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Purpose: This article aims to develop an integrated production-inventory-vehicle routing model for 

deteriorating products in a green supply chain considering environmental impacts. The objective is to 

maximize the profit of selling products considering the costs of production, setup, inventory holding, 

distribution, vehicle routing, transportation, fuel, and environmental pollutants.  

 

Design/methodology/approach: Intending to integrate the supply chain policies, the developed 

model aims to maximize the total profit of producers and wholesalers in a horizontal collaboration. 

The model is formulated to mixed-integer linear programming (MILP). A set of deteriorating products 

with a shelf life is assumed. The quality of the products decreases over time, and therefore, there is a 

fixed deterioration rate in each period. A discounting policy is considered for producers and 

wholesalers. The model is coded using IBM ILOG CPLEX. Three examples with different 

dimensions are solved in two centralized and decentralized versions. The sensitivity of demand and 

holding cost parameters are analyzed.    
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Findings: The solving results of the model in both centralized and decentralized cases underlined 

increasing profits by integrating the supply chain decisions. By comparing the model’s solving results 

in both centralized and decentralized cases, the sales revenue of the wholesalers in the decentralized 

case increased by more than 30% in all three samples when a price discount was possible. However, 

the revenue from the wholesalers' regular sales was more concentrated than those of decentralized 

case. Compared to the decentralized case, the manufacturers' revenues from discounted and regular 

sales in the centralized case also increased by more than 10% and 70%, respectively. 

 

Research limitations/implications: Although the demand and many other parameters such as cost 

and production rate are affected by many exogenous factors, and hence, are not deterministic in 

reality, demand was assumed deterministic. The problem was solved for small and medium-size 

samples. In real cases, the development of appropriate algorithms for solving large size samples is 

recommended. 

 

Practical implications: The basis of the proposed model is a study on a group of agricultural 

products from production to distribution, which can be applied for a real case study. This research 

influences business and the economy. It also proposes a model to build an effective collaboration 

between manufacturers and wholesalers to increase profitability. 

 

Social implications: This research tries to integrate decision-making in a supply chain and improve 

profitability. As a result, business improves and customer satisfaction increases. The model considers 

the waste of the deteriorating products, i.e. the destructive waste effects on the environment. Fuel 

consumption as a factor that harms the environment and depletes nonrenewable resources is also 

recognized. Moreover, possible price discounting can lead to profit increase, waste decrease, and 

satisfaction of economic or low-income customers. Considering the mentioned factors are substantial 

in a sustainable supply chain. 

 

Originality/value: This paper presents a mathematical model (MILP) for a supply chain of 

deteriorating items such as agricultural products. Due to the existing unequal and disproportionate 

volume of deteriorating products transporting between producers and wholesalers, the transportation 

fleet is considered heterogeneous. The possibility of a price discount policy is assumed to increase the 

demand level and total profit and decrease overall waste. Environmental considerations in the form of 

a reduction in fuel consumption and pollutants in routing are also recognized. The centralized and 

decentralized cases were also compared. 

 

Keywords: Production-inventory-routing problem; Deteriorating items; Centralized and decentralized 

cases; Horizontal collaboration; Green supply chain. 
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)2009(57  
*  *      *    *    *    

  
  

        

) ?�5,�,�, � ����2010(*  *      *    *    *                

 .-��5�8 � �(	Y�Q

)2011(58  
*  *      *    *    *    

  
  

        

 .-��5�8 � s�C�	���Q

)2014(59 
*    *    *    *    *    
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 .-��5�8 � �E�-

)2014(60  
*  *      *    *    *    

  
  

        

'�/^F �G5C-�' 

8-��-��	 A� ��� 

)1397(  

*    *    *      *  *    

  

  

        

M	�C ��-@ � ,����� 

)1397(  
*  *      *    *        

  
  

        

'�O- 	��8� � 

B�-K� ��-@ 4R� )1398(
*  *      *    *    *    

  
  

  *      

7
C '���Q � �(+�� �	, 

)1399(  
*    *    *    *    *    

  
*  

  *    *  

�\�O ;8�<�  *  *      *    *      *  *  *  *  *  *  *  

��� � .�6GG)	��� 9,-@�� #��� �H8 � ]	/`� @- N0�O �Q�� � .�����BG �-� 9G�H8 B
�F@- �7(E	C '�8  '@-,-

BG�H8 �	��� 7(E	C �G�dQ � �S�C �.�6G,-� �H�(C� ������	E� � ?�C�- �#��/C ���S �'�-�1, '�8  '�8

�E�@ �� xRU� �W	U� B�) �W	U� ^� B� ;8�<� =�- �� �B
bE� =�- B� BF�� �� .���  ^� � (}��
� ���0

�� ��) '��2(3- =(��6 �J, BG�H8 ;8�) mE) o/O � �� � 7(E	C '�8 B� ��)�  h@�O �� (}��
��, ���0

B,�1,��8 .�C- �� BF�� H	, �-��� 9^C�� B) n�W� �� �� =�- �;8�<� B(C� '- @- 4A3- ?-�@ �J, � ��$� �-�3 

B(��6 �C- B) ��� ��U� ��-� .9
�F@- =�- 4A3- B� �d�2U� '@���+) .�c�8 ��*�HKC � 	0�/ ��F � N6 

�� g-�,- � �,� '�8 ]
(`� �� .-�� ����- ��) .@- �*,Q B) =�- 4A3- B� ���0 B(C� '- � �� g-�,- ]
(`� )�� BF�� 

B� '�8�\�R� �^(� (B\�� � M�@�� �� ��� � ���E� �8 � ��,�5�- 4@d '-�� N�O NR,� ���/(� ��C- �� =�- 

.�6��, �;8�<� =1�8�, '-�� M�@�� =�GY �?�2U �� ��) B� ��� .�� =�- �;8�<� .�6��, �=1�8�, ��  9(C�

 ���c`� � ���c`��	T ���^� �� �C- .�=	Gc�8 9(C� 4A3- ?-�@ ��$� � ��J, ����U� ��� � ;8�) �	/	) � 

