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Abstract  
In Iran, little attention has been paied to the nexus of energy and carbon footprint in wastewater 
treatment plants. The main goal of the current research is to investigate this issue in a municipal 
wastewater treatment plant with a conventional activated sludge (conventional). While studying the 
quantity and quality of wastewater, direct and indirect emissions were calculated based on the operation 
of the treatment plant and the amount of electricity consumption using emission coefficients. An average 
of 6,192,000 m3 of wastewater is treated annually in this treatment plant. The average BOD5 and COD 
removed are 274.6 and 467.9 mg/L, respectively. On average, 0.3623 ± 0.081 kWh/m3 of energy is 
consumed for treated wastewater, which is equivalent to 2241.5 MWh per year. As much as 94.6% of 
energy is consumed by pumps and surface aerators. Considering BOD removed, the direct greenhouse gas 
emissions are on average 2338.2 tCO2e/year and the indirect emissions due to electricity consumption are 
2603 to 4665 tCO2e/year. Old design and lack of up-to-date equipment are factors that increase energy 
consumption and carbon footprint emission. The low tariff of electricity in the wastewater treatment plant 
(agricultural tariff) has made the issue of saving energy consumption less of a priority. It is necessary to 
pay attention to the reduction of electricity consumption, especially in the reactive mode, with the 
necessary modifications. It seems essential to conduct an energy audit in the existing treatment plants and 
pay attention to the nexus between energy and carbon footprint. 
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(�'��� "6)? �� �, �&�6�� ��&&H	 h!=�@  &7 
�&,{.
��� ���; "�����
3P),&�@  O,�g� k�, 5E�; "7 ��; ��!3' O,�g�� �� ���(�"�'�

&� Y���N  F��@ .�3!�, �@�B!�� � <��L!�� 57�� O,�g�  ���&Y
>�����N �	 �; (9 �7��	 ���!>' u7��3' �� "�Q47�' F�&�@�B!��� � "
@4;� "7 �Z .�Ba	 �@ "E3&"����7 @�4' "�*��1�)� �; �@��'&)&���
T�*�) �@�B!���3P), � @4;&��  ���+T�*���+ ��= \����
h)  ���7�37 /@4; �1)� �����@� "�7 t4�7�' ������2' �@ @��4'  +

� ��' � �� @���  7��&����T �!� �� @4�* "�7 @���2'��B�a	 ��3&"
81N�� @��2';.� ���7��37 6�T� Y���)	����@� ������2' �@+

1 Global Warming Potential (GWP) 
2 Intergovernmental Panel on Climate Change (IPCC) 
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Table 1. Statistical analysis of wastewater quality parameters during the last three years 

Number of samples Min. Max. Mean ±SD Skewness Kurtosis
Statistic Std. error Statistic Std. error

BODin 16 190 440 303.1 79.7 0.239 0.564 -1.180 1.091 
BODout 16 8 75 28.5 18.8 1.460 0.564 1.830 1.091 
CODin 16 320 740 513.1 137.6 0.214 0.564 -1.293 1.091 
CODout 16 14 120 45.2 29.1 1.590 0.564 2.369 1.091 

NH3in 4 28.1 44.2 36.4 8.3 -0.052 1.014 -5.458 2.619 
NH3out 4 7.5 16.4 12.3 3.8 -0.542 1.014 -0.054 2.619 

/ 7��I!�' �����!� "7 t47�'&�GHG � ��&Ba	 �!�&81N�� "
��	 �o� �@�=9 @�4' 5�(BOD)  �&� �����!� Y&I!�'�&�;� ����

a'�i�7 �� Ba	 �@&"�7 "�* �#@�>'e�d:
��� ���� �Z�' 

