852"	 × ��%	"	(66)  ∀�2, �, �2 

 

)46(  #�%�"�(66) ≤ 853"� × ��%�"�(66)   ∀�3, �, �3 

 

)47(  ��%�"�(66) ≤ #�%�"�(66)   ∀�1, �, �1 

 

)48(  ��%	"	(66) ≤ #�%	"	(66)   ∀�2, �, �2 

 

)49(  ��%�"�(66) ≤ #�%�"�(66)    ∀�3, �, �3 

 

)50(  #���"� (34) ≤ *�"�(�2) × ����"� (34)   ∀�1, �, �1 

 

)51(  #�	�"	 (34) ≤ *�"	(�2) × ��	�"	 (34)   ∀�2, �, �2 

 

)52(  #���"� (34) ≤ *�"�(�2) × ����"� (34)   ∀�3, �, �3 

)53(  ����"� (34) ≤ #���"� (34)     ∀�1, �, �1 

)54(  ��	�"	 (34) ≤ #�	�"	 (34)     ∀�2, �, �2 

)55(  ����"� (34) ≤ #���"� (34)     ∀�3, �, �3 
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•  8,�:��0 Q� Pf�-� 1/� ����D��� �f� $��:) E�-�� |�56 (�� )58(  X���� ��� u�.-��2.  

)56(  ���"�(?7) = 0    ∀� = �, �1 

  

)57( ���"	(?7) = 0    ∀� = �, �2 

  

)58( ���"�(?7) = 0    ∀� = �, �3 

  

•  P
2�� 6��;+	� ����D� H�*�  ��S�^;,- ���N  )R�,- � rM8� �
� H- )�	>�
9 ��-�N �  �+,  �F/�zM 

 80 �	G� ���� ) E�-��59 (�� )64(  8]-�-��  �.- .u�.-��   ����FD� 6F�-      �F� 8F,�:��0 �� 6	F� S�F7�- 4�F3�- �

 ����H�� W0-�� �� 8,�:��0�� ���2 ��,M P
2�� 80 �.- �G	� �)��G� �� �;�0 �`0-N H�*� :�  �:	  .���  

 

)59(  p(��� − :�r × ���"�(?7)] ≤ 0     ∀�, �, �1 

  

)60( p(��� − :	r × ���"	(?7)] ≤ 0     ∀�, �, �2 

  

)61( p(���� − :�r × ����"� (?')] ≤ 0     ∀�, �1, �1 

  

)62(  p(���	 − :	r × ���	"	 (?')] ≤ 0     ∀�, �2, �2 

 

)63(  p(���� − :�r × ����"� (?')] ≤ 0     ∀�, �1, �1 

 

)64(  p(��	� − :	r × ��	�"	 (?')] ≤ 0     ∀�, �2, �2 

 

  

•  P
2�� 6��;+	� ����D� H�*�  ��S�^;,- ���N  )R�,- � rM8� �
� H- )�	>�
9 ��-�N �  �+,  �F/�zM 

 80 �	G� ���� ) E�-��59 (�� )64 8]-�- (��  �.- .u�.-��   ����FD� 6F�-     F� 8F,�:��0 �� 6	F� S�F7�- 4�F3�- � �

 ����H�� W0-�� �� 8,�:��0�� ���2 ��,M P
2�� 80 �.- �G	� �)��G� �� �;�0 �`0-N H�*� :�  �:	  .���  

:8;3,)  ��� ��I, ���2 ��3 p�,- �8
2�� �;�-��� )-�� ��� aHz �k1 �k2  �k3 �� 8;��> �k, �� .(�  

 

• ��D��� H-�� �J���<  9��:� 8,�:��0 H-  �@u�.-�� -��E� )65 (�� )67.( 

)65(  W�"�(01�) ≥ sX #�b"�(?7)[
�\� + X #�t�"� (?')U�

��\� + X #�u�"�(66)_�
%�\� v ∀���1 

)66( W�"	(01�) ≥ sX #�b"	(?7)[
�\� + X #�t	"	 (?')U	

�	\� + X #�u	"	(66)_	
%	\� v ∀���2 

)67( W�"�(01�) ≥ sX #�b"�(?7)[
�\� + X #�t�"� (?')U�

��\� + X #�u�"�(66)_�
%�\� v ∀���3 
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•  ����D��C� 6	  �	b	0���� , H�	�@  8,�:��0E�-�� u�.-�� )68 (�� )76.(  

)68(  /�"�(�2) × ���"�(?7) ≤ /�"�(01�)    ∀�, �, �1 

)69( /�"	(�2) × ��b"	(?7) ≤ /�"	(01�)    ∀�, �, �2 

  

)70( /�"�(�2) × ���"�(?7) ≤ /�"�(01�)    ∀�, �, �3 

  