�	��T�� �� �$6 �=�-���G� k��-� .��@ ���/(C- @- �C�	C ]	/`� �� .�6GG)	��� � ��� .����� B� ;8�) H	�.- 

H����� � ;�-H�- .-H	� �Q�� m3�^(� #��� N0�O @- �� �*G� ]	/`� ��� .���� ��1�� �� �J, =(��6 �C�	C 

'@�C��@�� �� h��� �`+� �C- .����\ BF�� B� N:�E� �E�@ �W	U� p��� '-�� � ;8�) >�2� �S�C 

� �G�dQ '�8 �E�@ ��W	U� M��� ��8 B(��6 �J, �� ��� �� B� .-�G� �5� @- BG�H8 '�8 M�@�� '-�� ;8�) 

BG�H8 '�8 _K��� �� �.Q BG	�� '@�C ��� 4�*,- .�=	Gc�8 �� 7(E	C H)��(� � H)��(��	T H	,  k�C- �� BE��R�

 h���� ?�F �� B5,�Gc,Q �'�J, �,�K� ���� B� �KE, ;8�<� =�- '��Q�, �=�-���G�1  ��-�� m	)�� �� ��� H	,

:�C- N�|  



 ��
�� �� �� 	���� -  ����� - ���
 �� ������  � !�"#� $���� %��&... /���/& C���� � �8���?- � @ >%�����:;� <��/9 

� 	�� � ?� 9:-�-BG k=1�8 �	T .�6��, �� �����	E� � '��F�� � 	��� 9
bE� 4{�� '@�C  

� ?-�@ .�����$� k��U� ��� �� �d�2U� 

� �� �J, =(��6 �C�	C k'@�C��@�� 

� �C��� � 9E��R� �� 7(E	C H)��(� � H)��(��	T  

� '�ZC @- �� ]	/`� �C�	C =(��6 �J, ��  9	��- �	��T�� � �	/	) ;8�) '-�� �`+� .��@ .�

� .-�-5G� � .�6GG)	��� �� �d�2U�  

� �E�@ ��JOA� =(��6 �J, �� 7�	G	� �� HKC =	�L� ��	*,@ �� �W	U� �G�dQ � �S�C 9G�H8 '@�C  '�8

�E�@ mC�G(� 7(E	C � �W	U� �-� '@-,- �� _C�� .�6GG)	��� N3-O '-��  @�6 ��+(,- '@�CCO2.  

 ���\��/� �_K��� '�J, �,�K� �B�-�-���� ����Q ?� '�8�	�(� � �8�(�-��� ��8���, ���^�  ?� �ZC k���

�� B:-�- _K��� �\���  N	
U� � pU� �����,�� � NO �'�� ?�[� GY m��3 �� ?� �'^� ;`� �� .���

 9
bE� 7�� '�8�(�-��� �	C�EOPIRDI B*	(, � �� B:-�- '�	6 .���  

  

2- ��S7 �7�2  

 SCM BC �	��^� ��� ��-� :����� ����Af- ����� D	(E*� � ����� ._�-�� 7�� ��=� ��,Q �S�� 

�BW�-� N��� ;R, ���	O '-�� '-�F- �RWG� � 9Y��Z5� SCM k�C- -��@ �����  _�-���� 4��� BKGF '�8 ��	*,@ 

=	�L� � eWC ��5
�� �.Q �	PL� '���@ ��-� 8��)=	  �.-��5�8 �2017(�=�-���G� k - ��=� �;8�<� Z5��1Y��  ��

��5�8 m��3' R�-� �=	 GY=� �GG)	��� GY �=� ��� #��� *,@ ����	 =	�L� �� �C��� ���- .=� *,@��	 

=	�L� UWC��� ��� @-��GG)	  B� � @�TQ��� .����� '-�� @��M� ��,��  7(S ?�2U��� ���.  

	��� 9
bE� ?� h����� ��\��/� �B�-�-��- '��F��- � ����Q �����	E�� .���  

2-1 T�K��"  

• B��,�� x�- �C- ��U� �'H��. 

• B� �-5G� GY � �d�2U� 	��� '-�� �GG)	��� GY ��� .-�G� �C- �� B(��6 �J, �� .�����.  

• �C- �`+� � �^W3 ����P �\�R� eWC � 	��� .-H	�.  

• B� 	���  �� ��	��� �d�2U� ����� � �C- ���2U�GY ���0{K�/	) =��(�� � �� B) ,�-� -� �	

�� ;8�) �(��P l�, ���. ]	/`� 3�(�	 ��� ���GG)	 '-�� _R� ��F�� .��)�/0'  � �@�� �d�2U��� )�	/	 

�[)-O'  l��� �=�-���G� k8� ��T���	  �d�2U�]	/`� ��-� ��� �� ���.�6GG)	 ��(+	  @-��� .����� 

�C-. 

• �d�2U�  NU� ����� ������ ����� �R,-�' , �`+�H	 ,�-� ,��@ �@�� �� B)�  �`+�;	�  @-

C�.	 ��� B��� ��R,- )'-�� ) ;8�)�	/	 6@�� �� (]	/`� ��-� �� ���.  

• �C- �/0 �N��U� ���.  

• �E	, @�*� ��K�).  

• ��U� �� ���� �SQ h,��	3�� �� �/0 '��F�� � �-�O �]	/`� .��) ���. 
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• ��� #��� 9
O�� �� ��^��\ l�, _C�(� .-H	���� @- �(�) ��	E� �.�6GG)	  �����)�8�-5G� (�C-.  

• ,�-� -� �	/	) =��(�� � %�S ��-��� ��d�2U� �	��� 9
O�� ��.  