)e(�N�@ ���!� F+���& 7�� �×�&\��46BOD = ��; �X�
 ���!� ���I'CO2

)d(�N�@ ���!� F+���& 7�� �×= ��; ��a' i�7 ���I'
 ���!� ���I'CO2

�@ Ba	&""�* '&"� "7=@&5\�� @4?� ���� &���! �@�����&Y
@4� ��, 7���4�,+ ��= �1�)� ����I' ����!� (��!' �N2O�B�T 

��/ ���7�37 	���N���7+�����2' "7 @��� ��@�+ 7�� @4�?�
��.@� �� ��;�[�#4)>' �@F6�� Ba	&""�* �,+"7���' �@"�I%3' 

@4?� @��@ .k��7 >	&�& '�&(�Y i��7 )V���+(���a'�"�7 ���+��, 
F>E'�!' ��81N�� Ba	&"/��; ��'9 U4�� i�7 Ba	&""�* �Q�

0���� ���,+elsn ���	 �@0�� "��,�' ecre �����7�������I' V����+
��a' ��; �7"���+��, F�>E'�!' 81�N�� B�a	&"���; "�7 ��� 
��4T "���2' �;"���!7� @�� 5����� ��a'�"7@���>	 ��,��� 
�I	&�;��	���� ��a'�"���� �7"
��@ 9���.yq�� ��� @��� 

"���� "7���I' [�4!' "���� 81N�� Ba	&"��; �@B�a	&""��* 
�I	&�;��	���I' V��+��a'��7"���+��, F�>E'�!' 81�N�� 
"7 
�@ 9��.

"����2' �4�a* �@GHG���I' /��S7���%' ����!� ��7 IPCC 

2019 ���3P),& v���� O,�g��� �(�����E), 0���� �@drdd/�@
�&�!� �,+�6!L' Ba	&"81N�� 
��� ���; "����� .S7��%' ��� 

�@ /u7�3' �����,�3+7&V4=4�E�B�a	&"81�N�� ��3P),&  ��= 

0���>� "��7 ���+���, �&\��4��6 COD �X��� ����; f�r \���� )f�/r
�&\��46 (@+���&� 7�� =4	&�'�@4; .(Wang et al., 2022) .

�7 ���� O,�g� k�K �(���E), 0��� �@dref/"�7 ���+��, 
�&\��46 BOD �X� ��; lnf/e�&\��46 CO2�'����4	 ���!3' 

@4; .�3P),& "�7 ���+��, �&\��4�6 ��� @&�!���B+���; rlf/r
�&\��46 ��� –N2O=4	&�h�' @4�; "�� 0@��>' l�/er�&\��4�6 

CO2�,�4* @47 .�7���� ),& y��� "7���+�,�&���46 
��� 
��a' i�7���e/r�&\��46 0@�>' @+���&� 7�� =4	&�'�@4; 

)Chai et al., 2015(.
���� �7 h3&P������ (���E), �0�� �@dre� ����!� ����I' /

@+���&7 0@�>'  7�� �"���+��,kWh ���a' i��7���7��7l�/r
�&
�� \��46)Parravicini et al., 2016(.

�@/O,�g���  ���� ����7+����N � @������ �� �������2' \������F
y��� �,+�; �@�B!�� i4�/��� \��� "�7 "�?4	 �7 "E9  )N���+

��7 �  �=�V�� 
��/+�>	���3�� ��4+@���J+��&>�N� �� �&

�1)� @4?4' �4N4'&.
;�� 


�5SJ�T3 
� �@�OL7  /�!��� 5T�� bO,�g� �T4	  )�N&B�a	 �&""��*

���7 @�4' 81N���.
�� ��; "���� 

�5�5#� 	"piV ����� @"�E 
"&B�a	 "�7 +@��� 81N�� �7@ ���&&H	 � ����7 5�a� �@ �@ "��*