)71(  /�"�(�2) × ����"� (?') ≤ /��"�(01�)   ∀�1, �, �1 

 

)72(  /�"	(�2) × ��	b"	 (?') ≤ /�	"	(01�)    ∀�2, �, �2 

 

)73(  /�"�(�2) × ���b"� (?') ≤ /��"�(01�)    ∀�3, �, �3 

 

)74(  /�"�(�2) × ����"� (34) ≤ /��"� (01�)  ∀�1, �, �1 

 

)75(  /�"	(�2) × �w	b"	 (34) ≤ /�	"	 (01�)   ∀�2, �, �2 

 

)76(  /�"	(�2) × ���b"� (34) ≤ /��"� (01�)   ∀�3, �, �3 

 

)8;3, : ��� �>-4  ��- �-^� ��� aHz ���I, 8� �b	0 8� ���G� N-� �@ )-H- _2�N ���2 r�J ���FG�  ��

 ��-) �;�� .(��� �G0 ����D� �.-� ��. H- �(�	b	0 

•  ����D��C� )�J�^� 6	8,�:��0 �@ u�.-�� ) E�-��77 (�� )79.(  

)77(  *�"�(�2) ≤ X #�b"�(?7)^
�\� + X #��b"� (?') + X #���"� (34)]�

��\�  ∀�, �1U�
��\�  

 

)78(   

  

)79( 

*�"	(�2) ≤ X #�b"	(?7)^
�\� + X #�	b"	 (?')U	

�	\� + X #�	�"	 (34)]	
�	\�  ∀�, �2 

 *�"�(�2) ≤ X #�b"�(?7)^
�\� + X #���"� (?')U�

�\�
+ X #��b"� (34)]�

��\�  ∀�, �3 
  

T�� ���2 �� :8;3,)������ )�J�^� 6	�C� )-�� 4�/	�5- )��9�� ��� �Q� ��� 4+,�-�    8F� _F7;� 4�>//0

8,�:��0  )�@ .(��� 6	�C� �9��: �		e� �� _	f<� S�7� �� ��,M H�	, �� ��� 8;��> �k, �� �
7� 

•  ����D�N H�*� � ��<��J K�7� 	��� �u�.-�� )80 (�� )82( 

)80 (  X #�b"�(?7) +^
�\� X #��b"� (?') U

��\� ≤ <1�"� × *�"�(�2)     ∀�, �1 

 



46 / ���� ���	
�� � 	��� �����12 ����� �1 ��	�� �24 � ����1400 

)81(  X #��"	(?7) +^
�\� X #�	b"	 (?') U

�	\� ≤ <2�"	 × *�"	(�2)      ∀�, �2 

 

)82  (  X #�b"�(?7) +^
�\� X #��b"� (?') ≤ <3�"� × *�"�(�2)      ∀�, �3 U

��\�  

 

•  S� ����� ����D��� ) E�-��83 (�� )117( 

 

)84(  ����"� (34) ∈ {0,1}      ∀�, �1, �1 )83(  #���"� (34) ≥ 0      ∀�, �1, �1 

)86(  ��	�"	 (34) ∈ {0,1}      ∀�, �2, �2 )85(  #�	�"	 (34) ≥ 0      ∀�, �2, �2 

)88(  ����"� (34) ∈ {0,1}      ∀�, �3, �3 )87(  #���"� (34) ≥ 0      ∀�, �3, �3 

)90(  ����"� (?') ∈ {0,1}      ∀�, �1, �1 )89(  #���"� (?') ≥ 0      ∀�, �1, �1 

)92(  ��	�"	 (?') ∈ {0,1}      ∀�, �2, �2 )91(  #�	�"	 (?') ≥ 0      ∀�, �2, �2 

)94(  ����"� (?') ∈ {0,1}      ∀�, �3, �3 )93(  #���"� (?') ≥ 0      ∀�, �3, �3 

)96(  ���"�(?7) ∈ {0,1}      ∀�, �, �1 )95(  #��"�(?7) ≥ 0      ∀�, �, �1 

)98(  ���"	(?7) ∈ {0,1}     ∀�, �, �2 )97(  #��"	(?7) ≥ 0      ∀�, �, �2 

)100(  ���"�(?7) ∈ {0,1}      ∀�, �, �3 )99(  #��"�(?7) ≥ 0      ∀�, �, �3 

)102(  ��%�"�(66) ∈ {0,1}     ∀�1, �, �1 )101(  #�%�"�(66) ≥ 0      ∀�1, �, �1 

)104(  ��%	"	(66) ∈ {0,1}     ∀�2, �, �2 )103(  #�%	"	(66) ≥ 0      ∀�2, �, �2 

)106(  ��%�"�(66) ∈ {0,1}     ∀�3, �, �3 )105(  #�%�"�(66) ≥ 0      ∀�3, �, �3 

)108(  ����"� (?') ∈ {0,1}      ∀�1, �, �1 )107(  #���"� (?') ≥ 0      ∀�1, �, �1 