• �� 
O��9 ��� ����� '-�� ��F � N�OB �F�� 6@�� �.��@ ��$6 �� �-��� ��  ;8�) �d�2U�

�� ��� �� CQ ��Y�m	 �6�� �'�(+	 �� ���. 

  

3 - U�8 J���� ���?V 

3 -1 �� .HL  �'��  

 �� ����- B) B,�1,��8�\��� ?�  B:-�- B� �;8�<� =�- �� �� B��,�� ���0  _
(`� �WS 'H�������� 

 .�C- h���� N5� ��1'��, � 	��� 9
bE� �� _K��� =	�L� h�	*,@ D� @- �
)- '��F��-  ��-� ;���, �����	E�

�� '�-^� � �GG)	��� D� ��F� .�C- ��� B� �f�K��- >�^� �����, .���(+� � #���  '��5�8 ���0

'���� ��U� �� .�C- ��� =	� N��R(� ��f�K��- � �GG)	��� D� @- �(+	� .��)  =�- �.�6GG)	��� � .�����

B� y�K��- �� ]��^� �R�- '��5�8 ���0 k��� B�   ���K� ��1��  ���1G8 B) y�K��- =	� D� �GG)	��� � '�-^� 

��� #��� N5� �� B) ��	6 �� �-��-�3 �`+� � NR(E� �� �1�5� �	��^� �� �GG) '��5�8 B� ���0 '���� 

k�C- ���  ���1G8 B) y�K��- @- g�, '��5�8 �R�- N5� �� ���	6 =�GY �GG)	��� � =�GY ��� #��� �� 

�-��-�3 '�8 s�(+� '-�� '@�C�[)-O ��C � ;8�) BG�H8 '�8 y���� ��	��^ �� GG) .=�- y�K��- N��R(� B� N5� 

'��5�8 �R�- �� ��U� .��) �� �GG)	��� � '�-^� ��� �#��� B) �� �1�5� N��^� � '��5�8 N��R(� �,�-� �� 

N5�  h����1 �� ��� ���.  

  

  

(EV 1 - ��Q7 �H& 	HL  J���� � 8�/W�� 	E2V %X  

    

١

٢٣

Manf 1 

٦

٧

٨

١٠

٩

Manf 2 

٥

٤



 ��
�� �� �� 	���� -  ����� - ���
 �� ������  � !�"#� $���� %��&... /���/& C���� � �8���?- � @ >%�����:;� <��/11 

�- '-�� 9
bE� ?� 9:-PIRDI �� .�	� �J, � '�8�	�(� � �8�(�-��� ��8���, .���  

  

3-1-1 Y��7*) ����Q7 .Z�Q6 >�� :(���/*8�� � ��  

����� B���*� :  �,��@ '�8� = 	0,1, … ��, � ∈ T  (�,����)'@�C��@�� ���� �o = 	1, … ��  

�  B	
R, N:�C� B���*� :    � = �� ∪ ��    � ∈ 	1, … , ��  

��  ?�c`� '-�-� B	
R, B
	C� B���*� :  

��  ?�c`� 3�� B	
R, B
	C� B���*� :  

ℱ ?-�@ �d�2U� g-�,- B���*� :  ��$�� ∈ 	1, … , ��  

:θ_M"#$%  �GG)	��� �8 ?-�@ l�,&  .��@ ���  g�, ?�2U� '-���  .��@ �� B)'  �� 	���  

:θ_W)#$% ��� �8 ?-�@ l�, #���  (�-5G�)*  .��@ ��� g�, ?�2U� '-���   .��@ �� B)'  �� 	���  

: h_M"$% g�, ?�2U� O-� �8 '�-�1, BG�H8 �  .��@ �� �� 	���'  �GG)	��� _C�� &���� ��  ' �  '-��

 �GG)	���&  

:h_W)$%  g�, ?�2U� O-� �8 '�-�1, BG�H8�  .��@ �� �� 	���' C�� �GG)	��� _& ���� ��  ' �  '-��

��� #���*  

:-./0 N�O BG�H8  B	
R, B
	C� �� NR,��  @- �*  B�& (�(��
	)) 

:12/345 ��� '�\�R�  #���*  g�, ?�2U� '-���  @�� ���  '@�C��@�� ���� ��6  �� B)' �� 	���  

:-7.  B	
R, B
	C� �	��t�  

:802  �GG)	��� 	��� �	��t&  g�, ?�2U� '-���  

:-902  �GG)	��� '��F�� eWC �[)-O&  g�, ?�2U� @-�  

-9/2��� '��F�� eWC �[)-O :  #���*  g�, ?�2U� @-�  

:�2  g�, ?�2U� 	/� ��� �[)-O� .�6GG)	��� ��  

:�′2/ 	/� ��� �[)-O  g�, ?�2U��  #��� ��� ��* 

:;<=7<>?_@20A  g�, ?�2U� ]	/`� �� #��� ��	3�  �GG)	��� ��&  '@�C��@�� ���� ��6  

:B20 s�S �s�S B� y���� BG�H8 l�,  ~��M����(� �8 ��  

:C20  l�,4��C � ��) M����(� �8 ��  

:D20  BG�H8 l�,��6 7(E	C�-� ��F �-H	�*� ���C � �+����C � �+�� '@-,- M����(� �8 ��  

 :Ω20 M����(� �8 �� �$� �� N6 ' B��� l�,  

:-_F<�?G�&, �� �GG)	��� �8 zQ BG�H8 &  

:-_�G6H?;;�&, �� �GG)	��� �8 #@-��� BG�H8 &  
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:-_F6G�?G�&, �� � �8 �,�E,- '��	, BG�H8�GG)	�� &  

