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ABSTRACT  

Increase in population, urbanisation and industrialisation are major proponents to 

energy demand growth as well as municipal solid waste (MSW) generation. Waste-

to-energy (WtE) has evolved as a promising solution for sustainable energy 

generation as well as waste management. One critical issue of concern to 

distribution companies (DISCOs) is electric distribution system expansion planning 

(EDSEP) due to load growth as well as demand variability. Conventionally, EDSEP 

is done by building new substations or reinforcing the existing ones with new 

transformers and upgrading the network feeders. This additional cost may impose 

significant financial burdens on the DISCOs. The integration of distributed generator 

(DG) to the electric distribution networks (EDNs) has the capability of addressing 

the EDSEP problem. The energy carriers of a WtE technology can be fed into a DG 

such as combined heat and power (CHP).  Therefore, optimal planning of a WtE-

CHP on a power distribution network is deemed to address the fundamental issues 

of waste management and EDSEP with the view to ensuring environmental 

sustainability and improved network performance. However, there is limited studies 

on holistic approach for optimal planning of WtE-CHP and its integration to the 

distribution network in the open literature. In a bid to close this research gap, this 

study is aimed at developing comprehensive approaches for optimal planning of 

WtE-CHP on a power distribution network involving upstream and downstream 

planning strategies. In the upstream planning, selection of appropriate WtE 

technology and suitable prime mover (CHP equipment) was implemented. As a 

result of conflicting multi-criteria nature of WtE technologies as well as CHP 

equipment, selecting an appropriate alternative among them is a complex problem. 

To address this challenge, novel hybrid fuzzy multi-criteria decision making (MCDM) 

methods incorporating unification of objective and subjective weighting approaches 

were developed and applied using the City of Johannesburg and City of Cape Town, 

South Africa as case studies. 

In the downstream planning strategy, the optimal allocation of the WtE-CHP 

equipment to a power distribution network was executed. Due to load growth, 

voltage dependency of various consumers and seasonal demand variability, it is 
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imperative to include all of these in the optimal allocation of WtE-CHP for techno-

economic and environmental benefits of EDSEP, hence a multi-objective 

optimisation problem. This was addressed by developing and applying an improved 

multi-objective particle swarm optimisation (IPSO) algorithm based on weighted 

randomised acceleration coefficient and adaptive inertia weight with a dynamic 

approach for economic and environmental assessments using standard IEEE 69 

and 33 bus distribution systems and Soweto, Johannesburg as the case study.  

It is deduced that the application of the developed novel hybrid fuzzy MCDMs 

indicated anaerobic digestion (AD) technology as the most suitable WtE technology 

for South African cities while fuel cell (FC) and internal combustion engine (ICE) are 

best CHP-DGs that utilise the energy carrier (i.e., biogas) of AD. When connected 

to the distribution network, it is inferred that ICE based CHP-DGs modelled to 

operate at optimal power factor improves the network performance parameters such 

as total active power loss, voltage deviation and voltage stability index better than 

FCs based CHP-DGs modelled to operate at unity power factor in all cases and 

scenarios considered. It is also shown that yearly load growth causes an increase 

in the size of the CHP-DGs but not on their locations on the distribution network. 

Based on seasonal mixed voltage dependent load models including daytime and 

night-time of the season, it is concluded that lower DG capacities are needed in the 

night-time compared to the daytime hence, allowing the distribution companies 

(DISCOs) to disengage some DG units in the night-time thereby reducing the cost 

of fuel, enabling maintenance of any ailing equipment and elongating the life span 

of the DGs while ensuring optimal economic dispatch of the DGs. It is also inferred 

that FCs based CHP-DG is more economically viable than ICE based DGs when 

operated in CHP mode. On the other hand, it is deduced that ICE-based DG is more 

economically viable when operating in power-only mode. It is shown that FCs-CHP 

are more environmentally friendly than ICE since FCs are non-combustion-based 

equipment in which the main emission during their operation is water vapour which 

has no health or harmful effect on humans and the environment. The developed 

IPSO is able to minimise the objective functions while improving the network 

performance parameters better than the standard PSO in terms of solution quality, 

convergence speed and statistical analysis. The developed IPSO is also perceived 

to be better than most of the state-of-the arts optimisation algorithms found in 

literature.  
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Even though South African cities and townships are taken as case studies in this 

research, the models developed can be applied for any cosmopolitan city with 

similar waste composition and economic status to South Africa �D�U�R�X�Q�G���W�K�H���Z�R�U�O�G�� 

�.�H�\�Z�R�U�G�V���� �:�D�V�W�H���W�R���(�Q�H�U�J�\���� �2�S�W�L�P�D�O�� �S�O�D�Q�Q�L�Q�J�����$�Q�D�H�U�R�E�L�F�� �G�L�J�H�V�W�L�R�Q����

�'�L�V�W�U�L�E�X�W�L�R�Q�� �Q�H�W�Z�R�U�N���� �'�L�V�W�U�L�E�X�W�H�G���J�H�Q�H�U�D�W�L�R�Q�����:�D�V�W�H���W�R���H�Q�H�U�J�\���E�D�V�H�G��

�F�R�P�E�L�Q�H�G���K�H�D�W���D�Q�G���S�R�Z�H�U 
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CHAPTER 1. INTRODUCTION 

 

1.1 Background  

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

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

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

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

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

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

�H�Q�H�U�J�\�����1�R�F�N�� �H�W�� �D�O������ �������������D�V�� �R�Q�O�\���������������� ���� �F�D�Q�� �E�R�D�V�W���R�I�� �D�F�F�H�V�V�� �W�R�� �H�O�H�F�W�U�L�F�L�W�\��

���9�D�O�L�F�N�R�Y�D���D�Q�G���(�O�P�V�������������������7�K�L�V���K�D�V���E�H�H�Q���D���P�D�M�R�U���L�P�S�H�G�L�P�H�Q�W���W�R���H�F�R�Q�R�P�L�F���J�U�R�Z�W�K��

�L�Q���G�H�Y�H�O�R�S�L�Q�J���F�R�X�Q�W�U�L�H�V���� 

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

�V�R�O�L�G���Z�D�V�W�H�����0�6�:�����H�V�S�H�F�L�D�O�O�\���L�Q���F�L�W�L�H�V���R�I���G�H�Y�H�O�R�S�L�Q�J���F�R�X�Q�W�U�L�H�V�����7�K�H���P�D�L�Q���F�D�X�V�H���R�I��

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

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

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

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

�R�Q�� �W�K�H�� �U�D�S�L�G�� �L�Q�F�U�H�D�V�H�� �L�Q�� �0�6�:�� �J�H�Q�H�U�D�W�L�R�Q�� �D�Q�G�� �F�R�Q�W�L�Q�X�H�G�� �G�H�P�D�Q�G�� �I�R�U�� �H�O�H�F�W�U�L�F�L�W�\�� �L�Q��

�X�U�E�D�Q�� �F�H�Q�W�U�H�V�����/�D�Z�D�O�� �H�W�� �D�O������ �������������� �K�H�Q�F�H���S�R�V�L�Q�J�� �V�H�U�L�R�X�V�� �F�K�D�O�O�H�Q�J�H�V�� �W�R�� �W�K�H��

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

�H�O�H�F�W�U�L�F�L�W�\���L�Q�I�U�D�V�W�U�X�F�W�X�U�H���� 

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

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

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

�L�Q�W�H�U�Q�D�W�L�R�Q�D�O�� �P�D�U�N�H�W���� �G�H�S�O�H�W�L�R�Q�� �L�Q�� �W�K�H�L�U�� �U�H�V�H�U�Y�H�V�� �D�V�� �Z�H�O�O�� �D�V�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �L�V�V�X�H�V��

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

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

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

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

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

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

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

�P�D�Q�D�J�H�P�H�Q�W���V�K�R�X�O�G���E�H���V�R�X�J�K�W���� 

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

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

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

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

�Q�H�W�Z�R�U�N���� �7�K�L�V�� �S�U�R�F�H�V�V�� �R�U�� �V�\�V�W�H�P�� �L�V�� �F�D�O�O�H�G�� �G�L�V�W�U�L�E�X�W�H�G�� �J�H�Q�H�U�D�W�L�R�Q�� ���'�*���� ���L���H������
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�0�X�Q�L�F�L�S�D�O�� �V�R�O�L�G�� �Z�D�V�W�H�V�����0�6�: �V�����F�R�P�S�U�L�V�L�Q�J���R�U�J�D�Q�L�F���� �L�Q�R�U�J�D�Q�L�F���� �K�D�]�D�U�G�R�X�V�� �R�U���W�R�[�L�F��
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���%�D�U�D�Q�� �H�W�� �D�O������ �������������� �5�H�F�R�Y�H�U�L�Q�J�� �H�Q�H�U�J�\�� �H�P�E�H�G�G�H�G�� �L�Q�� �Z�D�V�W�H�� �L�V�� �F�D�O�O�H�G�� �Z�D�V�W�H���W�R��

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

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

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

�W�H�F�K�Q�R�O�R�J�L�H�V���K�D�Y�H���E�H�H�Q identified as veritable tools for achieving the duo of waste 

management and power supply within a municipality (Alao et al., 2022e). Waste-to-

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

�8�Q�L�W�H�G���6�W�D�W�H�V���(�Q�Y�L�U�R�Q�P�H�Q�W�D�O���3�U�R�W�H�F�W�L�R�Q���$�J�H�Q�F�\�����8�6�(�3�$�����D�Q�G���K�D�Y�H���E�H�H�Q���D�G�R�S�W�H�G��

�E�\�� �P�D�Q�\�� �G�H�Y�H�O�R�S�H�G�� �D�Q�G�� �G�H�Y�H�O�R�S�L�Q�J�� �F�R�X�Q�W�U�L�H�V�� �O�L�N�H�� �8�6�$�����$�X�V�W�U�D�O�L�D���� �-�D�S�D�Q���� �&�K�L�Q�D����

�0�D�O�D�\�V�L�D�����7�H�K�U�D�Q�����,�U�D�Q�����,�Q�G�L�D�����.�D�X�U���H�W���D�O��������������������  

In recent years various consumers (i.e., residential, commercial, and industrial) and 

power utility companies are devising means to minimize the overall energy costs, 

reduce environmental impact and operating costs of their facilities as well as 

improve the efficiency of the energy system. The inclusion of DG technologies as a 

power source within the power distribution networks could be a promising method 

to achieve these goals. A combined heat and power (CHP) unit is a great example 
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of DG because it can be located near the load with the possibility of producing both 

electric and heat energies simultaneously (Alao et al., 2022d). CHP can have up to 

85 percent or above overall efficiency (Neally et al., 2012) compared to 50 percent 

for separate heat and power systems (Pirouti et al., 2010) because it can recycle or 

reuse the heat produced during power generation. 

1.2 Problem Statement  

Most of the existing researches on decentralized combined heat power (CHP) are 

largely based on the use of fossil fuels with their attendant environmental and 

sustainability issues. However, energy generation from low-carbon, renewable 

fuels, like organic fraction of municipal solid waste (OFMSW) can provide cost-

effective energy to local populations, in terms of electricity and heat energy with 

reduced CO2 emission (Finney et al.,2012). As a renewable energy resource, the 

utilization of OFMSW or its derivatives for CHP application is not common in 

literature.  

One critical issue of concern to distribution companies (DISCOs) is electric 

distribution system expansion planning (EDSEP). Conventionally, EDSEP is 

executed by building new substations or reinforcing the existing ones with new 

transformers and upgrading the network feeders (Mejia et al., 2022) which imposes 

significant financial burdens on the DISCOs. The optimal allocation of distributed 

generator (DG) to electric distribution networks (EDNs) subject to optimal planning 

has the capability of addressing the EDSEP problem by reducing total power loss, 

improving the voltage profile and reduction or avoidance or deferral of network 

upgrade investment (Borousan and Hamidan, 2023). For EDSEP involving DG 

allocation, load variability, load growth, seasonal voltage dependent load models, 

consumer types as well as optimal power factor subject to technical, economic and 

environmental constraint must be put into consideration simultaneously in the 

planning program. However, none of the existing researches have considered these 

factors concurrently.  

Hence, to address the environmental and sustainability issues of fossil fuel-based 

CHP and EDSEP, this research developed models for optimal planning of waste-to-

energy based CHP (WtE-CHP) incorporating load variability, load growth, seasonal 

voltage dependent load models, consumer types as well as optimal power factor 
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subject to technical, economic and environmental constraints simultaneously on a 

power distribution network. 

1.3 Aim of the Research  

The aim of this research is to develop models for optimal planning of waste-to-

energy based CHP (WtE-CHP) on power distribution network considering upstream 

and downstream approaches.  

1.4 Objectives of the Study  

The objectives of this study are: 

o To develop a model for the techno-economic assessment potentials of four 

WtE technologies (i.e., AD, INC, GAS, PYR) using a linear correlation of 

population and income level measured by the GDP for waste and electricity 

generation potentials as well as LCOE, PBP and NPV for the economic 

evaluation using South African Provinces as case studies.  

o To develop a novel hybrid fuzzy multi-criteria decision-making model subject 

to technical, economic, environmental and social factors to optimally select 

the appropriate WtE technology. 

o To develop a novel hybrid fuzzy multi-criteria decision-making model with 

consolidated ranking order for optimal selection of appropriate energy prime 

mover (CHP equipment) for the selected WtE technology. 

o To develop a novel improved particle swarm optimization (IPSO) algorithm 

based on randomized acceleration coefficient and adaptive inertia weight 

with constriction factor for optimal placement and sizing of WtE-CHP on a 

distribution network considering load growth, load variability and seasonal 

voltage dependent load models. 

o To develop a dynamic framework for economic assessment of the optimally 

located and sized WtE-CHP on the distribution network 
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1.5 Hypotheses  

It is postulated that: 

1. The developed novel hybrid multi-criteria based Fuzzy AHP, Fuzzy Entropy 

integrated with Fuzzy MULTIMOORA will optimally select the most suitable 

WtE technology for selected cities in South Africa. 

 

2. The novel hybrid multi-criteria based Fuzzy BWM, Fuzzy Entropy and Fuzzy 

CoCoSo integrated with Borda count and Copland consolidated ranking is 

expected to optimally select the most sustainable prime mover for energy 

conversion of the energy carrier of the selected WtE technology 

 

3. The improved PSO with randomized acceleration coefficients technique and 

adaptive inertia weight will provide a better solution in the determination of 

the capacity, location and operating power factor of the selected prime 

movers on a power distribution network under load growth, seasonal voltage 

dependent load model and load variability while significantly improving the 

distribution network performance metrics (such as reducing the power loss, 

increasing the voltage stability index, reducing the voltage deviation and 

improving the voltage profile) 

 

1.6 Methodology  

The methods adopted in this research are itemized in objective-by-objective 

manner. The techno-economic assessment of AD, INC, GAS, and PYR was 

undertaken using South African Provinces as case studies. The choice of these WtE 

technologies is due to their proven record of maturity and availability. The technical 

aspect was based on the waste generation potential of each province and energy 

generation potentials for each WtE in each province. The waste generation was 

modelled as a correlation between the population growth and gross domestic 

product (GDP) growth rates while economic assessment was based on financial 

metrics such as LCOE, PBP and NPV. These methods are detailed in Chapter 3. 

Selection of WtE technology encompasses considering different criteria which are 

often conflicting.  Hence, a multi-criteria decision-making method (MCDM) is an 

appropriate approach to choose the best alternative WtE technology. This is 
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because it can concurrently synthesize these conflicting criteria and achieve a trade-

off among them. A novel hybrid fuzzy based MCDM approach that integrates the 

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

metrics of each WtE is developed to address this objective. The subjective opinions 

of the experts on each WtE were gotten from (Alao et al. 2022) while the objective 

(performance metrics) of each WtE technology was obtained from the results of 

objective one. Detail on these methods is thoroughly explicated in Chapter 4.  

Similarly, the prime mover (PM) that is most suitable for the energy carrier of the 

chosen WtE was also selected using a developed novel hybrid fuzzy MCDM that 

unifies subjectivity and objectivity of each PM with consolidated ranking order. The 

subjective information about each prime mover was obtained from (Alao et al 2022d) 

while objective performance of the PMs was determined based on information from 

the literature. Detail of this approach is thoroughly explained in Chapter 5. 

The optimal allocation (i.e., finding the site, size and power factor) of the DG on the 

power distribution network is an optimization problem which requires an efficient 

optimization algorithm. Particle swarm optimization algorithm (PSO) is one of the 

mostly used optimization algorithm due to its simplicity, very few parameter 

selections, and not requiring any good initial solution to start the iteration process 

(HassanzadehFarda and Jalilian, 2018), generation of high-quality solutions and a 

more stable convergence characteristics than other stochastic methods (Sellami et 

al., 2022). However, PSO is beset with premature convergence and being trapped 

in local optimum. Hence, a novel improved PSO (IPSO) algorithm with randomized 

acceleration coefficient and adaptive inertia weight with constriction factor which is 

capable of ensuring a balance in the exploration and exploitation phases was 

developed and implemented for the optimal allocation of the selected PM (objective 

3) on a power distribution network incorporating load growth, load variability, and 

seasonal voltage dependent load models. The detail explanation of this approach is 

presented in Chapter 6. A brief overview of the methodological framework is 

depicted in Figure 1.1 
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�H�Q�H�U�J�\�� �D�Q�G�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\�� �Z�K�L�F�K�� �L�V�� �L�Q�� �O�L�Q�H�� �Z�L�W�K�� �V�X�V�W�D�L�Q�D�E�O�H��

�J�R�D�O�V���L�Q�L�W�L�D�W�L�Y�H���� 

������ �7�K�H���G�H�Y�H�O�R�S�H�G���Q�R�Y�H�O���K�\�E�U�L�G���0�&�'�0���D�S�S�U�R�D�F�K�H�V���I�R�U���R�S�W�L�P�D�O���V�H�O�H�F�W�L�R�Q���R�I���:�W�(��

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

�Z�L�W�K�� �W�K�H�� �F�R�Q�V�R�O�L�G�D�W�H�G�� �U�D�Q�N�L�Q�J�� �P�H�W�K�R�G�� �Z�K�H�Q�� �F�R�P�S�D�U�H�G�� �W�R�� �V�R�P�H�� �U�H�F�H�Q�W��

�H�[�L�V�W�L�Q�J���0�&�'�0���I�R�X�Q�G���L�Q���O�L�W�H�U�D�W�X�U�H�� 

������ �7�K�H�� �G�H�Y�H�O�R�S�H�G�� �W�H�F�K�Q�R���H�F�R�Q�R�P�L�F�� �D�V�V�H�V�V�P�H�Q�W�� �R�I�� �:�W�(�� �W�H�F�K�Q�R�O�R�J�L�H�V�� �L�Q�� �W�K�H��

�6�R�X�W�K�� �$�I�U�L�F�D�Q�� �3�U�R�Y�L�Q�F�H�V�� �S�U�R�Y�L�G�H�V�� �D�Q�� �L�Q�V�L�J�K�W�� �R�Q�� �W�K�H�� �I�H�D�V�L�E�L�O�L�W�L�H�V�� �R�I��

�L�P�S�O�H�P�H�Q�W�L�Q�J���:�W�(���W�H�F�K�Q�R�O�R�J�L�H�V���L�Q���6�R�X�W�K���$�I�U�L�F�D�� 

������ In general, the findings in this research could be incorporated in the policy 

framework of electricity utilities such as ESKOM, Department of Energy and 

Environmental protection agency of a specific country or a city as a guide for 

implementing and adopting biogas fuelled based distributed generators as 

candidates in the renewable energy mix at local and national levels. 

�,�Q���D�W�W�H�V�W�D�W�L�R�Q���W�R���W�K�H���F�R�Q�W�U�L�E�X�W�L�R�Q���R�I���W�K�L�V���U�H�V�H�D�U�F�K�����W�K�H���R�X�W�F�R�P�H���R�I���H�D�F�K���R�E�M�H�F�W�L�Y�H���K�D�V��

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

�F�R�Q�I�H�U�H�Q�F�H�V���� 

�ƒ Alao, M.A, Popoola, O.M, �$�\�R�G�H�O�H���� �7���5���� �³�:�D�V�W�H-to-energy nexus: An 

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

In Elsevier Cleaner Energy Systems vol. 3 100034, 

2022.https://doi.org/10.1016/j.cles.2022.100034. 

 

�ƒ �$�O�D�R���� �0���$���� �3�R�S�R�R�O�D���� �2���0���� �$�\�R�G�H�O�H���� �7���5���� �³�3rojecting the energetic potential 

and economic viability of renewable power generation from municipal solid 

�Z�D�V�W�H���� �,�Q�G�L�F�D�W�L�R�Q�� �I�U�R�P�� �6�R�X�W�K�� �$�I�U�L�F�D�Q�� �3�U�R�Y�L�Q�F�H�V�´���� �,�Q�� �(�O�V�H�Y�L�H�U�� �(�Q�H�U�J�\�� �I�R�U��

Sustainable Development vol. 71 352-367, 2022 

https://doi.org/10.1016/j.esd.2022.10.010. Impact Factor: 5.5  

 

�ƒ �$�O�D�R�� �0���$���� �3�R�S�R�R�O�D�� �2���0���� �$�\�R�G�H�O�H�� �7���5���� �³�6�H�O�H�F�W�L�R�Q�� �R�I�� �Z�D�V�W�H-to-energy 

technology for distributed generation using IDOCRIW-Weighted TOPSIS 

meth�R�G�����$���F�D�V�H���V�W�X�G�\���R�I���W�K�H���&�L�W�\���R�I���-�R�K�D�Q�Q�H�V�E�X�U�J�����6�R�X�W�K���$�I�U�L�F�D�´�����,�Q���(�O�V�H�Y�L�H�U��

Renewable Energy vol. 178 162-183, 2021 

https://doi.org/10.1016/j.renene.2021.06.031, Impact Factor: 8.7 
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�ƒ Alao M.A, �3�R�S�R�R�O�D�� �2���0���� �$�\�R�G�H�O�H�� �7���5���� �³�$�� �Q�R�Y�H�O�� �I�X�]�]�\�� �L�Q�W�H�J�U�D�W�H�G�� �0�&�'�0��

model for optimal selection of waste-to-energy-based distributed generation 

�X�Q�G�H�U���X�Q�F�H�U�W�D�L�Q�W�\�����$���F�D�V�H���R�I���W�K�H���&�L�W�\���R�I���&�D�S�H���7�R�Z�Q���6�R�X�W�K���$�I�U�L�F�D�´�����,�Q���(�O�V�H�Y�L�H�U��

Journal of Cleaner Production vol. 343 130824, 2022 

https://doi.org/10.1016/j.jclepro.2022.130824. Impact Factor: 11.1 

 

�ƒ �$�O�D�R�����0���$�����3�R�S�R�R�O�D�����2���0�����$�\�R�G�H�O�H�����7���5�����³�6�X�V�W�D�L�Q�D�E�O�H���S�U�L�P�H���P�R�Y�H�U���V�H�O�H�F�W�L�R�Q��

for biogas-based combined heat and power for a community microgrid: A 

hybrid fuzzy multi criteria decision-making approach with consolidated 

�U�D�Q�N�L�Q�J���V�W�U�D�W�H�J�L�H�V�´�����,�Q���(�O�V�H�Y�L�H�U�����(�Q�H�U�J�\��Conversion and Management: X vol. 

16 100281, 2022 https://doi.org/10.1016/j.ecmx.2022.100281 Impact factor: 

6.3. 

 

�ƒ �$�O�D�R���0���$�����3�R�S�R�R�O�D�����2���0�����³�7�H�F�K�Q�R-economic and environmental assessment 

of optimal planning of waste-to-energy based CHP-DG considering load 

�J�U�R�Z�W�K���R�Q���D���S�R�Z�H�U���G�L�V�W�U�L�E�X�W�L�R�Q���Q�H�W�Z�R�U�N�´�����,�Q���(�O�V�H�Y�L�H�U���+�H�O�L�\�R�Q���Y�R�O�����������H��������������

2024. https://doi.org/10.1016/j.heliyon.2024.e26254.10 Impact Factor: 4.0 

 
 

�ƒ �$�O�D�R�� �0���$���� �3�R�S�R�R�O�D�� �2���0���� �$�\�R�G�H�O�H�� �7���5���� �³�$�Q�� �L�P�S�U�R�Y�H�G�� �S�D�U�W�L�F�O�H�� �V�Z�D�U�P��

optimization algorithm for optimum placement and sizing of allocation of 

biogas-fueled distributed generators for seasonal loads in a power 

�G�L�V�W�U�L�E�X�W�L�R�Q�� �Q�H�W�Z�R�U�N�´���� �6�X�E�P�L�W�W�H�G�� �Wo Energy Reports (Elsevier) and currently 

under review. 

 

�ƒ Alao M.A, Popoola O.M, Ayodele T.R: Prime mover selection for waste-to-

energy-based CHP in a micro-grid: A case of a typical healthcare facility in 

South Africa. In: IEEE AFRICON 2021, pp. 1�±6. Arusha, Tanzania, 2021  

 

�ƒ Alao M. A, Popoola O.M, Ayodele T.R: Biogas-to-hydrogen for fuel cell 

distributed generation using food waste of the Cities of Johannesburg and 

Cape Town, South Africa. In IEEE PowerAfrica Conference 2022, pp. 1-5. 

Kigali, Rwanda, 2022  
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�ƒ �$�O�D�R���0���$�����3�R�S�R�R�O�D���2���0�����$�\�R�G�H�O�H���7���5�����³�0�X�O�W�L-objective placement and sizing 

of WtE-based CHP-DG considering customer types, seasons and load 

�J�U�R�Z�W�K�´�����,�Q�����,�(�(�(���$�)�5�,�&�2�1���������������S�S������-6. Nairobi, Kenya, 2023 

1.8 Delimitations  of the Study  

�7�K�L�V���U�H�V�H�D�U�F�K���Z�R�U�N���L�V���V�X�E�M�H�F�W���W�R���W�K�H���I�R�O�O�R�Z�L�Q�J���O�L�P�L�W�D�W�L�R�Q�V 

1. Only organic fraction of municipal solid waste (OFMSW) is considered. 

2. Hazardous, hospital and electronic wastes are not considered  

3. Five waste-to-energy technologies (such as anaerobic digestion (AD), 

incineration (INC), pyrolysis (PYR), and gasification (GAS) as well as 

landfill gas recovery (LFGR)) are considered based on their proven record 

of maturity and availability. 

4. A case when feeders are required to be upgraded in order to accommodate 

a new distributed generator is not included in the study.  

���� Only two standard IEEE (33 and 69 bus) radial distribution systems are 

considered. 

 

1.9 Outline of the Thesis  

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

�S�X�E�O�L�V�K�H�G���L�Q���S�H�H�U���U�H�Y�L�H�Z�H�G���M�R�X�U�Q�D�O�V���� 

�&�K�D�S�W�H�U�������S�U�R�Y�L�G�H�V���W�K�H���L�Q�W�U�R�G�X�F�W�L�R�Q���D�Q�G���M�X�V�W�L�I�L�F�D�W�L�R�Q���R�I���W�K�L�V���V�W�X�G�\���� 

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

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

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

�W�H�F�K�Q�R�O�R�J�L�H�V���L�Q���6�R�X�W�K���$�I�U�L�F�D�Q���3�U�R�Y�L�Q�F�H�V���� 

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

���0�&�'�0�����I�R�U���V�H�O�H�F�W�L�R�Q���R�I���Z�D�V�W�H���W�R���H�Q�H�U�J�\���W�H�F�K�Q�R�O�R�J�L�H�V���L�V���F�D�U�U�L�H�G���R�X�W���� 

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

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

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

�R�Q���D���S�R�Z�H�U���G�L�V�W�U�L�E�X�W�L�R�Q���Q�H�W�Z�R�U�N������ 
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CHAPTER 2.  LITERATURE REVIEW 
 

  

2.1 Introduction  

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

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

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

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

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

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

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

�G�L�V�W�U�L�E�X�W�L�R�Q���Q�H�W�Z�R�U�N�����'�H�W�D�L�O��analysis of the published articles on the state of art of 

researches related to each part as well as the gaps identified is thoroughly and 

critically analysed in Chapter 3 to Chapter 6 of this thesis.  

 

2.2 Upstream Planning Scheme  

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

���������� Waste-to-Energy Implementation   

Energy is significant to societal development and is the main driver of global 

technology. It plays a pivotal role in virtually every aspect of human endeavour. 

Energy is a factor of production and is therefore a nexus for sustainable 

development (Mapako and Stafford, 2020). Energy demands have largely been met 

through fossil fuels. Over the years, fossil fuels such as coal, natural gas and oil 

have been exploited to meet several energy services such as electricity, 

transportation, heating and cooking purposes. Gaseous emissions from exploration 

and exploitation of fossil fuels have caused unprecedented environmental havoc. 

Unfortunately, the reserves of these fossil resources are limited; and with its current 

spate of exploitation, they may be completely used up in no distant time (Alao et al., 

2022e). 

There is a steady growth rate in global population with an accompanied increase in 

waste generation due to increased consumption of goods and services. This has 

culminated into increase in energy demand. So, an increase in population and 
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municipal solid waste (MSW) generation as well as unprecedented growth rate in 

energy demands are critical and challenging issues in the world; but seriously 

affected are the developing countries. There have been national and international 

outcries for sustainable energy generation and waste management systems to meet 

an ever-increasing energy demand. The conventional methods of MSW treatment 

(i.e., open dumping and burning) and power supply (i.e., from fossil fuels) pose a serious 

threat to the environment due to the emission of dangerous gases and fluids that are 

capable of contaminating the land, air and water.  

MSW is non-hazardous mixed (heterogeneous) garbage (trash) produced from 

domestic, commercial and industrial activities. MSW consists of biodegradable, 

recyclables and inert materials. Table 2.1 shows the composition of a typical MSW. 

Waste generation has a positive correlation with the rate of urbanization, economic 

development, and population growth of a nation. It was reported that the world 

population increased from 3 billion in 1960 to 7 billion in 2015 and it is projected to 

rise to 8.1 billion people by 2025 (FAO, 2013). 

 

Table 2.1: Municipal solid waste classification and composition  (Tsui and Wong, 
2019) 
Municipal solid waste 
classification 

Municipal solid waste composition  

Biodegradable waste Food and kitchen waste, green waste, paper 
Recyclable waste Paper, cardboard, glass, bottles, jars, tin cans, 

aluminum cans, aluminum foil, metals, certain 
plastics, fabrics, clothes, tires, batteries, etc., 

Inert waste  Construction and demolition waste dirt, rocks, 
debris  

 

According to a report published by the World Bank in 2018 (Kaza et al., 2018), the 

global MSW generation was approximated to be 2.01 billion tons at an average rate 

ranging from 0.46 to 2.21 kg/person/day differing within different areas and regions 

due to the local rate of urbanization and economic prosperity indicated by income 

levels. With the current rate of waste generation, it is anticipated that the global 

MSW will increase by 70% from the 2016 level to 2.59 billion in 2030 and 3.4 billion 

tons by 2050 (Kaza et al., 2018) . 

Presently, the bulk amount of MSW is generated in developed countries. However, 

the fastest rate is predicted for emerging economies such as Africa, Asia and Latin 
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recent report presented by the World Bank as shown in Table 2.2, MSW in high-

income countries such as North America and Europe is composed mainly of 

recyclables such as papers, cardboard, plastics, metal and glass with less organic 

fraction. In low-income countries such as Africa and Asia their waste stream is 

characterized by wet organic content mostly food and green wastes. The high 

moisture content in the waste is responsible for the low calorific value (i.e., LHV). It 

is estimated that more than 50 % of waste in low and middle-income countries have 

organic contents in the form food and green waste with less than 15 % of 

recyclables.  

 

Table 2.2: Average percentage global MSW composition by the income levels adapted from 
(UNEP, 2019) 
Income Level Food and 

Green 
Paper Plastics Metal Glass Rubber Wood Others 

Low-income 56.0 7.0 6.4 2.0 1.0 - 0.4 27.0 
Lower-middle 53.0 12.5 11.0 2.0 3.0 0.5 1.0 17.0 
Upper-middle 54.0 12.0 11.0 2.0 4.0 1.0 1.0 15.0 
High-income 32.0 25.0 13.0 6.0 5.0 4.0 4.0 11.0 
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composition of waste changes with the share of recyclables increasing and the wet 

organic fraction declining. To ensure sustainable waste management and to 

increase the diversity of energy generation mix, one of the best solutions is to 

integrate a waste-to-energy (WtE) technologies into the energy/waste management 

system. The possibility of producing value-added products and energy carriers such 

as biogas, syngas, hydrogen gas, bio-oil from MSW has made it a potential 

renewable energy resource (Evangelisti et al., 2017). Availability, characteristic and 

composition of the waste stream of a location are essential for sustained profitability 

in the operation of a WtE system. Another crucial parameter for determining the 

suitability of a WtE system is the heating value (energy content) of the waste 

component. The heating (calorific) value is characterized into two: the lower heating 

value (LHV) and higher heating value (HHV). Some literatures also report the 

heating value in terms of calorific value as net calorific value (NCV) and gross 

calorific value (GCV) (Aderoju et al., 2019).  Different units are also used to express 

the heating values such as MJ/kg (Hossain et al., 2014), kcal/kg (Chand Malav et 

al., 2020) which require conversion to maintain consistency. LHV or LCV is the net 

energy content contained in a fuel (waste stream) which is available from its 
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complete combustion without considering the latent heat of vaporization of water 

present in waste stream. On the other hand, HHV or GCV is the gross (maximum) 

energy content of a fuel (waste stream) while considering the latent heat of 

vaporization of the moisture contained in the waste stream. The HHV is determined 

by measurement using a bomb calorimeter or theoretically determined using 

equations based on ultimate analysis of the feedstock. In the practical application, 

LHV is utilized in determining the electricity generation potential from a MSW 

incinerator (Komilis et al., 2014) and is estimated from HHV after removing the 

moisture content. A typical model for determining the LHV is shown in (2.1) 

                                                                   (2.1) 

is the heat of vaporization of water, approximately 2.420 MJ/kg and % H is the 

mass percentage of hydrogen in the organic compound (Arafat and Jijakli, 2013 ). 

The heating values of MSW of some locations/countries are presented in Table 2.3.  

