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�0�R�G�H�O�L�Q�J���D�Q�G���R�S�W�L�P�L�]�D�W�L�R�Q���R�I���F�R�P�E�L�Q�H�G���F�R�R�O�L�Q�J�����K�H�D�W�L�Q�J���D�Q�G���S�R�Z�H�U���V�\�V�W�H�P�V���Z�L�W�K��

�L�Q�W�H�J�U�D�W�H�G���E�L�R�J�D�V���X�S�J�U�D�G�L�Q�J 

�-�D�F�N���&�D�V�W�O�H�\�����8�O�X�J�E�H�N���$�]�L�P�R�Y�����0�D�G�H�O�H�L�Q�H���&�R�P�E�U�L�Q�F�N�����/�X���;�L�Q�J��� 

�0�H�F�K�D�Q�L�F�D�O���D�Q�G���&�R�Q�V�W�U�X�F�W�L�R�Q���(�Q�J�L�Q�H�H�U�L�Q�J�����1�R�U�W�K�X�P�E�U�L�D���8�Q�L�Y�H�U�V�L�W�\�����1�H�Z�F�D�V�W�O�H���X�S�R�Q��

�7�\�Q�H�����1�(�������6�7�����8�Q�L�W�H�G���.�L�Q�J�G�R�P 

 

��&�R�U�U�H�V�S�R�Q�G�L�Q�J���D�X�W�K�R�U���� 

�/�X���;�L�Q�J�����O�X���[�L�Q�J�#�Q�R�U�W�K�X�P�E�U�L�D���D�F���X�N���� 

  



 

�$�E�V�W�U�D�F�W 

�7�K�L�V���S�D�S�H�U���S�U�R�S�R�V�H�V���D�Q���D�Q�D�O�\�V�L�V���I�R�U���F�D�W�W�O�H���P�D�Q�X�U�H���I�H�G���D�Q�D�H�U�R�E�L�F���G�L�J�H�V�W�L�R�Q���U�H�D�F�W�R�U�����$�'�5������

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

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

�U�H�O�D�W�H�G���E�H�Q�H�I�L�W�V���R�Y�H�U���F�R�Q�Y�H�Q�W�L�R�Q�D�O���&�&�+�3���V�\�V�W�H�P�V�����(�L�J�K�W���&�&�+�3���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V���K�D�Y�H���E�H�H�Q��

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

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

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

�L�Q�W�H�J�U�D�W�H�G���$�'�5�����Z�L�W�K���D���E�L�R�J�D�V���E�R�L�O�H�U�����G�H�S�O�R�\�L�Q�J���W�K�H���H�O�H�F�W�U�L�F���O�R�D�G���R�S�H�U�D�W�L�R�Q�D�O���V�W�U�D�W�H�J�\���\�L�H�O�G�V��

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

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

�V�D�Y�L�Q�J���U�D�W�L�R���R�I�������������� 

 
 
�.�H�\�Z�R�U�G�V�����&�R�P�E�L�Q�H�G�� �F�R�R�O�L�Q�J�� �K�H�D�W�L�Q�J�� �D�Q�G�� �S�R�Z�H�U�����$�Q�D�H�U�R�E�L�F�� �G�L�J�H�V�W�L�R�Q�� �U�H�D�F�W�R�U�����6�\�V�W�H�P��

�R�S�W�L�P�L�]�D�W�L�R�Q�����%�L�R�J�D�V�����%�L�R�P�H�W�K�D�Q�H  



 

�1�R�P�H�Q�F�O�D�W�X�U�H 

ADR Anaerobic Digestion Reactor 

ADR-CCHP (FEL) 
Combined cooling, heating and power with anaerobic digestion 
reactor following the electric load 

ADR-CCHP (FTL) 
Combined cooling, heating and power with anaerobic digestion 
reactor following the thermal load 