:-_I�?G>J�&, �� �GG)	��� �8 ���2� 'w�,- BG�H8 &   

:K_F/4 ��� �8 ���� D� #��/C ���P BG�H8  #���*  ���� ���  

:;<=7<>?_L2/A  g�, ?�2U� ]	/`� �� #��� ��	3� ��� �� #���   *  '@�C��@�� ���� ��6  

�203A, : g�, ?�2U� 	��� l��  �GG)	��� ��&  	��� ���� �� (@��).��@ O-� ��'  

M/0��� =	� N0-�� :  .�6GG)	��� � .�����  

:NG*H?_@2034  g�, ?�2U� ��	3�  �GG)	��� ��&  ���� �� B) ��'  ���� �� �� � 	����  B(�� #��� B�  

 :NG*H?_F2/34��	3  g�, ?�2U�� ��� ��  #���*  ���� �� B) ��'  ���� �� �� � 	���� B(�� #��� B�  

: O*>_�  ~�H� ��  

 

3-1-2 <�Q[� �����\/  

:<20  ?�2U� �+) ��@ =	�@�  �GG)	��� ���  

:P/0.4 ��6 =	� �/C �6- k'�G��� �	�(�  ��6 @-) �8*  ��6 B�&(  B	
R, B
	C� _C���  @�� ���  '��E� ��� 4�*,-

�/0 '��E� ���2G�- �	T �� � D�  

:Q/.4  ��6 ��3A� �6- k'�G��� �	�(�*  B	
R, B
	C� _C���  @�� ���  ���2G�- �	T �� � D� '��E� ��� 4�*,-

�/0 '��E�  

720/4.A g�, ?�2U� N��U� .-H	� :�  @�� ���  @- �GG)	���&  �-5G�  B�*  =	��� _C���  ���� ��

'@�C��@�� 6   

R2/.4 g�, ?�2U� .-H	� :�  B	
R, B
	C� _C�� �� N�O�  �-5G� ��H�� @- NK3*  @�� ���   

J_L2/ :?�2U� '-�� #��/C �C-�S�� �6- k'�G��� �	�(� � #��� ��� _C�� * D� '��E� ��� 4�*,-  �

.�/0 '��E� ���2G�- �	T ��  

:S2/43A  g�, ?�2U� '-�� #��/C .-H	�� ��� �8  #���* ���� ��  '�  �� B)' .�C- ����*�-  

T2034A g�, ?�2U� #��� .-H	� :�  �GG)	��� ��&  @�� ���  �� B)' '@�C��@�� ���� �� �C- ����*�- 6  

�2034A g�, ?�2U� ���� '-(�- '��F�� .-H	� :�  �� B)'  @�� �� �C- ����*�-�  �GG)	��� '-��&  ��

���� '@�C��@�� ' 6  

�′2034A g�, ?�2U� ���� .���� '��F�� .-H	� :�  �GG)	��� ��&  �� B)'  '@�C��@�� ���� �� ����*�-6  

�F2/34AF�� .-H	� : g�, ?�2U� ���� '-(�- '���  �� B)'  @�� �� � ����*�-� ��� B� #��� *  #���

���� �� B(��  '@�C��@�� '6  



 ��
�� �� �� 	���� -  ����� - ���
 �� ������  � !�"#� $���� %��&... /���/& C���� � �8���?- � @ >%�����:;� <��/13 

�F′2/34A g�, ?�2U� ���� .���� '��F�� .-H	� :�  �� B)'  @�� �� #��� ��F  �C- ����*�-�  B�

��� #��� *    '@�C��@�� ����6  

?2/34 g�, ?�2U� N��U� .-H	� �6- k'�G��� �	�(� :�  @�� ���  �-5G� ��*  �� B)'  ��� �K[� �C- ����*�-

.�/0 ���2G�- �	T �� � D� '��E�  

G20/34A g�, ?�2U� N��U� .-H	� :�  @�� ���  �GG)	��� @-&  �-5G�  B�*  �� B)'  (�� 	���)�C- ����*�-

�� �� '@�C��@�� ��6  

:;<=7_@204A  g�, ?�2U� ]	/`� �� #��� .-H	��  �GG)	��� ��&  '@�C��@�� ���� ��6  

:;<=7_L2/4A  g�, ?�2U� ]	/`� �� #��� .-H	�� ��� ��  #���*  '@�C��@�� ���� ��6  

 :-_T6*=�&�s�S �s�S BG�H8 	��� �8 �$� � ~�� �GG) & M����(� �8 ��  

:-_�&��&�  �GG)	��� �8 7C � ��) BG�H8 & M����(� �8 ��  

:-_V-T�&� �GG)	��� �8 �-H	�*� ���C � �+����C � �+����6 7(E	C BG�H8 &  

:-_��O�&�  �GG) 	��� �8 �$� �� N6 B��� ' BG�H8 &  

:�-�  .�6GG)	��� BG�H8 N)  

:�-F ��� N) BG�H8  .�����  

:��� .�6GG)	��� �Q�� N)  

:��F ��� �Q�� N)  .�����  

:�� 	��� 7(E	C ��C N)- '��F��- �����	E�  

  

3-1-3 .�7�� ��  �K��8 �1�8  

B� =	�L� ��	*,@ ��� � .�6GG)	��� =(��6 �J, �� �� �UWC�� ���0  .�C- (�8�-5G�) .�����
bE�	��� 9 

?-�@ 4A3- �����	E� '��F�� ) ��$�PIRDIPB� (  >-�6 D� ���0W = �9, K� �� B(��6 �J, ��  .���9  N���

) .�6GG)	��� 9���*�9���� 9���*� � ( ) .�����9� �C- (�9 = 9� ∪ 9�� h���� N5� .2 ��(�� �-���, �

��� � �GG)	��� '-�� -� '��F�� eWC �� .�+, #��� .-H	� .8� ��F�� eWC' -(�-' ����� ��� �� B)h '  ��

���hGG)	&  -��*�  ���, �� ��C- ���2034A - .�C- �� �`+��= �	.-H ��F��'  .��@ ���  B���� #��� * 
� }�C-��	.-H  #��/CS2/4A �� ���(C�� ���  #��� B� ��� C�� .	.-H �d�2U� /`�	] ��-� �� ��(,- ��' �8 