)110(  ���	"	 (?') ∈ {0,1}      ∀�2, �, �2 )109(  #��	"	 (?') ≥ 0      ∀�2, �, �2 

)112(  ����"� (?') ∈ {0,1}      ∀�3, �, �3 )111(  #���"� (?') ≥ 0      ∀�3, �, �3 

)114(  @�� ∈ {0,1} )113(  $A! ≥ 0 

)116(  @�	 ∈ {0,1} )115(  �) ≥ 0 

)117(  @�� ∈ {0,1}    
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4- �"#�!�= 	�
�T  

� �*/.��I;�- u�.-�S�  � )-�� )���/+	 ����	  4M )H�.��       �F� a-FT- H�FI�- 4�;F.- �� ��F�M�k, �;</2 ?���

 �.- ��-%j �?��� 1��/2 �;+	� .�.-)�=�� 1��/2 � 8
�9H- ��-�    WF	, )W��
F. � ���	�	F� �)H�. ��F9� ��-� .

 �</2 �b@8� 4-�/�  ��,M �.��� 80 �.- �� 8;��> �k, �� )���M P,��,8�   �-�F�@  F,-p�   )�F@i  �j   S�F9 ��

X���� 3 ��M �.-. )H���+0 ZA� ��-� � W	, ?��� ���*� 8� K�7� H- �3� 4-�/� �//0   �;</F2 ��<��FJ )�@ 

 8<��f� 6�- ���> �k, ���� 8;�  �.-.  

 I�.C3 - G���  F�#�) �"!+ ��
�T !" U'��  

(��<��J 7^�)j )�I� (��<��Ji �</2 

1  1  6;�  � .	4�� 

2  2 ,	��>��  
D�� 

3  3 0	Q  � �w3� 

4  4 ��	/I� 

5  5 ��,	, � �-�H�> 

6  6 9�G,�  � H�=,�) 

7  H���+0 ) � a-� 

  

 v�f.8;��>�k,�� X� Q� �@  H-�z�N  S�9 �� ��9 � )R�,- �rM X����4 \��+� ��  �.-  . 

  
 I�.C4 - �"!+ ��
�T "!+ G���  �C�#0 � �"�!� ���P�= V+T�  

�1 

v�f.  
M rwJ��/r

350 -400  

MrwJ��/r  

300 -350  

 rwJ��/rM

250 -300  

 rwJ��/rM

200 -250  
      

p�,-  1  2  3  4        

�2 

v�f.  ��A� a�>  
�) G0-	 

6��0  
4R��;	,          

p�,-  1  2  3          

�3 
v�f.  ,��G� /�	�  rM /�	�  uw�  8����	�:  u�/��  Q	;.w�  8g���  

p�,-  1  2  3  4  5  6  7  

 

 �-<��@  H- Q��C�6	  4�>//0�-�� ��- P	�.�  S�- 8<��f� 6�- �� �4�3� ��    WF0-�� �-F<� � ?��� H- ���: ��

 ?��� _:-� 4�3� �� W	, ����H�� X�^����� �k, 8;��> ��  �.- W	, 4�3� Q� .8� 4-�/�  �z�N H- Q� �@ 1�� W0��

 y�D� �9��: ��<��J��  �.- E.�;� .Y*N  �J�^� ��J ��<�  ��9��: v�fF.  0  �F	b	 �F�,M   1��/F2 �� ���F� 

S�9 �� 8<��f� X���� )�@ 5 �� 7 X���� S�9 �� _2-�� �8  X���� S�9 �� �@�;�-��� ���. �9 ��-� 4�+,  �F� 

 �.-  . 
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 I�.C5 - �B��, F�P�= � R/L �  F
�L �C�#0 A����BXY XKB�)� 

�1 )����  1  1        3  4  

�1 �9��:  4  3  4  3  1  1  4    

            �</2  

 Y*N0 ��	b	  
1  2  3  4  5  6  7  

Y*N  �J�^� )kg/year(  800  900        600  120  

0 �	b	  �J�^�  355  400        310  290  

Y*N  �J) ��<�kg/year(  200  600  250  280  300  1800  600    

0 �	b	 ��<��J  210  280  250  255  205  410  200    

  