 �Q �@ (�!�7�	er5E; �@ �=�4!' ���e.
�� ��; "���� 5�a� �@
' /�����7��&J�&���!  �"��7 b����'9 
���@n/ensfc F��>E'�!'�@
"��; 7 ����7 � @4�"I	 �4Q�����'��7@ (�4	��Ba	 "����&"�� "�* 
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Fig. 1. Variation of flow of wastewater treatment plant 
in spring and summer 
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�5�5#� 	"piV ����� @"p"E 
�!�=�9 b&� Y&B&@��� 81N�� 
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elss �		&�ecre ���7��;��! ���� �7 "��b0���?e��I'��
'��&J�& BOD5/COD 4'9 ��� ���&���@���+B��a	 "��7&""���*

"������7 	�	������& Fn/ns±lrl /�/eln ±fel �dn/�±c/l�
'&6�= �@ \��&��! @4�7� .����I'  �����7+'�&J�& BOD5/COD �

4'9 ���&����?��*�B�a	 ��&""�7 "��* 	�	 �& Fn/e�±f/d�/
e/ds±d/cf�l/n±l/ed'&��6�= �@ \����&���!@4��7�����I' . 

BOD5/COD 4'9 ��� �&���"7 ��; �X� 	�	&��7��7 F�/dnc /
s/c�n �rf/dc'&6�= �@ \��&�!@47.

�5�5B�-3� x��i� 
"&B�a	 �6!L' +�,���� ���a' (�4	 � ����&' �����7 ��Q "��*

"�I  &3P), 0��? �@ � <��L!�� ����Q +�,d.
��� ���; "����
 5E��; �@d���I' Y��&��O��L7 �@ �����a' +V���� +���, ���6!L'
"&Ba	 "����I' �, �7 "�* ���; ��� � ����� ��7 . �� 7 /5E�;  &�!��� 

V�� ��a'/+,@�4, ���� "7 t47�'�¬)� yq� � 0�>�  �= �,+
@���+
�� ��7 "�+' �@�B!�� 81N�� "7 G�B	�� (@�@�.@4; 

62	 ���� �7&5�,+�� ��7 ���; \���+���a' i��7 ���'9��@
Ba	&"7 /"�*"' �4�Q �&J�& kWh/m3r�e/r±l�dl/r"�7 ���+

B�a	 81N�� F>E'�!' �,&V��� ���; "+�' ���a'�� .@4�; ��  
5���� ���I'kWh/m3es/r�w���� �kWh/m3�e/r.
�� 

�5�51I-E B�>�� 
0����? �@l/���I'������@�+����7  7����+B��a	&�� �� 81��N�� "+

COD /5� ��� /BOD ���a' i��7 � ��; �X���� �@�B!��� ��7 �
F����N ����� ��7 .
��� ��; "���� � "���2' ��!>' F���NIPCC 

"��7 t4��7�'CODB��a	 /&"�����7 81��N�� "���*���' ����;�����4	
7& n/lern �	d/ccnd 7 �"[��4!' �4Qe/lnsr 0��� �@  �	

@ 0@�>'+���&"7  7�� �I!�' �����!� (�43�&=4	 �&��3�� �@ . ��  
'&�I	 (����frT�@����I'  ��"�7 t4�7�'N2O����� ��7 .
���

 F�����N v����� /���� ���I'  ��"��7 	�	���& Fd/eclc /s/drl� �
e/encs @ 0@�>' 0�� �@  	+���&[��4!' 
��� .
���  7�� �

IPCC [�4!' "7v�� �7��7en/d !���� ��Z �@ �7 .
��BOD 
@ 0@���>' �����!� /����; �X���+�����&5������ / 7���� �l/enes �

w������e/dnfs � �@  	�7 � 0��"!' �4Q�[�4d/dll� �@  �	
� .
�� 0���7 ���I'  &����� ��7 ��; "���2' @�� �� �!� v��� �

�� �!)�IPCC .
�� 
a* �@�� �����!� �4&I!�'�&"7 �=@&�I' /i��7 ��a' 5���� 

GHG ��N �� �@�B!�� �7�Fk��K @���� /c��f ��7 � 0��� �@  �	 
��N �� �@�B!���Fh3&P3������� @����d�rl 0@��>' 0��� �@  �	