���� -��' ���	�GG) )salvage-Manf(  ���� #��� )salvage-wholesaler( .�C- �� �`+�  

  K = 	�*, &�: *, & ∈ 9� 
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(EV 2- 8*��Q7 8�/P8 ]0� ����� 8� %�' �*�� C�??&��
�� � C�QZ U��P  

  

�-� 9G�H8 ����Q � '@-,- ;� �8 �'@�C D� ?�C �� �S-��� ��� ���  =�- �=�-���G� k��-� �1(E� �O�E� B� �

����Q 9G�H8 �� B(��6 �J, �� (M��� �(�) =	�@ O-� '-�� B	��- '@�C BG�H8 =�- .���  � s�S h,�-����� �8

s�S �-� '-�� �-H	�*� ���C � �+����C � �+����6 7(E	C � 4��C � ��) �~��  �� B) �C- '	��� .�5� '@-,-

BW�-�  h���� '�81 � �3 .�C- �� ����Q  

)1(  C_T6*=�&� = Y <20 . B20
[

2\�
                                                                                                   

)2(  -_�&��&� = Y <20 . C20
[

2\�  

)3(  -_V-T�&� = Y <20 . D20
[

2\�
                                                                                                    

)4(  -_��O�&� =  Y <20 . Ω20
[

2\�
 

    



 ��
�� �� �� 	���� -  ����� - ���
 �� ������  � !�"#� $���� %��&... /���/& C���� � �8���?- � @ >%�����:;� <��/15 

	��� 9
bE� �\��� ?�- ?-�@ 4A3- �����	E� '��F�� ) ��$�PIRDIPB� ( :�C- N�| ���0  

  

)5(  Max �� = ���� − �-�� + ���F − �-F�
= aY Y Y Y T2034A . NG*H?_@20

3bcde�
4\3

f
3

gh

0
[
2

+ Y Y Y Y ;<=7_@204A . ;<=7<>?_@20
f
4

gh

0
�[

2\�
i

A\�
j

− aC_T6*=�&� + -_�&��&� + -_V-T�&� + -_��O�&�
+ Y Y�<20 . k-_F<�?G�&, �� + -_�G6H?;;�&, �� + -_F6G�?G�&, ��f

4\�
[

2\�
+ -_I�?G>J�&, ��l� +   Y Y Y Y Y ℎ_�2034 . �nA2034

f
4\�

cd

3\�
gh

0\�
[

2\�
i

A\�
j

+ Y aY Y Y NG*H?_L2/ . ��FA2/34 − �FnA2/34�
4

[
2

i
A\�/

+ Y Y Y ;<=7_L2/4A . ;<=7<>?_L2/
f
4

[
2\�

o
p\� j − [Y Y Y K_F/4A . J_L/4

f
4

gr

/
i

A\�
+ �Y Y Y Y Y S2/34A . NG*H?_L2/

f
4

cds

3
gr

/
[
2

i
A �

+ �Y Y Y Y Y ℎ_F2/t . �FnA2/34
f

4\�
cds

3\�
gr

/\�
[

2\�
i

A\�
�] − [Y Y�

.∈�/,0
-./0 . P/0.4�

+ Y Y Y v�J_�?H�M/0  /;N??M�P/0.44∈�x∈�/.0∈g + yz-./0;N??M�P/0.4

+ y;_�?H�{P/0.4 + Q/.4�M/0�= + Y Y Y�M/0  /;N??M�P/0.4. G]4∈�x∈�/.0∈g  

Subject to: 

)6(  �203A . <20 = �2033 A                                                                                                             ∀�, &, '     

)7(  �′2034A = �2034A − Y G20/34A
/

                                                                                           ∀�, &, ', � 

)8(  �2034b�A = �n2034A �1 − }_�0234�               ��    � < ' + �2     , ' > 0                     ∀�, &, ', � 

)9(  ;<=7_@2/4A = Y �20�4ecd�4Ai
A\�                                                                                           ∀�, &, � 

)10(  �F2/34b�A = �Fn2/34A k1 − }_F0234l + S2/34b�   ��    � < ' + �2   , ' > 0        ∀�, *, ', � 
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)11(  �Fn2/34A = �F2/34A − S2/34A                                                                                           ∀�, *, ', � 

)12(  ;<=7_L2/4A = Y �FA2/�4ecsd��4
i

A\�
                                                                                 ∀�, *, � 

)13(  Y G20/34A
/∈gr

= T2034A                                                                                                         ∀�, &, ', � 

)14(  Y G20/34A
0∈gh

= S2/34A                                                                                                        ∀�, *, ', � 

)15(  S2/34A ≤ �O*>_��J_L/4                                                                                             ∀�, *, ', � 

)16(  Y S2/34A
3

≤ 12/345                                                                                                            ∀�, *, � 

)17(  Y G20/34 =4
3\� Y 720/4.

x
.\�                                                                                              ∀�, &, *, � 

)18(  Y <20
[
2 ≤ 820                                                                                                                       ∀ & 

)19(  Y Y Y 720/.4 ≤ Q/.4�
-7. 20

                                                                                        ∀�, � 

)20(  Y �2034A4
3\4ecd

≤ -920                                                                                                        ∀�, &, � 

)21(  Y �F2/34A4
3\�

≤ -92/                                                                                                          ∀�, *, � 

)22(  Y P0/.4 = Q/.4                                                                                                       ∀*, �, � ���  

)23(  Y P/0.4���
= Y P0/.4                                                                                               ∀&, �, �  

���
 

)24(  R2/4. − R204. + -7.P/0.4 ≤ -7. + Y 720s/4.
g�

0s\�
                                               ∀�, *, &, �, �  

)25(  Y 720n/.4
g�

0s\�
≤ R2/.4 ≤ -7.                                                                                     ∀�, *, &, �, �  