 I�.C6 - �B��, F�P�= � R/L � �;#%- F
�L �C�#0 A����B  
�2 )����  1    2  3    2      

�2 �9��:  2  1  3  1  2  3  2      

�</2  

 Y*N0 ��	b	  
1  2  3  4  5  6  7  

Y*N  �J�^� )kg/year(  100    100  60    5/127      

0�	b	  �J�^�  386    60  70    60      

Y*N  �J) ��<�kg/year(  100  120  75  40  40  25  85      

0 �	b	 ��<��J  60  390  75  370  50  60  71      

  
 I�.C7 -  R/L� F�P�= �B��, � A����B  �C�#0  .�C F
�L 

�3 )����    7  2  4  7  6  3  4  6  7  1  5  

�3 �9��:      2  3  4  1  6  5  6  7    

            �</2  

 Y*N0 ��	b	  
1  2  3  4  5  6  7  

Y*N  �J�^� )kg/year(    8  60  70  10  65  43  15  60  130  20  20  

0�	b	   �J�^�    5  20  20  20  90  20  10  90  20  30  10  

Y*N  �J) ��<�kg/year(      10  50  19  50  10  25  20  27    

��<��J �	b	0      40  25  20  30  50  30  60  25    
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 I�.C8 - =-# �� � #]�.�� �� G���  	< �)(�^, � G)" 2������� � 3�*.��= 

 ���  ���� ��	� ���� 

 1 2 3 4 5 6 7 1 2 1 2 1 2 

1 0 20 100 40 30 120 120 210 160 240 30 150 90 

2  0 80 40 60 10 110 70 130 80 30 130 140 

3   0 20 20 40 60 240 100 200 140 20 50 

4    0 110 100 90 100 210 200 200 100 160 

5     0 100 100 60 160 110 240 50 80 

6      0 70 80 150 150 50 210 170 

7       0 60 40 140 60 30 60 

 ��%� ��%	 ��%� ���� ��	� ���� 

 1 1 1 1 2 1 2 1 2 

1 270 2,8 40 640 310 890 700 480 610 

2 200 1 30 520 260 390 290 340 390 

3 140 3/3  30 530 240 930 960 590 590 

4 120 1/3  90 470 920 490 290 830 510 

5 230 5/3  70 390 520 270 300 960 970 

6 100 2 80 660 240 390 480 860 210 

7    700 480 300 350 950 500 

 

 

 I�.C9 -  "!+ @#�� !" I. ���#�-!�� #�����
�T 

WDK3 2=  !�	"	 ∈ U(500,3100) 851"� ∈ U(500,1500) 5"�(66) ∈ U(3000,3800) 

WDK2 3=  !��"� ∈ U(1200,3400) 852"	 ∈ U(80,300) 5"	(66) ∈ U(1500,6000) 

WDK1 2=  /��"� (01�) ∈ 

U(290,330) 
853"� ∈ U(50,100) 5"�(66) ∈ U(300,4000) 

 (��\�=9 /�	"	 (01�) ∈ U(60,390) &'�� ∈ U(510,627) 106*  ���"� (34) ∈ U(1000,3200)  

 (��\	=11 /��"� (01�) ∈ U(5,100) &'�	 ∈ U(470,540)  106*  ��	"	 (34) ∈ U(1500,3000) 

 (�	\�=6 /��"�(01�) ∈ U(290,320) &'�� ∈ U(557,584)  106*  ���"� (34) ∈ U(320,3000) 

 (�	\	=4 /�	"	(01�) ∈ U(60,390)  !"� ∈ U(225,350) 831"� ∈ U(400,900) 

 (��\�=10 /��"�(01�) ∈ U(5,100)  !"	 ∈ U(320,350) 832"	 ∈ U(90,400) 

 (��\	=8 :�=240, :	=260 !��"� ∈ U(200,3000) 833"� ∈ U(50,150) | = %90  #$! 350=  67(�') = 67(6�) 0,5=  <1�"�=<1�"	 = <1�"� =1 

  

p� H-  _N S� �� 4�
	G�-  ����D�  ��20 �-�3� 6;��> �k, �� � 8/�W@ K@ 8�  4-�F/�    ��z�F� �F����- )-�F� 

8/	�� �)H�.  Y	�7� )�@�	e;� � K@ ����^�8� v�� S�9 X���� 10  8� �.� ��M  �.-  .  
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I�.C 10 - Q����#� C�#0� I. �!� �
�T	 "!+� 

#��"	(?7) #��"�(?7) #}�	 (?7)=85 #	�� (?7)=50 #	�� (?7)=100 #�}	 (?7)=100 #}	� (?7) 900=  #}�� (?7) 800=  

#��	"	 (?') #��"�(?7) #�		 (?')=40 #~�� (?7)=10 #~	� (?7)=8 #��� (?7)=20 #�}� (?7)=15 #�}� (?7)=43 

#�	�"	 (34) #���"� (?') #���"� (?') #��� (34)=10 #��	 (34)=15 #��� (?')=47 #�~� (?')=600 #	�� (?')=120 #	�� (?')=600 