 

Table 2.3:  Heating Value of municipal solid waste in selected locations of the world 
Countries 
Status 

Country name Heating value of MSW Reference 

Developing Sierra Leone  6.4 MJ/kg (Ngegba and Bertin, 2020) 
 Bangladesh  3 MJ/kg (Hossain et al., 2014) 
 Malaysia 7.53 MJ/kg (Tan et al., 2014) 
 China 3 - 6.7 MJ/kg (Zhang et al., 2015) 
 India 3.5 - 4.2 MJ/kg (Malav et al., 2020) 
 Brazil 7.03 MJ/kg (Drudi et al., 2019) 
 Colombia 4. 73 - 8.73 MJ/kg  (Arias et al., 2018) 
Developed  USA 11 - 12 MJ/kg (Mukherjee et al., 2020) 
 Japan 8.37 - 9.21 MJ/kg (Hla and Roberts, 2015) 
 UK 9.21 - 12.55 MJ/kg (Hla and Roberts, 2015) 

 

2.2.2   Necessity for Waste-to-Energy Implementation  
 

There has been an unprecedented rise in the waste generation rate around the 

world with the largest coming from the developed nation due to their level of 

affluence (Mukherjee et al., 2020). 

Also, in developing countries factors such as urbanization, population growth, and 

technological development are contributing to increasing MSW generation (Beyene 

et al., 2018). With the soaring population growth rate, improved living condition and 

urbanization, the world waste generation is projected to increase to 2.2 billion in 

2025 reaching up to 9.5 billion tons by 2050 (Awasthi et al., 2019). Apart from waste 

(9 %H )VLHV HHV H� �� �u �u �'

VH�'
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generation, energy supply-demand gap is another problem due to rising global 

population especially developing nations. Conventional energy production is 

centralized from fossil-based resources such as natural gas, coal and oil. To meet 

the energy demand, more than 84% of the global primary supply is from fossil fuel  

(Ouda et al., 2016). The use of fossil fuel for power generation is not sustainable 

due to depletion in their reserves, volatility in their prices in the international market 

as well as environmental issues caused by the emission of greenhouse gases 

during their exploration, exploitation and utilization. The current waste management 

system is not only environmentally unfriendly but also inadequate with the current 

reality in waste generation rate. It is disheartening that about 30 �± 90% of the waste 

generated is disposed of in landfill or dumpsite (UNEP, 2019) with Africa and Latin 

America and the Caribbean taking the lead. With the current scenario in waste 

generation rate, nations around the world are devising measures in tackling this 

trend. Poor collection and disposal rates have made MSW a big treat to the 

environment in terms of huge greenhouse gas emission from unwholesome waste 

handling and disposal. The rate of urbanization and industrialization is also putting 

pressure on the available land for waste landfilling. Due to land constraint issue, 

climate change, energy poverty and need for livable environment, waste valorization 

technology has been identified to offer a win-win strategy to simultaneously address 

these challenging issues by ensuring waste management and power supply within 

a municipality (Alao et al., 2022e). It could also minimize emissions arising from 

waste diversion from landfills and reduce health-related hazards from air, soil and 

water contamination.  

 

2.3 Overview of Waste -to-Energy Technologies  

Energy contained in the MSW can be extracted through what is called waste-to-

energy (WtE) technologies where useable energy in the form of electricity, heat and 

fuels can be obtained. WtE technologies can simultaneously provide alternative to 

waste generation problem and be a potential renewable energy resource (Tan et 

al., 2015). There are two main recovery or conversion processes of WtE 

technologies (i.e., biochemical and thermochemical) depending on the waste 

composition and moisture content. Different technologies require appropriate waste 

components with certain characteristics to serve as suitable feedstock for their 



 
 

17 
 

optimal performance (Maisarah et al., 2018). For effective performance and 

maximum output, the waste stream may be subjected to pre-processing/treatment 

prior to sending it into a waste-to-energy plant. Figure 2.2 shows the waste suitability 

for each WtE technique. 

 

 

Figure 2.2: Mapping of feedstock with suitable waste-to-energy technologies 

(Maisarah et al., 2018). 

 

Figure 2.2 presents the technology-feedstock match including pre-treatment 

processes. It could be deduced from this Figure that mass-burn incineration using 

grate combustor is best suited for mixed MSW. Due to the heterogeneity of mixed 

waste, there could be a need for additional energy or fuel required for combustion 

which may raise the operation costs and lower the system efficiency.  The pre-

treated MSW are more suitable with fluidised bed combustor and are more efficient.  

Some technologies such as anaerobic digestion (AD), pyrolysis and gasification are 

better suited for homogeneous waste types after removing non-combustibles, 

recyclables and inert materials from the waste stream. It could be inferred from 

Figure 2.2 that food wastes are better treated with AD technology for biogas 

extraction through which energy could be produced. The energy embedded in waste 

plastic and paper could be better extracted by feeding them in gasifiers or pyrolysis 

reactors after proper pre-treatment processes such sorting, shredded and grinding. 

The essence of these pre-treatment activities is to reduce the particle size, reduce 
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the surface area and homogenize the feedstock which will cause increased rate of 

reactions and better product yields 

The most mature and commercially available waste�±to-energy conversion 

routes/technologies and their products are shown in Figure 2.3. 

 

Figure 2.3: Waste-to-energy conversion routes/technologies (Ogunjuyigbe et al., 

2017) 

 

2.3.1 Thermochemical Conversion Process  

Thermochemical process involves decomposition of carbonaceous organic matter 

under high temperature to produce heat energy, fuel oil or gas and other value-

added product such as charcoal. The main technological options under this category 

include incineration, pyrolysis and gasification. Thermochemical process is useful 

for less dense wastes and low moisture  content (Rajaeifar et al., 2017). The three 

most commonly available thermal technologies are discussed. 

 

2.3.1.1 Incineration  

Incineration is a conventional thermal treatment method whereby the feedstock 

(MSW) is directly burnt in an excess supply of oxygen in a furnace with temperature 

in the range of 800oC �± 1000oC and minimum residence time of 2 s leading to the 

production of heat and ash (bottom and fly ash) (DEFRA, 2013). It is the most 

mature and widely used technology for waste management worldwide. The main 
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advantage of incineration is its capability to reduce the volume of waste by 80-90% 

and mass by 70-80% (Lombardi et al., 2015) leading to a significant reduction in the 

land space needed for landfilling and eventual elongation of the lifespan of the 

existing landfill sites. For instance, incinerating 1 million tons of MSW per year 

requires land area of less than 100,000 m2 for an average of 30 years whereas 

landfilling 30 million tons of MSW requires a land of 300,000 m2  (Arena, 2012) in a 

year. With this process, the working lifespan of landfill can be elongated for an 

average of 30 years. For a typical incineration plant with 300 tons per day (tpd), an 

approximately 0.8 hectares of land is required  (Yap and Nlxon, 2015). Apart from 

waste mass and volume minimization, the high temperature involved in the 

incineration process also helps in hazardous material destruction (Tsui and Wong, 

2019). Incineration technology can also treat any type of waste and requires a low 

level of technology and human resource skills.  

The hot flue gas produced in an incineration plant can be harvested as a useful 

product by cooling it in a high-pressure feed-water boiler to raise steam. The 

produced steam in supersaturated form can be made to turn a condensing steam 

turbine for power only application or a back-pressure steam turbine or an extraction-

condensing steam turbine for combined heat and power (CHP) production through 

the conventional steam Rankine cycle. The steam produced can also be recovered 

for thermal energy application in district heating system or for industrial processes. 

Up to 80-90% of the energy contained in the waste can be recovered as heat in the 

boiler (DEFRA, 2013). The net electrical efficiency of 17�±30% can be achieved from 

the steam turbine (Panepinto and Genon, 2011). In many countries such as 

Denmark and Sweden, incineration system is coupled with the power generation 

system for energy recovery. For instance in 2005, incineration plant provided nearly 

5% of energy usage in Denmark which corresponded to about 14% of the entire 

household heat consumption (Bosmans et al., 2013).  

Because of the high LHV of the waste composition of developed countries thermal 

treatment methods such as incineration and gasification have been the preferred 

option for treating MSW. This has resulted in increased waste incineration plants 

across Europe, United States and Japan. The high moisture content in the MSW 

collected in developing countries is responsible for its the low calorific value which 

leads to its overall poor quality for waste incineration and other thermal processes 

(Malav et al., 2020). In recent years, thermal WtE plants are also emerging in 
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developing countries of Asia Pacific, including China and the United Arab Emirates, 

Thailand, the Philippines, Indonesia and Myanmar (UNEP, 2019) due to increased 

level of technological innovation in constructing incineration plants suitable for high 

moisture content organic wastes. Application of thermal based WtE technologies for 

the highly dense waste material with high level of moisture will require additional 

energy for drying thereby reducing the overall efficiency and increasing the 

operating total costs. 

The major drawback to the implementation of incineration is the generation of high 

levels of air and waterborne pollutants with attendant environmental and health 

risks. 

The direct combustion of MSW leads to the formation and reformation of dangerous 

carcinogenic compound such as dioxins and furans especially from plastic-

containing wastes (Soni and Naik, 2016). This has generated a lot of public hatred 

and opposition to the deployment of incineration technology in many countries and 

has resulted into stoppage or delay in the implementation of incineration projects. A 

typical example of such is that of the La Chaumière incinerator project in Mauritius 

(Neehaul et al., 2020) where social unrest led to the delay and eventual suspension 

of the incineration project.  

The flue gases are composed of a mixture of gases and compounds including other 

heavy metals. Other prominent products of incineration are bottom and fly ashes. 

About 75-90 percent of the total ashes formed the bottom ash and 10-25 percent 

represents the fly ash (Qazi et al., 2018b). Therefore, adequate clean-up of the flue 

gas is required before exiting the furnace. The emission control systems comprise 

of an electro-filter for dust removal, a dry scrubber injected with sodium bicarbonate 

and activated carbon for removal of acidic gas (such as SO2 and HCl), a bag-house 

filter for removal of residual and generated dust, selective catalytic system for oxide 

of nitrogen ( ) reduction (Panepinto and Zanetti, 2018). The emission control 

measures and gaseous effluent treatments are responsible for increased installation 

and operation and maintenance costs of incineration system. Bottom ash otherwise 

called slag forms a substantial amount of incineration product and should be well 

treated or reused. Bottom ash can be used as an aggregate for backfilling in road 

construction application (Qazi et al., 2018b) and concrete making (Joseph et al., 

2018) subject to compliance with environmental control strategy already put in 

XNO
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place. For an incineration system to be economical, a minimum waste throughput 

of 50,000 million tons per year and waste heating value greater than 7 MJ/kg are 

required (Lombardi et al., 2015) otherwise when the heating value is less than 6 

MJ/kg an auxiliary fuel may be needed to make the process self-sustaining (DEFRA, 

2013).    

Most of the waste combustors (i.e., equipment used to burn the waste) that are in 

use today are mainly of three types: moving or fixed grate, rotary kiln and fluidized 

bed combustors (Lombardi et al., 2015). The choice of incinerator could be 

attributed to waste characteristics and composition. Waste with higher moisture 

content is better incinerated in fluidized bed while less moist waste is incinerated 

with grate incinerator. Fluidized bed combustors are less used in developed 

countries such as Europe but are widely utilized in developing countries in Asia 

especially China (Dong et al., 2018) owing to the appealing characteristics to treat 

high-moisture content MSW. 

 

2.3.1.2 Gasification  

Gasification is an advanced thermal treatment process which involves 

decomposition of carbon enriched fuels such as coal or MSW at high temperature 

in the range of 550�±1600oC in an insufficient and controlled supply of oxidant lower 

in amount than that required for the stoichiometric combustion (Arena, 2012). 

Depending on the source of heat for combustion of feedstock, gasification can be 

classified as auto-thermal and allo-thermal. An auto-thermal gasification is that in 

which the heat required to gasify the feedstock is provided by a part of the input 

feedstock (i.e., fuel). Example of an auto-thermal gasification is air gasification. In 

the case of an allo-thermal gasification, an external source of heat energy such as 

plasma torch is provided to gasify the feedstock. A typical example of this is the 

case of plasma arc gasification (Arena, 2012). In both cases, the product of 

gasification is a combustible gas called syngas or producer gas. The syngas is a 

combination of a variety of gases such as hydrogen, carbon monoxide and little 

amount of methane as well as some impurities. The chemical composition, heating 

value, quality and yield of the syngas depend mainly on the operating temperature 

and gasifying agents such as air, oxygen-enriched air and steam (Qazi et al., 

2018b). With air as the gasifying agent, the syngas produced has a higher 
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concentration of non-combustible atmospheric nitrogen gas. The presence of this 

non-combustible gas in the syngas is responsible for the smaller lower heating value 

(LHV) ranging between 4 and 7 MJ/Nm3. For pure oxygen as the gasifying agent, a 

syngas free of atmospheric nitrogen gas is generated with a higher LHV ranging 

between 10 and 15 MJ/Nm3 and lastly for the steam gasification the syngas 

generated is nitrogen-free with a high concentration of hydrogen and lower heating 

value of 15�±20 MJ/Nm3 (Arena, 2012). 

It can also be turned into higher value products such as transportation fuels, 

chemicals, fertilizers, and even as a substitute for natural gas (Soni and Naik, 2016). 

The raw syngas contains a variety of impurities such as particulate, tar, alkali metals, 

chloride and sulfide (Lombardi et al., 2015) which makes it unsuitable for any 

downstream applications such as electrical power or heat energy generation (Luz 

et al., 2015). It is therefore essential to purify the syngas before utilization in any 

downstream application to prevent damage to equipment and emission limitation. 

Depending on the conversion technology, the syngas could be directly used in a 

boiler to produce heat energy at an efficiency ranging from 20�±40% or for electricity 

generation, in a conventional Rankine Cycle steam turbine of efficiency 17�±28%, in 

a gas turbine at efficiency 24�±33%, in an internal combustion engine (ICE) with 

efficiency 25�±37% or in a solid oxide fuel cell (SOFC) 41�± 60% (Luz et al., 2015). 

Syngas clean-up could be achieved by dry or wet process. In dry gas cleaning 

system, there is no usage of water and consists of equipment such as cyclone, fabric 

filters, sand bed filters, thermal cracking of tars. Whereas, in wet gas cleaning 

system the utilization of water is required and the equipment involved are wet 

electrostatic precipitators, wet scrubbers and wet cyclones. For a typical gasification 

plant a combination of both wet and dry cleaning processes could be adopted where 

a cyclone or baghouse filter can be attached to the gasifier for dust particle removal; 

wet scrubbing for heavy tar removal, catalytic adsorption for NOx removal and 

activated carbon for absorbing CO2  (Kumar and Samadder, 2017).   

Gasification technology is well suited for homogenous carbon-based organic 

material with a high degree of heating value (Nobre et al., 2020). The heterogeneous 

nature of MSW will require pretreatment such as densification (Sarkar et al., 2014) 

to obtain a much more homogenous feedstock by reducing the moisture content, 

particle size with the view to increase the calorific (heating) value of the feedstock 
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(Sharma et al., 2020) prior to feeding into the gasifier. The main essence of 

feedstock pretreatment is to enhance the energy efficiency of the process (Arena, 

2012) and to obtain quality and maximum product yield. The gasifiers (reactors) 

available for solid waste gasification are fixed-bed, fluidized-bed (circulating and 

bubbling), entrained-flow, moving grate, rotary kiln and plasma gasifiers (Kumar and 

Shukla, 2016). The fixed bed gasifier can be classified as downdraft or updraft 

depending on the direction of flow of the feedstock, the gasifying agent and the 

produced syngas (Jurado and Cano, 2006). In a downdraft gasifier, the feedstock is 

fed from the top of the gasifier and the gasifying agent is introduced from the top or 

sides and the produced gases flow downwards (Jurado and Cano, 2006). For the 

updraft gasifier, the feedstock is fed in at the top and the gasifying agent is fed at 

the bottom, so that the feedstock moves oppositely to the syngas. Downdraft gasifier 

can generate syngas with low tar content (less than 0.5 g/Nm3) compared to 

fluidized bed (up to 40 g/Nm3), circulating fluidized bed (up to 12 g/Nm3) and fixed-

bed updraft gasifier  (up to 150 g/Nm3) (Indrawan et al., 2018).  

Gasification is a well-established technology in petrochemical and power industries 

for homogenous solid fuels such coal and woody biomass. However, large scale 

commercial MSW gasification plants is very limited (Rajaeifar et al., 2017), as 

around a hundred plants are reported to process MSW worldwide (Dong et al., 2019) 

most of them are located in developed countries such as Europe and in Japan (Dong 

et al., 2018) where lack of land space is forcing them to find alternatives to landfilling. 

The application of gasification in developing countries is still very minimal which may 

be due to heterogeneity of MSW composition, variation in the particle size of MSW 

and high moisture content, poor efficiency of gasifier and gas cleaning systems 

(Rajaeifar et al., 2017). One of the advantages of gasification over the conventional 

combustion is its low emission tendencies. The required oxygen for gasification is 

very limited and this oxygen-deficient atmosphere does not provide the environment 

needed for dioxins and furans to form or reform. Rapid cooling by water quench 

prevents de-novo synthesis of dioxins and furans and clean-up system in 

gasification process removes any fine metal particulates responsible for dioxins and 

furans formation  (Vaish et al., 2017).   
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2.3.1.3       Pyrolysis  

Pyrolysis involves decomposition of solid waste in an environment totally deficient 

in air (oxygen) at high temperatures in the range of 300 �± 900 o C (Chen et al., 2014)  

to produce different forms of energy carriers including char, pyrolysis oil and 

combustible gases (syngas). Pyrolysis is the only thermal process that produces 

fuels in all three states of matter (i.e., solid, liquid and gaseous fuels). Pyrolysis is 

an old technology as it has been used to produce charcoal from wood for thousands 

of years  (Chen et al., 2014). The quantity and quality of pyrolysis products depend 

largely on the heating rate, process temperature, residence time, feedstock 

composition and characteristics, type of reactor (Hasan et al., 2021) as well as 

addition of catalysts (Sharuddin et al., 2016).     

Raw MSW is usually not appropriate for pyrolysis and typically would require some 

pre-treatment by removing the glass, metals and inert materials (such as rubble) 

prior to processing the remaining waste. Wastes with high moisture content such as 

food wastes are not suitable for pyrolysis and if it were to be used, additional energy 

is required for drying which may increase the operating costs and perhaps reduce 

the overall system efficiency. For good quality pyrolysis products, specific and 

homogenous waste types such as plastic, tire, paper, wood waste, etc. are more 

appropriate. Plastic wastes produce oil as the main product while wood and woody 

biomass give syngas and char as their main product (Chen et al., 2014). Plastic 

waste contains different types of polymers such as Polystyrene (PS), Polypropylene 

(PP), Polyethylene (PE) (including low-density and high-density polyethylene (LDPE 

and HDPE)), Polyvinyl chloride (PVC) and Polyethylene terephthalate (PET).  It has 

been reported that PP and PE form the largest portion of the waste plastics stream 

in MSW in China  (Wang et al., 2013), Nigeria (Ayodele et al., 2018a), South Africa 

(Ayeleru et al., 2016) and also worldwide (Chen et al., 2014). Among the plastic 

types, PVC is not suitable for pyrolysis due to production of toxic chlorinated 

compounds such as dioxins and furans (Sharuddin et al., 2016). Pyrolysis can be 

classified into slow, fast and flash pyrolysis depending on the heating rate of 

feedstock, temperature and residence time (Vaish et al., 2017). Slow pyrolysis 

(conventional pyrolysis) involves low heating rates ranging from 0.1 �± 2 �( /s, 

residence time from 450 �± 550 s and low temperature 277 �± 677oC with the main 

products formed being char and tar. The fast pyrolysis operates at moderate 
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temperature 577 �± 977 �( , heating rates above 2�( /s and residence time from 0.5 �± 

10 s, with the key products formed being tar and bio-oil. Flash pyrolysis involves 

temperatures from 777 �± 1027 �( , high heating rates of 200 �± 105 �( /s and very short 

solid residence time less than 5 s, with gases rich in ethylene being the main product 

formed (Qazi et al., 2018b). The pyrolytic oil/gas produced can be used for electricity 

generation through appropriate energy conversion devices such as gas engine, 

internal combustion engine and diesel engine.  

Type of pyrolysis reactors are fixed-bed reactors, rotary kilns and fluidized bed 

reactors (Chen et al., 2014). Fluidized- bed reactors are widely used for the pyrolysis 

of plastic waste due to low thermal conductivity and high viscosity of polymers. 

Fixed-bed reactor is seldom used in commercial scale due to its inefficiency while 

rotary kilns and tubular reactors are applied to the scale-up facilities (Chen et al., 

2014). The rotary kiln is the only type of reactor that has successfully achieved 

industrial-scale implementation (Dong et al., 2019). Pyrolysis is more 

environmentally friendly than conventional incineration due to its lower toxic 

pollutant emission tendencies because oxygen-deficient atmosphere in a pyrolysis 

reactor does not provide the environment needed for dioxins and furans to form or 

reform. Pyrolysis plant also produces less noise pollution than a typical incineration 

plant. 

 

2.3.2 Biochemical Conversion Process  

The biochemical conversion process involves decomposition of biodegradable 

organic components of the waste under the influence of bacterial. The microbial 

action can take place either in the presence or absence of oxidant (oxygen) leading 

to the production of different products (compost or biogas). The biochemical 

conversion processes are preferred for wastes that have high percentage of bio-

degradable organic matter and high level of moisture/water content, which aids 

microbial activity. The main technological pathways for biochemical process are 

anaerobic digestion, composting and landfilling. 

 

2.3.2.1     Anaerobic digestion  

Anaerobic digestion (AD) is the process in which the microorganisms cause the 

decomposition of the organic component of the waste in the absence of oxygen to 
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combined heat and power generation or as a fuel for automobile and stationary 

engines (Rajaeifar et al., 2017). Another useful product of AD is a slurry-like material 

called digestate which can be used as a soil conditioner and/or as an organic 

amendment in agricultural field (Kumar and Samadder, 2017). The yield of the 

generated biogas, methane content and the overall stability of digestion process 

depend on the process parameters such as operating temperature, pH value, 

carbon-nitrogen (C/N) ratio and the substrate composition (Sharma et al., 2020). 

The operating temperature is usually in the range of 10-65oC while the anaerobic 

medium should be kept at around neutral pH (i.e., pH of 7) value. At pH less than 

6.5 and more than 8.5, the growth of methane forming bacteria is hampered and the 

methanogenesis  process is inhibited (Jain et al., 2015) thereby reducing the 

methane yield. It is reported that a pH value between 7 and 7.2 is considered 

optimum for proper functioning of an anaerobic digester (Coelho and Chavez, 2020). 

It has been reported that for appropriate functioning of an anaerobic digester, the 

C/N ratio should be between 15 and 30 (Kumar and Samadder, 2020). The different 

biodegradable materials are suitable feedstocks for biogas production in an 

anaerobic digestion process. In rural areas, manure and plant biomasses are used 

in biogas plants, while from municipalities, food waste and sewage sludge are the 

mostly used as feedstock for biogas processes (Kelebe and Olorunnisola, 2016).  

Co-digestion of different substrates has been proved to improve biogas/methane 

yield and also ensure stable biogas process. According to (Zhang et al., 2013), 

anaerobic co-digestion of food waste (FW) with cattle manure (CM) could enhance 

the biodegradation process resulting in a higher methane yield.  It was reported by 

(Li et al., 2009) that a 44% improvement on the methane yield could be obtained by 

co-digesting FW with CM. Pre-processing/pre-treatment involves the manual and 

mechanical separation or sorting, shredding, grinding and drying of feedstock prior 

to feeding into the digestion plant. Pre-treatment of OFMSW prior to feeding into 

bio-digester can enhance the rate of degradation of organic components thereby 

resulting in improved methane yield and more stable end products (Kumar and 

Samadder, 2020). 

The AD process can occur naturally or made to occur in specially made structures 

called bio-digester. Bio-digester, sanitary landfill and bioreactor landfill are 

prominent technologies for biogas generation through AD process. Anaerobic bio-

digester is an air-tight biologically-engineered structure or container constructed 
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with materials such as concrete, steel, plastic or brick where biodegradable organic 

materials are placed (Ayodele et al., 2018b). The choice of digester type depends 

on a number of factors such as the moisture content of feedstock (wet or dry), the 

solid content in the feedstock (high or low solid), the feeding rate (batch or 

continuous), operating temperature (mesophilic, thermophilic and psychrophilic), 

and the system complexity (single stage or multi stage) (Ayodele et al., 2018b). 

Table 2.4 shows some of the operating parameters of bio digesters. Depending on 

the total solid content of the waste, the digester can be operated in batch or 

continuous-flow form.  

The batch digester can handle a significant amount of the waste with little quantity 

of water, whereas in a continuous-flow digester the waste needs to be grounded to 

small and fine particles, and diluted with so much water to meet the desired total 

solids (Igoni et al., 2008b).  Generally, the batch system is usually associated with 

dry and high solids wastes of low volume such as municipal solid waste, while the 

continuous stirred tank reactor (CSTR) considers wet and low solids wastes of high 

volume such as municipal wastewater (MWW) (Igoni et al., 2008a). 

Table 2.4: Factors that determine choice of anaerobic digesters (Igoni et al., 
2008b, Coelho and Chavez, 2020) 
Classification basis  Digester types  
Substrate feeding Batch and continuous digesters 
Operating temperature Mesophilic (20-45oC), Thermophilic (45-60oC) and 

Psychrophilic (10-15oC) digesters 
Substrate Solid contents Dry and wet digesters 
Substrate type High solids (> 20 %TS) and low solids (< 20% TS) 

digesters 
AD process complexity Single stage and multistage digesters 
Scale of digester Farm-based, food processing and centralized digesters 

 

Some of the commercially available digester designs, their characteristics and the 

countries of origin are shown in Table 2.5 

Table 2.5: Large scale anaerobic digesters and their design parameters (Kumar 
and Samadder, 2020).     
Process 
name 

Countries 
of Origin 

Capacity 
tons/yr 

Retention 
time 

(days) 

Number of 
stages 

 

Biogas yield      
(m3/ton) 

Total Solid 
(TS) content 
(%) 

Operating 
Temperature 
Condition 

BTA Germany 1,000 �± 150,000 2 Single 80-120 < 20 (Wet) Mesophilic 
Valorga France 10,000 -270,000 21 Single 80-160 20-35 (Dry) Mesophilic/ 

Thermophilic 
Linde Germany 15,000 -150,000 - Single/ 

Two 
100 20-45 (Dry) Mesophilic/ 

Thermophilic 
Dranco Belgium 3,000 -120,000 15-30 Single 100-200 20-40 (Dry) Thermophilic 
Kompog
as 

Switzerlan
d 

1,000 - 110,000 15-20 Single 130 23-28 (Dry) Thermophilic 

WASSA Finland 3,000 - 230,000 - Single 100-150 10-15 (Wet) Mesophilic/ 
Thermophilic 
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2.3.2.2 Landfilling and landfill gas recovery systems  

Landfilling is the deposition of waste materials in landfill or dumpsites where the 

waste materials are buried. It is the final disposal of wastes. Landfilling is the most 

predominantly practiced method for waste disposal in the world especially in 

developing countries. It has been reported that on average about 90% of the waste 

collected in Africa and Latin America and the Caribbean is disposed of in landfills 

and open dumps (UNEP, 2019). For example, about 74% of the waste generated in 

Nigeria is landfilled (Ayodele et al., 2020a), 90% of waste landfilled in South Africa 

(Dlamini et al., 2019) and about 80�±90 % of the MSW generated is landfilled in 

Malaysia (Johari et al., 2012). Although landfilling is inexpensive, its practice is 

environmentally detrimental due to the emission of obnoxious gases such as 

greenhouse gases (CH4 and CO2), NH3, H2S etc., into the environment. It requires 

large area of land and can take up to 36 hectares. There could also be a high risk 

of methane explosions in landfills. Landfilling can lead to loss of valuable resources 

such as land that are useful for agricultural or industrial purposes. Its environmental 

implication is premised on the huge CH4 gas emitted from landfills. Around 30�±70 

million tons of CH4 is released from landfills into the atmosphere (Beyene et al., 

2018). CH4 is about 28�±36 more potent than CO2 in terms of the climate change-

inducing effect over a 100-year period (LMOP, 2016).  

In the near future, this method will not be able to handle the increasing generation 

rate of MSW because the current landfills in most places are reaching their 

maximum capacity limit (Fazeli et al., 2016). It is estimated that in South Africa, the 

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

(Baker and Letsoela, 2016). Scarcity of land is the major constraint for the location 

of new dumpsites in developed countries especially in Japan and other developed 

economies. Landfill gas recovery technology (LFGR) can be implemented by 

collecting the gases (landfill gas) emitted and used for electricity or heat generation 

through an internal combustion engine. The generated landfill gas is collected 

through a system of pipes and wells involving an active or a passive system using 

vertical wells and horizontal trenches by means of natural pump or pressure gradient 

(Amini, 2011). Energy recovery from landfill does not only ensure environmental 

sustainability but also allows revenues generation through carbon markets and from 

the sale of electricity. 
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It is possible that some of the degradable matter within the landfill may not be 

subjected to biodegradation for lack of moisture that is required to sustain bacterial 

growth. This may reduce the amount of landfill gas (methane) generated per ton of 

MSW. In order to accelerate the rate of waste degradation in the landfill and thus 

increase the generation of landfill gas, a bioreactor landfill is implemented (Themelis 

and Ulloa, 2007). In a bioreactor landfill, the aqueous effluent (leachate) produced 

is recirculated and distributed throughout the landfill to enhance waste 

biodegradation (Ayodele et al., 2018b). Another novel and advanced method of 

optimizing biogas recovery from landfill is bio-cell technology. Bio-cell technology is 

an extension of the bioreactor landfill whereby biological decomposition occurs in 

three stages such as anaerobic, aerobic and mining stages. In the anaerobic stage, 

landfill gas is produced using leachate recirculation similar to bioreactor. In the 

second stage, the bio-cell operates as aerobic bioreactor whereby air is injected into 

the solid waste matrix for compost formation. In third stage, the bio-cell is mined to 

extract recyclable materials and space recovery for reuse (Davis, 2014). From these 

processes, it is evident that bio-cell considers waste as a resource for sustainable 

development (Meegoda et al., 2013).  

 

2.4 Factors for Selecting Waste -to-Energy Technologies    

Identifying the proper waste-to-energy technology for a certain area depends on a 

number of factors ranging from technical, economic, environmental, policy to social. 

Such factors as maturity level of the technology, waste composition and 

characteristics, land area requirement, capital and maintenance costs, technological 

complexity coupled with labor skill requirements, geographical locations of the 

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

2.6 shows the comparisons among various waste-to-energy technologies in terms 

of technical, economic, environmental and social factors. 
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Table 2.6: Comparison of various WtE technologies (Yap and Nlxon, 2015, Qazi 
et al., 2018b)  
Parameters Technologies 
 AD LFGR INC GAS PYR 
Technical       
Waste type Organic 

Fraction 
Mixed 
waste 

Mixed 
waste 

Homogeneou
s waste 

Homogeneous 
waste 

Technology 
maturity 

Very High Very 
High 

Extremely 
High 

Emerging Emerging 

Waste Volume 
Reduction 

45 �± 50% Low 75 �± 90% 75 �± 90% 50 �± 90% 

Technology 
complexity 

Low Low Low High High 

System efficiency 50 -70 % 10 % 50 �± 60% 70 �± 80% 70 % 
Residence time 15-30 days Years 2 seconds 10 -

20seconds 
Seconds/ weeks 

Labour skill 
requirement 

Low Low Low High High 

Land requirement Large Very 
Large 

Small Small Small 

Pre-treatment Required Not 
required 

Not 
required 

Required Required 

Future Potential High High Moderate High High 
Economic       
Capital cost Medium-

High 
Low Medium-

High 
High High 

Operation and 
maintenance 
costs 

Medium-
High 

Low Medium-
High 

High High 

Pre-treatment 
cost 

Medium None None High High 

Social and 
Environmental  

     

GHG Emissions Least High Extremely 
High 

Low Low 

Dioxin and Furan 
Emissions 

Extremely 
Low 

Extreme
ly Low 

Very High Very Low Very Low 

Social Opposition Very Less Less Extremely 
High 

High High 

 
It could be observed from Table 2.6 that each waste-to-energy option performs 

differently based on the identified criteria.  

 

2.4.1 Approaches to Selection of Waste-to-Energy technologies for 

Distributed Generation   

The selection of the optimal waste-to-energy technology options is a complex 

problem because multiple criteria often contradictory are needed to be considered 

simultaneously. Several techniques have been applied for optimal selection of 

waste-to-energy ranging from mixed-integer linear programming (MILP) (Tan et al., 

2013) to multi-criteria decision making (MCDM) methods  (Rahman et al., 2017, Qazi et 

al., 2018a, Tsydenova et al., 2018). In MILP method only objective (quantitative) 
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criteria are applied. However, for optimal selection of waste-to-energy technology 

both quantitative (objective) and qualitative (subjective) criteria must be considered. 

Therefore, the use of MILP may be insufficient for optimal selection of waste-to-

energy technology as significant information (such as social, policy and political 

factors) will be left out of the evaluation process. Due to their capability to 

simultaneously address both qualitative and quantitative criteria which are 

conflicting, MCDMs approaches are the most appropriate methods for optimal 

selection of waste-to-energy. In MCDMs, criteria weight determination is very 

important which can be obtained using subjective, objective or a hybrid method. 

In the works of (Rahman et al., 2017), (Qazi et al., 2018a), and (Tsydenova et al., 

2018), subjective method such as analytic hierarchy process (AHP) was applied. 

The AHP method can manage a complex problem by decomposing it into a 

hierarchical structure comprising the goal, criteria and the various alternative 

(choices) and then synthesis through mathematical manipulation (Rahman et al., 

2017) of the responses of the decision makers as presented in the pairwise 

comparison matrix of the comparing criteria. Since the decision makers are human 

beings, the flexibility and mutability in human opinions can lead to much more 

subjective randomness and inconsistency (Hongjiu and Yanrong, 2015). To address 

the consistency issue, a consistency ratio (CR) was introduced. The value of the CR 

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

However, this process needs to be repeated severally until CR is less than 0.1. This 

repetitive process may give room for manipulation which can utterly affect the overall 

outcome of the process (Alao et al., 2020) and puts the credibility of AHP on the 

line. On the other hand, objective weighting methods such as the entropy method 

do not require expert ratings  and are a reflection of the collected or calculated data 

(Alao et al., 2020) and the criteria  weights are obtained by a mathematical method 

(Hongjiu and Yanrong, 2015). However, the objective weight methods do not 

capture the opinion of the decision makers and may therefore not agree with actual 

rank of attributes. In order to neutralize the shortcomings and to complimentarily 

take advantages of both objective and subjective methods, a hybrid method could 

be a promising approach. An aggregated weighting method has recently been 

applied for weight determination in prioritizing the existing power generation 

technologies in Bangladesh's clean energy scheme by (Ali et al., 2020).            
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2.5 Downstream Planning of Waste -to-Energy System  

The downstream planning involves selecting optimal energy conversion equipment 

for the selected waste-to-energy technology in the upstream planning scheme. This 

review sheds lights on the previous works on prime mover selection and their 

allocation to the distribution network. 