)26(  Y G20/340
≤ -7. . ?2/34                                                                                        ∀�, *, &, �, ', �  

)27(  <20 , �2/34A , �F2/34A , �2/34nA , �F2/34nA , 12/345 , S2/34A , G20/34A , 720/4.A , R2/.4  ≥ 0            ∀�, *, &, �, ', �  
)28(  Q/.4 , J_L/4 , ?2/34 , P/0.4  ∈ 	0,1�                                                                         ∀�, *, &, �, �  

  



 ��
�� �� �� 	���� -  ����� - ���
 �� ������  � !�"#� $���� %��&... /���/& C���� � �8���?- � @ >%�����:;� <��/17 

3-1-4 ����] _���  � `�������$ ��� ��  

M���  ?� >8B� ���0 �[)-O@�C' �^� ��C�]  B) �C- ��h,�-�����  � �8�Q�� N\�/�H8�BG �8' 

C	7(E �C-. 8�Q��'� ���	.�6GG)  ���� .����� ��� #��� @- N0�O �Q�� ���0 �� B�'  N0�O �Q�� �

 #��� @-�� /`�	] �C- .H8�BG �8' C	7(E� h,�-����� H8�BG �8' �-� @-,-'� H8�BG �8' �(�	� ���	� H8�G9 

�-�1,' -��' ���	.�6GG)  �H8�BG �8' ���P �#��/C H8�G9 �S�� H8�G9 ,�-�1'� H8�G9 ?�R(,- )N�O NR,� �(

H8�G9  � �S�CdQ��G �8' @��E U�	W� H8 ��G9 .�C- .�6G,-� �H�(C�  

�� ���  7	G)��� �� �GG)	��� 	��� h��� ��-��� ?�2U� @�� �8 �GG)	��� .�C- ��-�� �-5G� '@�C��@�� h

��  ��- kG)\������ �� ?�2U� 9 �� ��/�- 	��� '�8 .(�- 

�) ����U� }�C- �6 � .�C- ���� .Q '-(�- '��F�� '��E� � �+) ��@ =	�@ eWC @- �P�(� 	��� .-H	� �(

) ����U� }�C- ��7 .-H	� ����� '-(�- '��F�� @- �-5G� �8 B� �� ��-� N��U� .-H	� N\�/� @- �� �(

�� �C� ���� .���� '��F�� ���*,Q@- .�Q CQ ]
(`� �d�2U� g-�,- B)m	  ?-�@ l�, ����K� B� � '��$�

 -$� ���-� ��F� �d�2U� '�-�1, ��F ����/(� �-H	�*� �8�-5G� � .�6GG)	��� �� ���f @- � ,�-� ����/(�

B� ���� .���� '��F�� .-H	� ��� ��-� N��U� .-H	� @- �� ?-�@ ��Y� �d�2U� .-H	� �E) ��  ����U� ���0

)8^� .�6GG)	��� '-�� (�� ]�� )����U� }�C- �� .���9 �� �d�2U� ]	/`� �� #��� .-H	� (

�� BKC�U� .�6GG)	��� B� ���� .���� '��F�� .-H	�  .��� ) ����U� ���010��� '-�� (  ]��^� .�����

�� ) ����U� x��W� .���11��� ���� .���� '��F�� .-H	� �(  � ���� '-(�- '��F�� N\�/� '��E� .�����

��� �� �d�2U� ]	/`� �� #��� .-H	� � .�C- #��/C .-H	� )����U� x��W� .�����12 ���f @- .�C- (

 g�, ?�2U� �� ��-� N��U� .-H	�� =	�8 � #��� .-H	� '��E� ) ����U�)�C- #��/C .-H	� ��f13 � (

)14) ����U� }�C- �� .((15 �( g�, ?�2U� #��/C .-H	�� ���  #����  �� @��� ���� �� �  '@�C��@�� ' � ) ����U� x��W� ���f @- .(��	6 4�*,- #��/C �6-)��� ~�H� �� D� '��E� �(5Y�) �(E���16 .-H	� �(

 g�, ?�2U� '-�� #��/C� ��� �8  #���� ���� ��  '� ���� �� B)   '�8�  �(E��� �C- ����*�-DY�) �� 

 ���� �� �\�R� .-H	� '��E�� �) ����U� }�C- �� .��17�� ��-� N��U� Bc,Q �8 �(  B
	C� _C�� ���

N�O  �-5G� � N�O (?�c`� 3�� ����c`�)NR,�� ) ����U� x��W� .���, ��3A� -�18 ��@ =	�@ eWC .-H	� �(

 .��� 	��� �	��t �� mC�G(� �(E��� ?�2U� �8 '-�� �+)) ����U�19	
R, B
	C� �	��t �� _K��� ( �C- B

�� .�	� B)  ��-� N��U� N) B) G)�� �8 ) ����U�  .��� �(�) =	��� �	��t @- ���20) � (21 �� _K��� (

��� � .�6GG)	��� '��F�� eWC .��� mC�G(�  .�C- '��F�� eWC �[)-O �� .����� @- ��@�� ����U�

��6 �8 �B	
R, B
	C� .���F ?��^� W� m	��� B� �����@ >$O �) BW�-� x��22) � (23) � (24 ����U� .�C- (

)25 .�C- �� =		^� �	��t x��W� ?�c`� .�� � ���c`� B	
R, B
	C� �� �� N�O ?�2U� �-R� �� _K��� (

) ����U�26 ����� �� ?�2U� N��U� (�  �-5G� B��   x��W� -� (���c`��	T � ���c`� B	
R, B
	C� _C��)

�� ��U� �	��t  .G)) ����U�27) � (28�� �`+� -� ?� '�8�	�(� g�, H	,  ( .GG)  

    



18 / ���� ���	
�� � 	��� �����12 ����� �1 ��	�� �24 � ����1400 

4- ()�  .7�Q7 � ./P�� ��� J����   

4-1 ��6�* ()�  .7�Q7  

 ��-��) �C��� '-��?�  B,��, 9
bE� '�-^� ��� -(�- �B
bE� 7�� '�8�(�-��� '�� �	C�EO N	
U� �  ��*�-

 h���� ?�F �� .���2 9
bE� BC ��1 ��2  ��3 B) �C- �� ��*�- ]
(`� ��^�- �� }�C-�� �-^� ���� '�8 

 �,��@)�(� �-^� ���  .�����)9� (� �-^� N��C� B	
R, )� (�C-.  