AEC Annual Energy Costs 
AEQC Annual Equipment Capital Costs 
AI Artificial Intelligence 
ATC Annual Total Costs 
ATCS Annual Total Cost Savings 
ATCSR Annual Total Cost Savings Ratio 
BGB Biogas Compatible Gas 
CCHP Combined cooling, heating, and power 
CE Carbon Emissions 
CER Carbon Emissions Reduction 
CERR Carbon Emissions Reduction Ratio 
CHP Combined Heat and Power 
CCHP (FEL) Combined cooling, heating and power following the electric load 
CCHP (FTL) Combined cooling, heating and power following the thermal load 
COP Coefficient of Performance 
CSS Conventionally Separated System 
FEL Following the Electric Load 
FITs/FIPs Feed in Tariffs/Premiums 
FTL Following the Thermal Load 
GA Genetic Algorithm 
HST Heat Storage Tank 
ICE Internal Combustion Engine 
LEED Leadership in Energy and Environmental Design 
NGB Natural Gas Boiler 
OMC Annual Operation and Maintenance Costs 
OPI Overall Performance Index 
PEC Primary Energy Consumption 
 Primary Energy Savings Ratio 
PGU Power Generation Unit 
PSA Pressure Swing Absorption 

PSA-CCHP (FEL) 
Combined cooling, heating and power with anaerobic digestion 
reactor and pressure swing absorption following the electric load  

PSA-CCHP (FTL) 
Combined cooling, heating and power with anaerobic digestion 
reactor and pressure swing absorption following the electric load 

PSOA particle swarm optimization algorithm 
PWS pressurized water scrubbing 



 

PWS-CCHP (FEL) 
Combined cooling, heating and power with anaerobic digestion 
reactor and pressurized water scrubbing following the electric load  

PWS-CCHP (FTL) 
Combined cooling, heating and power with anaerobic digestion 
reactor and pressurized water scrubbing following the thermal load 

R Capital Recovery Factor 
UF Utilization Factor 
VOCs Volatile Organic Compounds 
WHR Waste Heat Recovery Unit 

 
  



 

�������,�Q�W�U�R�G�X�F�W�L�R�Q 

�%�X�L�O�G�L�Q�J���H�Q�H�U�J�\���X�V�H���W�K�D�W���L�V���U�H�T�X�L�U�H�G���I�R�U���V�S�D�F�H���K�H�D�W�L�Q�J�����G�R�P�H�V�W�L�F���K�R�W���Z�D�W�H�U�����V�S�D�F�H���F�R�R�O�L�Q�J��

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

�6�W�D�W�H�V���D�Q�G���(�X�U�R�S�H���>�������@�����7�R���P�H�H�W���W�K�L�V���G�H�P�D�Q�G�����P�R�V�W���H�Q�H�U�J�\���L�V���J�H�Q�H�U�D�W�H�G���X�V�L�Q�J���L�Q�H�I�I�L�F�L�H�Q�W��

�F�R�Q�Y�H�Q�W�L�R�Q�D�O�� �S�R�Z�H�U�� �S�O�D�Q�W�V�� �Z�K�L�F�K�� �X�V�X�D�O�O�\�� �X�V�H�� �F�D�U�E�R�Q���U�L�F�K�� �I�R�V�V�L�O�� �I�X�H�O�V���� �7�K�L�V�� �F�D�X�V�H�V�� �W�K�H��

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

�Z�D�U�P�L�Q�J�����7�K�H���,�Q�W�H�U�Q�D�W�L�R�Q�D�O���(�Q�H�U�J�\���$�J�H�Q�F�\���G�H�F�O�D�U�H�G���W�K�D�W���R�I���W�K�H���������ƒ�&���L�Q�F�U�H�D�V�H���R�I���J�O�R�E�D�O��

�D�Y�H�U�D�J�H�� �D�Q�Q�X�D�O�� �V�X�U�I�D�F�H�� �W�H�P�S�H�U�D�W�X�U�H�V���� �F�R�D�O�� �F�R�P�E�X�V�W�L�R�Q�� �L�V�� �U�H�V�S�R�Q�V�L�E�O�H�� �I�R�U�� �R�Y�H�U�� �������ƒ�&��

�L�Q�F�U�H�D�V�H���>���@���� 

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

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

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

���3�*�8�����R�I���W�K�H���V�\�V�W�H�P���L�Q�W�R���W�K�H���D�W�P�R�V�S�K�H�U�H�����W�K�H���K�H�D�W���L�V���K�D�U�Q�H�V�V�H�G���W�R���G�H�O�L�Y�H�U���E�X�L�O�G�L�Q�J���K�H�D�W�L�Q�J��

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

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

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

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

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

�H�I�I�L�F�L�H�Q�F�\���� 

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

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

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

�W�K�H���&�&�+�3���V�\�V�W�H�P���W�R���R�I�I�H�U���D�G�Y�D�Q�W�D�J�H�V���L�Q���I�O�H�[�L�E�L�O�L�W�\�����F�R�Q�Y�H�U�V�L�R�Q���H�I�I�L�F�L�H�Q�F�\���D�Q�G���F�R�P�P�H�U�F�L�D�O��



 

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

�O�H�D�V�W���R�Q�H���R�I���W�K�H���I�R�O�O�R�Z�L�Q�J���S�D�U�D�P�H�W�H�U�V�����D�Q�Q�X�D�O���W�R�W�D�O���F�R�V�W���V�D�Y�L�Q�J�V�����$�7�&�6�������F�D�U�E�R�Q���H�P�L�V�V�L�R�Q�V��
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Number System Description Abbreviation 

Reference Conventional Separated System CSS 

Configuration 1 Combined cooling, heating and power 
following the electric load CCHP (FEL) 

Configuration 2 Combined cooling, heating and power 
following the thermal load CCHP (FTL) 

Configuration 3 
Combined cooling, heating and power 

with anaerobic digestion reactor following 
the electric load 

ADR-CCHP (FEL) 

Configuration 4 
Combined cooling, heating and power 

with anaerobic digestion reactor following 
the thermal load 

ADR-CCHP (FTL) 

Configuration 5 

Combined cooling, heating and power 
with anaerobic digestion reactor and 

pressurized water scrubbing following the 
electric load  

PWS-CCHP (FEL) 

Configuration 6 

Combined cooling, heating and power 
with anaerobic digestion reactor and 

pressurized water scrubbing following the 
thermal load 

PWS-CCHP (FTL) 

Configuration 7 

Combined cooling, heating and power 
with anaerobic digestion reactor and 

pressure swing absorption following the 
electric load  

PSA-CCHP (FEL) 

Configuration 8 

Combined cooling, heating and power 
with anaerobic digestion reactor and 

pressure swing absorption following the 
electric load 

PSA-CCHP (FTL) 
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Parameter Value Unit Reference 

Heat Exchanger (Heating Coil) Efficiency ��he 75 % [5],[6], 
[13],[21] 

Natural Gas Boiler System Efficiency ��b 90 % - 
Coefficient of Performance of Electric Chiller 
COPec 

3 - - 

Electrical Efficiency of Conventional Separated 
System (CSS) ��e_css 

44 % 
[6] 

Power Grid Electrical Transmission Efficiency ��grid 83 % [6] 
Carbon Emissions per Unit of Electricity from the 
Power Grid CEge 

0.256 kg/kWh 
[33] 

Carbon Emissions per Unit of Natural Gas from the 
Gas Grid CEng 

0.184 kg/kWh - 

Unit Price of Electricity from the Power Grid UPge 0.122 �¼���N�:�K [34] 
Unit Price of Natural Gas from the Gas Grid UPng 0.039 �¼���N�:�K - 
Service Life of Equipment (Assumed to be the 
Same for all Equipment in Each Design 
Configuration) SL 