 

2.5.1 Waste-to-Energy Driven Prime Mover(s) Selection  

The prime movers (PMs) are energy generating components that convert the 

chemical energy of fuels into electrical or mechanical form. The configuration, 

performance, efficiency as well as the overall economic and environmental benefits 

of CHP system depend largely on the PMs employed. Various types of PMs are 

available such as internal combustion engine (ICE), gas turbine (GT), micro gas-

turbine (MGT), fuel cells (FCs), steam turbine (ST) and Stirling engine (Isa et al., 

2018). For specific CHP application, the decision makers/users usually have 

multiple choices of prime-movers that can meet their requirement; and need to 

consider different criteria before making their final choice. Therefore, in order to 

optimally operate CHP based distributed generation either for community microgrid 

or to be connected to the distribution network, selection of sustainable prime mover 

is of paramount importance.  

PM selection approaches have been categorised into optimisation-based and multi-

criteria based. Some studies have proposed optimization-based methods for PM 

selection problems in a cogeneration or tri-generation system.  In the work of  (Das 

et al., 2017), an optimisation strategy using genetic algorithm was proposed for 

selecting prime movers for a stand-alone hybrid energy systems between two 

combustion-based engines (i.e., internal combustion engines ICEs or MGTs). In this 

study, only economic and environmental evaluation dimensions are considered. In 

a research conducted by (Sayyaadia and Ghorbania, 2018) on conceptual design 

and optimization of a small-scale dual power desalination system based on the 

Stirling engine PM for providing electricity and fresh water for a small rural 

community, only technical (maximising generated electricity) and economic 

(minimising cost) goals were considered. In (Giarola et al., 2018), a mixed integer 

linear programming model was developed for energetic and economic assessment 
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of a biogas-SOFC-CHP system at industrial scale. According to the research 

conducted in (Mojaver et al., 2019), a Lagrange method for optimization and 

decision analysis of a combined heat and power system of biomass fuelled SOFC 

using couple method of entropy/VIKOR. The analysis of their work is based on 

energy, exergy, and environmental point of view. In the work of (Li et al., 2018), a 

hybrid of multi-objective optimisation model and a fuzzy-based decision making 

approach for economic emission dispatch of combined heat and power.  

A general observation from the reviewed literatures is that optimisation-based 

approaches are applied for determining the optimal operating strategy, economic 

dispatch, scheduling problem and optimal size of PMs from the viewpoint of 

economy, environment and technical using some mathematical programming and 

heuristic approaches. It has been pointed out that optimisation models can handle 

quantifiable data, but often ignore subjective considerations of human beings (Li et 

al., 2020) such as social and political considerations. Since CHP system is an 

energy producer, it should be analysed in the realm of sustainability by concurrently 

taking into consideration the technological, economic, environmental and social 

factors. Premised on this fact, it is insufficient to apply optimisation model for 

selecting PMs for CHP application. To address these issues, multi-criteria decision-

making (MCDM) methods are found appropriate because they can simultaneously 

synthetize these factors and achieve a trade-off among them. Several MCDM 

approaches have been applied to address the PM selection problem in single or 

hybrid forms.  

In the work of (Alcan et al., 2013), Fuzzy analytic hierarchy process (Fuzzy-AHP) 

and Fuzzy technique for the order of preference by similarity to ideal solution (Fuzzy-

TOPSIS) is applied for the selection of PM among diesel engine, gas turbine, and 

steam turbine for cogeneration systems in a typical hotel in Istanbul. In their work, 

energy, economic and environmental criteria were considered whereas social factor 

is ignored. In the work of (Khorasaninejad et al., 2016),  a hybrid of fuzzy analytic 

network process (Fuzzy-ANP), fuzzy decision-making trail and evaluation laboratory 

(DEMATEL) and fuzzy preference ranking organization method for enrichment 

evaluations (PROMETHEE) was applied to choose the best PM in a thermal power 

plant integrated with organic Rankine cycle for waste heat recovery.  
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In a different research conducted by (Nieto-Morote et al., 2011), Fuzzy-AHP is 

adopted for selecting a PM among Stirling engine (SE), Micro-gas turbine (MGT), 

ICE and FCs for combined cooling, heating and power (CCHP) application for a 

residential building. In (Cavallaro et al., 2016), Fuzzy Shannon Entropy and Fuzzy-

TOPSIS methods are applied to select appropriate PM for the CHP application 

based on technical, economic and environmental criteria. Fuzzy logic and Grey 

incidence approaches are adopted by (Ebrahimi and Keshavarz, 2012) in selecting 

the best PM for a micro-CCHP system to be used in a residential building in five 

different climates for selected cities in Iran. Fuzzy-TOPSIS, LINMAP and Fuzzy-

AHP are considered (Abbasi et al., 2018) by to select foremost PM among ICE, GT, 

SE and molten carbonate FCs for CCHP system in a large-scale residential 

application by considering energy, economy and environmental as the main 

evaluation criteria. It was also deduced that PM type rather than climate difference 

is more important in determining the appropriateness of CCHP system in residential 

sector. However, social factor was left out of the evaluation criteria. In (Ren, 2018) 

adopted interval Best-worst and interval VIKOR to rank four PM based on technical, 

economic, environmental and social sustainability criteria. A research conducted by 

(Wang et al., 2017) employs Fuzzy-BWM and Interval TOPSIS for the sustainability 

assessment and performance evaluation of a poly-generation system 

2.5.2 Optimal Allocation of the Waste-to-Energy Driven Prime Mover on 

Power Distribution Networks  

 

In the downstream planning of waste-to-energy technology and particularly its 

application as a DG in the form of CHP to be connected to DN, optimal siting and 

sizing is also very important. CHP plant applications as a DG is essential to enhance 

the overall efficiency of a power system, reduce the total power loss, postpone 

investment in network upgrade and minimize greenhouse gas emission (Pesaran et 

al., 2020). In an optimal allocation problem, (Wang et al., 2019) proposed a two-

stage optimal planning (siting and sizing) model for CHP in multiple energy systems 

consisting of natural gas and electricity networks for network investment deferral 

and reduction in the use-of-system (UoS). Long-run incremental cost (LRIC) matrix 

applied for locating and sizing the CHP was determined by solving an integrated 

optimal model in order to minimize the total incremental network investment costs. 
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The approach considered is analytical which is not capable of multiple DG allocation 

���8�J�U�D�Q�O�Õ���D�Q�G���.�D�U�D�W�H�S�H��������������. Optimal placement, size, and operation determination 

of CHP in multiple-carrier energy networks is undertaken by (Pazouki et al., 2016) 

for network reliability enhancement, power loss reduction and voltage profile 

improvement. In their work, arbitrary buses are assumed as candidate buses for 

CHP placement. This is a trial-and-error approach which is time-consuming and may 

require repetitive load flow for optimal sizing. Optimal allocation of CHP in microgrids 

was performed by (Naderipour et al., 2020) for power losses reduction, voltage 

profile and reliability improvement considering maximum allowable capacity of the 

line and at different loading conditions. The optimization was implemented using a 

two-step approach based on a PSO algorithm. The results in their study indicated 

that the application the PSO gave a power loss reduction of 43.9%, 3.4% 

improvement in voltage profile and 80.31% enhancement in the system reliability 

when tested on 84 bus networks. In their work, the objective functions considered 

are only technical in nature leaving out economic, environmental objectives. For a 

much more acceptable decision among various stakeholders on optimal location 

and sizing of DG on DN, all these objectives need to be considered and evaluated 

simultaneously. Optimal sizing of CHP has been performed by (Latifi et al., 2016) 

using multi-objective PSO (MOPSO) in the Besat Industrial Zone.  

Based on the literature review, it has been argued that PSO technique has very 

short computing time compared to other meta-heuristic algorithms depending on the 

network size and complexity (Alao and Popoola, 2024). Based on computational 

efficacy in handling multi-objective-based optimization problems such as optimal 

DG (CHP) allocation, PSO has been successfully applied in many previous 

researches such as in (Tiwari and Kumar, 2023, Elbes et al., 2019, Aguila-Leon et 

al., 2022). However, PSO is bedeviled with premature convergence and possibility 

of being stuck in local optimal (Alanazi and Alanazi, 2023), hence development of 

various variants and versions either by combining with other evolutionary algorithms 

(hybrid) or adjusting (tuning) its �S�D�U�D�P�H�W�H�U�V in order to overcome the challenge of 

the standard PSO. 
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2.6 Summary  

In summary, it is observed that even though, it is possible to have a change in the 

performance of each waste-to-energy technology with respect the criteria due to 

technological advancement, it is difficult to make a clear-cut decision in selecting 

the most appropriate technology considering the technical, economic, 

environmental and social factors concurrently because no technology has a total 

advantage (dominates) over others. Hence, the need for the use of MCDM. Another 

critical observation from the literature is that application of hybrid weighting methods 

in MCDM for criteria weight determination in optimal selection of waste-to-energy 

technology is yet to be reported. Again, it is apparent that majority of the previous 

researchers had adopted only subjective approach for PM selection problem. 

Therefore, it is important to take advantage of hybrid approach of subjective and 

objective approaches in selecting PMs in order to achieve more acceptable results. 

It is also identified from the literature that standard PSO suffers from premature 

convergence and possibility of being stuck in local optimal. In order to close these 

identified research lacunas, it is proposed in this that a hybrid MCDM with combined 

weighting methods for the selection of waste-to-energy technologies and prime 

movers for combined heat and power application will be developed. An improved 

PSO based on random inertia weights and adaptive acceleration coefficient is also 

proposed to overcome the identified lapses of the standard PSO and applied for the 

optimal allocation of waste-to-energy based combined heat power on a power 

distribution network. 
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CHAPTER 3. TECHNICAL AND ECONOMIC EVALUATION OF 

WASTE-TO-ENERGY TECHNOLOGIES AN INDICATION FROM 

SOUTH AFRICAN PROVINCES 

 

 3.1 Introduction  

Energy is significant to societal development, the main driver of global economy and 

a  nexus for sustainable development (Mapako and Stafford, 2020). Over the years 

fossil fuels (such as coal, natural gas and oil) have been exploited to meet energy 

services in the national and global context  (Sharma et al., 2020). South Africa is the 

most energy-intensive country in Africa with 2,703 industrial, 51,848 commercial, 

81,638 agricultural and 6 million residential consumers (DoE, 2019). Eskom, the 

main power provider in South Africa provides almost 94% of electrical power with 

more than 80% from coal combustion. Coal combustion poses some adverse 

impacts both to the environment and human health due to emissions of gaseous 

substances such as sulphur oxide (SOx), nitrogen oxide (NOx), carbon dioxide 

(CO2) and particulate matter (PM) which are major causes of global warming and 

respiratory-related health issues (Dowling et al., 2012). This has contributed to 

making South Africa the largest emitter of greenhouse gases (GHGs)  (i.e., CO2) in 

Africa and 14th in the world (Salahuddin et al., 2019). Table 3.1 depicts the primary 

energy generation mix in South Africa and the contribution of each renewable 

resource for power generation in South Africa. To decarbonize the energy sector, 

alternative energy sources that are both sustainable and environmentally friendly 

such as renewable energy (RE) resources should be harnessed. In an effort to 

actualise this, an intervention was initiated in 2011 with the promulgation of an 

Integrated Resource Plan (IRP) and updated in 2019 (DoE, 2019) in which 

renewable energy resources were encouraged to be exploited at medium and large 

scale for long and medium-term energy intervention. As a component of IRP, the 

Renewable Energy Independent Power Producers Procurement Program 

(REIPPPP) was launched with the view to installing 17.8 GW of renewable energy 

by 2030 (Walwyn and Brent, 2015). The programme (i.e., (REIPPPP) encourages 

independent power producers (IPP) to invest in distributed power generation at the 
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close vicinities of the end-users from renewable sources such as wind, solar, landfill 

gas and hydro, and sell to Eskom over a number of years at a specific price. 

 

Table 3.1: Energy utilization for power generation in South Africa (Akinbami et al., 
2021) 
Energy source Gross utilization 

(%) 
Renewable utilization 
(%)  

Fossil fuels (coal, oil and natural 
gas) 

88.9 - 

Nuclear  5.6 - 
Wind  2.0    36.0 
Solar PV 2.1 38.0 
Solar thermal 0.3 6.0 
Hydro 1.0 18.0 
Biofuel 0.1 2.0 
Total 100 100 

 

3.1.1 Renewable Energy Potential in South Africa  

South Africa is blessed with several renewable energy resources (RES) i.e., solar 

wind, hydropower, biomass (Aliyu et al., 2018) and municipal solid wastes (MSW) 

(Adeleke et al., 2021b). According to the feasibility assessment conducted by the 

Department of Energy in 2015, all provinces in South Africa have potential for 

renewable energy generation (DoE, 2015). Figure 3.1 shows the distribution of 

renewable energy by province in South Africa  (Ibrahim et al., 2021, DoE, 2015). 

From the Figure it is clear that solar and wind energy have the greatest potentials 

except for KwaZulu Nata and Mpumalanga provinces where biomass has the 

highest potential. The solar irradiation in South Africa is around 4.5 to 6.6 kWh/m2 

with an estimated power generation potential of 40 GW of Solar PV and 30 GW of 

Concentrated Solar Power (CSP). According to (Jain and Jain, 2017), the total wind 

power potential of South Africa is estimated to be 6,7000 GW. 
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Figure 3.1: Renewable energy generation distribution by province in South Africa 

(Ibrahim et al., 2021, DoE, 2015).  

 

However, with this obvious renewable power generation potentials, these 

resources have not been optimally harnessed for energy production as only 5.5 % 

of the available RES have been utilized for power generation according to Table 

3.1. 

Solar, wind and hydro resources are volatile renewable resources (vRES) whose 

outputs depend on weather conditions, and therefore, present variable availability. 

The intermittence in the output of vRES is the main issue around their large-scale 

utilization for distributed energy generation.  Among the RES, biomass-based 

resources such as MSW can be used as a substitute for fossil-fueled power plants 

due to the possibility of extracting a variety of fuels through bio-refinery concept 

(Ozcan et al., 2015).  
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3.1.2 South Africa Provincial Waste Generation Rate and their 

Composition  

South Africa is composed of nine provinces with each having some municipalities 

and metros. The location of each province on the map of the Republic of South 

Africa is depicted in Figure 3.2.  

 

Figure 3.2: Map of South Africa showing her Provinces (Alao et al., 2022c) 

In the past few years, South Africa has been experiencing population increase with 

her population increased from 53 million people in 2013 to 56.3 million in 2017 

(Adeleke et al., 2021a) and a total of 58.78 million people as of 2019 (Adeleke et 

al., 2021b). The population rise in the urban cities across South Africa is projected 

to increase by 71.3% in 2030 and 80% in 2050 (DEA, 2018). The population 

increase, as well as urbanisation, have led to soaring growth in urban waste 

generation rate. The total waste generated in South Africa increased from about 108 

million tonnes in 2011 (DEA, 2012) to 121.1 million tonnes in 2017 including 54.2 

million tonnes of general waste and 66.9 million tonnes of hazardous waste 

(Adeleke et al., 2021a). The amount and composition of waste generated in a 

locality are direct functions of several factors including culture, economy, 

demography, education and lifestyle, weather and season. All these factors have 

influenced the waste generation potentials of the various provinces in South Africa. 
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With the current spate of urbanisation and rural-urban migration as well as 

sprawling, the waste generation rate is expected to further increase. Therefore, 

adequate and sustainable means of waste management is inevitable in the cities 

across South Africa. Table 3.2 shows the population and the waste generation rate 

for each province in South Africa while Table 3 depicts the waste composition of the 

various provinces as obtained from previous literature. Another effect of population 

increases, and city expansion is increased energy demand due to improved living 

standards and the need for increased consumption of goods and services. This 

unprecedented increase in the rate of urbanisation and sprawling, as well as energy 

demand, has stressed up current waste management system and power 

infrastructure making it difficult for government to provide the basic need of waste 

collection activity.  

 

Table 3.2: The provincial population and waste generation rate in South Africa 
(Adeleke et al., 2021b) 
S/N Province Designate        ������������basep     

1 Western Cape WC   6,510,000 3.1 1.85 2.2 
2 Eastern Cape EC   6,499,000 2.4 0.31 -0.2 
3 Northern Cape NC   1,214,000 2.0 1.49 0.7 
4 Free State FS   2,867,000 1.7 0.55 1.0 
5 KwaZulu Natal KZN 11,075,000 2.9 0.43 1.5 
6 North West NW   3,856,000 1.4 0.19 1.8 
7 Gauteng GP 14,278,000 3.1 2.08 3.1 
8 Mpumalanga MP   4,444,000 2.3 1.42 2.0 
9 Limpopo LP   5,779,000 2.5 0.29 1.3 

 

The parameters and (kg/capita/day) are the reference population and 

the waste generation per capita respectively, (%) is the population growth rate 

and (%) is the gross domestic product (GDP) growth rate. 

Table 3.3: Waste composition of the various provinces of South Africa  
Composition ( f %) Designate  Provinces  

WC1 EC2 NC3 FS4 KZN5 NW6 GT7 LP8 

Organic U1 22 29.8 10 42 40 58 22 40 
Plastics U2 22 15.5 18 12 14   9 20 18 
Paper U3 24 15.3 21 14 16 11 17 20 
Metal U4 8 4.0 3 6 6   2 6 11 
Glass U5 9 7.9 10 8 6   6 7 11 
Textile/Leather U6 - - - - - - 6 - 
Other U7 15 27.5 38 18 18 14 22 0 
TOTAL  100 100 100 100 100 100 100 100 

baseGDP baseWG rbase

basep baseWG

rbase

baseGDP
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WC1 (Adeleke et al., 2021b), EC2  (DEDEAT, 2019), NC3 (Adeleke et al., 2021b),  FS4  (Adeleke et al., 2021b), KZ5 (Adeleke et al., 2021b), NW6 (Adeleke 

et al., 2021b), GT7 (Ayeleru et al., 2018)  and LP8 (Ogola et al., 2008) 

 

Concerning increased energy demand and waste generation, recovery of energy 

from wastes in a distributed form could contribute to meeting a part of energy 

demand and at the same time mitigate the environmental and public health issues 

thereby ensuring cleaner urban spaces for human habitation (Mutezo et al., 2015).  

 

3.1.3 Waste-to-Energy Situation in South Africa  

Distributed generation (DG) through municipal waste allows for power generation 

within the vicinity of the consumers and distributed to them with limited transmission 

infrastructure. While the implementation of waste-to-energy technologies has been 

embraced and applied on a commercial scale in developed countries such as Japan, 

China, United States of America and the European Union, developing countries 

including South Africa have not yet fully adopted these technologies and taken 

advantage of the benefits that they could offer (Dlamini et al., 2019). In recent times, 

there has been a dynamic interest in understanding waste-to-energy (WtE) 

technologies for possible implementation in sub-Saharan African cities and other 

developing countries. For instance, an extensive assessment of the potentiality and 

economic feasibility of waste-to-energy technologies was performed by 

(Ogunjuyigbe et al., 2017) for six geo-political zones of Nigeria. In Ghana, Ref 

(Cudjoe et al., 2021) researched electric power generation potential and economic 

feasibility through biogas from food waste for the cities of Accra and Kumasi.  

In South Africa, studies on municipal solid waste management (MSWM) have 

focussed on aspects concerning waste collection and disposal  (Oelofse et al., 2018) 

as well as waste recycling (Ayeleru et al., 2021) with limited studies on WtE 

generation. The research conducted by (Ogola et al., 2008) was based only on 

MSW management for a municipality in the Limpopo Province, South Africa but 

failed to assess energy recovery potentials.  

Little or limited attention is being paid to understanding waste-to-energy 

technologies in various municipalities in South Africa. In an attempt to close this 

gap, some researchers have devoted their work to assessing the potentials of MSW 

for energy generation in some parts of the country. Dlamini and colleagues 

undertook a study on the potential of waste-to-energy technologies application for 
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waste management and energy generation for the City of  Johannesburg (Dlamini 

et al., 2019). Their work is limited to a single municipality in South Africa. Aside from 

that, economic viability metrics were not applied to quantify the potentiality of each 

waste-to-energy technology. In the work of (Adeleke et al., 2021b), the potential and 

challenges of sustainable utilization of waste-to-energy in South Africa are reviewed. 

In their work, the potential of each WtE technology at neither provincial nor 

municipality levels were undertaken. This makes their work inadequate to enable 

decision-makers or interested investors to have good knowledge of the viability of 

any WtE technology for possible implementation. Selection of WtE technologies for 

resource recovery from different classes of waste in South Africa was undertaken 

by (Adenuga et al., 2020 ). In the work of (Adenuga et al., 2020 ), qualitative metrics 

were adopted in assessing the WtE technologies which are subject to vagueness 

due to human error and uncertainty. A research on techno-economic analysis of 

combined heat and power (CHP) generation from gasification of solid fuel (coal), 

waste tyres and solid biomass in South Africa was conducted by (Ozonoh et al., 

2018). Similarly, (Mabalane et al., 2021) carried out a study on the technical and 

economic analysis of a hybrid application of anaerobic digestion (AD) 

and gasification systems for energy recovery from MSW in South Africa. An 

assessment of energy conversion potential of biogas in the Vhembe District of 

Limpopo province was made by (Rasimphi et al., 2018). In their work animal wastes 

were utilised as the feedstock for the digester. Also, a rural community was 

considered as the case study. The financial and economic appraisal to identify the 

constraining factors that hinder investment in biogas to electricity projects in South 

Africa was conducted by (Govender et al., 2019). Although a thorough economic 

appraisal was done in this work, only AD technology and industrial wastes rather 

than MSW were considered as the feedstock for the biogas digester. In most of the 

aforementioned studies, the following gaps are identified. One, only one or two WtE 

technologies are considered. Secondly, singular municipality is considered as the 

case study and thirdly the metrics of appraisal is limited to economic criteria.  

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

generation potential and economic feasibility of up to four WtE technologies 

covering all the South African provinces are scarcely available. Therefore, the 

objectives of this work are: First, to evaluate and make a projection for the MSW 

generation potential for the provinces in South Africa. Secondly, to evaluate the 
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electricity generation potential of four WtE waste-to-energy technologies including 

anaerobic digestion (AD), incineration (INC), gasification (GAS) and pyrolysis (PYR) 

across the provinces in South Africa and finally to determine the economic feasibility 

of the WtE technologies in all provinces of South Africa. This is expected to 

contribute to MSW projection assessment and WtE electricity projection knowledge, 

especially in developing countries. 

3.2 Methodology  

This section presents the mathematical expressions needed to achieve the 

objectives of this study.  

 

3.2.1 Evaluation of Waste Generation Potential  

For any feasible production project, the availability of raw materials is of paramount 

importance. Since waste materials are the feedstock for WtE project, it is important 

to determine the quantity of wastes that could be available at present and in the 

future. The amount of waste generated in a locality is directly proportional to 

population growth rate and the economic status of the populace. Therefore, to 

determine the amount of waste generated and collected for each of the provinces in 

South Africa, (3.1) and (3.2), respectively (Alao et al., 2020) are applied. 

20

1

( )( ) ( ( )(1 ( )) ( )(1 ( )) )t t
G base base base base

t

MSW i kg p i r i WG i GDP i
� 

� �� �u ���¦             (3.1)

( ) 365 ( )base baseWG i Wg i�  � u                                                                            (3.1a)                                                    

( )( ) ( )( )COL G rateMSW i kg MSW i kg �I�  � u                                                              (3.2)                                

Where, and  ( )baseWg i   (kg/capita/day) are the reference population and the 

waste generation per capita, respectively. (%) is the population growth, 

(%) is the gross domestic product (GDP) growth rate whose values are 

presented in Table 3.2.   is the projected timeframe (i.e., from 2022-2041) in which 

the first year is taken as 2022 and the 20th year is 2041, is the waste 

collected for each province, is the waste collection rate (%). For South Africa,  

the waste collection rate was taken to be 69% (Kaza et al., 2018) and this value is 

assumed to be constant throughout the projected period of study for each province.  

basep

rbase

baseGDP

t

MSW (i)COL

rate�I
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3.2.2 Heat and Power Generation Potentials from Wt E Technologies  

The most efficient way of achieving beneficiation from utilization of a WtE system is 

by coupling it with combined heat and power (CHP) equipment (prime movers 

(PMs)). Figure 3.3 shows the block diagram of a CHP system. 

Figure 3.3: Block diagram of a combined heat and power system (Alao et al., 

2022d). 

From a CHP device, waste heat produced during electricity generation can be 

captured and reused for thermal power usage. CHP also increases robustness for 

CO2 emission reduction and efficient fuel utilisation. CHP is a type of distributed 

generation (DG) with a higher efficiency of up to 90%  (Isa et al., 2018)  compared 

with 30 - 35% for separate heat and power generation (Agrawal and Khatri, 2013). 

The amount of electricity and heat obtainable from the usage of MSW depends on 

the kind of WtE technology and the PMs used.  

3.2.2.1 Estimation of electric power generation from AD technology  

To determine the electric power potential of AD technology, it is imperative to 

determine the amount of biogas (m3) that could be produced when a kg of organic 

fraction of MSW (OFMSW) is injected into the digester. Theoretically, Bushwell's 
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equation  (Ayodele et al., 2018b) is applied to determine the quantity of biogas as in 

Equation 3. 

     (3.3) 

The constants  are the atoms of each element constituting the 

organic substance. These constants are determined according to the procedure 

presented in previous work (Ayodele et al., 2019). The left-hand side of Eqn.3.3 

comprises of the inputs (i.e., feedstock and water) into the digester while the right-

hand side is composed of the products (biogas and ammonia). The biogas consists 

of methane and carbon dioxide. The carbon dioxide does not support combustion 

while ammonia gives bad odour to the biogas and therefore, they should be 

removed during the cleaning process. The high heating content of methane makes 

it a good source of electricity and heat generation. Under normal temperature and 

pressure (i.e., 0oC at 1 atm), the theoretical methane (m3) produced from a kg 

of organic waste is determined according to (3.4) (Nielfa et al., 2015) 

                        (3.4)                                                                                          

The methane gas produced is injected into CHP equipment such as an internal 

combustion engine (ICE), gas turbine (GT) or fuel cells (FCs). In this study, an ICE-

coupled-electric-generator is adopted for the CHP application because it is relatively 

inexpensive, durable and reliable (Luz et al., 2015). The electricity generation 

potential of a biogas-powered plant for each province is presented in (3.5)     

(Ayodele et al., 2018b)        

       (3.5)                                                                              

Where, ICE�K is the electric efficiency of the ICE with a value taken as 35% (Ayodele 

et al., 2019) after subtracting the self-consumption for the plant, is the capacity 

factor of the plant whose value is assumed as 85% (Hadidi and Omer, 2017). 

(Lower heating value of the methane) is taken as 37.2 MJ/m3    
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(Ogunjuyigbe et al., 2017).  (m3/yr) is the actual volumetric amount of 

methane produced. Due to the non-degradability of about 10% of feedstock and 

utilisation of about 5-10 % of the organic matter for cell tissue micro-organisms build-

up (Nizami et al., 2013), the actual methane yield is lower than its theoretical value. 

The actual methane yield can be estimated as in (3.6) (Cudjoe et al., 2021) 

4 _ 4 ( )( ) ( )CH actual C CH ad i COLV i f V f MSW i� �u �u �u                   (3.6)                                                                                

Where Cf the percentage of organic matter is consumed for cell tissue synthesis 

whose value is taken as 85% and is the organic content of the waste stream 

�I�R�U���S�U�R�Y�L�Q�F�H���µ�¶��whose values are provided in the appendix in Table 3A.  

3.2.2.2 Evaluation of electric power generation from incineration 

technology  

Heat is the major product of incineration apart from the fly and bottom ashes. The 

heat produced could be utilized for power generation via a conventional Rankine 

steam turbine while the bottom ashes are used as an aggregate for backfilling in 

road construction application (Qazi et al., 2018b) and concrete making (Joseph et 

al., 2018). The amount of electric power produced by incineration is determined 

according to (3.7) ���$�O�D�R���H�W���D�O���������������E���� 

           (3.7)                                        

Where and  are respectively the steam turbine and boiler 

efficiencies for grate incineration plant and whose value are assumed to be 29% 

and 80 % respectively after deducting the self-consuming energy of the plant ���$�O�D�R��

�H�W���D�O���������������E��. The parameter (i)INCf  is the waste fraction responsible for incineration 

process as obtained in Table 3A of the appendix. It is documented that about 80% 

of energy embedded in solid wastes can be recovered as heat in steam turbine 

(DEFRA, 2013). The  of the solid waste is determined according to (3.8). 

                                                              (3.8) 

where the heat of vaporization of water is approximately equal to 2.420 MJ/kg and 

%H is the mass percentage of hydrogen in the organic compound (Arafat and Jijakli, 
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2013 ). The  (higher heating value)  of the mixed waste is evaluated 

according to the correlation model developed by (Boumanchar et al., 2018) as 

follows.

    (3.9)       
 

C and H are respectively the carbon and hydrogen content of the waste components 

whose values are obtained from the ultimate analysis. A representative ultimate 

analysis that gives the elemental composition for typical MSW of food, paper, 

plastics, textiles and other waste types is presented in Table 3.4.  
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Table 3.4: Ultimate analysis of typical MSW (Boumanchar et al., 2018) 
Elemental 
composition 

Waste type 
Food Paper Plastics Textiles Others 

high low mean high low mean high low mean high low mean high low mean 
C 73.1 41.7 50.5 59.2 30.5 43.4 92.0 38.0 71.9 62.5 42.0 53.5 66.9 20.6 41.5 
H 11.5 5.5 7.1 9.3 4.6 5.9 14.2 5.0 9.2 9.7 4.3 6.6 9.7 2.9 6.3 
O 49.3 14.8 40.1 62.1 31.4 50.2 57.0 0.0 17.7 46.4 21.6 36.7 76.0 21.5 50.3 
S 0.5 0.0 0.2 1.5 0.0 0.2 2.5 0.0 0.3 1.3 0.0 0.4 1.2 0.0 0.3 
N 3.9 0.4 2.1 2.9 0.0 0.4 6.0 0.0 0.8 10.0 0.1 2.8 6.3 0.1 1.4 
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3.2.2.3 Determination of electric power generation from gasification 

technology  

The produced syngas could be used for CHP application using ICE as the prime 

mover. The electricity generation from the gasification process for each province is 

determined according to (3.10)  (Alao et al., 2021b). 

                               (3.10) 

 is the specific flow rate of syngas yield taken as 3.20 (Nm3/kg) (Luz et al., 2015). 

The parameter  is the fraction of waste used for gasification process for 

each province and is obtained from Table 3A in the appendix. is the energy 

content of the syngas, value is taken as 4.7 MJ/ Nm3 and  is the electrical 

energy generation efficiency of ICE assumed as  33% (Luz et al., 2015)  . 

3.2.2.4 Estimation of electric power generation from pyrolysis technology  

According to (Kalargaris et al., 2017), for 1 litre production of plastic pyrolytic oil 

(PPO), 2 kg of waste plastic feedstock is required. Therefore, the volume of PPO 

produced ( (litres)) from the collected plastic waste in the waste stream for each 

province is determined according to (3.11). 

                                                                             (3.11) 

Where,  is the fraction of plastics required for pyrolysis technology for each 

province (i) whose value is depicted in Table 3A of the appendix. The pyrolysis oil 

is fed into a diesel-powered ICE coupled generator for electric power generation 

according to (3.12)  (Alao et al., 2021b).  

                                        (3.12)

 is the electric generation efficiency of a biodiesel engine whose value is 

assumed as 33% after subtracting the self-consumption of the plant (Coronado et 

al., 2010).  and are the heating value and density of PPO whose 
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values are respectively taken as 38.3 MJ/kg and 0.9813 kg/litre (Kalargaris et al., 

2017). 

3.2.3 Determination of Heat Energy Generation by each Wt E Technology  

Recovering heat from the waste-to-energy prime mover increases the efficiency of 

the system. The thermal energy produced by the waste-to-energy power plant is a 

function of their output electrical energy and the power-to-heat ratio (PHR). The 

amount of heat energy generated  by technology in province is 

determined based on the average value of of the chosen prime mover 

according to (3.13)  (Arandian and Ardehali, 2017).  

                                                                                      (3.13) 

where, (MWh) is the electrical energy generated by technology in province . It 

should be pointed out that the heat (thermal) generation efficiency of the CHP plant 

is between 30-50% while the overall efficiency (i.e. the sum of electrical and thermal 

efficiencies) is within the range 85�±90%  (Kaparaju and Rintala, 2013). Since not all 

heat generated can be recovered due to losses, therefore the actual heat recovered 

could be presented as in (3.14).  

                                                                                  (3.14)

 is the heat recovery efficiency. It is assumed that the CHP plant will be located 

in close proximity to the heat consumers. Due to economics of on-site CHP 

applications, the heat recovery efficiency can be enhanced by effective utilisation of 

recovered heat generated by the engine jacket and exhaust gas. With this 

application, approximately 60�±70% of the heat can be recovered for hot water in 

process heat, preheating in boiler feed water and space heating (Kaparaju and 

Rintala, 2013). With an improved technology in the heat recovery systems, the heat 

recovery efficiency can be increased. In this study, an 80 % heat recovery efficiency 

is assumed.  
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3.3 Determination of the Capacity of Power Conversion Engine 

for Each Technology  

For each technology, a specific energy carrier (e.g., biogas, syngas or pyrolytic oil) 

is produced which is used to drive a prime mover. The prime mover is coupled to an 

electric generator for electric power generation. The size or the full-load capacity of 

the prime mover is determined based on the average energy generation potential 

for each technology and the operating period of the plant. The size of the conversion 

device ( (MW)jP ) for each WtE plant is determined as follows in (3.15). 