  

���� 2 - ����* ()�  .7�Q7  

.HL  58�QV  
.HL  ���  

)� × �� × �( 

�1 )2×2×2(  

�2 )4×4×6(  

�3 )6×6×6(  

  

-��� B� y���� ����R����/(C- '�8�(�  h���� ?�F �� H	, B,��, N:�E� �� ��3 .�C- �� �,�*G6  

  

���� 3 - ����/*8�� ()�  .7�Q7  

�/*8��  8*��  �/*8��  8*��  

}_�0234�GG)	��� �8 ?-�@ l�, :  2/0  G �G,-� �H�(C� l�, : 50000  

}_F0234��� �8 ?-�@ l�, : #��� 7/0 802�GG)	��� 	��� �	��t :  40000  

ℎ_�034�GG)	��� '�-�1, 9G�H8 :  1000  ;<=7<>?_@20A�GG)	��� �� ]	/`� �� ��	3 :  30000  

ℎ_F034��� '�-�1, 9G�H8 :  #��� 1000  B20s�S � s�S B� y���� 9G�H8 l�, :  ~��  12000  

-./08 :N�O 9G�H  B	
R, B
	C� �� NR,�  ]500-400[  C20 l�, :4��C � ��) M��� �(� �8 �� 10000 

12/45��� '�\�R� :  #���*  150  D20 9G�H8 l�, :�+����C � �+����6 7(E	C  17000 

-7. B	
R, 9
	C� �	��t :  600  -_F<�?G�&�GG)	��� �8 zQ 9G�H8 :�  200000  

-902 �GG)	��� '��F�� eWC �[)-O : 200 -_�G6H?;;�&��GG)	��� �8 #@-��� 9G�H8 :   300000  

-9/2��� '��F�� eWC �[)-O : #���  200 -_F6G�?G�&��GG)	��� �8 �,�E,- '��	, 9G�H8 :  200000  

K_F/ D� #��/C ���P 9G�H8 : �8 h���

���  #���*  

  

100000 

-_I�?G>J�&��GG)	��� �8 ���2� 'w�,- 9G�H8 :    

500000  

;<=7<>?_L2/A��� �� ]	/`� �� ��	3 :  #���  40000 NG*H?_@2 g�, ?�2U� ��	3 :� �GG)	��� ��  80000  

K0 �+) ��@ =	�@ N) :  1000 M��� �(� NG*H?_F2��	3 :  g�, ?�2U�� ��� �� #���  90000  

M/0��� =	� N0-�� : .�����  .�6GG)	��� �  ]150-30[�(��
	) �2  g�, ?�2U� ��� �[)-O :� 8  @��  

    



 ��
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�G�dQ � �S�C B� y���� ����R� �E�@ '�8 B����d � }�(5� ��	�� 9��R� @- B) ��W	U�61 )20123- ( �� }�K(

B� H	, ��C-  h���� ?�F ���04 .�C-  

���� 4 - ����/*8�� �ab 8� $W�� � C�?�cX ��� $ �' �0��  

�/*8��  8*��  �/*8��  8*��  

�ϵ�-�8 B� �S�C .@� �KE, :  1  :��� -�8 ���1Y  2041/1(kg/m3) 

�.�?H�� �S�C ;����6 �-R� : 44 (KJ/g) 
:�{� S�C �� ����S N) .@� � �

�-H	�*�  
6350 (kg) 

�B�) 4�6 N�K� N��� :g/s�(	� B� ( )/s(  737 (g/lit) :�-�� �+W
T ����R�62  01/0 

��������� s�5W0- m��\ :  (kj/rev/lit) 2/0  :�ε�  B	
R, 9
	C� h,���
F ��-��)  4/0  

:�9�� ) ����� ���Crev/s(  33 (rev/s) :�8�� B��F � ���F) ����l(  5 (lit)  

:�∅�  ���F 9��-@  0 �v��G� �(�-��� : ϵ/kφ 

:�K�� ����� �UWC 9	O�,  912/3(m2) 
 :�-���++) �5	��G�����- m��\  7/0 

:�>�  ;,-�6 ���P  81/9(m/s2) �TN??M�B	
R, 9
	C� ���C :  80 (km/h) 

:��� ?H�� '�8����� '-�� ��-��) �(�-���  9/0 
�J_�?H��G� �(�-��� :  

��) ����� s�5W0- N��� :kJ/rev/l(  
J = �� ∗  9� ∗ 8� 

:�=� �(	� �8 �S�C ��	3  7/1 (€) ����G� �(�-��� : y = 1 �1000 ∗ � ∗ ���  �;_�?H��G� �(�-��� :  ; = > ;*�∅ + g -� H6;∅ �β��G� �(�-��� :  β = �0.5 ∗ -� ∗ K� ∗ �� 

  

4-2 d��/7 (R �� 8� $
�R 1&�Q/  

�� �C��� H)��(� ���O �� B,��, N:�E� '�� �\��� ?� '-�F- @- N0�O a��(, �;`� =�- ��  ?� NO .���

B,��-� ��  h,@-��� �� �2`� '-Intel Core ™ i5-1.8GHz  �
S-� 9J��O �4 6	���1��B��,�� �    �X� -�XF- � �E��,

 h���� ?�F .�C-5 '-�F- @- N0�O a��(, �?� B:-�- ;`� �� ��    �X� .�X+, BX,��, N:�E� �� -� ;	� '�8  .X8� 
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5- l��  