@��  #���"� (?') @� =1  #��} (?')=20 #�~� (?')=9 #�}~ (?')=25 #��	 (?')=8 

@�	 #���"� (?') @	 =1 #~�� (?')=9 #}�~ (?')=20 #}�} (?')=20 #��~ (?')=10 #��	 (?')=10 

@�� #�	�"	 (?') #�%�"�(66) @� =1 #	}	 (?')= 5/27  #}�} (66)=5 #��� (66)=30 #��� (66)=4 #��� (66)=7 

#���"� (34) #���"� (34) #	�� (34) #	~� (34) =121 #	�~ (34) =65 #	�� (34) =70 #	�	 (34) =52 #�}~ (34)=35 

#�%�"�(66) #}�� (66) =
600 #��� (66) =300 

#��� (66) =
280 

#	�� (66) =
280 

#	�� (66) =
130 

#��� (66) =
200 

SW TNC #�%	"	(66) 

25/2998  1,753,171,785 #��� (66) =40 #��� (66) =40 #	�� (66) =25 #	�� (66) 20=  
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F2�� -    ���F�H�� WF0-�� �F� ) �-�FT  �F�   4�F��9 � ��F	>   )�F@

H������  6�W=��9 ����@H�> )  �<	I5��  X���� �-���, u�.-�� �6	/d�@ .���5   SF� PF/�W@ ���  Ff^,   ��F;� �bF2 P

+	� � 6��;����  ���;9- 80 �.- 6��;�0 ��BC� ��I�� �� -� ��<��J H- ���b;.- �	<.�� P �� 4�+, �-���  �6�-���/� O@�

 ���/+	���  ����,�9 ����?��� �@ �� -;�- H- �;</2 )<��f� P /�J � ��<��J S��I� 4�3�- ��-�� ��- a�*,- 1��/2 P	

 �� ����2�� �@ )�;+	� �z��I� )�k,H-  FD�����   )�F@ 8
F2�� -      ��F3
�� � ��F� Y@-�F� ?�F,�f: ��<��FJ )

.��� Z�-W�- �;G�W�@  

  

    
?�� 4- ?�<M,  ����#� Ae"��, R/L F����L ��/ 	< �) (�#����

I���%-  

  

?�� 5- ?�<M, #�"�� F����L  	< �) (�#���� ����#� H.�  ��/

I���%- 

  

6- �%�/� ��"������ � �#�*  

?��� �@)   �;</2�
�  ���A� �-�	BC� ���: )�@����;.� Yj� �F�  FD� E	       8F� �F�,M �� ��@�F> � F,�-� �FG�H

 �� EI��� ����J������  ���;9- .�.- �+, 89�� �W�@�;G�  �;</2 8� a�k, ��3��� 4-�/�    _F��^;� )��F3�@ � /�

 �1��/2 6	��� �G�@ ��8/	 )H�.  � �-�� �z��I�R�,- )8�  ��9� ��M  �.-  80 KF@ �4M R���0- F�Q  4��F0   �FN-�5

?��� �@)  .�.- �;</2  P�@�� S� Q� �Z@�[� 6�- ��8��,�� �   E
;FA� )WF� �F�  DF2 \	 F� )-��� 8F/	   )H�F.

 �z��I�83I� �@ ) 4�3� � �;G�W�@  ����-��=;G�  ����H�� )�@8]-�-  ��  �.- .8
�9H- ��M�,)   SF� )�@ �IFG,   8F� 

 �=��Z@�[� �@ )-6�  @ S��I� �8/	�HY  4��H�@ 8.        Y	^;FG��	j S��FI� �6	F/d�@ .�F.- )R�F,- � rM �F��9 ���N

 ��<��J�5H- �����H�� W0-�� |�H- � �=���M�,)  S� )�@����  �.- .�   ���	;F.� )-�F� ?��� ��3
�� ��I�� )-� 8F� 

 ����;9- <�<.�� P �� ��-����;9- K@  SF� �� � y�FD�   �F�   �F.- . _FN     FG�- $�� H- ���b;F.- �F� SF�	4�
 

��D���  ��� a�,  W�> �-W�-�.- �� a�*,-.  S� �9��: c��;,��  ?������� 8<��f�  4�+,��    _F0 YF*N �@�

 ?��� 1��/2 x��*� H- ���b;.- 4�� ��<��J�IG,  8�  �4M H- Z	�8�  �  8F;��� Z@�0 )���H 4-W	    �6	F/d�@ .�F.-

 �;G�W�@ �� 1��/2 P/�W@�IG,  8� W@8/� ,M )�-�b,- )�@ ��� ��	GZ@�0   � �.- 8;����@ 6	    )-�F� �IF.�/� �-W�- ���-

 ��,M L	j��8�  �0��+� .�.- v�5 ��  ��*�-23  �2��  �9 �
e��  WF0-�� �-N- �H��    )�F@H�� 4-�FI9 � ���F�

0

10

20

30

40

50

0

100

200

300

400

0 40 80 120160200240280320

S�
�I�

 Y
*N

 
��

��H
�� 

� 
1�

�/2
 6

	�

S�
- �

.�
 ��

 1
��/

2 
6	

� S
��I

� Y
*N

:_2 ))R�,- S�^;,- H�*� 8
2�� �`0-N(

Chart Title

1��/2 6	� ��<��J Y	^;G� Y*N
 S�- �.� )R�,- Y*N
����H�� 8� 1��/2 H- ��<��J Y*N
1��/2 8� ����H�� H- ��<��J Y*N

2900

2920

2940

2960

2980

3000

3020

1500000

1600000

1700000

1800000

1900000

2000000

2100000

2200000

0

4
0

8
0

1
2

0

1
6

0

2
0

0

2
4

0

2
8

0

3
2

0

��
��

;9
- �

���

8/�
W@

:_2 )�`0-N )R�,- S�^;,- H�*� 8
2��(

Chart Title 8/�W@
����;9- ����



����� ����  	����������  ����  !" �� #$% �&'� (�)#* ��� ��+, 	 ��!-.�   /3���4�! "��5 2�,��� �/�.0 /53 

 )��0�.�H- 8;��  H- ���,zM�/�  )�@D�E	   ��;G�H8
�9H-      WF	, Z@�[F� 6F�- .�F.- ����;9- K@ )�@����;.�

/,��@ � ��J��b� ���<��f� ���. ��D���   �-�F� ���N 8. �@ S�^;,- �	G� �S�`� )-�� O��-� S� P<.�� �� ���@

 4�G3� ���<��J ��� �k, 8;��> ��  �.- _�I� 4�3�- .� 6	 ���N  ��<��J H- ���b;.- � �@W0-�� H��  ���F���  �Fk, 

8;��> �+,  �.- 1��/2 � ?��� �-��k;,- �6	/d�@ .8� ���2  �+, ��k/� 8g���3� �.-   )�@���/F+	� �6�-���F/� O

Z@�[� �� S� P<.�� � ��I�� )-�� _��  ���/+	� ��M )�@�� :���  

•  H- ���b;.- �� 8�z/g �;G�W�@ P3I� �N-�5S� �@O�Df.�� ) 

•  S� P<.��� 6*� �� 4�;� H�> �S�`� )-�� O����H�� ��=;G�- H- _2�N ��<��J H- ���b;.- )-�b7�8	 :O8,� 

• <.�� P S�  ���� �k, 6;��>  �� �
7� 1��/2S� �@4���9 � 4�/	�5- )��9�� ) O1f^/� )�@ 

• S� P<.�� �4�3� )-� ���b;.- )�@,��G� �	7A� � ���� � �9 _j�+� 8� �
<� P3I� �� �,��, 

• � u�.-�� rM � H�> ���9 x-�,- �� 83I� �� �-�� S�^;,- �	G� ���b� )�/I��� S� P<.�� P	J�3 . 

 

�!-�]��f�  

 �� Z@�[� 6�-��N ��  �0�� ����?��� �@)   a�*,- �;</2�.- �� .�6�  6�- H- -� ��: )�-W=.��. �8
	.�

 aw�- 8���*���    .Y	/0  

  
References 
 

Afshari, H., Farel, R., and Peng, Q. (2018). «Challenges of value creation in Eco-Industrial Parks 

(EIPs): A stakeholder perspective for optimizing energy exchanges». Resources, Conservation and 

Recycling, 139: 315-325 . 

Afshari, H., Jaber, M.Y., and Searcy, C. (2018). «Extending industrial symbiosis to residential 

buildings: A mathematical model and case study». Journal of Cleaner Production, 183: 370-379 . 

Al-Fadhli, F.M., Baaqeel, H., and El-Halwagi, M.M. (2019). «Modular design of carbon-hydrogen-

oxygen symbiosis networks over a time horizon with limited natural resources». Chemical 

Engineering and Processing-Process Intensification, 141: 107535 . 

Andiappan, V., Tan, R.R., and Ng, D.K. (2016). «An optimization-based negotiation framework for 

energy systems in an eco-industrial park». Journal of Cleaner Production, 129, 496-507 . 

Aviso, K. B. (2014). Design of robust water exchange networks for eco-industrial symbiosis». 

Process Safety and Environmental Protection, 92(2): 160-170 . 

Aviso, K.B., Tan, R.R., Culaba, A.B., and Cruz Jr, J.B .(2010). «Bi-level fuzzy optimization approach 

for water exchange in eco-industrial parks». Process Safety and Environmental Protection, 88(1): 

31-40 . 