                                                                                               (3.15)

             (3.16) 

where,  denotes WtE technology and province under consideration,  is the 

average energy generation for each technology at a particular province which is 

determined according to (3.16). The parameters and  are the life span of the 

project and the operating period of the plant during a year, respectively. The plant 

is assumed to operate continuously for 333 days/year i.e., 8000 hours and over a 

period of 20 years. The remaining days are used for scheduled and unscheduled 

maintenance of the plant. 1000 is a conversion factor from kW to MW. 

3.4 Economic Assessment of Each Waste -to-Energy Technology   

To assess the worthiness and performance of a project for possible investment, it is 

essential to investigate its economic viability based on certain financial tools/metrics. 

In this paper, three economic metrics are applied for the assessment of each WtE 

technology. The chosen economic metrics are net present value (NPV), payback 

period (PBP) and levelised cost of energy (LCOE). The choice of these economic 

criteria is based on the fact that most other economic variables such as cash flow 
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Table 3.5 The Power-to-heat ratio of the prime movers for CHP application (Isa et 
al., 2018) 
Prime mover  ICE Steam turbine 

Range Average Range Average 
Power-to-heat ratio (PHR) 0.5 - 1.2 0.85 0.07 �± 0.1 0.085 
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analysis, investment cost, operation and maintenance cost are inherently involved 

and are applied in calculating them.  

 

3.4.1 The Net Present Value (NPV) 

The NPV gives an indication on whether an investment is worth investing in 

depending on the status of the returned value. A project is adjudged unfit for 

investment if the NPV value is negative but is profitable for investment if the NPV is 

positive. In that case, for comparative analysis, a project that returns a more positive 

NPV is better suited for investment than that with a less positive NPV value. If the 

implementation of each technology ( ) is seen as an investment, The NPV for 

technology  at province  is mathematically calculated using the relation (3.17) for 

each technology is obtained as follows  (Ogunjuyigbe et al., 2017).  

                                                                    (3.17) 

Where, is the initial investment cost for technology , indicates net 

annual cash flow for year t by technology , (  ) is the real discount 

rate, is the nominal discount rate taken as 12%, is the inflation rate taken as 

5% (Mabalane et al., 2021) and is the project lifespan taken as 20 years. A 

detailed step to find each component of Equation (3.17) can be found in (Ayodele 

et al., 2018b).  

       

3.4.2 The Payback Period ( PBP) 

PBP is the required time in years for project to repay and begin to give return on 

money invested in it. For a project to be adjudged economically viable, the PBP 

�P�X�V�W�� �E�H�� �O�H�V�V�� �W�K�D�Q�� �W�K�H���S�U�R�M�H�F�W�¶�V�� �O�L�I�H�V�S�D�Q����(Joseph and Prasad, 2020). The PBP is 

obtained as ratio of total costs ( ) incurred to the benefits (profits) ( ) made 

from the project according to (3.18) (Ayodele et al., 2018b). 
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                                                                                                      (3.18) 

Where CT(j) is the sum of investment cost and discounted operation and 

maintenance  for each WtE (j). 

                                                            (3.19) 

The operation and maintenance costs are both fixed and variable. The fixed 

is a fraction ( ) of investment cost while variable O&M (j)
C depends on the amount 

of energy generated ( ) or amount of waste processed for each technology. 

Therefore,  

                                                                                                   (3.20) 

The profits made on the project could be estimated as follows: 

                                                                   (3.21) 

                                                                                          (3.22)             

Where, , is the revenue accrued from the investment in WtE 

technology j,  is the price for the sale of electricity and heat, is the profit on 

investment and is the depreciation on capital equipment and  is the 

corporate tax rate in South Africa which is assumed as 28% (Economics, 2022). It 

should be noted that when only electricity is sold, will be zero and its selling cost 

be zero as well. 

3.4.3 The Levelised Cost of Energy ( LCOE) 

The LCOE is defined as the ratio of the total costs spent on an energy generation 

facility to the useful energy generated over its lifetime. The LCOE for a WtE 

technology j could be determined according to (3.23)  (Nam et al., 2020). 
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            (3.23)      

N is the project lifetime. The data required for the determination of the above 

mentioned economic and financial metrics are presented in Table 3B of the 

Appendix.  

3.5 Description of the Case Study  

Based on the South African provincial waste composition as presented in Table 3.3, 

the breakdown of the waste components allocations for each WtE technology is 

presented in Table 3A1 of the appendix. Table 3A1 indicates that only food wastes 

are considered for AD technology while the rest are either recycled or disposed of 

at the landfill site. For gasification technology, plastic and paper are utilized for 

energy recovery while metals and glasses are sold for recycler but food waste 

components are sent to the landfill site. Details of this waste allocation is depicted 

in Table 3A1. 

3.5.1 General Assumptions for  Electricity and Economic Assessment of 

the WtE Project  

 

In this paper, the following assumptions are made for the energetic and economic 

assessment of the waste-to-energy project.  

1. The economic life of the project is assumed as 20 years starting from the 

year 2022.  

2. Design, procurement and the construction phase are assumed to be 

completed within three years (i.e., from 2019 - 2022) which implies that the 

waste-to-energy plant will become operational in year 2022. 

3. Double-declining depreciation method is adopted for calculating depreciation 

on the equipment starting from 2022 with nil salvage value 

4. The WtE plants are be located at the outskirts of the cities and at equal 

distance from the transfer station. To allow for technology comparison, this 

research does not consider transportation costs as the costs are assumed to 

be same.  
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5. The energy consumed during construction stage of the plants are not 

considered 

6. Due to the current IRP 2019 update that empowers the municipality to 

produce and distribute electric power within their jurisdiction and beyond, this 

paper assumes that the WtE plant would be owned and operated by 

municipal government. Therefore, the cost of the waste is zero and is 

continuously available.  

7. The revenue streams are in two folds (1) sale of electricity generated and (2) 

sale of recyclables such as paper, plastics, metal and glasses. Within the 

context of REIPPPP, the price for the sale of electricity at ZAR 1.475 /kWh 

(0.095 $/kWh at 15.59 ZAR to 1 $) is considered �Z�K�L�F�K���U�H�S�U�H�V�H�Q�W�V���(�V�N�R�P�¶�V��

tariff for large industries in South Africa and which will be paid to the 

municipality for the generated electricity. The mainstream recyclables 

considered are plastic, paper, metal and glass according to the type of 

technology. The specific cost per kg of the recyclables is shown in Table 3.6. 

 

 

3.6 Results and Discussion  

This section presents the results of the waste generation projection, the energy 

generation and economic feasibility of the various WtE technologies considered for 

the South African Provinces. 

 

3.6.1 Projection of Provincial Municipal Solid Waste Generation Potential  

The MSW generation potential for each province was forecasted from 2022-2041 

based on projected population growth rate, the provincial GDP growth rate and the 

per capita waste generation. Using (3.1), the estimated provincial waste generated 

over the projected period of 20 years is presented in Table 3.7. 

 

Table 3.6: Prices of recyclable materials in South Africa (Mabalane et al., 2021) 
Recyclables Selling price (ZAR/kg) Selling Price ($ /kg) @ ZAR 15.59 to 1 $ 
Metal 0.47 0.0315 
Glass 0.27 0.0173 
Plastic 1.20 0.0770 
Paper 0.27 0.0173 
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Table 3.7: Projected provincial waste generation potential (million tons) 

Year WC EC NC  FS  KZN  NW  GT  LP  
2022 5.760   0.8546 7.646 0.6627 2.1901     0.31218    14.170 0.7470     
2023 6.069   0.8769     7.853     0.6807     2.2874     0.32225     15.636     0.7756     
2024 6.395  0.8997     8.066     0.6992     2.3890     0.33264     16.621     0.8054     
2025 6.738 0.9232     8.285    0.7182     2.4952     0.34337     17.667     0.8362     
2026 7.100 0.9472     8.510     0.7377     2.6061     0.35444     18.779     0.8683     
2027 7.481 0.9719     8.741     0.7577     2.7219     0.36587     19.962     0.9016    
2028 7.882     0.9972     8.978     0.7783     2.8428     0.37767     21.218     0.9361     
2029 8.306   1.0232     9.222     0.7994     2.9691     0.38985     22.554     0.9720     
2030     8.751   1.0498     9.472     0.8212     3.1011     0.40243     23.974     1.0092     
2031 9.221  1.0772     9.729     0.8435     3.2389     0.41541     25.484     1.0479     
2032 9.716    1.1052         9.993     0.8664     3.3828     0.42880     27.088     1.0881     
2033 10.238  1.1340  10.265      0.8899   3.5331    0.44263     28.794  1.1298     
2034 10.787    1.1635     10.543     0.9141     3.6901     0.45691     30.607    1.1731     
2035 11.366   1.1939     10.829     0.9390     3.8541     0.47165     32.534    1.2180     
2036  11.977    1.2250     11.123     0.9645     4.0253     0.48686     34.582    1.2647     
2037 12.620     1.2569     11.425    0.9907     4.2042     0.50256     36.760    1.3132     
2038 13.297  1.2896     11.735    1.0176     4.3910     0.51877     39.074     1.3635     
2039    14.011   1.3232     12.054     1.0452     4.5861     0.53550     41.534    1.4158     
2040   14.763     1.3577     12.381     1.0736     4.7899     0.55277     44.149     1.4700     
2041 15.555 1.3930 12.717 1.1028 5.0027 0.57060 46.929 1.5264 

 

From Table 3.7, it is observed that the amount of MSW generated in all the provinces 

grew with the year. In GT Province for instance, about 14.170 - 46.929 million tons 

of MSW were predicted to be generated from 2022 - 2041, an increase of 231.2%. 

The WC Province is forecasted to generate 5.760-15.555 million tons of waste within 

the stated timeframe, an increase of 170.1%. In addition, NC Province is expected 

to generate 7.646 - 12.717 million tons while KZ Province is expected to generate 

2.1901 - 5.0027 million tons of waste. GT Province has the highest waste generation 

potential. Mega municipalities and metros such as the City of Johannesburg and 

Pretoria with high population density of about 785.5 person/km2 (Adeleke et al., 

2021a), relatively high per capita waste generation rates and positive economic 

growth in terms of GDP may be responsible for huge waste generation in GT 

province. NW Province generated the least waste with a waste generation potential 

of 0.31218-0.57060 million tons. Although NW is not the least populated, it has the 

least per capita waste generation, lowest GDP contribution and the lowest 

population density of about 3.3 person/km2. With this humongous waste generated 

in these provinces on a daily basis, it is most sustainable to treat them by extracting 

energy and materials from them to achieve circular economy for sustainable 

development.   
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3.6.2 Estimatio n of Electricity Potential for Wt E Technologies in each of 

the Provinces  

The total projected electricity generated for each WtE technology for all the 

provinces over the planning period of 2022 - 2041 were calculated according to (3.2) 

�± (3.12) and the results are presented in Figure 3.4. A look at Figure 3.4 shows that 

GT Province has the greatest electricity generation potential from waste. Followed 

by GT Province are WC and KZN Provinces in that order. On the other hand, NW 

Province has the least potential for WtE technology. The highest amount of waste 

generated from the GT province could be linked to its greatest electricity generation 

potential. From the perspective of technologies, gasification and incineration 

technologies seem to be the most viable in terms of electricity generation in GT 

Province, WC Province and NC Province. The optimum generation of electricity via 

gasification and incineration in these provinces could be attributed to a greater 

percentage of high calorific combustibles such as plastics and paper in their waste 

stream which is a typical indication of urban and relatively affluent societies. On the 

other hand, AD generated the least power in those aforementioned provinces which 

could be linked to lower percentage (about 22%) of organic wastes in their waste 

stream and hence production of lower amount of biogas and by extension lower 

electricity.  

Conversely, in LP, NW, KZN and FS Provinces, anaerobic digestion is the most 

viable in terms of electricity generation. In these provinces, there are greater organic 

components in their waste stream which may be due to the agrarian nature of most 

municipalities in these provinces that is characterised by rural and poor societies. 

LP province for instance was rated poorest in South Africa but has the favourable 

agricultural climate and vast natural resources (Rasimphi et al., 2018). A similar 

trend is followed by other provinces in this category as evidenced in their waste 

composition (see Table 3.3) where almost half of the waste generated are organics. 
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In terms of the payback period (PBP), a glance at Table 3.8 indicates that 

incineration presented a payback period ranging from 9.67 �± 10.73 years in most of 

the provinces while anaerobic digestion presented the least payback period in 

majority of the provinces with values between 3.04 �± 8.48 years. In general, from 

the economic perspective, incineration is not economically viable due to the 

negative NPV values, highest LCOE and relatively high PBP in most of the 

provinces while anaerobic digestion technology seems to be economically viable 

due to its highest positive NPV value, relatively lowest payback period and lower 

LCOE in all the provinces. The general implication is that INC technology requires 

more capital compared to others. This technology may seem unsuitable for 

developing countries such as South Africa where poverty level is still relatively high. 

 

 

3.7 Sensitivity Analysis   

Sensitivity analysis is a study that investigates the impact of changes in input 

variables (parameters) on the performance or output of a system. The input 

parameters selected for the analysis in this study are the discount rate, electricity 

and heat generation prices and recycling revenue. The effect of these parameters 

on the NPV criteria and payback period is the focus of this study. The choice of NPV 

and PBP is because they are highly affected by these input parameters (Mabalane 

et al., 2021). In WtE projects, energy generation is the main output. To enhance the 

efficiency of the WtE system, simultaneous recovery of heat and electricity is very 

crucial.  

The selling prices of these energies could impose a far-reaching influence on the 

economic feasibility of a WtE project. Since waste-to-energy is regarded as 

Table 3.8: PBP (years) for WtE technology for each province 
Province  WtE technologies 

AD INC  GAS PYR 
WC 4.36 10.35   9.75 6.30 
EC 6.18 10.53 10.49 4.73 
NC 3.04 10.67  8.03 4.69 
FS 7.25   9.97 13.73 5.81 
KZ 6.91 10.33 12.51 6.13 
NW 8.48 10.44 19.36 6.20 
GT 4.76 10.73 13.20 6.73 
LP 6.16 9.67 17.63    4.06 
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renewable energy technology, special tariffs such as feed-in-tariff should be made 

for it. Another important variable that affects the economic feasibility of a project is 

the discount rate. It is believed that a lower discount rate will favour investors in 

return on their investment and implies a good economic atmosphere while a higher 

discount rate would entail a lower present value of the future cash flow with less 

economic benefits. If the discount rate is reduced and the price of electricity is high, 

the revenue streams will increase and hence have a more positive impact on the 

investment decision. Therefore, a sensitivity analysis was conducted to see the 

influence of changes in discount rates and selling prices of electricity, heat and 

recyclables on the economic feasibility of the WtE project.  

The GT and WC Provinces are selected to conduct the sensitivity analysis. The 

choice of these provinces is premised on the fact that they are highly urbanised with 

huge waste generation and high electricity generation potentials. The sensitivity 

analysis is evaluated considering two scenarios:  

Scenario 1: This scenario considers the uncertainties around the economic 

situation of South Africa in the future. 

(a) This scenario is optimistic such that a positive outlook of the WtE project 

is assumed for the future. Under an improved economic situation, the projects 

can operate at a low discount rate and improve the benefits of these projects.  

(b) This scenario is pessimistic such that the situation of the projects may 

look bleak. Under this condition, a severe economic recession is envisaged 

and the projects are run at a high discount rate.   

Scenario 2: This scenario considers four cases in which changes in the 

selling prices of energy (electricity and heat) generated and the recyclables 

account for different possibilities in the revenue stream. 

(a) Selling ONLY the electricity generated at ZAR 0.7638/kWh ($ 0.049 /kWh 

@ ZAR 15.59 to 1 $) according to the Eskom Megaflex tariff for large 

industry without selling heat and recyclable 

(b) Selling ONLY electricity at ZAR 1.475/kWh ($ 0.095/kWh @ ZAR 15.59 

to 1 $) within the context of REIPPPP without selling heat and recyclables. 

(c)  Selling electricity for $ 0.095/kWh and heat at a rate of $ 0.049/kWh 

without recyclables. 
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(d) Selling electricity for $ 0.095/kWh, and heat at a rate of $ 0.049/kWh and 

recyclables at prices given in Table 3.7. 

3.7.1 Results of Sensitivity Analysis Due to Changes in Discount Rate  

In order to capture the impact of discount rate on the economic indicators (i.e., NPV, 

PBP and LCOE) for each waste-to-energy technology in the case study, we decided 

to assume a range of values from 5% to 50% (i.e., from best to worst case scenarios) 

and the results are presented in the next sub-sections. However, the nominal 

discount rate used for economic analysis in the study is 12% according to a recent 

study by Ref (Mabalane et al., 2021).  

 

3.7.1.1 Sensitivity on the discount rate for an anaerobic digestion plant  

The results for the variation in the discount rates on the NPV, PBP and LCOE for 

anaerobic digestion plant for the GT and WC Provinces are presented in Figure 3.7. 

A look at Figures 3.7(a) and 3.7(b) indicates that NPV and PBP of the project 

decrease steadily as discount rate goes up to 20%. When the discount rate goes 

beyond 20% these indicators indicate a marginal decrease. It is also observed from 

Figure 3.7(a) that NPV in the two provinces becomes negative with discount rate of 

more than 20%. On the other hand, Figure 3.7(c) indicates a steady increase in the 

LCOE as the discount rate is increased. The results obtained in this work confirm 

the findings of (Cudjoe et al., 2021) and (Ayodele et al., 2018b) that biogas power 

plant is highly sensitive to discount rate and could become economically unattractive 

when operated at a higher discount rate than 20%. 

 

Figure 3.7a: Effect of variations of the discount rate on net present value (NPV) for 

biogas to electric power plant 
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Figure 3.7b: Effect of variations of the discount rate on payback period (PBP) for 

biogas to electric power plant 

 

Figure 3.7c: Effect of variations of the discount rate on levelised cost of energy 

(LCOE) for biogas to electric power plant 
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3.7.1.2 Sensitivity analysis of discount rate for incineration to electric 

power plant  

For the incineration plant to electricity project, the results for the variation of discount 

rates on the economic metrics are depicted in Figure 3.8. It is observed from Figures 

3.8a) and 3.8(b) that the NPV and PBP decline with an increase in the discount rate 

in both Provinces. In Figure 3.8(a) at around 8% discount rate, NPV for the GT 

province began to be negative. This implies that a discount rate higher than 7% 

would make investing in incineration to power project uneconomical in the GT 

Province. However, for the WC Province, the NPV began to fall to the negative axis 

at a discount rate above 10%. From this Figure, it could be inferred that investing in 

incineration to power project in the WC can withstand economic crisis to some 

extent more than in the GT Province. The LCOE increases steadily as the discount 

rates are increasing in both provinces as shown in Figure 3.8(c). 

 

 

Figure 3.8a: Effect of variations of the discount rate on net present value (NPV) for 

incineration to electric power plant 
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Figure 3.8b: Effect of variations of the discount rate on payback period (PBP) for 

incineration to electric power plant 

 

 

Figure 3.8c: Effect of variations of the discount rate on levelised cost of energy for 

incineration to electric power plant 
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3.7.1.3 Sensitivity analysis of discount rate for gasification to electric 

power plant  

For gasification plant to electricity project, a change in the discount rate influences 

the economic indicators and the results are as shown in Figure 3.9. It is observed 

from Figures 3.9(a) and 3.9(b) that NPV and PBP decrease with an increase in 

discount rates. The NPV becomes negative at a discount rate higher than 13%. This 

means that the optimum discount rate for economic feasibility of gasification to 

power plant is about 13% for the two provinces. The PBP increases but becomes 

almost constant at a discount rate above 20%. On the other hand, in Figure 3.9(c), 

the LCOE increases as the discount rates are increasing.  

 

 

Figure 3.9a:  Effect of variations of the discount rate on net present value (NPV) 

for gasification to electric power plant 
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Figure 3.9b: Effect of variations of the discount rate on payback period (PBP) for 

gasification to electric power plant 

 

Figure 3.9c: Effect of variations of the discount rate on levelised cost of energy 

(LCOE) for gasification to electric power plant 

 

 

 

 

 

0

2

4

6

8

10

12

14

16

5 10 15 20 25 30 35 40 45 50

P
ay

ba
ck

 p
er

io
d 

(y
ea

rs)

Discount rate (%)

Gauteng Western Cape

0
0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45

5 10 15 20 25 30 35 40 45 50Le
ve

lis
ed

 c
os

t o
f e

ne
rg

y 
($

/k
W

h)

Discount rate (%)

Gauteng Western Cape



 
 

71 
 

3.7.1.4 Sensitivity analysis of discount rate for pyrolysis to electric power 

plant  

For a pyrolytic power plant project in the GT and WC Provinces, the effect of the 

variation of discount rates on the economic viability is presented in Figure 3.10. 

From Figures 3.10(a) and 3.10(b), there is a decrease in NPV and PBP while Figure 

3.10(c) indicates an increase in LCOE. It is observed from Figure 3.10(a) that with 

an increase in discount rates, NPV remains positive. The implication of this is that 

no matter the changes in the discount rates the project will remain financially viable. 

 

 

Figure 3.10a: Effect of variations of the discount rate on net present value (NPV) 

for pyrolysis to electric power plant 
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Figure 3.10b: Effect of variations of the discount rate on payback period (PBP) for 

pyrolysis to electric power plant 

 

Figure 3.10c: Effect of variations of the discount rate on levelised cost of energy 

(LCOE) for pyrolysis to electric power plant 
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3.7.2 Sensitivity Analysis on Changes in Electricity Price, Heat And 

Recycling Revenue  

 

As stated in scenario 2, the electricity prices are assumed for two possibilities i.e., 

the Eskom Megaflex tariff and the provision made in the REIPPPP framework and 

sale of heat generated and recyclables to expand the revenue base for the projects. 

The results obtained for each case under scenario 2 are presented in Tables 3.9 - 

3.12.  From Table 3.9, it is observed that selling only electricity under the context of 

REIPPPP produced negative NPV for anaerobic digestion, incineration, and 

gasification technologies in both provinces except for pyrolysis plant which returned 

a positive NPV.  

 

Table 3.9: Selling electricity at the rate of $ 0.095/kWh without selling heat and 
recyclables 
Technology Gauteng  Western Cape 

NPV (Million $) PBP 
(years) 

 NPV (Million $) PBP (years) 

AD -93.989 10.26  -12.532 10.27 
INC -2634.2 14.62  -519.22 10.47 
GAS -261.48 11.88  -261.48 11.76 
PYR  1534.6   9.51   624.81  9.52 

 

Table 3.10 shows the results for selling electricity at a rate under the context of 

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

Figure, it is clear that none of the WtE plants will be economical at this price of 

electricity as all of them returned negative NPV.  

 

Table 3.10: Selling electricity at the rate of $ 0.049/kWh without selling heat and 
recyclables  
Technology Gauteng  Western Cape 

NPV (Million USD) PBP (year)  NPV (Million USD) PBP (year) 
AD -1543.5 27.27  -537.14 27.31 
INC -4774.6 35.58  -1901.7 23.78 
GAS -2782.0 39.80  -9819.9 38.20 
PYR -150.88 118.24  -45.774 118.43 

 

However, according to Table 3.11, when consideration is given to the sale of heat 

in addition to electricity, the revenue base increased and the NPV for all the 

technologies turned positive. This implies that including the sale of heat together 
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with electricity sale positively influences the economic feasibility of WtE projects in 

the two provinces. This result is consistent with the outcome of (Govender et al., 

2019) which found that NPV is highly influenced by the sale of heat produced for 

biogas-to-electricity plant in South Africa. 

 

Table 3.11: Selling electricity at the rate of $ 0.095/kWh and heat at a rate of $ 
0.049/kWh without recyclables  

Technology Gauteng  Western Cape 
 NPV (Million $) PBP 

(year) 
 NPV (Million $) PBP (year) 

AD 1361.2 6.31  5134.2 6.32 
INC 18864 2.11  13421 1.58 
GAS 2265.6 6.99   8845 6.95 
PYR 3224.4 4.95  1297.1 4.95 

 

To further increase the revenue stream of the waste-to-energy project for the two 

provinces, the recyclables in addition to the electricity and heat are sold. The effect 

of this on the net present value and payback period are investigated and the results 

are presented in Table 3.12. The results according to Table 3.12 show that the 

incineration technology returned the highest NPV and lowest PBP for both provinces 

while gasification gave the lowest NPV and highest PBP. From Tables 3.11 and 

3.12, it is observed that the sale of recyclables has a great impact on the economic 

appraisal of anaerobic digestion with an increase in NPV from $ 1361.2 - $ 4044.1 

million, about 66% increase. On the other hand, for incineration, gasification and 

pyrolysis, the sale of recyclables has a marginal influence on the NPV. Therefore, 

the sale of heat and recyclables in addition to electricity could improve the 

profitability and economic sustainability of the WtE project in South African 

provinces.  

Table 3.12: Selling electricity at the rate of $ 0.095/kWh, heat at a rate of 0.049 and 
the recyclables 

Technology Gauteng  Western Cape 
 NPV (Million $) PBP (years)  NPV (Million USD) PBP (years) 
AD 4044.1 3.69  1652.4 3.45 
INC 19212 2.08  13606 1.57 
GAS 2653.5 6.58  1068.7 6.43 
PYR 3980.4 4.07  1669.5 3.91 
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3.8 Conclusions, Limitations and Future Research Outlook  

This study investigated the potential and economic possibility (feasibility) of WtE 

technologies for possible implementation in South African provinces. From the 

results obtained, it is evident that recovering energy from the humongous MSW 

generated in cities across South Africa via four WtE technologies (i.e., anaerobic 

digestion, incineration, gasification and pyrolysis) has the potential to add to the 

renewable energy generation mix of South Africa while simultaneously ensuring a 

cleaner environment. To ensure profitability in the implementation of these 

technologies, an assessment of the economy as well as cost consideration for each 

waste-to-energy technology was carried out. From the energy generation 

perspective, incineration produced the highest energy in WC, NC and EC provinces 

while gasification produced the highest energy in the GT province followed by 

incineration technology. Anaerobic digestion produced the highest energy in LP, 

NW, KZ and FS Provinces. From the economic point of view, at 12% nominal 

discount rate, incineration presented the highest LCOE ranging from 0.0921 �± 

0.1607 $/ kWh and negative NPV in all provinces. Pyrolysis had the lowest LCOE, 

followed by anaerobic digestion and gasification in that order. However, anaerobic 

digestion returned the highest positive NPV ranging from $ 25.87 million to $ 3002.8 

million. Following anaerobic digestion are gasification and pyrolysis in that order. It 

could be inferred from this study that anaerobic digestion is the most economically 

viable waste-to-energy technology for implementation in South African provinces 

based on the highest positive NPV. Despite the high energy potential of incineration, 

it is economically infeasible due to the negative NPV presented. Based on the 

outcome it is found that INC is technically viable in terms of energy generation 

potential but not economically good while anaerobic digestion seems to be 

economically sound but not as viable in terms of energy generation potential as 

gasification and incineration. Pyrolysis and gasification are advanced thermal 

processes which require skilled personnel which may increase the cost of 

implementation.   

The sensitivity analysis indicated that the discount rates had great impact on the 

economic feasibility of the WtE project in the South African provinces. For anaerobic 

digestion technology, an increase in the discount rate from 5-50% caused NPV to 

fall and became negative when the discount rate was in excess of 20%. In the case 
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of incineration technology, a negative NPV was produced when the discount rate 

was more than 10%. This implies that an anaerobic digestion technology will be 

economical when the financial discount rate does not exceed 20% while incineration 

technology could be financially viable when the discount rate does not go beyond 

10%.  

Again, sensitivity analysis was conducted on the sale of heat and/or recyclables in 

addition to the electricity generated. When only electricity was sold based on either 

�(�V�N�R�P�¶�V���0�H�J�D�I�O�H�[���W�D�U�L�I�I�����L���H�����������������������N�:�K�����R�U���W�K�H���5�(�,�3�3�3�3�����L���H����������0.095/kWh), all 

waste-to-energy technologies were uneconomical as they all returned negative 

NPV. With the sale of heat and/or recyclables in addition to the electricity, all 

technologies returned positive NPV. This implies that for financial viability and 

economic profitability of WtE technologies in South Africa, the policy frameworks 

should be amended to cater for sale of heat and recyclables at special tariffs (i.e., 

feed-in-tariff).  

This work is without limitations. The assessment made in this paper was limited to 

two criteria (i.e., energy and economic). Other important criteria such as 

environment and social were not considered. The waste composition as presented 

in Table 3.3 and collection efficiency of 69 % were assumed to remain the same all 

year round the study period. This assumption is subject to change due to factors 

such as economic development and climatic conditions while waste collection rate 

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

(prime movers) efficiencies are also assumed constant despite increase in the 

energy generation per year due to increased waste generation. Changes in these 

factors may introduce uncertainty in energy production and economic viability. The 

sensitivity analysis conducted was based on two parameters (i.e., discount rate and 

selling prices of energy). The variability in the quantity and waste composition due 

to waste reduction concept or recycling can impact the potentials of waste-to-energy 

system. The future study will consider the uncertainty around waste generation and 

composition by incorporating uncertainty modelling and simulation such as Monte 

Carlo. Also, the sensitivity analysis on the variations of variables such as waste 

collection rate, engine efficiency, waste composition and generation rate on 

electricity and economic potentials of WtE technologies in South African provinces 

is intended for future work.  
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Multi-criteria approach considering environmental and social factors in addition to 

the energy and economic potentials of the WtE technologies in the South African 

provinces are also considered for future work for choosing the optimal WtE 

technology for implementation in South African provinces.  

For successful implementation of waste-to-energy technologies in a locality, quality 

and reliable data play a critical role. It is known that quantity of waste generation is 

influenced by environmental, climatic, socio-economic and demographic factors 

which are often too complex to be modelled by conventional approach. Therefore, 

in order to improve the quality, accuracy and reliability of waste-related data in South 

African provinces, artificial intelligence (AI) based approach such as machine 

learning that is capable of modelling these parameters is highly recommended for 

future work. Again, to ensure smart waste-to-energy system in South Africa, the 

incorporation of smart technology based on AI is recommended to be a part of an 

integrated waste management system.  
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�&�+�$�3�7�(�5������ SELECTION OF WASTE-TO-ENERGY 

TECHNOLOGY FOR DISTRIBUTED GENERATION  

 

4.1 Introduction  

The sustainable development goals (SDGs) of the United Nations (UN) stipulated 

that by year 2030, cities especially in developing countries should ensure reduction 

in the adverse per capita environmental impact (i.e., SDG 11) (Khan and Kabir, 

2020). Currently, waste management in Africa and other developing countries is 

based on a linear economy where materials are made, used, and disposed of in 

landfills (Joseph and Prasad, 2020). To be able to meet the target of SDG 11, there 

should be a paradigm shift towards transition from linear to circular economy where 

the 3Rs of reuse, recycle and recovery are of paramount importance. In South Africa 

for instance, the National Waste Management Strategy (NWMS) has mandated 

municipalities to implement alternative waste management solutions to divert waste 

from landfill and minimize environmental degradation (GreenCape, 2019).  

Another important goal of SDG (i.e., SDG-7) emphasizes access to affordable, 

reliable, sustainable and modern energy for all by year 2030. The current means of 

power supply is dominated by burning fossil fuels which is found to be unsustainable 

and environmentally unfriendly.  The research problem of this work is premised on 

environmental and energy supply sustainability. Therefore, recovering energy from 

waste could be a promising alternative. Some of the benefits of waste-to-energy 

(WtE) systems include (1) mitigating the free-rider problem (2) minimizing the 

environmental hazard (3) producing cleaner and renewable energy (4) creating 

employment for local people. But to effectively harvest energy from waste in an 

economically viable, socially acceptable and environmentally friendly way, it is 

expedient to select the most sustainable WtE technology among various alternatives 

which can concomitantly satisfy and stay afloat of the tripod stands of sustainability 

factors including technical, economic, environmental and social. However, selection 

of appropriate WtE technology involves qualitative and quantitative parameters 

which are usually conflicting (Kharat et al., 2019). For example, a WtE technology 

may have a cheaper installation cost but is expensive to maintain. Another may be 
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friendlier to the ambient but has expensive installation and maintenance costs. So, 

making the best choice among these alternatives may be problematic for decision-

makers. Due to the heterogeneous and conflicting nature of factors and criteria for 

selecting WtE technologies, a multi-criterion decision-making method (MCDM) is an 

appropriate approach to choose the best alternative WtE technology because it can 

concurrently synthesize these conflicting criteria and achieve a trade-off among 

them. The objective of this study therefore is to select appropriate WtE technology 

�E�\�� �F�R�Q�V�L�G�H�U�L�Q�J�� �D�� �K�\�E�U�L�G�� �D�S�S�U�R�D�F�K�� �W�K�D�W�� �L�Q�W�H�J�U�D�W�H�V�� �W�K�H�� �V�X�E�M�H�F�W�L�Y�L�W�\�� �L�Q�� �W�K�H�� �H�[�S�H�U�W�V�¶��

judgments with the objectiveness of the performance metrics of the alternatives 

such that a balanced and compromised choice is made in the final decision. 

. 

4.1.1  Motivation  

One motivating drive for this study is drawn from the fact that, generally, the overall 

outcome of any MCDM technique depends largely on the weights of the evaluation 

criteria. Perhaps the most critical input in any MCDM method is the assignment of 

criteria weights which could be obtained using objective, subjective or combinative 

methods. Subjective methods rely on the supremacy of the decision-�P�D�N�H�U�V�¶�� �R�U��

�H�[�S�H�U�W�V�¶���S�U�H�I�H�U�H�Q�F�H�V���E�D�V�H�G on their knowledge and expertise. On the other hand, 

objective methods lay emphasis on the actual performance of the alternatives based 

on the evaluation criteria. Each of these techniques has its advantages and 

disadvantages. The imprecision and uncertai�Q�W�\�� �L�Q�� �W�K�H�� �H�[�S�H�U�W�¶�V�� �M�X�G�J�P�H�Q�W�� �D�U�H�� �W�K�H��

main disadvantages of subjective approach which might lead to unreliable results 

while the objective methods deny the inputs from the expertise and experience of 

decision-makers in the final decision-making. A combinative method integrates the 

subjective and objective methods such that there could be leverage on the benefits 

and shortcomings of each method and better results are produced. Therefore, to 

make an optimum selection, combining the subjective opinions of the experts with 

the actual performance of different alternatives stands to be the most suitable 

approach such that the advantages of both methods can be harnessed (Alemi-

Ardakani et al., 2016). In real-life situation, human opinions are characterized by 

vagueness, imprecision and uncertainty. Decision makers or experts express their 

feelings or preference for a particular alternative based on certain attributes in 

�O�L�Q�J�X�L�V�W�L�F���W�H�U�P�V�����7�R���F�D�S�W�X�U�H���W�K�H���L�P�S�U�H�F�L�V�L�R�Q���D�Q�G���X�Q�F�H�U�W�D�L�Q�W�\���L�Q���W�K�H���H�[�S�H�U�W�V�¶���M�X�G�J�P�H�Q�W����
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the fuzzy set is applied where linguistic variables are transformed into fuzzy 

numbers that can be further manipulated. Due to the popularity, rooted 

mathematical foundation and vast application for practical selection problems, 

Fuzzy Analytic Hierarchy Process (Fuzzy-AHP) and Fuzzy-Entropy methods have 

been considered as the subjective method and objective method, respectively.  