B,�1,��8  B)B(/6 �� -�= B� ;8�<� �
� �8-	� ^��W�9 *,@	�� �L�	= B(C� -'  4A3- @-?-�@ $���    ?-�@ l�X, �X�

 ��U� ��� �� 4�*,- .��-�� �J, � }�C-�� �� B
bE� g�,�= � ��2U�GY ���O N��� B)�  x��W�(C�B -' 

@���+) �d�2U� @-'  .�6��, �B^��W� ����N�O NR,� C �=1�8�,	�C� #��� �� /`� X	]  -�X�' ���	 .�6XGG)  �

��� .�����  ��JOA� �@��E U�	W�  - N:�XE� NO @- �� .�C-���*     �`X+� �]X
(`� ��X^�- �� �X� X�   �X�

-H�-�;  ��^�-B
bE��  �-^���U��� �8  �(� �-X^� �	 �X8�  -HX�-�; � BX(��    , ��XC M��X� .�XC- X	H   -HX�- �X��;   �-X^�

��� �.����� C�	
9 
R,	B � ?�f ���h ,��@� -H�-�; ���� �� B)� -���� ?� �C-.  

�� �(, B� BF���a 
U� � ?� NO	N C�EO	� �8�(�-���' H8�G9 �-�1,'  ��\�R� � �C- �G(/6��5�8' R�-�  B�

@���M �-�(��  ��� 78  .��@�� �*G� ��� - B)�= �-�� E�	��'  @-H8� BXG  �X8' C	 7(XE @�� X�M  XE� �	�����   ;8�X) -�

�� 8�H8 .�G9 �S� ,	H -H�- ���; -H�- �\�R��; �B(��  .�C-�=	Gc�8 H8�G9 H8 �.�6G,-� �H�(C��G9  NX�O  NXR,�  �

H8�G9  � �S�CdQ��G �8' @��E U�	W� B� �
�   ;8�X) ��\�R� ;8�)� BX(��    -HX�- �X� .�XC-�;  - � �X\�R�� ��X* 

�51Y��Z� *,@ ��	�� �L�	= E� ��	��'  @-H8�BG �8  .��@ �B��0 �F�� �� ��� ��� l�X, . X	 , X	H   -HX�- �X��; � X	.-H 

�\�R�' ��� .������ -H�-�; .Q ;8�) �� ��   ;8�X)� BX(��    XW�-� BX) �XC-9  R(XE�	7 - X�= �(� �� X	� �� -� -� ��X* 

�1Y��Z5� *,@ ��	�� �L�	=   �X� .�X+,  X8�  �X�, ��XC .�� , X	H   -HX�- �X��;  �X\�R��  -HX�-�;   �R� ;8�X) �X� � �X\' 

��� .������  ;8�)�B(�� Gc�8 .�C-	=� 
U�	N C�EO	� 4�*,- ��� ��		�-� RWG�� ��, -��; ��  X8�   X�8 BX)9 

 ����)| ��-����� -���� , ?�	H �C-�R� }�C-�� .�E9 �(,�a C �� �� ?� NO	7(E   � HX)��(�T	 �HX)��(��  X�B 

-���* �1Y��Z5� ��5�8 �' � H)��� m��3 ��	�(+ C	7(E �8' ���	-  ��XF��'-  XE�	�����  '-�X�  -HX�-�; � X	.-H 

��Q��C' *,@ ��	�� �L�	= �� .-�� .��) ����-  

�� B:-�- ?� B� BF�� C }�C-�� ��	7(E ^3-�� ��5�8' R�-� *,@ ��	�� �L�	�= -�=   � }�XC-�� -� ?X�� �X8�(' 

^3-�� �� .-��  � -�F-�1Y��Z5� *,@ ��	�� L��	= -� C���� - ����* ��)- .���* ��5�8' R�-� �� G,�� X		�   �XG8��

,��@�C��  ��;G)-� �8��  ������� -��@ k��� C @- B
0�� B�	7(E (GC�  �*G��� ���   �=X�- �X� ��AX� .  =X5��  �XC- 

C	7(E �� ����) �� ��PQ �� �����-H ����� '���@ - � 8, .�+, -��= PL�	�-� ��G
� ��� }��
� ��  ��5X�Q ��� 

�� ���-H� ��KP- B� �J, .�� �� �	1G� C	7(E ��5�8' *,@ ��	�� �L�	= ��  ;8�<X�  �X8'   T�� BX� �G(XE� X	m -� ��X* 

��5�8'  ��*,@	�� �L�	=  ����C �=(�� ��5�8' �	�(+ �G0�M � ]
(`�� .-�� .��) ����-  
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BG�H8 .� �C��� '�8 n�W� �� � N��� BXG�H8  '�X8 �-�  '@-X,- ��� � X	  �(� � �X��P �X	 H8 � 9XG�  �-X�1,'  -�X�' 

.�6GG)	���  �BG�H8 '�8 �S �#��/C ���P�� �-�1,�' BG�H8 '�8  �(� � �X��P �X	    NX�O =1�8�X, .�X6��,   �NXR,�

 � �S�C�G�dQ '�8 �E�@ �W	U�   -�X� .�6XG,-� �H�(C� �'  �X��    �8X�Q�� .�XC- .�X����' ��� .�6XGG)	  �

��� , .�����H	 ��� #��� @- N0�O �Q�� ���0 �� B�'   �X� #��� @- N0�O �Q�� � ]X	/`�   �X� BKXC�U� �

�C-�=�-���G� k B� >8 M��� @�C�[)-O ���0' �^� ��C]�  .�C- ��   @- B
bXE� =X�- NO '-��   �X� xX	3� #��
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