15 Years 
[5],[6],[11], 
[20-22] 

Interest Rate Applicable to Capital Costs IR 5 % - 

Capital Cost of Heating Coil CChc 25 �¼���N�:�K - 

Capital Cost of Natural Gas Boiler Unit CCb 45 �¼���N�:�K - 

Capital Cost of Electric Chiller CCec 110 �¼���N�:�K - 
Operation and Maintenance to Capital Cost Ratio �3 4 % - 
Annual Operation & Maintenance Cost of Heating 
Coil OMChc 

1 �¼���N�:�K - 

Annual Operation & Maintenance Cost of Natural 
Gas Boiler Unit OMCb 

1.8 �¼���N�:�K - 

Annual Operation & Maintenance Cost of Electric 
Chiller OMCec 

4.4 �¼���N�:�K - 
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Month �7�&�����¼�� CE (kg) PEC (kWh) 

January 71,737 81,191 883,932 
February 60,179 156,514 696,924 

March 98,890 238,185 1,016,964 
April  110,072 248,297 1,018,835 
May 116,679 261,193 1,066,861 
June 132,034 292,833 1,189,304 
July 128,231 283,331 1,148,407 
August 133,616 293,953 1,188,372 
September 115,057 257,279 1,050,346 
October 107,933 242,670 994,159 
November 86,012 213,353 926,221 

December 76,406 204,692 924,753 
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�R�S�W�L�P�D�O���F�R�P�S�U�R�P�L�V�H���V�R�O�X�W�L�R�Q�V���Q�H�H�G�V���W�R���E�H���L�G�H�Q�W�L�I�L�H�G���E�\���D�Q���H�I�I�H�F�W�L�Y�H���D�Q�G���F�R�P�S�O�H�W�H���V�H�D�U�F�K��

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

�$�'�5���&�&�+�3�� ���)�(�/������ADR-CCHP (FTL); PWS-CCHP (FEL); PWS-CCHP (FTL); PSA-

CCHP (FEL) and PSA-CCHP (FTL)���D�Q�G���W�Z�R���F�R�Q�Y�H�Q�W�L�R�Q�D�O���&�&�+�3���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V������CCHP 

(FEL), CCHP (FTL)���Q�H�H�G���W�R���R�S�W�L�P�L�]�H�G���X�V�L�Q�J���W�K�H���E�H�Q�F�K�P�D�U�N���Y�D�O�X�H�V���D�V���D���U�H�I�H�U�H�Q�F�H���S�R�L�Q�W����

�7�K�H���R�S�W�L�P�L�]�D�W�L�R�Q���L�V���S�H�U�I�R�U�P�H�G���Z�L�W�K���W�K�H���3�6�2�$���Z�L�W�K�L�Q���W�K�H���0�$�7�/�$�%���H�Q�Y�L�U�R�Q�P�H�Q�W�����)�R�U���W�K�H��

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

�V�L�P�X�O�D�W�L�R�Q���W�L�P�H���L�V���D�E�R�X�W�������������P�L�Q�X�W�H�V���� �� 

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

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

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

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

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

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

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

�Y�D�U�L�D�E�O�H�V���X�V�H�G���I�R�U���H�V�W�L�P�D�W�L�R�Q�V���R�I���&�(�5�����V�X�F�K���D�V���F�D�U�E�R�Q���H�P�L�V�V�L�R�Q�V���S�H�U���X�Q�L�W���R�I���I�X�H�O�����F�D�U�E�R�Q��

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

�H�F�R�Q�R�P�L�F���Y�D�U�L�D�E�O�H�V���X�W�L�O�L�]�H�G���I�R�U���F�D�O�F�X�O�D�W�L�R�Q�V���R�I���$�7�&�6�����V�X�F�K���D�V���F�D�S�L�W�D�O���F�R�V�W�V���R�I���H�T�X�L�S�P�H�Q�W����

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

�O�L�I�H���R�I���H�T�X�L�S�P�H�Q�W�����R�S�H�U�D�W�L�R�Q���D�Q�G���P�D�L�Q�W�H�Q�D�Q�F�H���W�R���F�D�S�L�W�D�O���F�R�V�W���U�D�W�L�R�����D�Q�G���D�Q�Q�X�D�O���R�S�H�U�D�W�L�R�Q���	��

�P�D�L�Q�W�H�Q�D�Q�F�H���F�R�V�W�� 

�7�D�E�O�H�����������3�D�U�D�P�H�W�H�U�V���R�I���W�K�H���F�R�P�E�L�Q�H�G���F�R�R�O�L�Q�J�����K�H�D�W�L�Q�J���D�Q�G���S�R�Z�H�U���V�\�V�W�H�P���±���H�Q�H�U�J�\ 

Parameter Value Units Reference 

Power generation unit electrical efficiency ��pgu 38 % [33] 

Waste heat recovery unit efficiency ��whr 80 % [21] 

Heat exchanger efficiency ��he 75 % 
[5],[6], 
[13],[21] 

Coefficient of performance of lithium bromide 
absorption chiller COPac  

0.72 - [13] 

Natural gas auxiliary boiler efficiency ��b 90 % [5],[6], 
[13],[21] 

Power grid electrical transmission efficiency ��grid 83 % [6] 

Hourly electricity consumption of ADR Ead 1.51 kWh [30] 

Hourly thermal energy consumption factor of ADR Had 0.0678 kWh/m3 - 

Electrical potential of ADR EPad 9.79 kWh/m3 [36-38] 



 

Electrical potential of ADR in tandem with PWS/PSA 
EPadu 

16.32 kWh/m3 - 

Energy content of anaerobic digestion sourced biogas 
with 60% CH4 ECadb 

5.8 kWh/m3 [39] 

Energy content of upgraded biogas (biomethane) with 
97% CH4 ECub 

9.67 kWh/m3 - 

 

�7�D�E�O�H���������3�D�U�D�P�H�W�H�U�V���R�I���W�K�H���F�R�P�E�L�Q�H�G���F�R�R�O�L�Q�J�����K�H�D�W�L�Q�J���D�Q�G���S�R�Z�H�U���V�\�V�W�H�P���±���H�Q�Y�L�U�R�Q�P�H�Q�W 

Parameter Value Units Reference 

Carbon Emissions per Unit of Electricity from the 
Power Grid CEge 

0.256 kg/kWh [34] 

Carbon Emissions per Unit of Natural Gas from 
the Gas Grid CEng 

0.184 kg/kWh - 

Carbon Emissions per Unit of Anaerobic 
Digestion Sourced Biogas with 60% CH4 CEadb 

0 kg/kWh [40] 

Carbon Emissions per Unit of Upgraded Biogas 
(Biomethane) with 97% CH4 CEub 

0 kg/kWh - 

 

�7�D�E�O�H���������3�D�U�D�P�H�W�H�U�V���R�I���W�K�H���F�R�P�E�L�Q�H�G���F�R�R�O�L�Q�J�����K�H�D�W�L�Q�J���D�Q�G���S�R�Z�H�U���V�\�V�W�H�P���±���H�F�R�Q�R�P�L�F 

Parameter Value Unit Reference 

Unit Price of Electricity from the Power Grid UPge 
0.122 

�¼���N�:�K [35] 

Unit Price of Natural Gas from the Gas Grid UPng 0.039 �¼���N�:�K - 

Unit Price of Anaerobic Digestion Sourced Biogas with 
60% CH4 UPadb 

0.057 �¼���N�:�K [41] 