Again, selection among different alternatives requires the application of method(s) 

that are robust, efficient and effective. Multi-Objective Optimization based on Ratio 

Analysis plus full multiplicative form (MULTIMOORA) is a relatively new MCDM 

method that is based on three integrated compromise methods. It has the 

advantages of simple mathematical calculation and solution stability which is 

independent of any extra parameter settings unlike other MCDM such as WASPAS, 

VIKOR, CODAS, GRA etc., Extending the traditional MULTIMOORA to fuzzy 

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

judgments. 

4.1.2 Literature Review  

Sustainability is key in selecting waste-to-energy technology. A technology is said 

to be sustainable if it satisfies all the sustainability factors of technical, economic, 

environmental and social simultaneously. Several studies have considered mono-

criterion for the selection of waste-to-energy technology. Only economic and 

technical sustainability factors were adopted by (Afrane et al., 2021) for the selection 

of waste-to-energy technology suitable for investment in Ghana. In the work of 

(Ayodele et al., 2017), environmental sustainability via life cycle assessment (LCA) 

technique was considered to select various waste-to-energy technologies for some 

select locations in Nigeria. Combined life cycle cost (LCC) and LCA with the 

economic and environmental sustainability perspectives were applied (Soltani et al., 

2016) for the selection of waste treatment method for Metro Vancouver in Canada. 

(Agaton et al., 2020) developed a model for economic feasibility of waste-to-energy 

technologies for implementation in the Philippines. Selection of waste-to-energy 

technologies based on singular criterion such as economic (Agaton et al., 2020) or 

environmental (Ayodele et al., 2017) is not only sub-optimal but also unsustainable. 

While LCA and LCC are two independent approaches that can only respectively and 

effectively account for the environmental and economic impacts of resources or 

material throughout their life cycle, MCDM methods are able to aggregate many 
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factors (homogeneous or heterogeneous) (Soltani et al., 2016) to obtain a balanced 

and compromise outcome in a sustainable manner. Therefore, MCDM approaches 

are better suited for sustainable selection of waste-to-energy selection problem 

because they can concurrently synthesize these conflicting criteria and achieve a 

trade-off among them. 

Considering different MCDM models, (Rahman et al., 2017) utilized AHP for 

selecting appropriate WtE technologies suitable for implementation in Dhaka City, 

Bangladesh. Another work performed by (Khan and Kabir, 2020) employed 

SMARTER technique for the evaluation and selection of WtE technologies fit for 

application in Bangladesh. Selection of energy recovery from municipal solid waste 

in Mauritius was undertaken by (Neehaul et al., 2020) using AHP method. In the 

work of (Ali et al., 2018), TOPSIS and AHP methods were applied for selecting and 

ranking of alternative waste-to-energy technologies for the city of Lahore, Pakistan. 

(Fetanat et al., 2019) integrated F-DEMATEL, ANP and SAW approaches for the 

selection of waste-to-energy technologies for the city of Behbahan, Iran. Similarly, 

AHP was applied by (Siregar et al., 2018) to evaluate the waste-to-energy 

conversion technology in Bantargebang landfill located in Indonesia.  Ref (Yap and 

Nlxon, 2015) incorporated BOCR with AHP for the selection of waste-to-energy 

technologies for UK and India. Ref ���$�U�Õ�N�D�Q�� �H�W�� �D�O������ ���������� used PROMETHEE and 

Fuzzy TOPSIS for the selection of waste management disposal methods suitable 

for the city of Istanbul, Turkey. (Alao et al., 2020) utilized entropy and TOPSIS to 

select waste-to-energy technologies for the city of Lagos, Nigeria. (Luo et al., 2021) 

combined HFLTS and GRA to select alternative municipal solid waste management 

(MSWM) scenarios for a local government area in Beijing, China. (Kharat et al., 

2019)  adopted Fuzzy-Delphi, Fuzzy-AHP and Fuzzy-TOPSIS for the selection of 

waste treatment and disposal methods in Mumbai, India.  (Adenuga et al., 2020 ) 

employed AHP to select waste-to-energy technologies for the Western Cape in 

South Africa. (Afrane et al., 2021) adopted Fuzzy TOPSIS for selecting waste-to-

energy technologies based on techno-economic factors for the Ghanaian context.  

A research based on the application of type-2 neutrosophic numbers for the 

selection of factors contributing to failures in the adoption of smart technologies for 

medical waste management systems in Istanbul, Turkey was undertaken by 

(Torkayesh et al., 2021). Table 4.1 shows some MCDM techniques for the waste-

to-energy selection problem.
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Table 4.1: Some previous studies using various MCDM techniques for waste-to-energy technology selection  

MCDM technique Main selection criteria Weighting methods References 
Technical Economic Environmental Social  Objective Subjective 

HFLTS, GRA �9  �9  �9  �9   X �9  (Luo et al., 2021) 
Entropy, TOPSIS  �9  �9  �9  �9   �9  X (Alao et al., 2020) 
SAW, TOPSIS X X �9  X  X �9  (Jovanovic et al., 2016) 
TOPSIS, PROMETHEE �9  �9  �9  �9   X �9  ���$�U�Õ�N�D�Q���H�W���D�O���������������� 
AHP �9  �9  �9  �9   X �9  (Neehaul et al., 2020) 
Fuzzy-DEMATEL, Fuzzy-ANP, Fuzzy-SAW �9  �9  �9  �9   X �9  (Fetanat et al., 2019) 
TOPSIS, AHP �9  �9  �9  �9   X �9  (Ali et al., 2018) 
ANP, Fuzzy-MABAC �9  �9  �9  �9   X �9  (Zhang et al., 2021) 
SMARTER �9  �9  �9  �9   X �9  (Khan and Kabir, 2020) 
BOCR, AHP �9  �9  �9  �9   X �9  (Yap and Nlxon, 2015) 
TOPSIS, PROMETHEEI, PROMETHEE II �9  �9  �9         X  X �9  (Coban et al., 2018) 
AHP �9  �9  �9  �9   X �9  (Kurbatova and Abu-Qdais, 2020) 
DS-FBWM, Extended VIKOR �9  �9  �9  �9   X �9  (Liu et al., 2020) 
Fuzzy-Delphi, Fuzzy-AHP, Fuzzy-TOPSIS �9  �9  �9  �9   X �9  (Kharat et al., 2019) 
Game theory, AHP, LCA and LCC         X �9  �9         X  X �9  (Soltani et al., 2016) 
Fuzzy-TOPSIS �9  �9  X        X  X �9  (Afrane et al., 2021) 
Fuzzy-DEMATEL, Fuzzy-ANP, Fuzzy-VIKOR        X X �9         X  X �9  (Shah et al., 2021) 
Fuzzy-AHP, Fuzzy-Entropy, Fuzzy-MULTIMOORA �9  �9  �9  �9    �9  �9  Proposed 

HFLTS: Hesitant fuzzy linguistic term set; GRA: grey relational analysis, SMARTER: Simple Multi Attribute Rating Technique Exploiting Ranks BOCR: 
Benefits, Opportunities, Costs and Risks; F-DEMATEL: fuzzy decision-making trail and evaluation laboratory; ANP: Analytic network process; SAW: simple 
additive weighting, AHP: Analytic hierarchy process; PROMETHEE:  Preference Ranking Organization Method for Enrichment Evaluations; F-
MULTIMOORA: Fuzzy Multi-Objective Optimization based on Ratio Analysis plus full multiplicative form; TOPSIS: Technique for Order of Preference by 
Similarity to Ideal Solution



 
 

83 
 
 
 

Additionally, there are some combinations of other MCDM methods under fuzzy 

environment for application in different fields other than waste-to-energy selection. 

Table 4.2 shows the applications of some of recent studies using hybrid MCDM in 

different fields. 

Table 4.2: Some recent applications of hybrid MCDM model under fuzzy 
environment 

Hybrid MCDM approach Application in different fields Reference 
Fuzzy entropy, fuzzy COPRAS, fuzzy 
MULTIMOORA 

Ranking of renewable energy 
sources 

(Alkan and 
Albayrak, 2020) 

Fuzzy-BWM and fuzzy CoCoSo with 
Bonferroni 

Sustainable supplier 
selection 

(Ecer and 
Pamucar, 2020) 

Fuzzy DEMATEL, entropy and fuzzy VIKOR  Machine tool selection (Li et al., 2020) 
Interval rough numbers-Best-Worst Method 
and MARCOS 

Offshore wind farm site 
selection 

(Deveci et al., 
2021b) 

Type-2 neutrosophic number based MABAC Offshore wind farm site 
selection 

(Deveci et al., 
2021a) 

Fuzzy Hamacher WASPAS Supply chain selection for 
electric ferry 

(Pamucar et al., 
2021). 

Fuzzy COPRAS, and fuzzy BCM Stock selection (Narang et al., 
2021) 

WASPAS with Dombi Bonferroni  Workplace charging station 
selection 

(Erdogan et al., 
2021) 

BCM: base criteria method; COPRAS: Complex proportional assessment; BWM: Best Worst Method; CoCoSo: 
Combined Compromise Solution; MARCOS: measurement of alternatives and ranking according to compromise 
solution; MABAC: multi-attributive border approximation area comparison; WASPAS: Weighted Aggregated 
Sum-Product Assessment 

 

From Tables 4.1 and 4.2, it is revealed that from a plethora of literature where a 

hybrid MCDM is applied for selection problem, more emphasis is laid on subjective 

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

subjective perspective and neglecting objective evaluation may result in weakened 

practicality of the chosen alternative (Li et al., 2020). Therefore, an approach that 

will integrate the subjective perspective of the decision-maker and objective 

performance of the various alternatives will give a more acceptable result and 

effective decisions made therefrom.  

4.1.3 Novelty, Justification and Contribution of the Study  

From the recent literature survey presented by (Vlachokostas et al., 2021) on multi-

criteria methods for waste-to-energy technology selection and Table 4.1, it is 

observed that most of the recent state-of-the-art similar studies have either 

considered only subjective or objective method for determining the relative 

importance of evaluation criteria in waste management or waste-to-energy 



 
 

84 
 
 
 

technology selection. However, considering only either subjective or objective 

method for weight determination may give rise to weakened practicality, and thus, 

making it difficult to choose the most important criterion for consideration. Again, 

sustainability is vital when selecting any energy generation system such as waste-

to-energy system. However, most studies did not consider all these factors for the 

selection of waste-to-energy technology. Insufficient consideration of the 

aforementioned may affect the ranking of waste-to-energy technologies in the order 

of their suitability and sustainability for profitable investment. 

In summary, (1) most researchers have based their evaluation on subjective 

weighting methods (2) traditional AHP or ANP method was mostly adopted for 

�Z�H�L�J�K�W�� �G�H�W�H�U�P�L�Q�D�W�L�R�Q�� �������� �F�R�Q�V�L�G�H�U�D�W�L�R�Q�V�� �Z�H�U�H�� �R�Q�O�\�� �J�L�Y�H�Q�� �W�R�� �G�H�F�L�V�L�R�Q�� �P�D�N�H�U�V�¶��

judgment in the final evaluation indices (4) the objectivity of the evaluation indices 

was scarcely considered.  

Based on the above findings, the novelty of this study dwells on the need to fill this 

gap. This present work therefore proposes a novel hybrid method that will 

incorporate the subjective considerations of the decision-maker and objective 

performance evaluation of waste-to-energy technologies with an overall 

consideration of uncertainty and sustainability. The proposed novel hybrid method 

is termed Fuzzy-AHP, Fuzzy-Entropy and Fuzzy-MULTIMOORA. 

The main advantage of a hybrid method is to neutralize the shortcomings and to 

complementarily take advantage of each composing method with the view to 

achieving a better result. For instance, fuzzy AHP is subjective based which allows 

decision-makers to understand the involved variables and their relationship by 

integrating all the judgments with structured links based on a sound and simple 

mathematical foundation (Vlachokostas et al., 2021). However, the flexibility and 

mutability in human opinions can lead to randomness and inconsistency in decision-

making. On the other hand, objective weighting methods such as the entropy 

method reflect the collected or calculated data (decision matrix) and the weights are 

obtained by a mathematical method. However, the objective weighting methods do 

not capture the opinion of the decision makers and may therefore not be in 

agreement with the actual rank of attributes (Hongjiu and Yanrong, 2015). 

Combining these approaches, it could specifically accommodate different scenarios 

where a group of designers are involved with different levels of experience (Alemi-
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Ardakani et al., 2016) such that there could be a trade-off between the subjectivity 

of decision-�P�D�N�H�U�V�¶���M�X�G�J�H�P�H�Q�W���D�Q�G���R�E�M�H�F�W�L�Y�L�W�\���L�Q���W�K�H���G�H�F�L�V�L�R�Q���P�D�W�U�L�[���D�Q�G���E�U�L�Q�J���I�R�U�W�K��

much more acceptable results.  

The justifications for the proposed hybrid method are: (1) although traditional AHP 

is reported to be the most utilized method for waste-to-energy selection it is 

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

opinion. To overcome this problem, integration of fuzzy set theory with AHP  (Fuzzy-

AHP) was introduced by (Van-Laarhoven and Pedrycz, 1983). Fuzzy-AHP is 

capable of determining a more accurate and adequate judgment in real-time when 

handling problems with imprecision and uncertainty (Wong and Li, 2008), hence the 

use of Fuzzy-AHP in this study. (2) The fuzzy-entropy method measures the amount 

of uncertainty contained in the information and determines the relative importance 

of the attributes that characterize the average intrinsic information transmitted to the 

decision maker (Garg et al., 2015). It has the advantage of computation simplicity 

compared to other objective weighting methods such as Criteria Importance through 

Inter-criteria Correlation method (CRITIC). Again, the criteria considered in this 

paper are almost independent of each other. Entropy weighting method is more 

suitable for criteria with strong independence (Wang et al., 2021). Therefore, the 

choice of Fuzzy-Entropy will take care of criteria independence and vagueness in 

information data. (3) Fuzzy-MULTIMOORA is a new powerful MCDM which 

incorporates three different sub-ordinate methods that are highly consistent, quite 

robust, comprehensible and comprehensive (Wang et al., 2021). Moreover, the 

calculation process of Fuzzy-MULTIMOORA method is not affected by any extra 

�S�D�U�D�P�H�W�H�U�����V�X�F�K���D�V���µ�Y�¶���L�Q���9�,�.�2�5���P�H�W�K�R�G�����µ�µ�L�Q���*�5�$���P�H�W�K�R�G���D�Q�G���µ�µ�L�Q���:�$�6�3�$�6��

method), so this approach is expected to be more stable for waste-to-energy 

selection problem. This work is novel as it is the first to apply these methods for 

waste management strategy and waste-to-energy technology selection problem. 

Therefore, the contributions of this work are seven-fold:  

1. A comprehensive decision-making framework for the selection of sustainable 

waste-to-energy technology is proposed. 

�[ �O
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2. An evaluation criteria system for sustainable waste-to-energy technology 

selection is constructed by consulting relevant literature and pertinent institutional 

reports. 

3. A novel integrated fuzzy-based subjective and objective approach that 

incorporates the subjective perspective of the decision-maker and objective 

performance of the various alternatives is adopted for combinative criteria weights 

determination. 

4. The combinative weights are applied to Fuzzy-MULTIMOORA which enables 

the alternative evaluation from subjective and objective perspectives and provides 

the best alternative for decision makers.    

5. Applicability of the proposed methods is tested on waste-to-energy selection 

problem for the City of Cape Town, South Africa. 

 6. Validation of the proposed methods through comparison with existing models 

and sensitivity analyses is carried out. 

7. Managerial implications in terms of social, environmental and policy 

implications of the selected waste-to-energy technology are presented. 

 

4.2 Description of Alternative Waste -to-Energy Technologies  

Broadly, the waste-to-energy conversion technologies are grouped into 

thermochemical and biochemical processes. Thermochemical processes extract 

energy from waste through intense heating under controlled oxygen flow. 

Incineration, gasification, plasma arc gasification and pyrolysis are thermochemical 

processes. The biochemical processes employ the activities of bacteria and other 

microorganisms to decompose biodegradable component of the waste and 

produces gaseous and slurry-like products. A detailed description of each 

technology has been provided in Chapter 2 of this thesis.  

 

4.2.1 Selection of Sustainability Evaluation Criteria  

Sustainability provides a framework for integrating technical, economic, 

environmental and social interests into effective strategy (Khan and Kabir, 2020). 

With this in mind, the concept of sustainability has been adopted for the evaluation 

of various WtE technologies as distributed electricity generators in terms of the 
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evaluation criteria. Based on literature survey and in consultation with experts in 

WtE industry and academia, fourteen (14) sustainability sub-factors are identified 

spanning through technical, economic, environmental and social sustainability 

factors. Figure 4.1 shows the evaluation criteria.  

 

Figure 4.1: Evaluation criteria for the waste-to-energy technology selection 

 

The specific explanations of these sustainability sub-factors are presented as 

follows: 

4.2.1.1 Technical factor  

i. Electricity generation potential (GWh) (SF11) (Rahman et al., 2017, Afrane 

et al., 2021): This refers to the amount of electricity recoverable from the 

technology. The greater the amount of electricity recovered the better for the 

technology 
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ii. Overall System Efficiency (SF12) (%) (Neehaul et al., 2020, Yap and Nlxon, 

2015): Efficiency measures how much useful energy can be obtained from 

an energy source. Technology with higher overall efficiency is preferable 

iii. Technology maturity (SF13)  (Rahman et al., 2017, Neehaul et al., 2020): It 

implies the developmental status of the technology i.e., either the technology 

is in the research stage or in commercial use. A mature and commercially 

available technology has a reduced tendency for technology risks and easy 

access to capital acquisition programs as well as reduced capital costs.  A 

more mature technology is preferable.  

iv. Compatibility to local waste composition (SF14) (Neehaul et al., 2020, Yap 

and Nlxon, 2015): The different characteristics of the local MSW such as 

organic composition, moisture and ash content as well as its chemical 

composition may have an impact on the energy performance of the plant 

4.2.2.2      Economic factor   

i. Plant establishment cost (SF21) (US$)  (Neehaul et al., 2020): This is the 

cost required to put the plant in place. It incorporates all the expenses 

incurred for the construction and implementation of the project. The initial 

capital cost is generally very high, but also varies according to the chosen 

technology and its production capacity. Technology with minimal cost is most 

preferable. 

ii. Operation and maintenance costs (SF22) (US$)  (Neehaul et al., 2020): 

These are the total money spent on the running of the plant throughout its 

lifetime. The operation and maintenance costs are also technology-

dependent and vary according to the amount of waste treated. Technology 

with lower operation and maintenance costs is preferable. 

iii. Net Present Value (SF23) (US$) (Joseph and Prasad, 2020, Alao et al., 

2020): This is an economic indicator which shows the difference between the 

total present values of cash outflows and the cash inflows over the lifetime of 

the project. Its value must be positive for the economic viability of the project. 

iv. Payback Period (SF24) (years) (Alao et al., 2020): It is the time at which the 

cost of investment equals operating cost. The payback period should be less 
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than the project lifetime for viability of the project otherwise such a project is 

unviable. The project payback period should be as low as possible. 

 

4.2.2.3 Environmental factor  

i. Greenhouse gas emission (SF31) (kg/ton) MSW (Luo et al., 2021): The 

greenhouse gases comprise mainly of carbon dioxide (CO2), methane (CH4), 

and di-Nitrous oxide (N2O) etc., CO2 is the most potent greenhouse gas, 

which is about 32 times stronger than CH4 in terms of climate change inclined 

effect. The lower the GHG emission potential of a technology, the better the 

technology 

ii. Dioxin and Furan Emission (SF32) (g/kWh) (Ayodele et al., 2017): Dioxin and 

Furan are organic pollutants emitted due to incomplete combustion of fuels. 

Dioxin and Furan emissions are responsible for carcinogenic and respiratory 

disorders. These emissions must be stringently controlled and limited below 

the standard. 

iii. Land area requirement (SF33) (Ali et al., 2018, Rahman et al., 2017): 

Availability of suitable site and size of land is very crucial for the 

establishment of a waste-to-energy plant. Land area could be a major 

constraint for the establishment of the waste-to-energy plant especially in 

most developed countries such as Japan where there is land shortage. 

Therefore, waste-to-energy system which requires minimum land area is 

more preferable. 

4.2.2.4 Social factor  

i. Job creation (SF41) ���5�D�K�P�D�Q�� �H�W�� �D�O������ ������������ �$�U�Õ�N�D�Q�� �H�W�� �D�O������ ����������: The 

implementation of a project is expected to provide new job opportunities. 

Implementation of a waste-to-energy technology is expected to contribute to 

social development by providing new jobs for the local population. 

ii. Social acceptability (SF42) (Wu et al., 2018): Social acceptability expresses 

the willingness of the local population to the establishment of a waste-to-

energy plant in their vicinity. Opposition by residents can heavily impact the 
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installation of waste-to-energy technology within a locality. Adequate 

�V�W�U�D�W�H�J�L�H�V���V�K�R�X�O�G���E�H���P�D�G�H���W�R���G�H�D�O���Z�L�W�K���W�K�H���³�1�R�W-In-My -Back Yard" syndrome. 

iii. People displacement (SF43) (Khan and Kabir, 2020): This sub-criterion is 

similar to social acceptability. The tendency of a technology to elicit products 

(solid, liquid or gaseous form) that can impact good and healthy living can 

cause people to desert their habitat. Technology with low tendency for people 

displacement is most preferable. 

4.3 Methodology  

With reference to Figure 4.2, the details of the proposed model will be presented in 

the following sub-section. 

 

Figure 4.2: The Flowchart of the proposed model 

 







 
 

93 
 
 
 

inappropriate. Tyagi1 et al. (Tyagi et al., 2018) developed an enhanced extent 

analysis method (eEAM) to overcome this fundamental problem. Therefore, this 

study applies the  eEAM  developed by (Tyagi et al., 2018).  

The following are steps for the Fuzzy-AHP based on the enhanced extent analysis 

method 

 

Step 1: Criteria identification and pairwise comparison  

The criteria to be used as the platform for decision-making are identified through 

literature survey and consultation with experts. Based on the identified criteria, 

experts were asked to make a qualitative assessment of the identified criteria/factor 

and sub-criteria/factor using a survey questionnaire approach.  

Step 2: Formulation of fuzzy pairwise comparison decision matrix  

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

by converting the linguistic terms of each expert�¶�V�� �R�S�L�Q�L�R�Q�� �L�Q�W�R�� �7�)�1�V�� �X�V�L�Q�J�� �7�D�E�O�H��

4.4. 

Table 4.4: Triangular fuzzy conversion scale for the weight vector evaluation (Kaya 
�D�Q�G���.�D�K�U�D�P�D�Q�����������������.�X�W�O�X���D�Q�G���(�N�P�H�N�o�L�R�J�Ù�O�X�������������� 
Linguistic Terms TFNs Scores Inverse TFNs Scores 
Absolutely Strongly more important (AS) 2, 5/2, 3 1/3, 2/5, 1/2 
Very Strongly more important (VS) 3/2, 2, 5/2 2/5, 1/2, 2/3 
Fairly Strongly more important (FS) 1, 3/2, 2 1/2, 2/3, 1 
Slightly Strongly more important (SS) 1, 1, 3/2 2/3, 1, 1 
Equally important (E) 1, 1, 1 1, 1, 1 
Slightly Weakly more important (SW) 2/3, 1, 1 1, 1, 3/2 
Fairly Weakly more important (FW) 1/2, 2/3, 1 1,3/2, 2 
Very Weakly more important (VW) 2/5, 1/2, 2/3 3/2, 2, 5/2 
Absolutely Weakly more important (AW) 1/3, 2/5, 1/2 2, 5/2, 3 

 

Step 3: Formation of decision matrix  

A decision matrix (4.3) is constructed by aggregating the fuzzy pairwise comparison 

matrices for all the experts using geometric mean (GM) approach (Khan et al., 2019) 

and (4.4) - (4.6).  
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                                           (4.3)

 Where  and  

                                   (4.4)

              (4.5)

                                                          (4.6) 

�:�K�H�U�H�����µ�¶�����µ�¶�����D�Q�G���µ�¶���D�U�H���W�K�H���O�R�Z�H�U�����P�L�G�G�O�H���D�Q�G���X�S�S�H�U���Y�D�O�X�H�V���R�I���W�K�H���7�)�1���I�R�U���H�D�F�K 

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

 

Step 5:  Consistency Check  

The quality of Fuzzy-AHP results strongly depends on the regularity and uniformity 

�R�I���W�K�H���H�[�S�H�U�W�V�¶���M�X�G�J�P�H�Q�W�V��(Qazi and Abushammala, 2020). The consistency check 

is determined using (4.7).  

                                                                                        (4.7)               

                                                                                                (4.8) 

The parameter (CR) is consistency ratio, (CI) is the consistency index and (RI) is 

random index and is the eigenvalue decision matrix. It is computed by using the 

following formula 

,                                                          (4.9)
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                (4.10) 

where  n  is the number of criteria/factors. 

The value of RI depends on the dimension (order) of the comparison matrix. Table 

4.5 shows the RI values for up to 15 criteria.           

      

Table 4.5: Random index values for matrix of size 15 (Odu, 2019) 
  Size(n) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
    R1 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.54 1.56 1.57 1.59 

 
The acceptability limit of the CR depends on the size of the decision matrix (Saaty, 

2008, Sindhu et al., 2016). The acceptable limit of CR is provided in Table 4.6. 

 

Table 4.6: Acceptable limit of Consistency Ratio (Saaty, 2008, Sindhu et al., 2016) 
Matrix Size Acceptable CR limit 
    0.05�d  
     

  
 

If the value of CR obtained for a particular size of matrix is more than the predefined 

value provided in Table 4.6, it �L�P�S�O�L�H�V�� �W�K�D�W�� �W�K�H�� �H�[�S�H�U�W�V�¶�� �M�X�G�J�P�H�Q�W�V�� �D�U�H�� �L�Q�F�R�K�H�U�H�Q�W��

and not acceptable; hence the evaluation process has to be repeated until 

consistency is reached. Otherwise, if the values obtained are within the range 

�S�U�R�Y�L�G�H�G���� �W�K�H�� �H�[�S�H�U�W�V�¶�� �M�X�G�J�P�H�Q�W�V�� �D�U�H�� �F�R�Q�V�L�V�W�H�Q�W�� �D�Q�G��acceptable and the decision 

taken based on such evaluation could be reliable 

 

Step 6: Determination of fuzzy extent values for each criterion  

Let be the elements of the object set and   

represent the elements of the goal set. For each object, an extensive analysis for 

each goal ( ) is performed, respectively. Hence, for each object, there are  

extent analysis values that can be derived using the following notations 

 . Where,  are all TFNs 
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,                                    (4.26)

,                 (4.27) 

                                                                                                                       (4.28) 

where, , M
ijp  and are lower, middle and upper values of the proportion for 

ith alternative with respect to the jth criteria 

Step 4:  Obtain the degree of fuzzy Entropy ( ,   , )L M U
j j j jE e e e  of each criterion. 

                                                            (4.29) 

                                                                                                    (4.30) 

                                                         (4.31) 

                                                                                                                               (4.32) 

It should be noted that if , and , then ,  

 and   

Step 5:  Determine the fuzzy degree of divergence ( ,   , )L M U
j j j jd d d d in each 

criterion as                 
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          (4.35)
 

Step 6 : Determine the fuzzy Entropy weight 0
0 0 0( ,   , )L M U

j j j jW w w w� by using 

these equations. 

                                                                   (4.36)                                                                           

                                                                                     (4.37)

             (4.38) 

Step 7 : Normalize the Fuzzy Entropy weights 0 0 0 0( ,  ,  )L M U
j j j jw w w w�  using the 

method presented in (Wang and Elhag, 2006) such that  
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Step 8 : Determine the real (crisp) numerical values of the Fuzzy Entropy weights     

( 0
jW ��. In order to convert a triangular fuzzy number to real (crisp) number, we apply 

a defuzzification method such as centre of area (COA), graded mean integration 

representation (GMIR) etc., In this work, we have applied COA (as shown in (4.45)) 

because of its simplicity and straightforwardness; and it is adjudged as the most 

practical and suitable to obtain the Best Non-fuzzy Performance (BNP) value of a 

TFN (Turskis et al., 2019). To obtain the non-fuzzy (real number) of the fuzzy-

Entropy weights we apply (4.45) 

                     (4.45)                 

�Z�K�H�U�H���µ�¶�����µ�¶�����D�Q�G���µ�¶���D�U�H���W�K�H���O�R�Z�H�U�����P�L�G�G�O�H���D�Q�G���X�S�S�H�U���Y�D�O�X�H�V���R�I���W�K�H���7�)�1�� 

Step 9 : Normalize crisp Entropy weights by using (4.46) 
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                                                                                                                 (4.46) 

The parameter 0( )jR W ��is the defuzzified Entropy weight. 

4.3.1.4 Comprehensive weights  

To incorporate the influence of both the objectivity of the information data and 

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

which includes a combination of the weights obtained by Fuzzy-Entropy and Fuzzy-

AHP methods as presented in (4.47). 

  [0,1]C S O
j j jW W W�D �E �D� �u �� �u �•

                                                                        (4.47) 

Where, S
jW the subjective weight is determined by F-AHP, o

jW  is the objective 

weight which is determined by F-Entropy and C
jW  is the comprehensive weight. It 

should be noted that  and are the weightage of preference given to the 
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subjective or objective weighting methods by the decision-maker. . At 

this stage, the decision makers are assumed to accord equal priority to objective 

and subjective weights; and the values of and are considered to be 0.5. 

4.4 Fuzzy-MULTIMOORA Method  

The Multi-Objective Optimization based on Ratio Analysis plus full multiplicative 

form (MULTIMOORA) model was put forward by (Brauers and Zavadskas, 2010a) 

and later extended to fuzzy environment by (Brauers et al., 2011). Fuzzy-

MULTIMOORA (F-MULTIMOORA) is a relatively new, versatile and powerful 

MCDM model that is composed of three integrated MCDM models such as weighted 

ratio system, the weighted reference method and the weighted full multiplicative 

approach. The effectiveness and efficacy of Fuzzy-MULTIMOORA have been 

tested in various practical applications such as renewable energy selection (Alkan 

and Albayrak, 2020), battery supplier selection (Wang et al., 2021), technological 

forecasting method selection  (Dahooie et al., 2019) and personnel selection 

���%�D�O�H�]�ß�H�Q�W�L�V�� �H�W�� �D�O������ ����������. The following steps are followed for implementing F-

MULTIMOORA (Wang et al., 2021), 

Step 1 : A group of experts  is formed to assess the alternatives based on the 

identified criteria using appropriate linguistic variables in Table 4.7. 

Step 2 : Determine the aggregated fuzzy rating of each alternative with respect to 

each criterion. The responses of the experts are aggregated using arithmetic mean 

(AM) method according to (4.48) �± (5.50). If the fuzzy ratings of all experts  are 

described as TFNs such that  , then the aggregated fuzzy 

rating of all the experts can be obtained as  

             (4.48)    

             (4.49)
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(2) Calculate the distance of the reference points to each element of the 

normalized matrix  using (4.55)   

                                                         (4.55) 

Then the utility score of each alternative is obtained as a weighted sum of the degree 

of deviation. The alternative with lowest value of is ranked best. The value of 

is calculated as in (4.56) 

                                                                                           (4.56) 

C: Determine the performance index for each alternative based on the weighted full 

multiplicative form. It is determined using the following formula.  
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� �–                                                                                                           (4.57) 

The value of is calculated using (4.3) and (4.7) in Table 4.3. Since the results 

of is still a fuzzy number, they are converted to non-fuzzy (crisp) numbers 

using the COA in (4.45). The larger the value of the better the corresponding 

alternative  

Step 6:   Determine the final ranking of alternatives by integrating the calculation 

results in steps A, B and C based on dominance theory (Brauers and Zavadskas, 

2012, Wang et al., 2021). 
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4.5 Application of the Proposed Model for the Case Study  

In order to test the applicability of the proposed model, the City of Cape Town (CCT), 

South Africa is selected. The CCT is the main economic hub and the capital of the 

�:�H�V�W�H�U�Q���&�D�S�H���3�U�R�Y�L�Q�F�H�����7�K�H���&�L�W�\�¶�V���O�D�Q�G�V�F�D�S�H���D�Q�G���R�W�K�H�U���Q�D�W�X�U�D�O���I�H�D�W�X�U�H�V���P�D�N�H���&�&�7��

a well-known destination for holidays. This is making CCT constantly witness influx 

of many people both foreigners and locals as tourists or in search of job 

opportunities. A 45.9% of population increase was witnessed in the CCT when the 

population grew from about 2.6 million in 1996 to 3.7 million in 2011. Currently, the 

population stands at 4.6 million people at 2.07% growth rate (Macrotrends, 2021). 

Population and economic growth are the major indices for huge consumption of 

resources and are the impelling factors for the increase in the rate of waste 

generation (Alao et al., 2020). More than 70% of the waste generated in the Western 

Cape Province comes from the CCT with an average per capita waste generation 

rate of about 0.415 tons per annum (GreenCape, 2019). The waste composition for 

the City of Cape Town is presented in Table 4.8 while the map of Cape Town is 

shown in Figure 4.5. 