@+���&.
��  7�� �
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Table 2. Types of energy consumption in different units of the Miyaneh wastewater treatment plant 

Row Unit Number Electrical power (kW) Total electrical power (kW)

1 Pumping station pumps 
(raw wastewater) 6 15 90

2 Coarse screen 1 2 2
3 Fine screen 2 1 1
4 Grit chamber blower 2 3.5 7
5 Grit chamber blower 1 0.75 0.75
6 Surface aerators (aeration 

tank) 10 55 550
7 Return sludge screw pump 2 50 100
8 Outside lighting 60 0.25 20
9 Others 10 10

10 Total power demand 782 

Fig. 2. Comparison of electricity consumption (%) in 
different sections of the investigated wastewater 

treatment plant 
:;�0jOL7 �@ (�T�@) ���a' i�7 ���I' "���I' �6!L' +�,

"&Ba	 ��; ����7 81N�� "�* 

�5R2I 
u)? ��9+Ba	 �&81N�� "�,+���;+��E�����,��E,��+���'

@ �@ �@�B!���� @�4��'��& �k����7 �&J���&�+�@4��=9 �����2'&[��/
���

x�B� ��u7�3' 89.
��� ">'�? 
'1� �B� �� ��7 �� "�7 0���  

=@&� �� �@�B!��� 5&�!�� ��,+7&V4�=4�E��7"�����4�, �g+"�7 /=@�&5

V�� ��a'+@��� ��Ba	  &""�* ���@� ��Z �� ���4�), ��,+ 7���
Q�",@ �,+*�&B�a	 .�3!��, "�?4	 @�4�' �&""��* ��,+81�N��

��;+� �@���)� F6�� (�� k@���� ����Q � "!�;�@��7"� "�!�� ����
��	&�� ��9 �@ ��; �@�B!�� ��Y�)�3� �� � �@47���+��,+"�� ���

V�� ��a'+'O,�� ����,@/) ���7�� �7 .��7�����7 ����  �
V�� ���a'+� �@�Ba	  &""�* �4N4' �,����N+���7+\����

 O,���� � ���1�T�GHG �K 
���� (4������'� ���!��Y7� O=���K 
2'&[h!��� "�(��? �7(9��@&�
�� G4N4' �'���O��?��@
���o� GHG :����� � 
���� 4�����"��7 H	��&&��� 89��4��,������?�
&�3'�� "���2' �!�7 � ���!����7 �,���  +">�4	 
���.(Harvey, 

2018) .
�@ O,�g���  ���� I!���' �������!�&� � �&I!���'�&���,��� �+
"�L6� �+���Ba	 M&"��; 81N�� "�*+� ��7&0��>�  ��= �!�� 
���7��;� .�B�a	  &"=��� "��*&�7 "�"[��4!' �4�Qd/�'&6�&(4

Ba	 �� 81N�� F>E'�!'&"�@��� �7 �"�4�Q '�&J�&��� "�7  +��, 
F��>E'�!' 81��N�� B��a	&"����; l�d/r�&i���7 
����� ���4��6
��a' '�0@�>' "� �3�f/ddce .
��� 0��� �@ 
���� ����J'

 ���� �7���I' R��Y� ��; IPCC �EPA(Zib III et al., 2021) /
���I'GHG ��7+�7 ���; ���a' i��7 
���� �����J' �,"�4�Q 
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����  7���� �� 
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/��#�j�����!� �  7�� +��@� ���I' �&I!�'�&�"�L6� +�,��� "&Ba	 �@ +� ���� �7 ��; ����7 "�* ��� /5� 

BOD �X� � ��; i�7 ���a' F���7)tCO2e/year(

Table 3  . Amounts of carbon footprint and indirect emissions of greenhouse gases in the investigated treatment 
plant based on total nitrogen, BOD removed and electricity consumption (in terms of tCO2e/year) 

* Assuming the emission of 560g of carbon dioxide per kg of COD removed 
** 5.7g of methane per kg of COD removed based on IPCC 2019 
*** 0.7 g of methane per kg of COD removed based on (Wang, 2022) 
Methane and N2O are equated with CO2 by multiplying the values by 23 and 296, respectively. 