Bi, R., Chen, C., Tang, J., Jia, X., and Xiang, S. (2019). «Two-level optimization model for water 

consumption based on water prices in eco-industrial parks». Resources. Conservation and 

Recycling, 146, 308-315 . 

Biegler, L.T., and Grossmann, I.E. (2004). «Retrospective on optimization». Computers and chemical 

engineering, 28(8): 1169-1192 . 

Boix, M., Montastruc, L., Azzaro-Pantel, C., and Domenech, S. (2015). «Optimization methods 

applied to the design of eco-industrial parks: a literature review». Journal of Cleaner Production, 

87: 303-317 . 

Boix, M., Montastruc, L., Pibouleau, L., Azzaro-Pantel, C., and Domenech, S. (2012). «Industrial 



54 / ���� ���	
�� � 	��� �����12 ����� �1 ��	�� �24 � ����1400 

water management by multiobjective optimization: from individual to collective solution through 

eco-industrial parks». Journal of Cleaner Production, 22(1): 85-97 . 

Cao, X., Wen, Z., Xu, J., De Clercq, D., Wang, Y., and Tao, Y. (2020). «Many-objective optimization 

of technology implementation in the industrial symbiosis system based on a modified NSGA-III». 

Journal of Cleaner Production, 245: 118810 . 

Chae, S.H., Kim, S.H., Yoon, S.G., and Park, S. (2010). «Optimization of a waste heat utilization 

network in an eco-industrial park». Applied energy, 87(6): 1978-1988 . 

Chan, W.M., Leong, Y.T., and Chew, I.M.L. (2020). «Multiple-criteria evaluation of centralized 

chilled water hub powered by industrial waste heat and renewable energy». Journal of Cleaner 

Production, 247: 119570 . 

Chao, G., Leveneur, S., Estel, L., and Yassine, A. (2013). «Industrial Symbiosis Optimization Control 

Model for the exchanges of the material/energy flows in an industrial production park». IFAC 

Proceedings Volumes, 46(9): 1015-1020.  

Daquin, C., Allaoui, H., Goncalves, G., and Hsu, T. (2019). «Collaborative Lot-Sizing problem for an 

Industrial Symbiosis». IFAC-PapersOnLine, 52(13): 1325-1330 . 

Fraccascia, L., Giannoccaro, I., and Albino, V. (2021). «Ecosystem indicators for measuring industrial 

symbiosis». Ecological economics, 183: 106944. 

Genc, O., Capelleveen, G., Erdis, E., Yildiz, O., and Yazan, D.M. (2019). «A socio-ecological 

approach to improve industrial zones towards eco-industrial parks». Journal of Environmental 

Management. 0301-4797, doi.org/10.1016/j.jenvman.2019.109507. 

Gonela, V., Zhang, J., and Osmani, A. (2015). «Stochastic optimization of sustainable industrial 

symbiosis based hybrid generation bioethanol supply chains». Computers and industrial 

engineering, 87: 40-65 . 

Hennequin, S., Ho, V.T., Le Thi, H.A., Nouinou, H., and Roy, D. (2019). «Industrial symbioses: Bi-

objective model and solution method». In World Congress on Global Optimization  (pp 1054-

1066). Springer, Cham. 

Hosseini, S.A., and Mirjahanmard S.J. (2014). «Identifying and Prioritizing the Effective Factors on 

Green Supply Chain Management by Using Path Analysis Approach». Production and Operation 

Management, 5(2): 161-178. 

khatibi, S., khakraz. B.M., and Rahmani, M. (2017). «Multi objective Model of airport gate 

scheduling problem using NSGA-II algorithm and epsilon constraint». Modeling in Engineering, 

15(51): 397-410. doi:10.22075/jme.2017.2855. 

Kim, S.H., Yoon, S.G., Chae, S.H., and Park, S. (2010). «Economic and environmental optimization 

of a multi-site utility network for an industrial complex». Journal of environmental management, 

91(3): 690-705 . 

Liu, X., and Bae, J. (2018). «Urbanization and industrialization impact of CO2 emissions in China». 

Journal of Cleaner Production, 172: 178-186 . 

Lovelady, E.M., and El-Halwagi, M.M. (2009). «Design and integration of eco- industrial parks for 

managing water resources». Environmental Progress and Sustainable Energy. 28(2): 265-272 . 
Nasr-Azadani, M., Davoodi, S.M.R., and Moeeni, SH. (2019). «Optimization of a proposed non-linear 

production model and the effect of direct reduced iron charging on CO2 emission and coke-energy 

consumption of ESCO blast furnace no. 3». Production and Operation Management, 10(2): 57-82. 

doi:10.22108/jpom.2019. 115301.1183. 