Figure 4.5: Map showing the study area (Becker et al., 2014) 

The three public landfill sites in the CCT are nearing the end of their lifetime with 

less than 10 years airspace while the only privately operated landfill site has about 

seven years available (CCT, 2017). In order to reduce the amount of waste disposed 

of at various landfill sites, a number of waste minimization programs have been 

�L�Q�W�U�R�G�X�F�H�G�� �D�Q�G�� �L�P�S�O�H�P�H�Q�W�H�G�� �D�F�U�R�V�V�� �W�K�H�� �&�L�W�\�� �V�X�F�K�� �D�V�� �W�K�H�� �µ�7�K�L�Q�N-�7�Z�L�F�H�¶�� �S�U�R�J�U�D�P�V��

aimed at source separation of waste to enhance recycling activities and in the 
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short/medium terms meet the national waste minimization target. However, the 

option of energy recovery after separation at source has not yet been implemented 

effectively. One of the fundamental pillars of the Integrated Development Plan (IDP) 

for the 2017/18 - 2021/2022 plans for the CCT is to make Cape Town more energy 

secure by encouraging distributed generations and working towards a more 

sustainable mix of energy sources with a greater emphasis on renewables (CCT, 

2017). The extraction of energy from waste can make a meaningful contribution 

towards the achievement of a cleaner environment as well as green energy 

generation in the City of Cape Town.  

 

  Table 4.8: Waste composition of the City of Cape Town (GreenCape, 2019) 
Waste type Organic

s 
Plastic
s 

Pape
r  

Metal Glas
s 

Non-
recyclable 

E-waste Tetrapa
k 

Haza
rdou
s  

%Compositio
n 

28.0 14.0 13.0   2.0 4.0 31.0 0.3 0.5 7.0 

 

With reference to Table 4.8, the composition of the waste revealed that both thermal 

and biological based WtE processes could be applied for electricity generation in 

the City of Cape Town. Hence, there is a need to select the most appropriate one 

among these technologies that is capable of satisfying the sustainability factors of 

economy, environment and social acceptability concurrently. Anaerobic digestion 

(AD), incineration (INC), gasification (GAS) and pyrolysis (PYR) are alternative 

technologies considered. Despite that LFGR is already in operation in some 

locations in South Africa, it is not considered due to the current call for implementing 

strategies that limit or avoid discharge of fresh garbage to the landfill sites; and 

encouraging technologies that ensure waste reduction. Again, LFGR has been 

found to be the least sustainable among other technologies (Fetanat et al., 2019, 

Khan and Kabir, 2020). AD is presented as alternative 1 (A1), INC as alternative 2 

(A2), PYR as alternative 3 (A3) and GAS as alternative 4 (A4). 

4.6 Results  

This section presents the results of the proposed multi-criteria decision method. 
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4.6.1 Results from Pairwise Comparison and the Actual Performance Data  

The data for the quantitative component of this study was adapted from a previous 

work by (Alao et al., 2022b).  In the referenced study (Alao et al., 2022b), five experts 

in the waste-to-energy industry and academia were carefully selected and consulted 

by asking them to complete a survey questionnaire and make a pairwise comparison 

of the evaluation factors and sub-factors with respect to the goal and alternatives. 

Three academic experts with PhD qualifications and two industry-based experts with 

vast experience and background knowledge on WtE technologies for developing 

countries whose MSW composition and economy are similar to those of South 

Africa. One expert was carefully selected from University of Johannesburg (South 

Africa), one from Nanjing University of Information Science & Technology (China), 

and one from University of Ibadan, (Nigeria), with the remaining two from the 

Department of Environmental Affairs (South Africa). Responses made by each 

expert in linguistic terms are converted into fuzzy numbers using triangular fuzzy 

number (TFNs) conversion scale provided in Table 4.4. The responses of the 

experts are put together (aggregated) into a singular decision matrix for each 

evaluation factor. Additionally, the evaluation ratings of the alternatives by the five 

experts based on the linguistic terms in Table 4.7 are determined.  

The qualitative components such as maturity, compatibility to local waste 

composition and social acceptability are obtained based on the linguistic rating by 

the experts. The aggregated ratings of the alternatives using (4.48) �± (4.50) and 

results of numerical calculations are determined. 

The ratings of each competing alternative with respect to the evaluation criteria 

provided by the experts are presented in Table 4A in the appendix. The results for 

the actual performance evaluation of the alternatives obtained by numerical 

calculations are presented in Table 4.9.  It should be noted that Table 4.9 is 

composed of qualitative and quantitative parameters; the qualitative components 

�D�U�H���W�K�H���D�J�J�U�H�J�D�W�H�G���H�[�S�H�U�W�V�¶���M�X�G�J�P�H�Q�W�V���� 
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Table 4.9: Performance evaluation of the alternatives obtained by numerical 
calculations 

Factor  Criteria Alternative Technologies 
 AD (A1) INC (A2) PYR (A3) GAS (A4) 

Technical  
(F1) 

SF11 (GWh) 366.54 1296.9 219.56 4174.2 
SF12** (%) (10-20) (18-20) (18-30) (18 - 30) 
SF13 (5.8,7.8,9.4) (9,10,10) (3.8,5.8,7.8) (4.6,6.6,8.2) 
SF14 (6.8,8 ,8.6) (8.2,9.4,9.8) (2.6, 4.4, 6) (2.0,3.8,5.6) 

Economic  
(F2) 

SF21 (x106$) 198.80 704.48 3.5563 2048 
SF22 (x106$) 9.5648 2.2896 9.2906 119.10 
SF23 (x106$) 136.25 370.12 105.81 627.79 
SF24 (Years) 6.61 4.77 7.13  11.23 

Environmental 
(F3) 

SF31 
(ktonCO2eq) 

5.6788 2376.8 198.06  3147.3 

SF32 (g) 0.001871 352.2 8.1  0.042357 
SF33  (5.4,7.0,8.20) (6.2,9.6,10) (5.4,7.4,8.8) (5.4,7.4,8.8) 

Social  
(F4) 

SF41 (8.6,9.8,10) (7.2,9.6,10) (6.8,8.0,8.6) (6.8,8.0,8.6) 
SF42 (8.6,9.8,10) (0.6,1.0,2.2) (3,5,7) (3,5,7) 
SF43 (8.6,9.8,10) (1,3,5) (6.6,8.6,9.8) (8.6,9.8,10) 

 

It should be noted that Table 4.9 is composed of qualitative and quantitative 

parameters. Detail meaning of these parameters has been presented in section 

4.2.2. For instance, SF13 is a qualitative criterion whose value is determined based 

�R�Q�� �H�[�S�H�U�W�V�¶�� �R�S�L�Q�L�R�Q�V. While SF11, SF21, SF22, SF23, and SF24 mean electricity 

generation potential, plant investment cost, operation and maintenance cost, Net 

present value and simple payback period, respectively. These parameters are 

quantitative and their values are determined based on procedure and numerical 

formulae in �����$�O�D�R�� �H�W�� �D�O������ ���������E������These parameters are calculated as single real 

number. This single value has to be fuzzified such that the single real number is 

transformed into TFN by taking the three components of the fuzzy number equal to 

the real number. For example, SF11 for AD = *366.54 (GWh) becomes (366.54, 

366.54, 366.54). Other single real numbers are transformed into TFN in a similar 

manner. **The overall efficiency for AD in interval number (10-20) is converted to 

TFN (10, 15, 20) using (4.21) which is achievable overall system efficiency based 

on data for developing countries (Yap and Nlxon, 2015). 

 

4.6.1.1 Results of pairwise comparisons  

The results for the responses made by each expert in linguistic terms are presented 

in Tables 4A1- 4A5 in the �D�S�S�H�Q�G�L�[�����$�����$�O�O���W�K�H���H�[�S�H�U�W�V�¶���G�H�F�L�V�L�R�Q�V���D�U�H���D�J�J�U�H�J�D�W�H�G��

for each case of evaluation into a single decision matrix using (4.4) �± (4.6). The 
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results of the aggregated comparison matrices for all the cases are shown in Tables 

4A6 - 4A10 in the appendix.  

 

4.6.2 Criteria Weights Results  

The results of the objective, subjective and combinative weights of criteria are 

presented in the following section. 

 

4.6.2.1 Subjective weights calculation (Fuzzy -AHP) 

Based on the aggregated decision matrices depicted in Tables A6-A10, the 

subjective weights of main evaluation factors and sub-factors are determined using 

(4.11) - (4.19) and the results are presented in Table 4.10. 

 

Table 4.10: The Local and Global weights of the evaluation factors and sub-factors 
Factor Factor 

Weight 
Sub-
factor 

Local 
Weight 

Local 
Rank 

Global 
Weight  

Global 
Rank 

Technical  SF11 0.125 4 0.0310 13 
 0.248 SF12 0.481 1 0.1193 3 
  SF13 0.132 3 0.0327 12 
  SF14 0.262 2 0.0650 6 
Economic  SF21 0.356 1   0.0684 5 
 0.192 SF22 0.142 4 0.0273 14 
  SF23 0.298 2 0.0572 7 
  SF24 0.204 3 0.0391 8 
Environmental  SF31 0.722 1 0.1834 1 
 0.254 SF32 0.147 2 0.0373 9 
  SF33 0.131 3 0.0333 11 
Social  SF41 0.530 1 0.1622 2 
 0.306 SF42 0.109 3 0.0334 10 
  SF43 0.361 2 0.1104 4 

 

The global (overall) weights of the evaluation sub-factors are determined by 

�P�X�O�W�L�S�O�\�L�Q�J���H�D�F�K���P�D�L�Q���I�D�F�W�R�U�¶�V���Z�H�L�J�K�W���D�Q�G���W�K�H���O�R�F�D�O���Z�H�L�J�K�W���R�I���W�K�H��sub-factor in the 

respective main factor category. For instance, SF31 in the environmental category 

has a local weight of 0.722 and the weight of the environmental factor is 0.254, the 

global weight of SF31 is . The global weights of other sub-

factors are determined similarly. From Table 9, it is clear that at local levels of 

criteria, the system efficiency (SF12) is the most important criterion at the 

0.722 0.254 0.1834� u �  
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technological level while electricity generation potential (SF11) is the least. At the 

economic level, initial investment cost (SF21) is the most important criterion while 

operation and maintenance costs (SF22) are the least important. For the 

environmental and social categories, greenhouse gas emission reduction (SF31) 

and job creation (SF41) are the most important criteria, respectively. At the global 

level, SF31 (greenhouse gas emission reduction) and operation and maintenance 

costs, are respectively the optimal and least optimal criteria for consideration while 

selecting waste-to-energy technologies. 

 

4.6.2.2 Objective weights calculation (Fuzzy -Entropy)  

Table 4.9 shows the actual performance data as well as the linguistic judgment of 

the experts for all the alternatives. Using (4.23) and (4.24), the normalized fuzzy 

decision matrix is determined and results presented in Table 4.11. Using (4.25) �± 

(4.44), normalized triangular Fuzzy-Entropy weights are determined. The crisp 

(defuzzified) entropy weights are determined according to formula (4.44) and then 

normalized crisp weights are obtained using relation (4.46). The results of the crisp 

(non-Fuzzy-Entropy) weights are presented in Table 4.12.   
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Table 4.11: Fuzzy Normalized Decision matrix for Entropy approach 
Alternative SF11 SF12 SF13 SF14 SF21 
A1 (0.0878, 0.0878,0.0878) (0.3333, 0.5000, 0.6667) (0.5800, 0.7800, 0.9400) (0.6939, 0.8163, 0.8776) (0.0179, 0.0179, 0.0179) 
A2 (0.3107, 0.3107,0.3107) (0.6000, 0.6333, 0.6667) (0.9000, 1.0000, 1.0000) (0.8367, 0.9592, 1.0000) (0.0050, 0.0050, 0.0050 
A3 (0.0526, 0.0526,0.0526) (0.6000, 0.8000, 1.0000) (0.3800, 0.5800, 0.7800) (0.2653, 0.4490, 0.6122) (1.0000, 1.0000, 1.0000) 
A4 (1.0000, 1.0000,1.0000) (0.6000, 0.8000, 1.0000) (0.4600, 0.6600, 0.8200) (0.2041, 0.3878, 0.5714) (0.0017, 0.0017, 0.0017) 
Alternative SF22 SF23 SF24 SF31 SF32 
A1 (0.2394, 0.2394,0.2394) (0.2170, 0.2170, 0.2170) (0.7216, 0.7216, 0.7216) (1.0000, 1.0000, 1.0000) (1.0000, 1.0000, 1.0000)     
A2 (1.0000, 1.0000,1.0000) (0.5896, 0.5896, 0.5896) (1.0000, 1.0000, 1.0000) (0.0024, 0.0024, 0.0024) (0.0000, 0.0000, 0.0000)    
A3 (0.2464, 0.2464,0.2464) (0.1685, 0.1685, 0.1685) (0.6690, 0.6690, 0.6690) (0.0287, 0.0287, 0.0287) (0.0002, 0.0002, 0.0002)     
A4 (0.0192, 0.0192,0.0192) (1.0000, 1.0000, 1.0000) (0.4248, 0.4248, 0.4248) (0.0018, 0.0018, 0.0018) (0.0442, 0.0442, 0.0442)     
Alternative SF33 SF41 SF42 SF43 
A1 (0.5400, 0.7000, 0.8200) (0.8600, 0.9800, 1.0000) (0.8600, 0.9800, 1.0000) (0.8600, 0.9800, 1.0000) 
A2 (0.6200, 0.9600, 1.0000) (0.7200, 0.9600, 1.0000) (0.0600, 0.1000, 0.2200) (0.1000, 0.3000, 0.5000) 
A3 (0.5400, 0.7400, 0.8800) (0.6800, 0.8000, 0.8600) (0.3000, 0.5000, 0.7000) (0.6600, 0.8600, 0.9800) 
A4 (0.5400, 0.7400, 0.8800) (0.6800, 0.8000, 0.8600) (0.3000, 0.5000, 0.7000) (0.8600, 0.9800, 1.0000) 

 

  

Table 4.12: Non-Fuzzy-Entropy weights 
Criteria SF11 SF12 SF13 SF14 SF21 SF22 SF23 
Entropy weights 0.0935 0.0118 0.0122 0.0210 0.2287 0.0863 0.0378 
Ranking 4 11 10 9 1 5 7 
Criteria SF24 SF31 SF32 SF33 SF41 SF42 SF43 
Entropy weights 0.0072 0.2005 0.2205 0.0101 0.0051 0.0438 0.0214 
Ranking 13 3 2 12 14 6 8 
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From Table 4.12, it is shown that when considering the only objective method 

(Fuzzy-Entropy), the most important criterion is initial plant establishment cost 

(SF21). The greenhouse gas emission reduction and dioxin furan emission are 

selected as second and third criteria, respectively. Electricity generation potential 

(SF11) is returned fourth while the least important criterion is job creation (SF41). 

 

4.6.2.3      Results of Comprehensive Weights Calculation  

After obtaining the subjective and objective weights, the comprehensive weights are 

now derived based on the assumption that the decision maker is neutral in his 

preference for subjective and objective weighting methods. That is, equal priority is 

given to objective and subjective weights (i.e., the value of is considered to be 

0.5). The results of the comprehensive weights based on are shown in Table 

4.13. 

 

Table 4.13: Comprehensive weights based on  
Criteria SF11 SF12 SF13 SF14 SF21 SF22 SF23 
Combined 
weights 

0.0623 0.0655 0.0225 0.0180 0.1469 0.0568 0.047
5 

Rank 7 6 12 14 2 8 9 
Criteria SF24 SF31 SF32 SF33 SF41 SF42 SF43 
Combined 
weights 

0.0232 0.1920 0.1289 0.0217 0.0836 0.0386 0.065
9 

Rank 11 1 3 13 4 10 5 
 

It is revealed from Table 4.10 and Table 4.12 that Fuzzy-AHP and Fuzzy-Entropy 

ranked the evaluation criteria differently.  With the integration of the two methods a 

new set of criteria rankings is produced as shown in Table 4.13. From Table 4.13, 

the environmental-based criterion (greenhouse gas emission reduction GHG) 

emission is considered as the most important criterion. This is followed by 

economic-based (initial plant establishment cost) criterion while the least important 

criterion is technical-based (i.e., compatibility to local waste composition) (SF14).   

 

 

 

�D
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4.6.3 Ranking of the Alternatives by Applying Fuzzy-MULTIMOORA 

Five experts evaluated the alternatives with respect to the identified sub-factors  

(Alao et al., 2022b). While the experts evaluate the alternatives, they assume that 

all the factors (criteria) are beneficial in nature. For example, if a WtE technology 

�R�S�W�L�R�Q���L�V���H�Y�D�O�X�D�W�H�G���D�V���µ�9�H�U�\���3�R�R�U�¶�����9�3�����L�Q���W�H�U�P�V���R�I���µ�&�22 �H�P�L�V�V�L�R�Q�V�¶�����W�K�L�V���L�P�S�O�L�H�V���W�K�D�W��

CO2 emission level of that WtE option is very high. On the other hand, if a WtE 

�D�O�W�H�U�Q�D�W�L�Y�H���L�V���H�Y�D�O�X�D�W�H�G���D�V���µ�9�H�U�\���*�R�R�G�¶���L�Q���W�H�U�P�V���R�I���µ�W�H�F�K�Q�R�O�R�J�\���P�D�W�X�U�L�W�\�¶���W�K�L�V���P�H�D�Q�V��

that such technology is very matured and, the maturity rating is very high. The 

linguistic responses of the experts are shown in the Table 4B2 in the appendix. The 

linguistic variables are converted into TFNs using the fuzzy conversion scale 

provided in Table 4.7. The aggregated performance evaluation of the alternative is 

obtained by using relation (4.48) �± (4.50) and the results are presented in Table 

4.14. Based on the assumption that all the criteria are benefit criteria, the 

aggregated evaluation matrix shown in Table 4.14 is normalized and the results are 

presented in Table 4.15 



 
 

114 
 
 
 

Table 4.14:  Aggregated performance evaluation of alternatives 
Alternative Sub-factors 

SF11 SF12 SF13 SF14 SF21 SF22 SF23 
A1 (5.4,7.4, 9.2) (7.4,8.8,9.6) (5.8,7.8,9.4) (6.8,8 ,8.6) (2.8,4.2,5.8) (3, 5,7) (9,10,10) 
A2 (9, 10, 10) (8.2,9.6,10) (9,10,10) (8.2,9.4,9.8) (1.4,2.6,4.4) (7, 8.8, 9.8) (3.4,5.4,7.2) 
A3 (5, 7, 9) (5.8,7.8,9.4) (3.8,5.8,7.8) (2.6, 4.4, 6) (1.8,3.8,5.8) (3.4,5.4,7.4) (1, 3, 5) 
A4 (5.8, 7.8, 9.4) (5.8,7.8,9.4) (4.6,6.6,8.2) (2, 3.8, 5.6) (3.2,4.2,6.2) (4.2,6.2,8) (4.4,6.2,7.6) 
Alternative 
 

Sub-factors 
SF24 SF31 SF32 SF33 SF41 SF42 SF43 

A1 (9,10,10) (9,10,10) (8.6,9.8,10) (5.4,7.0,8.2) (8.6,9.8,10) (8.6,9.8,10) (8.6,9.8,10) 
A2 (3,5,7)  (1.8,3.0,4.4) (0.6, 1, 2.2) (6.2,9.6,10) (7.2,9.6,10) (0.6,1.0,2.2) (1,3,5) 
A3 (1.8,3.8,5.8) (1.8,3.8,5.8) (3,5,7) (5.4,7.4,8.8) (6.8,8.0,8.6)     (3,5,7) (6.6,8.6,9.8) 
A4 (1.2,2.6,4.6) (1.8,3.8,5.8) (3,5,7) (5.4,7.4,8.8) (6.8,8.0,8.6)     (3,5,7) (8.6,9.8,10) 

 

Table 4.15: Normalized fuzzy evaluation matrix and the maximal criteria reference point 
Alternative Sub-factors 

SF11 SF12 SF13 SF14 SF21 SF22 SF23 
A1 (0.54, 0.74, 0.92) (0.74, 0.88, 0.96) (0.58, 0.78, 0.94) (0.68, 0.8, 0.86) (0.28, 0.42, 0.58) (3.0, 5.0,7.0) (0.9, 1.0, 1.0) 
A2 (0.9.,1.0, 1.0) (0.82, 0.96, 1.0) (0.9, 1.0, 1.0) (0.82, 0.94, 0.98) (0.14, 0.26, 0.44) (0.7, 0.88, 0.98) (0.34, 0.54, 0.72) 
A3 (0.5, 0.7, 0.9) (0.58, 0.78, 0.94) (0.38, 0.58, 0.78) (0.26, 0.44, 0.6) (0.18, 0.38, 0.58) (0.34, 0.54, 0.74) (0.1, 0.3, 0.5) 
A4 (0.58, 0.78, 0.94) (0.58, 0.78, 0.94) (0.46, 0.66, 0.82) (0.2, 0.38, 0.56) (0.32, 0.42, 0.62) (0.42, 0.62, 0.8) (0.44, 0.62, 0.76) 

refr  (0.9, 1.0, 1.0)  (0.82, 0.96, 1.0) (0.9, 1.0, 1.0) (0.82, 0.94, 0.98) (0.32, 0.42, 0.62) (0.7, 0.88, 0.98) (0.9, 1.0, 1.0) 

 SF24 SF31 SF32 SF33 SF41 SF42 SF43 
A1 (0.9, 1.00, 1.00) (0.90, 1.00, 1.00) (0.86, 0.98, 1.0) (0.54, 0.70, 0.82) (0.86, 0.98, 1.00) (0.86, 0.98, 1.0) (0.86, 0.98, 1.0) 
A2 (0.30, 0.50, 0.70)  (0.18, 0.30, 0.44) (0.06, 0.10, 0.22) (0.62, 0.96, 1.00) (0.72, 0.96, 1.00) (0.06, 0.10, 0.22) (0.10, 0.30, 0.50) 
A3 (0.18, 0.38, 0.58) (0.18, 0.38, 0.58) (0.30, 0.50, 0.70) (0.54, 0.74, 0.88) (0.68, 0.80, 0.86) (0.30, 0.50, 0.70) (0.66, 0.86, 0.98) 
A4 (0.12, 0.26, 0.46) (0.18, 0.38, 0.58) (0.30, 0.50, 0.70) (0.54, 0.74, 0.88) (0.68, 0.80, 0.86) (0.30, 0.50, 0.70) (0.86, 0.98, 1.00) 

 (0.90, 1.00, 1.00) (0.9, 1.00, 1.00) (0.86, 0.98, 1.00) (0.62, 0.96, 1.00) (0.86, 0.98, 1.00) (0.86, 0.98, 1.0) (0.86, 0.98, 1.00) 
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Table 4.16: Weighted Normalized Decision matrix 
Alternatives SF11 SF12 SF13 SF14 SF21 
A1 (0.0336, 0.0461, 0.0573) (0.0485, 0.0576, 0.0629) (0.0130, 0.0175, 0.0212) (0.0125, 0.0147, 0.0158) (0.0663, 0.0995, 0.1374) 
A2 (0.0561, 0.0623, 0.0623) (0.0537, 0.0629, 0.0655) (0.0203, 0.0225, 0.0225) (0.0151, 0.0173, 0.0180) (0.0332, 0.0616, 0.1043) 
A3 (0.0312, 0.0436, 0.0561) (0.0380, 0.0511, 0.0616) (0.0086, 0.0130, 0.0175) (0.0048, 0.0081, 0.0110) (0.0426, 0.0900, 0.1374) 
A4 (0.0361, 0.0486, 0.0586) (0.0380, 0.0511, 0.0616) (0.0103, 0.0148, 0.0184) (0.0037, 0.0070, 0.0103) (0.0758, 0.0995, 0.1469) 
 SF22 SF23 SF24 SF31 SF32 
A1 (0.0174, 0.0290, 0.0406) (0.0428, 0.0475, 0.0475) (0.0209, 0.0232, 0.0232) (0.1728, 0.1920, 0.1920) (0.1109, 0.1263, 0.1289)     
A2 (0.0406, 0.0510, 0.0568) (0.0161, 0.0257, 0.0342) (0.0070, 0.0116, 0.0162) (0.0346, 0.0576, 0.0845) (0.0077, 0.0129, 0.0284)    
A3 (0.0197, 0.0313, 0.0429) (0.0048, 0.0142, 0.0238) (0.0042, 0.0088, 0.0135) (0.0346, 0.0730, 0.1114) (0.0387, 0.0644, 0.0902)     
A4 (0.0243, 0.0359, 0.0464) (0.0209, 0.0295, 0.0361) (0.0028, 0.0060, 0.0107) (0.0346, 0.0730, 0.1114) (0.0387, 0.0644, 0.0902)     
 SF33 SF41 SF42 SF43  
A1 (0.0117, 0.0152, 0.0178) (0.0719, 0.0819, 0.0836 (0.0332, 0.0378, 0.0386) (0.0567, 0.0646, 0.0659)  
A2 (0.0135, 0.0208, 0.0217) (0.0602, 0.0803, 0.0836 (0.0023, 0.0039, 0.0085) (0.0066, 0.0198, 0.0330)  
A3 (0.0117, 0.0161, 0.0191) (0.0568, 0.0669, 0.0719 (0.0116, 0.0193, 0.0270) (0.0435, 0.0567, 0.0646)  
A4 (0.0117, 0.0161, 0.0191) (0.0568, 0.0669, 0.0719 (0.0116, 0.0193, 0.0270) (0.0567, 0.0646, 0.0659)  

 

Table 4.17: Fuzzy-MULTIMOORA Results 

Alternatives Ratio method Reference 
point 

 Full multiplicative Dominance 
theory 

rs
iU  

BNP Rank rp
iU  

Rank ( )fm
iU  

BNP Rank Overall Rank 

A1 (AD) (0.7121,0.8530, 0.9326) 0.8326 1 0.0588 1 (0.7048,0.8642, 0.9562) 0.8417 1 1 
A2 (INC) (0.3668,0.5100, 0.6394) 0.5054 4 0.3502 4 (0.2639, 0.4135, 0.5879) 0.4218 4 4 
A3 (PYR) (0.3506,0.5566, 0.7479) 0.5517 3 0.3202 3 (0.3265, 0.5557, 0.7578) 0.5466 3 3 
A4 (GAS) (0.4220,0.5967, 0.7744) 0.5977 2 0.2688 2 (0.3923, 0.5923, 0.7829) 0.5892 2 2 
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The weighted normalized evaluation matrix is constructed by multiplying the 

comprehensive weight of each criterion with the normalized evaluation score in 

Table 4.15. The weighted normalized decision matrix determined and results are 

shown in Table 4.16. Using (4.51) �± (4.53), the Fuzzy-weighted ratio approach is 

presented and the result is depicted in Table 4.17. The weighted reference point 

approach is executed by using (4.54) �± (4.56). From the normalized decision matrix 

presented in Table 4.16, the maximal criteria reference point  is defined 

according to (4.54) and the results are presented in Table 4.15. Thereafter, the 

distance between the reference point and each element of the normalized 

evaluation matrix is determined using (4.55), and (4.56) is applied to determine the 

utility score of each alternative. The utility-scale of each alternative based on 

weighted full multiplicative approach is determined according to (4.57) and the 

results are presented in Table 4.17. 

From Table 4.17, anaerobic digestion is ranked as the best sustainable waste-to-

energy technology for distributed generation among the four alternatives. 

Gasification is ranked second best while incineration is selected as the least 

sustainable waste-to-energy technology for implementation for distributed energy 

generation in the City of Cape Town, South Africa.  

 

4.7 Validity Check of the Proposed Method  

To test the robustness and effectiveness of the proposed method, three different 

approaches are considered. One, a comparative assessment with another recent 

work. Two, comparative analysis with extant robust methods is conducted. Three, a 

sensitivity analysis based on variation of the decision-�P�D�N�H�U�¶�V���S�U�H�I�H�U�H�Q�F�H���P�H�D�V�X�U�H��

is carried out. 

 

4.7.1 Comparison of the Present Study with another Recent Work  

In a similar study conducted by (Adenuga et al., 2020 ), AD was considered as the 

best technology for consideration in the Western Cape municipality of South Africa 

which incorporates the City of Cape Town (the case study). However, the ranking 

order of other waste-to-energy technologies is different from this present study as 

shown in Table 4.18. The difference might be due to the fact that Fuzzy-AHP, Fuzzy-

refr
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Entropy and Fuzzy-MULTIMOORA considered in the present study capture the 

vagueness and uncertainty in the opinions of the experts through the use of TFN 

unlike the crisp numbers considered in the traditional AHP adopted by (Adenuga et 

al., 2020 ) which lacks capability to express the opinion of the experts convincingly. 

Again, only subjective perspectives were considered. 

 

4.7.2 Comparative Assessment with Other Existing Models  

In order to verify the effectiveness, correctness and consistency level of the 

proposed model in this study, a comparative analysis is made with three other 

powerful fuzzy-based MCDM models including Fuzzy Weighted Aggregated Sum-

Product Assessment (F-WASPAS) (Turskis et al., 2019), Fuzzy Technique for Order 

Preference by Similarity to Ideal Solution (F-TOPSIS) (Afrane et al., 2021) and 

Fuzzy Combined Compromise solution (Fuzzy-CoCoSo) (Lahane and Kant, 2021). 

The choice of these models dwells on their versatility, simplicity and efficiency. One 

fundamental distinguishing feature of different MCDM models is the criteria 

normalization methods. It has been argued that the way data are normalized in 

MCDM methods can significantly affect the ranking results of alternatives (Ecer and 

Pamucar, 2020). To ensure uniformity, the same linear-max normalization method 

applied for the proposed model is adopted for all the comparing models. The results 

for the three comparing methods and the proposed method are presented in Figure 

4.6.  

Table 4.18: Comparison of ranking order of the present study with another work 
Alternatives Ranking by Present Study Ranking by AHP (Adenuga et al., 2020 ) 

AD (A1) 1 1 
INC (A2) 4 2 
PYR (A3) 3 4 
GAS (A4) 2 3 
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It could be inferred that if either only objective data or expert knowledge is utilized 

in decision-making, results will either totally rely on the actual performance data of 

the technologies and ignore the intuition of expert experience or completely based 

on the initiative of the experts without considering the actual operation performance 

of the technologies. This may make the decision-making results difficult to adapt to 

the developmental trend of modern waste-to-energy sectors and waste 

management industry. However, when equal consideration is given to both 

subjective and objective perspectives (i.e., ), A1 (AD) and A4 (GAS) are still 

the best and second-best alternatives but A3 (PYR) becomes the third alternative 

and A2 (INC) is now ranked the worst which is consistent with when actual 

performance data is applied. The reason could be that the consideration of objective 

data will affect the overall weight of each criterion, which can eventually make the 

overall ranking of alternative decision-making closer to the actual situation.  

Additionally, from the results of the sensitivity analysis, as presented in Figure 4.7, 

�L�W���L�V���H�Y�L�G�H�Q�W���W�K�D�W���Q�R���P�D�W�W�H�U���K�R�Z���W�K�H���S�D�U�D�P�H�W�H�U���µ�¶���W�K�D�W���L�Q�G�L�F�D�W�H�V���W�K�H���S�U�H�I�H�U�H�Q�F�H���R�I��

decision-makers does change, alternative A1 (AD) always maintains the first ranking 

and A2 (INC) occupies the �O�D�V�W���S�R�V�L�W�L�R�Q�����,�W���L�V���R�E�V�H�U�Y�H�G���W�K�D�W�����D�V���W�K�H���Y�D�O�X�H���R�I���µ�¶���L�V��

increased to surpass 0.8, the ranking order is tilting towards a situation of subjective 

superiority. In the overall, the decision results of waste-to-energy selection obtained 

by the proposed Fuzzy-AHP, Fuzzy-Entropy and Fuzzy-MULTIMOORA approach is 

effective and robust. This may assist the policy-makers in waste management, 

investors in waste-to-energy system and other stakeholders to choose the most 

sustainable waste treatment and energy recovery technologies to be implemented 

for distributed energy generation and environmental cleanliness for a particular 

municipality or a whole country at large. In summary, the analysis in this study has 

exposed the advantage of scientific integration of the expert knowledge with the 

actual performance metrics of the four-alternative waste-to-energy technologies 

such that the most Pareto solution is achieved and optimal choice is made. Besides, 

the proposed Fuzzy AHP, Fuzzy Entropy and Fuzzy-MULTIMOORA model is 

f�O�H�[�L�E�O�H���L�Q���W�H�U�P�V���R�I���W�K�H���G�H�F�L�V�L�R�Q���P�D�N�H�U�V�¶���S�U�H�I�H�U�H�Q�F�H�� 
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4.8 Discussion  

The criteria weights are major determinants for effective decision-making while 

choosing among competing options. In this study, three strategies (subjective, 

objective and combinative) were adopted for finding criteria weights. In the 

subjective approach (i.e., Fuzzy-AHP) according to Table 4.9, greenhouse gas 

emission reduction (SF31) in the environmental category is returned as the most 

important criterion for waste-to-energy implementation while the least significant 

criterion is operation and maintenance costs. For objective based approach (i.e., 

Fuzzy-Entropy) according to Table 4.11, the plant establishment cost (SF21) is 

considered the most important criterion while job creation (SF41) is the least 

important among the selected criteria. When a combination of both subjective and 

objective approaches is applied (see Table 4.12), the environmental-based criterion 

(i.e., greenhouse gas emission reduction) (SF31) is the most important criterion 

while the least important is compatibility to local waste composition (SF14). It could 

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

actual performance metrics of the alternatives (objective approach) for criteria 

weight determination may give different criteria as the most or least important. This 

could affect the ranking sequence of the alternatives which may mislead an 

intending investor or practitioner in choosing appropriate WtE technology. 

Incorporating the subjective and objective based-approaches could leverage on the 

strength of each method and a practitioner could obtain a balanced compromise in 

decision-making. With the application of Fuzzy-MULTIMOORA for ranking the 

alternatives, it is revealed that anaerobic digestion (A1) is the most sustainable WtE 

technology, gasification (A4) is the second best while incineration (A2) is the least 

sustainable.  

Gasification is better than incineration and pyrolysis for implementation because of 

its high electricity generation efficiency of 18-22% (Neehaul et al., 2020) and good 

environmental benefits in terms of waste reduction by volume to about 90-95% (Yap 

and Nlxon, 2015) and limited greenhouse gas emission as well as dioxin and furan 

emissions reduction potentials. It is reported that most of the pyrolysis based power 

plants available worldwide are at demonstration or pilot level (Lombardi et al., 2015) 

with no track record concerning its commercial scale application (Neehaul et al., 
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2020), they are therefore not fit for implementation in developing economy such as 

South Africa. 