Unit Price of Upgraded Biogas (Biomethane) with 97% 
CH4 UPub 0.035 

�¼���N�:�K - 

Feed-in-�7�D�U�L�I�I���5�D�W�H���L�Q���3�R�O�D�Q�G�����I�R�U���$�'�5�¶�V���Z�L�W�K���D��
Capacity of 0 - 500kW) FIT 0.127 

�¼���N�:�K [42] 

Feed-in-�3�U�H�P�L�X�P���5�D�W�H���L�Q���3�R�O�D�Q�G�����I�R�U���$�'�5�¶�V���Z�L�W�K���D��
Capacity 500 - 1000kW) FIP 0.146 

�¼���N�:�K - 

Service Life of Equipment (Assumed to be the Same for 
all Equipment in Each Design Configuration) SL 

15 Years [5],[6],[11], 
[20-22] 

Interest Rate Applicable to Capital Costs IR 5 % - 



 

Operation and Maintenance to Capital Cost Ratio �3 
4 

% - 

Operation & Maintenance Cost of Internal Combustion 
Engine (PGU) OMCpgu 

44 �¼���N�:�K - 

Operation & Maintenance Cost of Biogas Compatible 
Internal Combustion Engine (PGU) OMCbpgu 

64 �¼���N�:�K - 

Annual Operation & Maintenance Cost of Heating Coil 
OMChc 

1 �¼���N�:�K - 

Annual Operation & Maintenance Cost of Natural Gas 
Boiler OMCb 

1.8 �¼���N�:�K - 

Annual Operation & Maintenance Cost of Biogas Boiler 
OMCbgb 

2.62 �¼���N�:�K - 

Annual Operation & Maintenance Cost of Waste Heat 
Recovery Unit OMCwhr 

3.2 �¼���N�:�K - 

Annual Operation & Maintenance Cost of Lithium 
Bromide Absorption Chiller OMCac 

5.4 �¼���N�:�K - 

Annual Operation & Maintenance Cost of Anaerobic 
Digestion Plant OMCad 

1,293 �¼���P3 - 

Annual Operation & Maintenance Cost of Pressurised 
Water Scrubber OMCpws 

1453 �¼���P3 - 

Annual Operation & Maintenance Cost of Pressure 
Swing Absorption Unit OMCpsa 

1,360 �¼���P3 - 

Capital Cost of Internal Combustion Engine (PGU) 
CCpgu 

1100 �¼���N�:�K - 

Capital Cost of Biogas Compatible Internal Combustion 
Engine (PGU) CCbpgu 

1600 �¼���N�:�K - 

Capital Cost of Heating Coil CChc 25 �¼���N�:�K - 

Capital Cost of Natural Gas Boiler CCb 45 �¼���N�:�K - 

Capital Cost of Biogas Boiler CCbgb 65 �¼���N�:�K - 

Capital Cost of Waste Heat Recovery Unit CCwhr 80 �¼���N�:�K - 
Capital Cost of Lithium Bromide Absorption Chiller 
CCac 

135 �¼���N�:�K - 

Capital Cost of Anaerobic Digestion Plant CCad 11,533 �¼���P3 [41] 

Capital Cost of Pressurised Water Scrubber CCpws 11773 �¼���P3 - 

Capital Cost of Pressure Swing Absorption Unit CCpsa 11,993 �¼���P3 - 
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�X�V�L�Q�J���S�D�U�D�P�H�W�H�U�V���I�U�R�P���7�D�E�O�H�V�������������W�K�H���R�S�W�L�P�X�P���L�Q�V�W�D�O�O�H�G���F�D�S�D�F�L�W�\���I�R�U���H�D�F�K���V�X�E���V�\�V�W�H�P���L�Q��

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

�7�D�E�O�H�������±���2�S�W�L�P�X�P���G�H�V�L�J�Q���F�R�Q�I�L�J�X�U�D�W�L�R�Q���I�R�U���W�K�H���H�L�J�K�W���&�&�+�3���V�\�V�W�H�P�V 