 
Ba	 �@&"���7 "�*�,@�4�, ���� �@ ��;�2%���"P�N4� ��,+
,@�4,�� .
�� 0�>�  �=� ���ef7 ��T�@&\1��� @��� �� �!��

 6��@4����� [���4	 ����;&4�
���� (4���=�� .(Capodaglio and 

Olsson, 2019) =@&� 5���'4)� ���B	  �� �@�B!��� \��� "�7 t47�' 
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8���� J!��7�@��@.(Bodik 

and Kubaska, 2013) .
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Z6� "7+8���� �@
'�@4; )Rahman et al., 2016(.� �7 ��1��/ �,�����+B�a	&"
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'��3,@ )Opher and Friedler, 2016(.
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�T�@ ��5�i�7 ��a'���"7@4* ��a!*� '��,@ �Ba	&" ��= 

"7 ]^�	{^�T�@ V��+�&��@��@ .�����Q�"�	 ��&3�4�o ��"��7 
¬)� �,+R@�� @��' "7'&(�Y ]^�T�@ V���+���a' �'���3� 

)Mamais et al., 2015(.
�@ @�4��' B��a	&""���* 71��N���"��� �������,���3+7&V4��=4�E�

�&/"!��� ��"6)? �X� @�4' XH'+��&���!6&(4�@�B!��� �'�/��3� 
�N�I	+V��+'���4	 ^/]�7��7 7&�!� ���&�!� �,+0��>�  ��=
0���!' �;�7 .�@@��4'+"������3�+��,+�&"!���� B�a	&"���7+
Ba	&"w=�o&"�@�B!�� '�/@4; ��a' V��+�'����4	 "�7 �4�Q 5�7�� 
�?4	��Y���O��7� )Panepinto et al., 2016(.

Ba	 �@&"���7 81N�� "�*���;���I' I!��' ������!�&� �
�&I!�'�&�I	 ����� @Y��, "7 M
��� �7 .�R��Y�� 0���  ���; "�� 

�����!� I!�'&��@Q�Ba	&"81N�� ���� 7&�!��+�@���@�+
 7����� �"���7 ������g�@������!� ������&�&������! )N2O(@��@ 

)Gustavsson and Tumlin, 2013(.
�����&�&�����! ��'�����4	 ��Q��@�������3 7&V4��=4�E��X��� 

&/(V��! �3>�&�!�B&��E&(4�@&�!�B&��E&(4=4	 �&�@4�; ���� 
>���&
"�� GWP (9�@��M����7 ��'��]__ "=��� @���� {~^ 
�7��7 7&�!� ��CO2/
�� OI (9���@���@�+ 7��� B�a	&""��* 

81N�� "!�?�7 '��3� )Change, 2014(.

Flow of 
wastewater 
treatment 

plant 
(No sludge 
processing)

Anually 
treated 

wastewater 
(m3)

Removed 
COD 

(mg/L) 

Removed 
COD 

(kg/year) 

Total 
GHG 

emission
(IPCC) 

Total 
GHG 

emission
(Wang) 

Emission 
of CO2*

Emission 
of CH4**
(IPCC) 

Emission 
of CH4***

(Wang) 

Emission 
of N2O
(IPCC) 

Emission 
of N2O
(Wang) 

Min. 5077440 467.88 2375632.6 3107.7 1434.15 1330.3 409.8 38.25 1367.6 65.6

Mean 6192000 467.88 2897112.9 3790.1 1749.14 1622.4 499.8 46.64 1667.9 80.1

Max 7306560 467.88 3418593.3 4472.2 2063.94 1914.4 589.7 55.04 1968.1 94.5
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 ���� �� �@�B!�� \�� "7 "?4	 �7&���! �@���) �Z "7��@ ���
B��a	&"�����7 81��N�� "���*������!� ����;N2O��)�' O��I��@
�,���+"�L6� �+�), � �;�7 "!;�@&=@ G4�N4'  &�6�
�7���' ��7