Anaerobic digestion is a proven waste-to-energy technology that can process 

various types of waste such as food waste, organic waste and wastewater sludge 

(Editorial, 2020) but unsuitable for solid wastes containing polymeric materials such 

as plastic and textile (Mabalane et al., 2021)  and high lignin containing material 

such as paper and woody biomass (Nizami, 2012). The presence of harmful 

pathogens and other heavy metals in the residue of anaerobic digestion (digestate) 

makes the digestate unfit for direct application as soil conditioner for agricultural 

purposes (Yao et al., 2017). On the other hand, gasification technology can treat 

polymer-based (plastic and textile) components of the MSW and other dry biomass 

(paper and woody materials) including the residues from anaerobic digestion 

process. Due to the complementary attributes of anaerobic digestion and 

gasification, a hybrid application of anaerobic digestion and gasification could proffer 

long-term solution to the waste management problem by ensuring efficient utilization 

of feedstock for energy recovery and also contribute to the energy security issue of 

the City of Cape Town. The integration of anaerobic digestion and gasification 

processes has not only been proven to extract maximum energy embedded in 

organic waste (Yao et al., 2017) but also economically viable  (Mabalane et al., 

2021). The biogas and syngas produced from anaerobic digestion and gasification, 

respectively can be utilized for power generation using the same type of prime 

mover such as gas engine or fuel cell. Also, after adequate treatment (cleaning), the 

biogas from anaerobic digestion facilities and syngas from gasification process can 

be used as vehicle fuels leading to a reduction of fossil fuel combustion in the 

transportation sector and facilitating the attainment of greener City of Cape Town. It 

is therefore recommended that the integration of anaerobic digestion and 

gasification should be promoted as it has the potential to offer a well-balanced WtE 

technology compared to the stand-alone systems for the City of Cape Town. 

 

4.9 Managerial Implication of this Chapter  

This research provides a theoretical and practical basis for the optimal selection of 

waste-to-energy technologies for implementation in the City of Cape Town, South 

Africa. Although the case study is City of Cape Town in South Africa, the 



 
 

123 
 

methodology could be applied for selecting waste-to-energy technology in any 

municipality in South Africa and other developing countries with similar waste 

characteristics and economic nature like that of South Africa. The managerial 

implication of this study in terms of its relevance to practitioners and policy makers 

is discussed in the following sub-section: 

 

4.9.1 Practical Implication of the Selected Technologies  

To ensure reliable and affordable power supply for the populace, municipalities in 

South Africa have been encouraged to set up independent power plants based on 

renewable energy sources (Davie, 2020). This singular action is in line with the 

Nationally Determined Contribution (NDC) of South Africa to the Paris Agreement 

(Reguly and Mccarthy, 2015) to reduce greenhouse emissions from the continuous 

burning of coal for electricity production. In particular, the City of Cape Town has 

targeted major improvement to the exploitation of renewable energy resources for 

distributed generation (DG) and in the transport sector where an ambitious target of 

20% renewables of total energy use by 2020 was set by the City (IRENA, 2018). 

Since AD and gasification are renewable energy generation technologies, the 

implementation of a hybrid of these technologies can contribute to meeting this 

target. This is because the local waste composition is very compatible with these 

technologies i.e., food waste for AD, and plastic, paper and textile materials are 

gasified. Additionally, the green mobility agenda of the city can be met due to the 

production high quality fuels needed for the metro buses through biogas upgrading 

to bio-methane and syngas reforming to hydrogen gas. Carbon dioxide, a by-

product during biogas and syngas upgrading, can be stored as a liquid bio-carbon-

dioxide for preservatives and other industrial use. It can also be used as a feed for 

algae cultivation. 

4.9.2 Policy Implication of the Study  

For effective implementation of the selected waste-to-energy technologies, 

regulatory framework and policies should be initiated through legislative action that 

can stimulate public private partnership (PPP) in the waste-to-energy market. Also, 

financial incentives and subsidies should be introduced to encourage would-be 

investors in the waste-to-energy system. Feedstock availability is crucial for the 
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successful implementation of waste-to-energy system; therefore, authorities at local 

and national levels should impose strict sanctions and penalties on waste landfilling 

through high tipping fees to maximize waste diversion from landfills and ensure 

availability of waste feedstock for waste-to-energy implementation. Waste 

separation improves calorific value and reduces operating costs compared to mixed 

waste type. This could be achieved by putting in place laws and regulations and 

ensuring strict compliance through enforcement. During construction and while in 

operation, AD and gasification technologies can create direct, indirect, temporary 

and permanent jobs for the local communities. In the overall, the hybrid application 

of AD and gasification has the potential to earn carbon credits, create jobs and 

generate renewable electricity as well as revenue from the sale of by-products and 

achieve maximum waste diversion from landfills.  

4.10 Conclusion, Limitations and Future Outlook of the Study  

In this study, a hybrid MCDM model has been applied to prioritize the waste-to-

energy technologies suitable for implementation for distributed energy generation in 

the City of Cape Town.  Due to the criticality of criteria weights in the overall ranking 

of alternatives, a hybrid of two weighting methods which consider the objectivity of 

criterion data and subjectivity in the decision-�P�D�N�H�U�V�¶���R�S�L�Q�L�R�Q�V���D�U�H���D�S�S�O�L�H�G���� �,�Q���W�K�H��

hybrid MCDM model, Fuzzy AHP (subjective) and Fuzzy Entropy (objective) 

methods are utilized to determine criteria weights and Fuzzy-MULTIMOORA model 

to rank alternatives. This model considers the expert knowledge and the actual 

performance metrics of the alternatives, and enables decision makers to choose the 

most appropriate alternative under uncertainty and multiple conflicting criteria. The 

overall results are indicated in this order: anaerobic digestion > gasification > 

pyrolysis > incineration. That is, anaerobic digestion and incineration technologies 

were the most and least sustainable technologies, respectively. In the analysis, 

gasification came second while pyrolysis was in the third position. To ascertain the 

effectiveness and robustness of the proposed hybrid system, a comparative and 

sensitivity analysis was undertaken to test the consistency level of the proposed 

method. The proposed method is compared with three powerful MCDM methods 

including F-WASPAS, F-TOPSIS and F-CoCoSo. The comparative study indicates 

that the proposed method is perfectly consistent with the comparing models such 

that all the methods returned anaerobic digestion as the best technology and 
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incineration as the worst. The sensitivity analysis also shows that no matter how the 

�S�D�U�D�P�H�W�H�U�� �µ�.�¶�� �Y�D�U�L�H�V���� �W�K�H�� �R�S�W�L�P�D�O�� �D�O�W�H�U�Q�D�W�L�Y�H�� ���L���H������ �D�Q�D�H�U�R�E�L�F�� �G�L�J�H�V�W�L�R�Q�� �D�Q�G�� �Z�R�U�V�W��

alternative (i.e., incineration) are not influenced. The results of analysis also indicate 

that the proposed method makes the decision flexible based on the preference of 

the decision-makers to the weighting methods. 

Notwithstanding the better performance of the proposed method, there are some 

identified limitations in this study. Firstly, fourteen (14) evaluation criteria covering 

technical, economic, environmental and social are considered which could not be 

said to be exhaustive. With the increasing awareness of sustainability and circular 

economy in waste management and green energy generation, more evaluation 

criteria are required that include policy and political inclusiveness to ensure 

comprehensiveness in the evaluation process. Secondly, crisp values are used to 

express the decision-�P�D�N�H�U�V�¶�� �S�U�H�I�H�U�H�Q�F�H�� �R�I�� �Z�H�L�J�K�W�L�Q�J�� �P�H�W�K�R�G�V���� �6�L�Q�F�H�� �W�K�H�� �Z�H�L�J�K�W��

preference degree is a measure of opinions or judgment of the decision maker, it 

should be expressed in fuzzy form. So, representing the weights preference in crisp 

value may lead to loss of information and sub-optimality in the final selection. 

Therefore, further work is required to explore the impact of the fuzzification of the 

�Z�H�L�J�K�W�¶�V�� �S�U�H�I�H�U�H�Q�F�H�� �R�Q�� �W�K�H�� �R�Y�H�U�D�O�O�� �I�O�X�F�W�X�D�W�L�R�Q�V�� �L�Q�� �W�K�H�� �U�D�Q�N�L�Q�J�� �R�I��waste-to-energy 

technology. Thirdly, the aggregation method for ranking alternatives in 

MULTIMOORA is based on dominance theory in which only the ranking orders of 

alternatives are considered but neglects the ranking values. Other aggregation 

methods such as Extended Borda Rule that can incorporate the ranking values and 

orders could be applied in future work. Fourthly, although a blend of subjective 

(AHP) and objective (Entropy) weighting methods in fuzzy environment was used 

for the criteria weight determination, a hybrid of other subjective (such as Stepwise 

Weight Assessment Ratio Analysis (SWARA), Level Based Weight Assessment 

(LBWA) etc., and other objective methods such as (Importance through Inter-criteria 

Correlations (CRITIC) method, correlation coefficient and standard deviation 

(CCSD) method could be considered for future work. In the same vein, other types 

of MCDM models such as Double Normalization-Based Multiple Aggregation 

(DNMA), Multi-attribute border approximation area Comparison (MABAC), 

Measurement of alternatives and ranking according to Compromise Solution 

(MARCOS), MAIRCA, ELECTRE, PROMETHEE, VIKOR on different categories of 
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fuzzy sets, namely Hesitant Fuzzy Sets (HFSs), Interval Type-2 Fuzzy Sets 

(IT2FSs), Intuitionistic Fuzzy sets (IFSs), neutrosophic number fuzzy sets etc., could 

also be applied and the results obtained can be compared with this study. 
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�&�+�$�3�7�(�5������ SUSTAINABLE PRIME �0�2�9�(�5�6�¶ SELECTION 

FOR WASTE-TO-ENERGY BASED COMBINED HEAT AND POWER  

 

5.1 Introduction   

Environmental concerns and the need to ensure reliable power supply have incited 

widespread use of renewable energy resources. Again, deregulation of electricity 

market has encouraged self or independent power production with the use of 

renewable energy resources whereby small scale generators can operate and 

ancillary services are provided (Panah et al., 2020). This new paradigm in power 

systems ensures formulation of small-scale power networks called micro-grid (MG) 

which can be operated independently or grid connected. MG can be owned and 

operated by municipal government or individual investors. The Community micro-

grids (CMGs) give the municipal authority opportunity to provide energy services to 

the populace through decentralised electricity and heat generation by using locally 

available energy resources. The locally generated energies are distributed to local 

consumers through district electricity and heating distribution networks. Generally, 

(Gui et al., 2016) defined CMGs as self-contained and self-sufficient local electricity 

supply system. Based on the definition given by (Gui et al., 2016), combined heat 

and power (CHP) system is best fitted as a major component of CMG because it 

can simultaneously provide both electric and thermal powers for industrial, 

commercial and household applications (Naderipour et al., 2020). Also, community 

micro-grids based on CHP technologies can help communities and businesses 

function with greater resiliency during extreme weather conditions  (Hussain et al., 

2017, Bredenberg, 2013). CHP can efficiently consume fuels and achieve an overall 

efficiency of up to 90% compared with 30 - 35% for separate thermal or electricity 

generation (Agrawal and Khatri, 2013). Conventionally, CHP systems are powered 

by fossil fuels mainly natural gas. Since fuel diversity has environmental and 

economic implications in CHP application, each of these fossil fuels has different 

emission potentials and costs. To ameliorate the environmental and economic 

implications of natural gas-driven CHP systems, biogas can be used as a substitute 

for natural gas with minimum modification to the existing CHP system for retrofitting 

or as a new installation. This could bring forth multiple advantages in terms of 
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emission footprint reduction, increased profitability and system sustainability. Figure 

5.1 shows a block diagram of a typical CHP system.  

Figure 5.1: A block diagram of a combined heat and power system 

The configuration, performance, efficiency as well as the overall economic and 

environmental benefits of CHP system depend largely on the prime-movers (PMs) 

employed (Bagherian and Mehranzamir, 2020). The PMs are energy generating 

components that convert the chemical energy of fuels into electrical or mechanical 

form. Various technologies are applied as PMs in CHP systems, such as 

reciprocating internal combustion engine (ICE), gas turbine (GT), micro gas-turbine 

(MGT), fuel cells (FCs), steam turbine (ST) and Stirling engine (Farahnak et al., 

2015). For specific CHP application, the decision makers/users usually have 

multiple choices of prime movers that can meet their requirement; and need to 

consider different criteria before making their final choice.  

At the planning stage of CHP based community micro-grid, different stakeholders 

(including utilities, consumers and policy makers) with different and conflicting 

perspectives are involved. To optimally operate CHP-based community micro-grid, 

selection of sustainable PM is of paramount importance. PM selection approaches 

have been categorised into optimisation-based and multi-criteria based. Some 

studies have proposed optimization-based methods for PM selection problems in a 

cogeneration or tri-generation system. (Das et al., 2017) have proposed an 
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optimisation strategy using genetic algorithm for a stand-alone hybrid energy 

systems supported by two combustion-based prime movers (i.e., internal 

combustion engines ICEs or MGTs with consideration of only economic and 

environmental evaluation dimensions. (Sayyaadia and Ghorbania, 2018) carried out 

a research on conceptual design and optimization of a small-scale dual power 

desalination system based on the Stirling engine PM for providing electricity and 

fresh water for a small rural community with an overall goal of maximizing the 

generated electricity and fresh water as well as minimizing the product cost. (Jung 

et al., 2019) presented a feasibility evaluation based on annual energy consumption, 

environmental impact assessment and economic benefits of a medium-sized 

residential building with micro-CHP system using an internal combustion engine as 

the PM.  

(Giarola et al., 2018) developed a mixed integer linear programming model for 

energetic and economic assessment of a biogas-SOFC-CHP system at an industrial 

scale. (Mojaver et al., 2019) presented a Lagrange method for optimization and 

decision analysis of a combined heat and power system of biomass-fuelled SOFC 

using couple method of entropy/VIKOR. The analysis of their work is based on 

energy, exergy, and environmental point of view. (Li et al., 2018) applied a hybrid 

multi-objective optimisation model and a fuzzy-based decision-making approach for 

economic emission dispatch of combined heat and power. In another work by (Li et 

al., 2022), an optimization method based on Jaya algorithm and interior point 

method is proposed for optimal scheduling of demand response-enabled micro-

grids with renewable generations.  

A general observation from the reviewed literature is that optimisation-based 

approaches are applied for determining the optimal operating strategy, economic 

dispatch, scheduling problem and optimal size of PMs from the viewpoint of 

economy, environment and technical using some mathematical programming and 

heuristic approaches. It has been pointed out that optimisation models can handle 

quantifiable data, but often ignore subjective considerations of human beings (Li et 

al., 2020) such as social and political considerations. Since CHP system is an 

energy producer, it should be analysed in the realm of sustainability by concurrently 

taking into consideration the technological, economic, environmental and social 
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factors. Premised on this fact, it is insufficient to apply optimisation model for 

selecting PMs for CHP application.  

Due to varying characteristics of PMs, selection of sustainable PMs for the CHP 

application requires the need to adopt a method that can achieve a compromise 

over conflicting attributes. To address these issues, multi-criteria decision-making 

(MCDM) methods are found appropriate because they can simultaneously 

synthetize these factors and achieve a trade-off among them. Several MCDM 

approaches have been applied to address the PM selection problem in single or 

hybrid forms.  

Alcan et al. (Alcan et al., 2013) applied Fuzzy analytic hierarchy process (Fuzzy-

AHP) and Fuzzy technique for the order of preference by similarity to ideal solution 

(Fuzzy-TOPSIS) for the selection of PM among diesel engine, GT and ST for 

cogeneration systems in a typical hotel in Istanbul. In their work, energy, economic 

and environmental criteria were considered whereas social factor is ignored. It was 

found that GT was selected as the best PM while DE was recommended as the 

worst to be applied.  

In the work of (Khorasaninejad et al., 2016), a hybrid of fuzzy analytic network 

process (Fuzzy-ANP), fuzzy decision-making trail and evaluation laboratory 

(DEMATEL) and fuzzy preference ranking organization method for enrichment 

evaluations (PROMETHEE) was applied to choose the best PM in a thermal power 

plant integrated with organic rankine cycle for waste heat recovery. It was found that 

the best to worst PMs are the PV, GE, DE, FC and GT in that order.  

The work of (Nieto-Morote et al., 2011) employed Fuzzy-AHP for selecting a PM 

among SE, MGT, ICE and FCs for CCHP application for a residential building. It 

was revealed that GT-based scheme was ranked best. Wang et al  (Wang et al., 

2008a) selected among Stirling engine, GT, GE and solid oxide fuel cell (SOFC) as 

PM for CCHP application in a typical residential building in Shanghai China. 

Technical, economic, environmental and social factors were considered using three 

MCDM methods i.e., weighted sum method, TOPSIS and PROMETHEE methods. 

GE was selected as the best PM while solid SOFC was the worst for the case study.  
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Ref (Cavallaro et al., 2016) evaluated CHP systems using Fuzzy Shannon Entropy 

and Fuzzy-TOPSIS methods to select appropriate PM for the CHP application 

based on technical, economic and environmental criteria. Five prime movers were 

considered such as ICE, ST, MT, GT and FCs. GT was selected as the best prime 

mover while MGT was recommended as the least prime mover. As examined by 

(Ebrahimi and Keshavarz, 2012), a hybrid of Fuzzy logic and Grey incidence 

approaches was applied to select the best prime mover for a micro-combined 

cooling heat and power (micro-CCHP) system to be used in a residential building in 

five different climates for selected cities in Iran. ICE, MT and SE are the prime 

movers considered. Their analysis revealed that ICE was ranked best while MT was 

the least.  

Another researcher (Abbasi et al., 2018), considered Fuzzy-TOPSIS, LINMAP and 

Fuzzy-AHP to select foremost PM among ICE, GT, SE and molten carbonate FCs 

for CCHP system in a large-scale residential application by considering energy, 

economy and environmental as the main evaluation criteria. It was also deduced 

that PM type rather than climate difference is more important in determining the 

appropriateness of CCHP system in the residential sector. However, social factor 

was left out of the evaluation criteria. In their work of (Ren, 2018) adopted interval 

Best-worst and interval VIKOR to rank four PM based on technical, economic, 

environmental and social sustainability criteria.  

In a research conducted by (Wang et al., 2017), Fuzzy-BWM and Interval TOPSIS 

were employed for the sustainability assessment and performance evaluation of a 

poly-generation system. Ref. (He et al., 2017) investigated the sustainability 

assessment of combined cooling heating and power systems under uncertain 

condition by using Interval ANP and Interval TOPSIS methods. 

From the literature reviewed and in reference to Table 5.1, it is apparent that majority 

of the previous researchers had adopted only subjective approach for PM selection 

problem.  
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5.1.1 Research Gaps 

All the aforementioned studies have significantly proved important for the decision-

makers to select the most sustainable PM among several candidates for CHP 

systems; however, some identified research gaps need to be filled 

1. A comprehensive approach to determine the weights of evaluation criteria 

that incorporates the subjective considerations of the decision-maker and 

objective evaluation performance metrics of the alternatives is missing in the 

revised papers. 

2. The use of an appropriate method for establishing consistency degree in the 

opinions of the decision-makers when determining the subjective weights of 

the evaluation criteria is equally not applied in the previous works. 

3. A robust and stable ranking method that can operate under uncertain 

conditions is required 

4. A more acceptable aggregation strategy that is mathematically robust has 

not been reported in previous works. 

In order to bridge these identified research gaps and to introduce the novelty of this 

paper, we propose a novel hybrid MCDM method that incorporates the subjective 

considerations of the decision-makers and objective performance evaluation of 

alternatives with an overall consideration of uncertainty and sustainability based on 

robust ranking strategy and mathematically stable aggregation approach.  The novel 

�K�\�E�U�L�G���0�&�'�0���L�V���W�H�U�P�H�G���³�)�X�]�]�\-Best-worst (Fuzzy-BWM), Fuzzy-entropy and Fuzzy 

combined compromise solution (Fuzzy-CoCoSo) integrated with Borda rule and 

Copeland method. The methods presented in this paper are known as MCDM 

methods but their hybrid applications are lacking for the selection of PMs in 

literature. The complementary advantages of hybrid system make researchers 

combine two or more models in order to achieve better results. 

The need to complement the subjectivity of the decision maker with the objectivity 

of the decision matrix when determining the relative importance of criteria in MCDM 

methods is lacking in previous studies and is the strength of our paper. This gap is 

intended to be filled by integrating Fuzzy-BWM (subjective approach) and Fuzzy-

Entropy (objective approach) for criteria weight determination. Fuzzy-CoCoSo as a 

relatively new MCDM models for alternative ranking has not been reported for prime 

mover selection problem in previous works and this study is the first to apply such 
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method in conjunction with Fuzzy-BWM and Fuzzy-Entropy. Introduction of a novel 

fuzzy-preference index to know the influence of either weighting method on the final 

ranking of alternatives is the proposed innovation and is applied for in this work for 

prime mover selection. Borda rule and Copeland aggregation methods have not 

been applied for ranking alternative prime movers for power generation making this 

paper the first to adopt this method for prime mover selection to the best of our 

knowledge.   

5.1.2 Justification  

1. The justifications for the proposed methods are: Fuzzy-BWM requires fewer 

numbers of pairwise comparison compared with other subjective methods 

such as AHP making it more data efficient (Guo and Qi, 2021) thereby giving 

more reliable and consistent results.  

2. The Fuzzy-Entropy method has the advantage of computational simplicity.  

3. The CoCoSo method developed by (Yazdani et al., 2019) and its fuzzy 

extension are novel MCDM models and have been proved to be consistent, 

reliable and stable with respect to changes in criteria weight distribution (Cui 

et al., 2021).  

4. Due to variability in the outcomes of various MCDM methods when applied 

to solve the same real-life problem, the use of an aggregation strategy such 

as Borda rule and Copeland method that is based on sound mathematical 

footings is essential. 

 

5.1.3 Contributions of the Study  

This paper intends to make the following eight contributions for web of knowledge 

for optimal selection of prime movers in CHP application.  

1. A combinative weighting method that incorporates the subjective opinions of 

the experts (Fuzzy-BWM) and objectivity in the actual performance metrics 

of the alternatives (Fuzzy-Entropy) is adopted for criteria weight 

determination.  

2. A novel fuzzy-preference index is introduced to know the influence of either 

weighting method on the final ranking of alternatives 
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3. A new input-based consistency analysis proposed by (Liang et al., 2020) with 

defined threshold values is applied for consistency determination in Fuzzy-

BWM. 

4. Ranking of the alternatives based on the preference for weighting method 

using Fuzzy-CoCoSo  

5. Application of defuzzification to find the crisp value of the aggregated 

compromise solutions for the final ranking of the alternatives. It has been 

argued that the later the  defuzzification  step is being  accomplished, the 

more accurate the decision results are likely to be (Chaghooshi et al., 2016) 

as early defuzzification may, to some extent lead to loss of information (Zhou 

et al., 2019).  

6. Aggregation of the ranking results of the various weighing techniques by 

using Borda count and Copeland rules to identify the best prime mover. 

7. Application of the proposed methods through a PM selection problem for a 

community microgrid in the Gauteng province of South Africa. 

8. Validation of the results via sensitivity analysis and comparison with recent 

works and extant MCDM methods. 
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Table 5.1: Previous studies on MCDM approaches for prime-mover selection 

MCDM technique Main selection criteria   Weighting methods Ref. 

 Technological Economic Environmental Social   Objective Subjective  

Fuzzy-AHP and Fuzzy-TOPSIS �9  �9  �9  X           X �9  (Alcan et al., 2013) 

F-ANP, F-DEMATEL and Fuzzy-PROMETHEE �9  �9  �9  �9            X �9  (Khorasaninejad et al., 2016) 

Fuzzy AHP �9  �9  �9  �9     X �9  (Nieto-Morote et al., 2011) 

SAW, TOPSIS and PROMETHEE method �9  �9  �9  �9   �9   X (Wang et al., 2008a) 

Fuzzy-Shannon Entropy and Fuzzy-TOPSIS �9  �9  �9  X  �9  X (Cavallaro et al., 2016) 

Fuzzy Logic, GI and entropy �9  �9  �9  �9   �9  �9  (Ebrahimi and Keshavarz, 2012) 

F-TOPSIS, LINMAP and F-AHP �9  �9  �9  X  X �9  (Abbasi et al., 2018) 

Interval-BWM and interval VIKOR �9  �9  �9  �9           X �9  (Ren, 2018) 

Interval ANP and Interval TOPSIS �9  �9  �9  �9   X �9  (Kumar et al., 2017a) 

Fuzzy-BWM and Interval TOPSIS �9  �9  �9  �9   X �9  (Wang et al., 2017) 

Fuzzy-Best-Worst, Fuzzy-Entropy and Fuzzy-

CoCoSo with Borda rule and Copeland method 

�9  �9  �9  �9   �9  �9  Proposed 
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5.2  Definition of Selection Criteria  

There are many factors that should be considered when selecting sustainable PM 

for CHP application. Based on literature survey, Table 5.2 shows a brief description 

of the main criteria and sub-criteria for the selection of PMs. It is worth noting that 

the selected criteria are not exhaustive as different decision�æmakers may select 

different criteria for PMs owing to divergent preferences and requirements. 

However, it is worth pointing out that all the selected criteria are relevant and user-

oriented. The hierarchical level of the criteria and sub-criteria considered in this 

study is shown in Figure 5.2. 

Figure 5.2: The evaluation criteria 
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Table 5.2: Main criteria, sub-criteria and their definition 

Main criteria  Sub-criteria and definition  Criteria type  

Technological 

(F1) 

Electric efficiency (%) (C1) (Cavallaro et al., 

2016, Darrow et al., 2017) :  This is defined as 

the ratio of the electric power output and the 

input power. In general, it differs by technology 

and by size: larger systems are usually more 

efficient than smaller systems.  

Benefit/Quantitative 

 

 

Overall efficiency (%) (C2) (Ebrahimi and 

Keshavarz, 2015) : It is defined as the ratio of 

total recoverable energies (electrical ( ) and 

thermal ( ) from the prime mover to the total 

fuel ( ) consumed i.e., . 

 

Benefit/Quantitative 

Fuel utilization effectiveness (%) (C3) (FUE)  

(Darrow et al., 2017) : This expresses the CHP 

efficiency as the ratio of net electrical output to 

net fuel consumption, without including the 

share of fuel consumed for the production of 

useful heat. FUE captures the value of both the 

electrical and thermal outputs of CHP plants 

and it specifically measures the efficiency of 

generating power through the incremental fuel 

consumption of the CHP system.  

Benefit/Quantitative 

Technology Maturity (C4) (Ren, 2018, Wang 

et al., 2008a) : It specifies the level of 

development and application of the prime 

mover type. Some technologies are well 

diffused in application and are in commercial 

use while some are in research or 

demonstration stage. Technologies in 

commercial use are more preferable because 

Benefit/Qualitative 
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mature technologies have a long life, lower 

initial costs and are very reliable. 

 Start -up Time  (seconds) (C5)  (Darrow et al.,  

2017): This is the time response for the CHP 

equipment to supply load based on demand or 

resume operation after maintenance process 

and emergency situation. The start-up time 

depends on application type (base load or 

peak shaving) as well as the type of prime 

mover. For peak shaving application, prime 

mover with fastest start-up time is highly 

desirable, however for base load application 

quick start-up time may not be so much 

important. 

Cost/Quantitative 

 

 

 

 

 

Power -to-heat ratio (PHR) (C6) (Ebrahimi 

and Keshavarz, 201 5, Cavallaro et al., 

2016): It is defined as the ratio of the quantity 

of electrical power generated (the nominal 

electrical capacity of the prime mover) to 

thermal energy recovered in the CHP system 

i.e., . For a CHP 

system, the PHR is calculated for the selected 

prime mover and that of the target building. 

The value of PHR depends on the operational 

strategy of CHP and variability between 

electric power and thermal demands of the 

target building.  

Benefit/Quantitative 

User friendliness of control and regulation 

(C7) (UFRC) (Ebrahimi and Keshavarz, 

2015):  The equipment should have a simple 

control and be easy to operate even for non-

experts. This attribute of a particular prime 

Benefit/Qualitative 
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mover could endear a consumer for its usage 

in a CHP application. 

Operation on Partial Load (C8)(OPL) 

(Ebrahimi and Keshavarz, 2015) : Partial load 

operation of a prime mover is the capability of 

the prime mover to maintain its nominal 

efficiency when there is a change in load 

�G�H�P�D�Q�G���� �6�L�Q�F�H�� �E�X�L�O�G�L�Q�J�V�¶�� ���F�R�P�P�H�U�F�L�D�O����

residential, hospital and educational 

institutions) energy (electrical and thermal) 

demands fluctuate from time to time and a 

prime mover which is able to track this energy 

variations should be selected. 

Benefit/Qualitative 

Availability (%) (C9):  This indicates the 

amount of time a CHP unit can be used for 

electricity and/or steam production. Availability 

generally depends on the operational 

conditions of the unit. Higher availability of the 

prime mover determines the reliability of the 

CHP system and capability to meet the 

demand. 

Benefit/Quantitative 

Economical 

(F2) 

Initial investment cost ($/kW) (C10)          

(Ebrahimi and Keshavarz, 20 15, Kaparaju 

and Rintala, 2013)  . Initial cost includes the 

costs of the equipment purchase and 

installation, project management, engineering 

and interest rate. The lower the initial cost, the 

more the customer will be interested in using 

CHP systems. Larger-capacity CHP systems 

in general have lower installation costs than 

smaller capacity systems due to economy of 

scale.  

 

Cost/Quantitative 
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 Operation and maintenance  (O&M) cost 

($/kWh) (C11) (Darrow et al., 2 017, Kaparaju 

and Rintala, 2013) : These include all the costs 

related to both regular, planned and unplanned 

minor and major maintenance and system 

overhaul. The recurrent expenses, cost of fuel 

and materials are all inclusive of O&M costs.  

Cost/Quantitative 

 Equipment life time (years) (C12) (Ebrahimi 

and Keshavarz, 2012) : This is the period 

within which the equipment delivers its 

economic value. Equipment with a longer life 

time is more preferable. 

Benefit/Quantitative 

Environmental 

(F3) 

 

 

Noise level (C13) (Ebrahimi and Keshavarz, 

2012): This is the amount of unpleasant sound 

produced by the facility. The proximity of the 

prime mover unit to people may make the 

noise produced from the prime mover to cause 

�G�L�V�F�R�P�I�R�U�W���W�R�� �W�K�H�� �S�H�R�S�O�H�¶�V�� �K�H�D�U�L�Q�J���� �W�K�H�L�U�� �Z�R�U�N��

and life.  

Cost/Qualitative 

 

 

 

 Nitrogen oxide emission (NO X) (kg/kWh) 

(C14)  (Nieto-Morote et al., 2011, Wang et al., 

2008a): NOX is an emission that causes smog 

and acid rain. It also has direct effect on human 

health and indirectly contributes to ozone level 

depletion (Basu et al., 2012). 

Cost/Quantitative 

 Carbon monoxide (CO) emission (kg/kWh) 

(C15) (Wang et al., 2008a) : CO is produced 

from the partial combustion of fuels in the 

prime mover engine. Combustion-based 

technology (such as GT, ICE and MT) is more 

prone to produce carbon monoxide than 

oxidation-based technology (such as FCs) 

Cost/Quantitative 
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Social (F4)  Footprint (C16): This is defined as the area or 

space requirement per kW of power for the 

technology. This is directly dependent on the 

physical constructional size of the plant (Wang 

et al., 2008a, Nieto-Morote et al., 2011). 

Limited space is recommended especially in 

areas where land availability is a major 

constraint. 

Cost/Quantitative 

 Social acceptability (C17) (Ren, 2018): 

Social acceptability expresses the willingness 

and readiness of consumers to purchase and 

use CHP for distributed generation due to 

reduced risk tendency in its usage. 

Benefit/Qualitative 

 

 

 Ease of maintenance (C18) (Wang et al., 

2008a, Ebrahimi and Keshavarz, 2012) : The 

ease with which the equipment can be 

maintained depends on the complexity of 

design, number of moving parts etc. of the 

system. Equipment with few moving parts or 

with modular design is expected to be easily 

maintained. 

Benefit/Qualitative 

 Safeguard (C19) (Wang et al ., 2008a): Similar 

to social acceptability, equipment (prime 

mover) safeguard is the capability of the 

technology to present low risk tendency to the 

operator and the surroundings. 

Benefit/Qualitative 

 Advanced performance (C20) (Wang et al., 

2008a): This criterion expresses the trend in 

technological advancement of the prime mover 

type i.e., whether the technology is advanced 

now and will be more perfect in the future or 

not. 

Benefit/Quantitative 
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5.3 Methodology  

This section gives preliminary mathematical insights into the various MCDM 

methods used in this study. Figure 5.3 shows the methodological flowchart and 

framework adopted in this paper.  

5.3.1 Criteria Weight Determination  

The weight of a criterion determines its value and importance. Weight values could 

be arbitrarily assigned to each criterion or obtained through a systematic approach. 

The systematic approach could be objective-based, subjective-based or 

combinative-based. The subjective-based methods are experts inclined as they rely 

on the experienced qualitative judgment and opinions of the decision makers. Most 

practical human decisions or judgment are imprecise and vague which may 

introduce uncertainties and inconsistencies in the judgment. Thus, a method that 

can handle uncertainty of human judgement is highly essential. In such a case, 

fuzzy-based techniques have been developed to handle such practical issue. One 

of such methods is Fuzzy-BWM. Fuzzy-BWM is an efficient method which can 

reflect the exp�H�U�W�V�¶�� �W�K�R�X�J�K�W�V�� �D�Q�G�� �R�S�L�Q�L�R�Q�V�� �D�Q�G�� �F�R�Q�Y�L�Q�F�L�Q�J�O�\�� �U�H�P�H�G�\�� �W�K�H��

�L�Q�F�R�Q�V�L�V�W�H�Q�F�\���L�V�V�X�H���L�Q���W�K�H���H�[�S�H�U�W�V�¶���M�X�G�J�H�P�H�Q�W�V��(Ren, 2018).  