Nouinou, H., Roy, D., and Hennequin, S. (2019). «Mathematical modelling for flows optimization 

within an industrial symbiosis». IFAC-PapersOnLine, 52(13): 1319-1324 . 

O’Dwyer, E., Chen, K., Wang, H., Wang, A., Shah, N., and Guo, M. (2020). «Optimisation of 

wastewater treatment strategies in eco-industrial parks:Technology», location and transport. 

ChemicalEngineering Journal, 381, 122643. doi.org/10.1016/j.cej.2019.122643. 



����� ����  	����������  ����  !" �� #$% �&'� (�)#* ��� ��+, 	 ��!-.�   /3���4�! "��5 2�,��� �/�.0 /55 

Panu, M., Topolski, K., Abrash, S., and El-Halwagi, M.M. (2019). «CO2 footprint reduction via the 

optimal design of Carbon-Hydrogen-Oxygen SYmbiosis Networks (CHOSYNs)». Chemical 

Engineering Science, 203: 1-11 . 

Rubio-Castro, E., Ponce-Ortega, J.M., Serna-González, M., and El-Halwagi, M.M. (2011). «Optimal 

reconfiguration of multi-plant water networks into an eco-industrial park». Computers and 

chemical engineering, 44: 58-83 . 

Shariat, M., Iranzadeh, S., and Bafande, A. (2016). Industrial Ecologhy and Industrial Symbiosis. 

First National Conference on Management and Engineering of Progress, Tehran , Iran University 

of Science and Technology. doi: https://www.civilica.com/Paper-ICMPE01-ICMPE01_118.html. 

Shokohyar, S., and Akbari, E. (2018). «Design of A Sustainable Development Model for E-waste 

Recycling». Production and Operation Management. 7(2): 137-152. 
http://dx.doi.org/10.22108/jpom.2016.21097. 

Taskhiri, M.S., Behera, S.K., Tan, R.R., and Park, H.S. (2015). «Fuzzy optimization of a waste-to-

energy network system in an eco-industrial park». Journal of Material Cycles and Waste 

Management, 17(3): 476-489 . 

Tiu, B.T.C., and Cruz, D.E. (2017). «An MILP model for optimizing water exchanges in eco-

industrial parks considering water quality». Resources, Conservation and Recycling, 119: 89-96 . 

Valenzuela-Venegas, G., Vera-Hofmann, G., and Díaz-Alvarado, F.A. (2020). «Design of sustainable 

and resilient eco-industrial parks: Planning the flows integration network through multi-objective 

optimization». Journal of Cleaner Production, 243: 118610.  

Zhang, C., Zhou, L., Chhabra, P., Garud, S.S., Aditya, K., Romagnoli, A., and etal. (2016). «A novel 

methodology for the design of waste heat recovery network in eco-industrial park using techno-

economic analysis and multi-objective optimization». Applied energy, 184: 88-102 .  

World Commission on Environmental and Development. (1987). Brandtland report. 

 

                                                             
1. Liu 
2
. Bae 

3
. Genc 

4
. Capelleveen 

5. Erdis 
6. O’Dwyer 
7
. Chen 

8
. Wang 

9. Eco-Industrial Park 
10

. Industrial Symbiosis 
11

. Fraccascia 
12

. Giannoccaro 
13. Albino 
14. Boix 
15

. Montastruc 
16

. Azzaro 
17. Mixed Integer Linear Programming (MILP) 
18

. Biegler 
19

. Grassmann 
20

. Lovelady 
21. El‐Halwagi 
22

. Aviso 
23

. Tan 
24

. Culaba 
25. Bi-Level Based on Fuzzy approach 
26

. Kim 
27

. Yoon 
28

. Chae 



56 / ���� ���	
�� � 	��� �����12 ����� �1 ��	�� �24 � ����1400 

                                                                                                                                                                                              
29. Rubio 
30. Ponce 
31

. Serna 
32

. Boix 
33. Pibouleau 
34

. Chao 
35

. Leveneur 
36

. Estel 
37. Taskhiri 
38

. Behera 
39

. Tan 
40

. Zhang 
41. Zhou 
42. Chhabra 
43

. Tiu 
44

. Cruze 
45. Afshari 
46

. Jaber 
47

. searcy 
48

. Nouinou 
49. Roy 
50

. Hennequin 
51

. Valenzuela-Venegas 
52

. Vera 
53. Daiz 
54. Hennequin 
55

. Ho 
56

. Le 
57. Chae 
58

. Gonela 
59

. Andiapan 
60

. Bi 
61. Al-Fadhli 
62

. Panu 
63

. Daquin 
64

. Cao   
65. Chan 
66. ε-Constraint 
67

. Solver 
68

. Ciplex 
69. Brandt land report 
70

. World Commission on Environmental and Development (WCED) 

  
 