I!���' �������!�&� � �&I!���'�&.
���� ���6������� ),���&
�����!� 
I!�'&��,���+"�L6� �+/����� �&�+�,+@��2'+�@52' @4�?� 
@��@ ��@7&�!��� O,�g��� ���, �����MR�� )L	&��3���3!�'����7 

�,�4!���+���!� "�"!����7 ��(4!' �6!L' 
��/�@�B!�� '�@4; 
)Parravicini et al., 2016(.

�7 �� /0�� �@u���� �@�B!��� ����,�4!���+����!� t4�7�' "�7 
���3�+��,+��6!L' B�a	&"/81�N�� ����@�B!��� ����,�4!���+

�&OU�� ��7+62	&5/0�' '����4	 "�7 ��!�b�&5�7��� @��)!��+
��7+����7��5����@�+ 7��� B�a	&""��* 81�N�� ���3' @4�; .
��7&��+��O,�g�� ���, ��7 O,���� ���@�+B��a	  7���&""��* ���,+

Y��)	 81N�� ����@ "�� ���, 6�T��(9O,��� ���a' V���+

�� )Maktabifard et al., 2020(.

Ba	 �@&"���7 @�4' "�*��7 �=�7~/��V��� �T�@+[��4	
¬)� �@�4, � �, �,+2%��' ��a'�\�# "�� @4�; � 
��@ 
���

� �@ \�# Y��)	�.@4; Y��)!' �4a*  h���7 O,�g��  �� �@ �, 
¬)� "� @�@ (�� �,+�@�B!�� ��; ��7+=&
�B 81�N�� �@@���+

Ba	&""�* ���7��� ��;�)��@47 ���x&
���9 �7"�4�Q F���3' 
8�L!� ��� 
�� .�3P),& �@�4�, ��,+2%����&Y����)���7 �
������ ��&�3� � �@47&�3'�� �J���7+�3!��, .�@�B!��� �����	�4�3 

'���4	 ��a' i�7 �@�����3Ba	&"81N�� ��"7���; O,��� 
�,@ .���O19� "7��&"6�,�J�� �7��, �Z3	&�(��'� �����09
,@�4,�/��3' "7�Y���O��x �&
B�a	&"�!��@&7��"�7 O,��� �@
��a' V��+"7'&�Y�7&O���_�T�@ '�@4; .(Panepinto et 

al., 2016) .
'p"�� I2	&��I V��+�!E=��E�])L	& �@� "��7�7&"3����+
�@ �����,�3+�&/�!� "7(�43� 0�w' ��7 �1�T� @��E6)� ¬�)� ��, �

,@�4,��\��� ���O'�(�4	 "7"��T 4?��]_�	{_�T�@+�@
��a' V��+
�@ �
��� .(Copeland and Carter, 2014) �7���

"� @4; "?4	V��+@�4'&���@�MBa	&"81N�� "�* ' "7 �& (�Y
����@�+�����3� [���4	+B��a	&"�����' �w������ � �@�B!���� @�4��'

 
1 Electric Power Research Institute  (EPRI) 

�,�!'����+�&B�>	 8���� &�& �'��� �@ .@4�; ��/
oz�	&�������
Ba	&"81N�� "�* V�� 5� ��a' �7+/
�� "?4	 57��"7�4Q +
"��Y���O����� (9 i�7 ��a' O,�� "7 ��3' (9 �' ������@4�; 
)Goldstein and Smith, 2002(.

�M� ��' "!E� g	��!�� "� 
��+Ba	&",��J ��7 81N���
#9 �X�� "7 ��T����3   !���� ��Z �@ (���7 ��,&��,��+V���+

��� �� 5�����+&
��@ .7 04Q&�� O�",@ M� /"!;X�� R�J
H	&&��3K � �@��� ����7 �*��; ��+V���+���7+�� /89 O�L7

B��a	 "��6)?&"">���4	 /81��N�����& �@���� �� ����L	� ���; ��
���� 
)(Molinos-Senante et al., 2015.