System 
Configuration 

ACma

x 
(kWh

) 

ADm

ax 
(m3)  

Bmax 
(kW
h) 

BGB
max 

(kWh
) 

HCm

ax 
(kW
h) 

HEm

ax 
(kW
h) 

PGU
max 

(kWh
) 

PSA
max 

(m3/h
) 

PWS
max 

(m3/h
) 

WHR
max 

(kWh) 

Conventional 
Separated System 
(Reference) 

/ / 727 / 545 / / / / / 

Conventional CCHP 
(FEL) 244 / 338 / 545 / 438 / / 572 
Conventional CCHP 
(FTL) 244 / 291 / 545 / 343 / / 436 
ADR-CCHP (FEL) 244 111 75 336 545 8 413 / / 539 
ADR-CCHP (FTL) 244 86 315 / 545 6 321 / / 419 
PWS-CCHP (FEL) 244 62 299 / 545 4 383 / 104 500 
PWS-CCHP (FTL) 244 47 350 / 545 3 292 / 79 381 
PSA-CCHP (FEL) 244 62 297 / 545 4 387 105 / 505 
PSA-CCHP (FTL) 244 47 348 / 545 3 293 80 / 382 
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�&�&�+�3�¶�V���F�R�Q�I�L�J�X�U�D�W�L�R�Q�����L�W���L�V���V�X�J�J�H�V�W�H�G���W�R���L�Q�F�O�X�G�H���D���E�L�R�J�D�V���F�R�P�S�D�W�L�E�O�H���J�D�V�����%�*�%�����E�R�L�O�H�U���L�Q��
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�R�S�H�U�D�W�L�R�Q�D�O�� �V�W�U�D�W�H�J�\�����$�'�5���&�&�+�3�� �6�\�V�W�H�P�� ���)�7�/������ �3�:�6���&�&�+�3�� �6�\�V�W�H�P�� ���)�7�/���� �D�Q�G�� �3�6�$��
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System Configuration 
Annual 

Biogas Yield 
(m3) 

Excess 
Biogas 
(m3) 

Excess 
Biomethane 

(m3) 

Utilisation 
Factor 
(%) 

ADR-CCHP System 
(FEL) 972,496 204,335 / 79.0 

ADR-CCHP System       
w/ BGB (FEL) 972,496 157,009 / �����������9 

ADR-CCHP System 
(FTL) 755,863 156,192 / 79.3 

ADR-CCHP System       
w/ BGB (FTL) 755,863 156,192 / 79.3 - 

PWS-CCHP System 
(FEL) 541,002 / 70,178 87.0 

PWS-CCHP System        
w/ NGB (FEL) 541,002 / 52,635 �����������9 

PWS-CCHP System 
(FTL) 412,461 / 69,757 83.1 

PWS-CCHP System        
w/ NGB (FTL) 412,461 / 69,757 83.1 - 

PSA-CCHP System 
(FEL) 546,652 / 72,541 86.7 

PSA-CCHP System         
w/ NGB (FEL) 546,652 / 54,816 �����������9 

PSA-CCHP System 
(FTL) 413,874 / 70,605 82.9 

PSA-CCHP System         
w/ NGB (FTL) 413,874 / 70,605 82.9 - 
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ATCSR for each CCHP Design Configuration

CCHP (FEL) CCHP (FTL) ADR-CCHP (FEL) ADR-CCHP (FTL)

PWS-CCHP (FEL) PWS-CCHP (FTL) PSA-CCHP (FEL) PSA-CCHP (FTL)
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CERR for each CCHP Design Configuration

CCHP (FEL) CCHP (FTL) ADR-CCHP (FEL) ADR-CCHP (FTL)

PWS-CCHP (FEL) PWS-CCHP (FTL) PSA-CCHP (FEL) PSA-CCHP (FTL)
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PESR for each CCHP Design Configuration
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OPI for each CCHP Design Configuration
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