����� ����'�@�2	� 5)>=��4!����@ [����4	����"�������� ���)���; ����7
drrs/d�/EC T4	&"V��� ����,� "� ��;+���7 ��+�,�4���+
4�� �7 O,��dr��T�@+GHG /�	z'& dr��T�@ V��� ��+��

��	 u7�3'��X�����Y���Odr�T�@+�@���7 ��+V���+>	&�&  
@ ��' @�4' .
�� �@����J+B�a	 �@ "��&"����7 81�N�� "��*�

' ��;�@ �� ��4	�V�� ����+� ����� "?4	 @�4' �&@�/��� \������+
7 ��, �� �@�B!�� �  �=���4,+���7+=4	 �& V��� �+�#4�T� .
��� 

81N�� 5'�; �I'��5�7�� �?4�	���V���+�;&)&���/�	������
�&!3&E�)��3?�(
�� �R��Y� ���; "�� '�&(�Y V���+�;&)&���

@4?4' �@/81N�� u�3' 57�� �?4	���V��+��	�X����
�� "�� 
�� �Q�S���, �7���4�,+ ��= ��7 ��7������3' "�7 =4	 �&�7&����4 
'�@4; .(Kaszycki et al., 2021) .

7&�����4 �������>!' ���7 �@�B!���� �����M�4��	4' ��	&����������� �
����{/��7+M)� "7=4	&�i�7 ����'�� �@�B!��� �'�@4�; .�Y�?�+
6T��7&���4 5'�; (�!' )CH4(�@+���&� 7�� )CO2(
��� "�� 
"7 	�	&F�,�T�@+)����_�	}^�]^�	~_�T�@ ��E�	&5
'��3,@ ��X� CO2��7+�Y���O�4!2'+V���+7&����4 �7��&��

Y��� ),�&

�� )Baciocchi et al., 2013(.
81N�� ��1� �7V��+;&)&���/@4?4' ���I' 57�� �?4	���

��V+	�������&Y�@�7'��&@�.�� >���&
"�81�N�� ���@+
�'@�������� 
�� '���4	 (9��"7>�3'���V��+���	�5��3� "�� 
��� M3* ���+�@(�!�7�	 �	z'& �'�� �@(�!�'� ��\���� /��,@ 

2 Combined Heat and Power (CHP) 
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K(40�I!� 81N�� �@5*�@ "=4= �,\��� '�@4�; ���'@+�2'&[
oz	&�K�&Y+�7��+�'@+81N�� @��@ (Procter et al., 2016).

����!�&5V����+��	�����81��N�� ����7+@������� ¬��)� ���,+
	�����"7���g�@52' ���	�)� �@6)�&��B�a	&""��* 81�N�� 
�3�' �'���O(�)!*�� �,�M��* (@���  ��= "�� "�7 ��'�� �&��
/���@ ����09
�� .��1� �7��/ '�(�4�	 ��(9�@SQ��3' �����' 
"� "7V��+�'��������'�����&�����@ �@�B!�� @��.(Hao et 

al., 2019).
Ba	 �@&""�* �,+Y, 81N���"3���7�"�� 
�*�@�� �'�@4�; 

S��Q '��&(�Y ����a' V����+�!E=����E�F�����7 �&���4��6 
����� 
"���2' '��@ "� @4; ������2' ���7+V���+�@B�a	&""��* ��,+
81N�� ����� ����7+/'&(���7+�<�� ��7 ���%' �'�@4�; ."�7
' �Z�"��>	 ��� ��&� i�7 �@Ba	&""�* ��,+81�N�� )"���>	 

������+(D��7 ��; "��1�>� "���T 4�?�����a' �@ V���+"�7 
=@&5Y,�"3��/(9 (��3K @�4' "?4	 ���� J&@�.\�# 
�� ��a' 

V��+�@"), Ba	&""�* �,+81N�� ��;+�4�� "7��4T 3��
��?+@�4' )'&Y+��1T� ���� �&@�.0��' ��,+@��>!'+���7+

������� ���&�+GHG ��&@��3��� ���)�������+">���4	 �@�@ � ���;
O,�g� k�, @4?4' "7���7�"%7�� �7& GHG �Y,�"�3 6)� �&	��]

'�@��@�� "��E�����' �	� �*�; �,��7+)a	&��&(���� 
��
�,�!'���� �3K �,+@���J+� "�6)? ��&B�&
8���� �5�� ����o� 

2'&[h!��� '��3�4	 �7g	��!��+��,+0��!3� oz�	&��@ .����XJ7
��'  &��� "� ��; �L�' (��7��� "*�K&��� /���7��6����!�7+

Ba	 ��&""�* �,+"���� 81N�� '��3� )Nguyen et al., 2020(.

K5	�"T3 B-"e 
V�� 
��), G4N4'+��@� �+Ba	 �@  7��&""�* �,+81N�� 

1 Operating Costs (OC) 

� �@�.
�� "!��J ���� "?4	 @�4' (��3K (��/O,�g�  �� �;4��
� �@��@ � @47 �!���  �Ba	 M&"���; 81�N�� "��*+I' ��7 �& ��

0�)��; "��I%3' �@ [���4!' � ������ ���7 .���; \����� �4���� 8�������  
O,�g� Ba	 �@&"���7 81N�� "�*�=@ "7 ��;&���7 \�� 5��&�+
�,���� ��+������+�6H	)  ��=&89 /���, /� ��&�+ � (�&\��� Y

�,������� @4��?�+&�!�B&����E&@ � (4&�!�B&�����E&7 /(4&�!����� 
;� �����!����	 ���"37�� @�4' 5(BOD) @473P), .&7  &�!��� 
V�� ��a'+&�@�4, "7 t47�' Y��,+2%���� 0��>�  ��= �����

 @��� 81�N�� V�q)�+ ��= 
����7 [�* �@4�7 ��L7 .�� �� ��  
;� G4N4'��� ���)����Q (@47� �&��	 (@4�� ��� "7 Y�&��Y

 �@�B!���� @�4��'@4��7 ¬��)� �@ 
���� \�# . ���,+=&/81��N�� 
��B
!���7  �= ¬)���E����@�4�, ���,+2%����� \�# ���1�T�

���Q �Z�4>	 ��¬)� ¢�@�4, � �, � �� �@�B!�� � �,����7 �	�4�3+
�,�4	4'+�!E=��E�!��� i�7 ��a' O,�� �&4@4; \��� ."���>	 

��&� i�7 �@Ba	&""�* 81N�� )"��>	 ������+(D��7 ��; ��	 
�1>� "��T G4N4' 4?���@��a' V��+���@+4=�� �� ��3P9 
�

"�'��7 "�7 "?4	 �7 .�;�� ��,+B�a	 ">��4	 �@ @4�?4'&""��* ��,+
��; 81N��+T4	 �4�� $%� �@&' "�)' \��� @4;&Y+V���+

Ba	 �@&""�* �,+V�� 
��), "7 "?4	 � @4?4'+���@� �+ 7���
� �@�7 OL7  "��Ba	 ¤���� �g&""�* �,+�?�7 �"�? �4Q+@�4'

� ���� "?4	&.@� 

`573���#a 
/O,�g���  ���� ���L7����! ���b"=����� ���!�@�����3�' "!��;� �@�

2'&[��(���	 ��J��@ 
�@47 �@ (��7 "�������' "4� �, 
��
=�'�7 .�; \���" ��� ���&4 "6�(���3��/�@�����6� �� �� @4�* �& "

@����+�	 �@ "�&��9@�� � "+@�4' ���1Q�&��/�	&�h��,�g� ��
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