On the other hand, an objective weighting method considers the inherent 

information in the actual data which expresses the performance of the alternative 

with respect to the evaluating criteria. It does not require the input of the expert 

rather the weights are determined mathematically. However, this approach denies 

the experts of their input especially of qualitative criteria that do not have any specific 

value. An example of objective weighting method is Entropy Method. Entropy 

method and its Fuzzy version have been widely applied due to its effectiveness and 

computational simplicity (Zhu et al., 2020, Cavallaro et al., 2016). 
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Figure 5.3: The methodological flowchart of the proposed model 

 

5.3.1.1 Fuzzy Best Worst (F -BWM) method  

BWM is a pairwise based algorithm for criteria weights determination. Unlike the 

common AHP, BWM requires fewer pairwise comparisons hence is more efficient 

(Rezaei, 2016). However, the traditional BWM is based crisp scale 1 - 9 which is 

incapable of addressing the vagueness and uncertainty contained in human 

reasoning (Guo and Zhao, 2017). In order to capture the vagueness and intangibility 

of human judgement, (Guo and Zhao, 2017) in 2017 for the first time extended the 

traditional best-worst method to fuzzy environment and a modified version of this 

model was presented by (Guo and Qi, 2021) in 2021. The modified Fuzzy-BWM and 

its fuzzy extension have found tremendous applications in different areas of 

research such as prioritization of power generation (Ali et al., 2020), prime mover 

selection (Alao et al., 2021a), hospital performance evaluation (Liao et al., 2019) 
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                                                                                             (5.21)                                                                                    

                                                                                  (5.22) 

Where, is the Borda count, is the Borda score and is the ranking 

order for an alternative  with respect to a method  

5.4.2 The Copeland method   

The Copeland method is considered a modified version of the Borda count method 

(Dortaj et al., 2020). The approaches to applying Copeland method can be 

summarised in three steps. The first step involves a determination of wins score 

which is the sum of the ranking orders of an alternative with respect to various 

methods. Afterwards, the loss scores are calculated by finding the difference 

between wins score of each alternative and the majority wins score. Lastly, the final 

scores are determined by taking the difference between the wins score and the 

losses score. The alternatives are ranked in descending order according to the 

magnitude of the overall score. 

5.5 Practical Problem Involving Prime Mover Selection for CHP 

Based Community Micro -Grid   

 

Micro-grid is a small-scale power plant consisting of local power generators and 

loads including residential buildings, commercial buildings, schools, hospitals, hotel 

and restaurants. In order to ensure a reliable and affordable power supply for the 

populace, municipalities in South Africa have been encouraged to set up 

independent power plants in the form of community micro-grid based on renewable 

energy sources (Davie, 2020). So, under the auspices of the Renewable Energy 

Independent Power Producers Procurement Program (REIPPPP), independent 

power producers (IPPs) have continued to invest in the power sector for 

autonomous community micro-grids using renewable energy sources (Akinbami et 

al., 2021). Table 5.5 presents a list of the IPPs across South African provinces  

(Akinbami et al., 2021). 

 

 

 

i
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Table 5.5: Municipal and Independent Power Producers in South Africa  
Name of power plant Province Installed 

capacity (MW) 
Operator/Owner 

Pretoria West power 
station  

Gauteng 180 City of Tshwane 

Rooiwal power station Gauteng 300 City of Tshwane 
Newcastle co-
generation power plant 

Kwazulu Natal 18 IPSA Group 

Avon peaking power Kwazulu Natal 670 International power 
Dedisa peaking power Eastern Cape 335 International power 
Steenbras power station Western Cape 180 City of Cape Town 
Sol Plaatje power station Free State 3 Bethlehem hydro 

 

As an entrepreneur, a prospective IPP, apart from satisfying the needs of the 

community in terms of energy supply and environmental friendliness of the society, 

the profitability of the investment is equally of great merit to it. CHP systems are of 

particular significance to micro-grids owing to a number of benefits accruable from 

them. It has been pointed out that profitability and sustainability of a CHP system 

largely depend on the type of PMs employed (Bagherian and Mehranzamir, 2020). 

Hence, the selection of appropriate and sustainable PMs is of significant 

importance. We have therefore applied the proposed model in this study to select 

the most sustainable PM considering technical, economic, environmental and social 

criteria for a proposed community micro-grid-based CHP in Gauteng and Western 

Cape Provinces in South Africa. The PMs under consideration are to be powered 

by biogas obtained from the centralised biogas plants located within the 

metropolitan city. The biogas plants are to be fed with an organic fraction of 

municipal solid waste collected within the city. Four PMs including ICE (A1), GT 

(A2), MGT (A3) and FCs (A4) are considered in this study. Conventional STs are 

not considered because they are not commonly used as distributed generators due 

to their large size as well as poor partial load operation. They are not also commonly 

powered by biogas. 

 

5.5.1 Results  

This section presents the results of the developed hybrid fuzzy MCDM method. 

5.5.1.1  Data collection for the proposed method  

According to Table 5.2, the selected criteria span from technological, economic, 

environmental and social categories. The subjective information about the individual 
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alternative prime mover relative to their criteria is obtained from (Alao et al., 2022d). 

According to the referenced work, three experts in the energy industry and the 

academia with over 15 years of industrial and academic experience were consulted 

to complete a survey questionnaire to express their opinions on the preferences for 

the criteria based on the linguistic scale presented in Table 5.3. Based on their 

preferences, the pairwise comparison of the three experts on the relative importance 

of each criterion with respect to others is shown in Table 5A1 in the appendix. 

Additionally, the performance ratings of alternative PMs based on qualitative and 

quantitative criteria are obtained and presented in Table 5A2 in the appendix. Due 

to lack of on-site data, the quantitative data for the performance evaluation of each 

�3�0�� �L�V�� �R�E�W�D�L�Q�H�G�� �I�U�R�P�� �W�K�H�� �µ�&�D�W�D�O�R�J�X�H�� �R�I�� �&�+�3�� �7�H�F�K�Q�R�O�R�J�L�H�V�¶�� �R�I��the United States 

Environmental Protection Agency (US-EPA) (Dahooie et al., 2019). On the other 

hand, the qualitative components of the performance ratings of the alternatives 

presented in Table 5A2 are based on the linguistic terms in Table 5.4. 

5.5.1.2 Results for Fuzzy -BWM 

Based on the pairwise comparison given to each expert as presented in Table 5A1, 

two preference vectors are produced including the Best-to-Others (BO) vector and 

Others-to-Worst (OW) vector. The experts express their preferences in linguistic 

terms which are converted into TFNs using the conversion scale provided in Table 

5.3. Table 5.6 presents the TFN representation of BO and OW vectors for the main 

and sub-criteria as given by each expert. 
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Table 5.6: BO and OW for the main and sub-criteria 
Experts  BO vector of the Main factor OW vector of the Main factor 

Best F1 F2 F3 F4 Worst F1 F2 F3 F4 
Expert 1 F1 (1,1,1) (1,3,5) (5,7,9) (7,9,9) F4 (7,9,9) (5,7,9) (1,1,1) (1,1,1) 
Expert 2 F1 (1,1,1) (1,3,5) (1,3,5) (7,9,9) F4 (7,9,9) (5,7,9) (1,3,5) (1,1,1) 
Expert 3 F2 (1,3,5) (1,1,1) (3,5,7) (5,7,9) F4 (1,3,5) (5,7,9) (1,1,1) (1,1,1) 
Experts BO vector for the Technical Sub-criteria 

Best C1 C2 C3 C4 C5 C6 C7 C8 C9 
Expert 1 C2 (5,7,9) (1,1,1) (3,5,7) (7,9,9) (7,9,9) (1,1,1) (5,7,9) (1,3,5) (1,3,5) 
Expert 2 C2 (5,7,9) (1,1,1) (1,1,1) (5,7,9) (5,7,9) (1,1,1) (3,5,7) (3,5,7) (1,3,5) 
Expert 3 C2 (5,7,9) (1,1,1) (3,5,7) (7,9,9) (5,7,9) (1,1,1) (5,7,9) (5,7,9) (5,7,9) 
Experts OW vector for the Technical sub-criteria 

Worst C1 C2 C3 C4 C5 C6 C7 C8 C9 
Expert 1 C5 (1,3,5) (7,9,9) (1,3,5) (1,3,5) (1,1,1) (5,7,9) (1,3,5) (3,5,7) (3,5,7) 
Expert 2 C4 (1,3,5) (5,7,9) (1,3,5) (1,1,1) (1,3,5) (3,5,7) (1,3,5) (0,1,3) (3,5,7) 
Expert 3 C4 (1,3,5) (7,9,9) (0,1,3) (1,1,1) (1,3,5) (5,7,9) (0,1,3) (1,3,5) (0,1,3) 
Experts  BO vector of the Economic sub- criteria  OW vector of the Economic sub- criteria 

Best C10 C11 C12  Worst C10 C11 C12 
Expert 1 C10 (1,1,1) (5,7,9) (3,5,7)  C11 (5,7,9) (1,1,1) (1,1,1) 
Expert 2 C10 (1,1,1) (7,9,9) (3,5,7)  C11 (7,9,9) (1,1,1) (1,1,1) 
Expert 3 C10 (1,1,1) (5,7,9) (5,7,9)  C12 (5,7,9) (1,3,5) (1,1,1) 
Experts  BO vector of the Environmental sub- criteria  OW vector of the Environmental sub- criteria 

Best C13 C14 C15  Worst C13 C14 C15 
Expert 1 C14 (3,5,7) (1,1,1) (7,9,9)  C15 (1,3,5) (7,9,9) (1,1,1) 
Expert 2 C14 (1,3,5) (1,1,1) (5,7,9)  C15 (1,3,5) (5,7,9) (1,1,1) 
Expert 3 C14 (1,1,1) (1,1,1) (7,9,9)  C15 (3,5,7) (7,9,9) (1,1,1) 
Experts  BO vector for Social sub- criteria 

Best C16 C17 C18 C19 C20 
Expert 1 C19 (7,9,9) (5,7,9) (1,1,1) (1,1,1) (5,7,9) 
Expert 2 C19 (7,9,9) (5,7,9) (3,5,7) (1,1,1) (5,7,9) 
Expert 3 C19 (5,7,9) (7,9,9) (1,1,1) (1,1,1) (5,7,9) 
Experts  OW vector for Social sub- criteria 

Worst C16 C17 C18 C19 C20 
Expert 1 C16 (1,1,1) (1,3,5) (3,5,7) (7,9,9) (1,3,5) 
Expert 2 C16 (1,1,1) (1,1,1) (1,3,5) (7,9,9) (1,3,5) 
Expert 3 C17 (1,3,5) (1,1,1) (5,7,9) (7,9,9) (1,3,5) 

 

It is possible for different decision makers to choose different criteria as their best or 

worst criterion in the formation of Best-to-Others (BO) and Others-to-Worst (OW) 

vectors based on their level of expertise and experience. According to (Guo and Qi, 

2021), disparities in the choice of best or worst criterion in the formation of BO and 

OW vectors may cause loss of information. For instance, if expert 3 chooses F2 as 

the best criterion while experts 1 and 2 have chosen F1 as their best, there is a need 

to transform the differing BO vector into the most commonly selected best and/or 

worst criteria. The essence of this transformation is to ensure consistency and to 

minimize loss of information in the opinions of all experts (Guo and Qi, 2021).  

The responses of the experts are put together using (5.8) and (5.9) to form a singular 

decision matrix. The optimal fuzzy weights of the main and sub-criteria are 

determined by following the steps presented in section 5.3.1.2 and (5.2) �± (5.12) 

and linear optimisation models are built and solved using Lingo 18.0 software. 

The results of the main, local and global weights of the main factor and sub-criteria 

are presented in Table 5.7. 
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Table 5.7: The local and global fuzzy weights of the evaluation criteria 
Main Factor Main Factor weight Sub-

criteria 
Local Weight Global Weight  

  C1 (0.040, 0.053, 0.053) (0.011, 0.024, 0.024)        
  C2 (0.287, 0.292, 0.292) (0.080, 0.131, 0.136) 
  C3 (0.099, 0.111, 0.111) (0.028, 0.050, 0.052) 
Technical (F1) (0.279, 0.450, 0.464) C4 (0.023, 0.045, 0.059) (0.007, 0.020, 0.027) 
  C5 (0.040, 0.048, 0.066) (0.011, 0.022, 0.031) 
  C6 (0.222, 0.222, 0.222) (0.062, 0.099, 0.103) 
  C7     (0.044, 0.059, 0.059) (0.013, 0.026, 0.027) 
  C8 (0.053, 0.078, 0.126) (0.014, 0.035, 0.059) 
  C9               (0.055, 0.093, 0.148) (0.015, 0.042, 0.069) 
  C10 (0.575, 0.739, 0.801) (0.074, 0.281, 0.537) 
Economic 
(F2) 

(0.129, 0.381, 0.670) C11 (0.070, 0.139, 0.262) (0.009, 0.053, 0.176) 

  C12 (0.083, 0.122, 0.209) (0.011, 0.047, 0.140) 
  C13 (0.234, 0.295, 0.337) (0.006, 0.032, 0.085) 
Environmental 
(F3) 

(0.027, 0.107, 0.253) C14 (0.613, 0.613, 0.639) (0.016, 0.066, 0.162) 

  C15 (0.051, 0.093, 0.127) (0.001, 0.010, 0.032) 
  C16 (0.037, 0.062, 0.100) (0.001, 0.004, 0.015) 
Social (F4) (0.024, 0.062, 0.154) C17 (0.064, 0.076, 0.112) (0.002, 0.005, 0.017) 
  C18 (0.267, 0.267, 0.267) (0.007, 0.017, 0.041) 
  C19 (0.456, 0.506, 0.506) (0.011, 0.031, 0.078) 
  C20 (0.064, 0.089, 0.126) (0.002, 0.006, 0.019) 

 

From Table 5.7, the global weights of the evaluation criteria show that initial capital 

cost (C10) is the most important criterion with the fuzzy weight of (0.074, 0.281, 

0.537) while footprint (C16) in the social category is the least important criterion with 

a fuzzy weight of (0.001, 0.004, 0.015).  

 

5.5.1.3 Results of fuzzy-entropy method  

The Fuzzy-Entropy is an objective method to determine criteria weights based on 

the actual performance data of each criterion for all alternatives. Considering Table 

A2 which shows the performance metrics of each criterion with respect to all 

alternatives, the objective weights of all the evaluation criteria can be determined. It 

should be noted that Table A2 is composed of qualitative and quantitative 

parameters, the qualitative components are obtained from relevant literature and 

reports while the qualitative components are the evaluation judgement of the 

experts. Using GM aggregation method in (5.8) and the linguistic term presented in 

Table 5.5, the judgement of the three experts is aggregated and the results are 

presented as in Table 5.8. 
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The aggregated decision matrix is normalised according to (5.14) �± (5.17) and 

results presented in Table 5.9. By using (5.18) - (5.32), Fuzzy entropy weights of 

the evaluation criteria are obtained and the results are presented in Table 5.10. 

 

5.5.1.4 Results of integrated weights method  

After obtaining the subjective and objective weights, the integrated weights are now 

derived using (5.33). The fuzzy preference factor for the weighting method is 

based on the choice of the decision maker; whether to go for subjective or objective 

method for criteria weights determination. In this study, different combinations of 

weighting methods are applied based on the fuzzy linguistic language of Table 5.6 

and (5.33). For instance, a neutral decision maker would give equal priority for 

objective and subjective weighting methods with a fuzzy preference value of (0.25, 

0.5, 0.75). The results of the fuzzy objective, subjective and integrated weights are 

presented in Table 5.10. 
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Table 5.8: The results of the evaluation performance of each alternative relative to all criteria 
Main Criteria Sub-Criteria Prime movers Criteria Type 
 C1 ICE Gas Turbine Micro Turbine Fuel Cells Benefit 
Technical (F1) 
 

C2 (70, 75, 80) (70, 72.5, 75) (55, 60, 65 (75, 77.5, 80) Benefit 
C3 (75,77.5,80) (50,56, 62) (49, 53, 57) (55, 67.5,80) Benefit 
C4 (2.66, 3.16, 3.66) (2.5, 3, 3.5) (1.82, 2.32, 2.82 (1.31,1.82, 2.32) Benefit 

 C5 (10, 10, 10) (600, 2100, 3600) (60, 60, 60) (10800, 91800,172800) Cost 
 C6 (0.5, 0.85,1.2) (0.6, 0.85, 1.1) (0.5, 0.6, 0.7) (1, 1.5, 2) Benefit 
 C7 (2.15, 2.66, 3.16) (2.5, 3, 3.5) (2, 2.5, 3) (1.5, 2, 2.5) Benefit 
 C8 (2.15, 2.66, 3.16) (1.5, 2, 2.5) (2, 2.5, 3) (2.5, 3, 3.5) Benefit 

C9 (96, 97, 98) (93, 94.5, 96) (98, 98.5, 99) (75, 97, 99) Benefit 
Economical (F2) C10 (400, 750,1100) (900, 1200, 1500) (600, 900, 1200) (3000, 3500, 4000) Cost 

C11 (0.01, 0.015, 0.02) (0.005,0.008, 0.010) (0.008, 0.012, 0.015) (0.003, 0.0065, 0.010) Cost 
C12 (20, 20, 20) (20, 20, 20) (10, 10, 10) (10, 10, 10) Benefit 

Environmental (F3) C13  (2.5, 3, 3.5) (2, 2.5, 3) (2, 2.5, 3) (1, 1.5, 2) Cost 
C14 (500, 600, 700) (25,37.5, 50) (20, 32.5, 45) (3, 3, 3) Cost 

 C15 (0.8, 0.8, 0.8) (0.6, 0.6, 0.6) (0.54, 0.54, 0.54) (0.001, 0.001, 0.001) Cost 
Social (C4) C16 (0.03, 0.03, 0.03) (0.05, 0.05, 0.05) (0.03, 0.03, 0.03) (0.02, 0.02, 0.02) Cost 
 C17 (1.82, 2.32, 2.82) (2, 2.5, 3) (2, 2.5, 3) (3, 3.5, 4) Benefit 
 C18 (2.66, 3.16, 3.66) (2, 2.5, 3) (1.31,1.82, 2.32) (3. 3.5, 4)) Benefit 
 C19 (2.5, 3, 3.5) (2.5, 3, 3.5) (1.82,2.32, 2.82) (3, 3.5, 4) Benefit 
 C20 (2.32, 2.82, 3.32) (2.15,2.66, 3.16) (2.5, 3, 3.5) (3, 3.5, 4) Benefit 
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Table 5.9: Normalized decision matrix and Fuzzy Entropy Weights 
Criteria A1 (ICE) A2 (GT) A3 (MGT) A4 (FCs) Entropy weights 
C1 (0.667,0.800,0.933)   (0.556,0.722,0.889) (0.556,0.611,0.667)   (0.889,0.944,1.000) (0.033,0.050, 0.075) 
C2 (0.875,0.938,1.000) (0.875,0.906,0.938) (0.688,0.750,0.813) (0.938,0.969,1.000) (0.035,0.050, 0.070) 
C3 (0.938,0.969,1.000) (0.625,0.700,0.775) (0.613,0.663,0.713) (0.688,0.844,1.000) (0.034,0.050, 0.073) 
C4 (0.727,0.863,1.000) (0.683,0.820,0.956) (0.497,0.634,0.771) (0.358,0.497,0.634) (0.031,0.050, 0.079) 
C5 (1.000,1.000,1.000) (0.003,0.005,0.017) (0.167,0.167,0.167) (0.000.0.000,0.001) (0.033,0.050, 0.079) 
C6 (0.250,0.425,0.600) (0.300,0.425,0.600) (0.250,0.300,0.350) (0.500,0.750,1.000) (0.030,0.051, 0.087) 
C7 (0.614,0.760,0.903) (0.714,0.857,1.000) (0.571,0.714,0.857) (0.429,0.571,0.714) (0.031,0.050, 0.079) 
C8 (0.614,0.760,0.903) (0.429,0.571,0.714) (0.571,0.714,0.857) (0.714,0.857,1.000) (0.031,0.050, 0.079) 
C9 (0.970,0.980,0.990) (0.939,0.955,0.970) (0.990,0.995,1.000) (0.758,0.980,1.000) (0.035,0.049, 0.070) 
C10 (0.364,0.533,1.000) (0.267,0.333,0.444) (0.333,0.444,0.667) (0.100,0.114,0.133) (0.035,0.050, 0.072) 
C11 (0.150,0.200,0.300) (0.300,0.400,0.600) (0.200,0.261,0.375) (0.300,0.462,1.000) (0.033,0.050, 0.075) 
C12 (1.000,1.000,1.000) (1.000,1.000,1.000) (1.000,1.000,1.000) (0.500,0.500,0.500) (0.037,0.051, 0.068) 
C13 (0.286,0.333,0.400) (0.333,0.400,0.500) (0.333,0.400,0.500) (0.500,0.667,1.000) (0.034,0.050, 0.072) 
C14 (0.0040.005, 0.006) (0.060,0.080,0.120) (0.067,0.092,0.150) (1.000,1.000,1.000) (0.036,0.051, 0.072) 
C15 (0.001,0.001,0.001) (0.002,0.002,0.002) (0.002,0.002,0.002) (1.000,1.000,1.000) (0.037,0.050, 0.068) 
C16 (0.667,0.667,0.667) (0.400,0.400,0.400) (0.667,0.667,0.667) (1.000,1.000,1.000) (0.036,0.050, 0.067) 
C17 (0.455,0.580,0.705) (0.500,0.625,0.750) (0.500,0.625,0.750) (0.750,0.875,1.000) (0.031,0.050, 0.078) 
C18 (0.665,0.790,0.915) (0.500,0.625,0.750) (0.328,0.455,0.580) (0.750,0.875,1.000) (0.032,0.050, 0.079) 
C19 (0.625,0.750,0.875) (0.625,0.750,0.875) (0.455,0.580,0.705) (0.750,0.875,1.000) (0.032,0.050, 0.077) 
C20 (0.580,0.705,0.830) (0.538,0.665,0.790) (0.625,0.750,0.875) (0.750,0.875,1.000) (0.031,0.049, 0.076) 
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Table 5.10: Fuzzy objective, subjective and integrated weights 

Criteria Fuzzy-BWM Strongly 
preferred 

Fuzzy-BWM Totally 
preferred 

Fuzzy Entropy weights 
Totally preferred 

Fuzzy Entropy 
Strongly preferred  

Equal preference 
 

C1 (0.006, 0.030, 0.062) (0.011, 0.024, 0.024)        (0.033, 0.050, 0.075) (0.016, 0.043, 0.087) (0.011, 0.037, 0.075) 
C2 (0.040, 0.111, 0.171) (0.080, 0.131, 0.136) (0.035, 0.050, 0.070) (0.017, 0.070, 0.138) (0.029, 0.090, 0.154) 
C3 (0.014, 0.050, 0.088) (0.028, 0.050, 0.052) (0.034, 0.050, 0.073) (0.017, 0.050, 0.099) (0.015, 0.050, 0.093) 
C4 (0.003, 0.028, 0.067) (0.007, 0.020, 0.027) (0.031, 0.050, 0.079) (0.016, 0.043, 0.093) (0.009, 0.035, 0.080) 
C5 (0.006, 0.029, 0.070) (0.011, 0.022, 0.031) (0.033, 0.050, 0.079) (0.016, 0.043, 0.094) (0.011, 0.036, 0.082) 
C6 (0.031, 0.088, 0.056) (0.062, 0.099, 0.103) (0.030, 0.051, 0.087) (0.015, 0.063, 0.093) (0.023, 0.076, 0.075) 
C7 (0.006, 0.032, 0.067) (0.013, 0.026, 0.027) (0.031, 0.050, 0.079) (0.016, 0.044, 0.092) (0.011, 0.038, 0.079) 
C8 (0.008, 0.039, 0.098) (0.014, 0.035, 0.059) (0.031, 0.050, 0.079) (0.015, 0.046, 0.108) (0.011, 0.043, 0.103) 
C9 (0.008, 0.044, 0.104) (0.015, 0.042, 0.069) (0.035, 0.049, 0.070) (0.018, 0.047, 0.104) (0.013, 0.045, 0.104) 
C10 (0.037, 0.224, 0.573) (0.074, 0.281, 0.537) (0.035, 0.050, 0.072) (0.017, 0.108, 0.340) (0.027, 0.166, 0.456) 
C11 (0.005, 0.052, 0.213) (0.009, 0.053, 0.176) (0.033, 0.050, 0.075) (0.016, 0.051, 0.162) (0.010, 0.051, 0.188) 
C12 (0.005, 0.048, 0.175) (0.011, 0.047, 0.140) (0.037, 0.051, 0.068) (0.018, 0.050, 0.139) (0.012, 0.049, 0.157) 
C13 (0.003, 0.036, 0.121) (0.006, 0.032, 0.085) (0.034, 0.050, 0.072) (0.017, 0.045, 0.114) (0.010, 0.041, 0.118) 
C14 (0.008, 0.062, 0.197) (0.016, 0.066, 0.162) (0.036, 0.051, 0.072) (0.018, 0.055, 0.152) (0.013, 0.058, 0.175) 
C15 (0.001, 0.020, 0.066) (0.001, 0.010, 0.032) (0.037, 0.050, 0.068) (0.018, 0.040, 0.084) (0.010, 0.030, 0.075) 
C16 (0.001, 0.015, 0.049) (0.001, 0.004, 0.015) (0.036, 0.050, 0.067) (0.018, 0.038, 0.075) (0.009, 0.027, 0.062) 
C17 (0.001, 0.016, 0.056) (0.002, 0.005, 0.017) (0.031, 0.050, 0.078) (0.016, 0.039, 0.087) (0.008 ,0.027, 0.071) 
C18 (0.003, 0.025, 0.080) (0.007, 0.017, 0.041) (0.032, 0.050, 0.079) (0.016, 0.042, 0.099) (0.010, 0.033, 0.090) 
C19 (0.006, 0.036, 0.116) (0.011, 0.031, 0.078) (0.032, 0.050, 0.077) (0.016, 0.045, 0.116) (0.011, 0.040, 0.116) 
C20 (0.001, 0.017, 0.058) (0.002, 0.006, 0.019) (0.031, 0.049, 0.076) (0.016, 0.039, 0.086)  (0.008, 0.028, 0.072) 
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5.5.1.5 Ranking of prime movers based on preferences of weighting 

methods  

As has been said in the previous section, weights assignment is a crucial part of the 

MCDM application which could be based on objective or subjective approach 

depending on the choice of the decision maker or nature of dataset. Therefore, 

preference for the weighting method could be integrated with an MCDM approach 

to see the effects on the ranking order of alternatives. Based on the normalised 

evaluation matrix depicted in Table 5.9 and the integrated fuzzy weights based on 

weighting method preferences in Table 5.10, the final ranking of the PMs is 

determined, and results are presented in Table 5.11. Details of the ranking results 

for each weighting preference are presented in Appendix 5B1-5B4. 

 

Table 5.11: Ranking results as per preference weighting methods of the decision 
maker 
Alternatives Fuzzy weight preference 

Fuzzy-
Entropy 
weights 
totally 

preferred 

Fuzzy-
Entropy 
weights 
strongly 
preferred 

Fuzzy-Entropy 
and BWM weight 
equally preferred 

Fuzzy-BWM 
weights 
strongly 
preferred 

Fuzzy-
BWM 

weights 
totally 

preferred 
ICE (A1) 4  4 2 2 1 
GT (A2) 2  2 3 4 4 

MGT (A3) 3 3 4 3 3 
FCs (A4) 1  1 1 1 2 

 

According to Table 5.11, when the decision-maker prefers to evaluate the prime 

�P�R�Y�H�U�¶�V�� �V�H�O�H�F�W�L�R�Q�� �S�U�R�E�O�H�P�� �E�D�V�H�G�� �W�R�W�D�O�O�\�� �R�Q�� �)�X�]�]�\-Entropy method, the ranking 

order is A4 > A2 > A3 > A1. When Fuzzy-BWM is totally preferred by the expert, the 

ranking order of the prime movers are A1 > A4 > A3 > A2. It is observed that when 

each weighting method is used separately, the ranking orders are different. 

However, when the decision-maker has a weak preference for Fuzzy-BWM but 

strongly prefers to use Fuzzy-Entropy, the ranking order of the PMs is A4 > A2 > 

A3> A1. When the decision-maker holds the opinion that little preference should be 

given to Fuzzy-Entropy but strongly desires to use Fuzzy-BWM, the ranking order 

of the PMs is A4 > A1 > A3 > A2. If a decision maker feels to be neutral and keeps 

an equal preference for the Fuzzy-BWM and Fuzzy-Entropy, the ranking order of 

the prime movers is A4 > A1 > A3 > A2.  With varying preferences for weighting 

methods, the results are different.  Therefore, the results in each column of Table 

5.11 could be viewed as a problem solved with different MCDM methods and 
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produced dissimilar results. This is because different MCDMs could address the 

same problem but produce varying results (Ecer, 2021). So, in order to achieve 

more consolidated results, reliable and mathematically stable aggregation 

approaches such as Borda count rule and Copeland methods could be used. These 

aggregation methods have formed a reliable decision-making tool because they can 

fuse the results of different approaches and produce a singular result. With this in 

mind, Borda count and Copeland methods are applied to merge the results 

presented in Table 5.11 with a view to producing a more realistic and consolidated 

result. The evaluation results of Borda count and Copeland ranking strategies are 

shown in Table 5.12.  

 

Table 5.12: Final rankings of prime movers based on Borda count rule and 
Copeland method 
Alternatives Borda rule  Copeland approach 

Score Final 
rank 

 Wins Losses Final 
score 

Final 
rank 

A1 7 2  7 23 -16 2 
A2 5 3  5 25 -20 3 
A3 4 4  4 26 -22 4 
A4 14 1  14 16 -2 1 

Total count 30       
 

With the application of Borda rule and Copeland strategies, the ranking orders are 

A4 > A1> A2 > A3 as presented in Table 5.14. These ranking orders are the same 

as those achieved with equal preference for weighting methods (see Table 5.11). 

Due to the equal preference for Fuzzy-Entropy and Fuzzy-BWM weighting methods, 

a balanced compromise is expected in the ranking order, hence an optimal ranking 

order of the PMs could be produced. Overall, Fuel cells (FCs) are returned as the 

most sustainable prime-mover for biogas-based CHP for a community microgrid 

followed by ICE. GT is ranked third while MGT is the least sustainable. 

5.5.2 Comparison with Other Methods  

In order to test the extent of rootedness, effectiveness and robustness of the 

proposed method, the results obtained are validated. The validity check is 

performed in two phases. The first phase is to make a comparative assessment of 

the proposed method wi�W�K�� �U�H�F�H�Q�W�� �V�W�X�G�L�H�V�� �R�Q�� �3�0�¶�V�� �V�H�O�H�F�W�L�R�Q�� �S�U�R�E�O�H�P�� �D�Q�G�� �D�O�V�R�� �W�R��
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compare the present study with other existing fuzzy MCDM techniques. The second 

phase of the validity check are sensitivity and correlation analysis. 

 

5.5.2.1 Comparative assessment with two recent works  on prime mover 

selection  

Prime mover selection problem has been tackled by some previous researchers and 

the outcome of their work published. Figure 5.4 shows the ranking results of two 

researches for sustainable prime mover selection. The ranking sequence of 

alternative PMs in (Cavallaro et al., 2016) shows an ordering of A2 > A4 > A3 > A1. 

Although A3 (MT) is ranked least in this work and our work, other alternatives are 

ranked differently. The difference could be attributed to the fact that: one  (Cavallaro 

et al., 2016) considered only objective weighting method while neglecting some 

qualitative information relevant for prime selection. Secondly, a different method 

(Fuzzy-TOPSIS) is adopted for ranking of alternative PMs. In the case of (Ren, 

2018), there is a slight similarity in the outcome of their work with our own results. 

A4 and A2 are ranked first and third, respectively in their work and ours while there 

is a position swap between A1 and A3. The reason could be that some 

considerations are given to social and environmental advantages of A4 (FCs) in 

addition to other benefits of FCs during the evaluation process. In this work, only 

subjective based weighting was utilised for criteria weight determination. Again, a 

ranking method (Fuzzy-VIKOR) different from ours is applied. It has been argued 

that conflicting results may occur when different MCDM methods are applied to 

tackle the same real-life problems (Ecer, 2021). Due to the consideration of both 

objective and subjective weighting methods in our work, we may lay claim that the 

ranking orders obtained in our work could be more reliable. 
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Table 5.13: Ranking results for comparative analysis with other extant MCDMs 
Alternativ

es 
Fuzzy-

WASPA
S 

Fuzzy-
MULTIMO

ORA 

Fuzzy-
TOPSI

S 

Fuzzy-
COPR

AS 

Fuzzy-
CODAS 

Borda 
count 

Copelan
d 

method 

This 
paper 

A1 (ICE) 2 2 2 2 1` 2 2 2 
A2 (GT) 4 3 4 3 3 3 3 3 

A3 (MGT) 3 4 3 4 4 4 4 4 
A4 (FCs) 1 1 1 1 2 1 1 1 

 

In the same vein, Table 5.13 also shows the aggregated rankings obtained by Borda 

and Copeland methods. From Table 5.13, it can be seen that A4 is ranked first for 

majority of the MCDM techniques except the Fuzzy-CODAS which ranked A4 as the 

second-best alternative but put A1 in the first position. Furthermore, there is a swap 

in position between A3 and A4 for Fuzzy-WASPAS and Fuzzy-TOPSIS compared 

to the Fuzzy-MULTIMOORA and Fuzzy-COPRAS.  

It is also disclosed in Table 5.13 that the merging of the five MCDM methods with 

Borda rule and Copeland method shows A4 and A1 as the first and second-best 

alternatives, respectively. Alternative A2 is ranked third while A3 is returned as the 

last and least sustainable prime mover. Finally, it is obvious that the ranking orders 

obtained with the proposed model in this paper and the consolidated rankings of the 

Fuzzy-WASPAS, Fuzzy-CODAS, Fuzzy-MULTIMOORA, Fuzzy-COPRAS and 

Fuzzy-TOPSIS methods are the same. The consistency in the ranking results has 

shown that the proposed model is robust and validated. 

 

5.5.2.3 Correlation assessment of the proposed method with the existing 

models  

To further establish the level of rootedness of the proposed method, a correlation 

assessment is performed between the proposed model and the other five extant 

methods. In order to achieve this objective, the Spearman's rank correlation is 

implemented using the CORREL function in the Microsoft Excel software. The 

results of the Spearman's correlation coefficients are depicted in Table 5.16. From 

Table 5.14, the correlation between the proposed method (Fuzzy-CoCoSo) and 

Fuzzy-MULTIMOORA, Fuzzy-TOPSIS, Fuzzy-WASPAS, Fuzzy-CODAS and 

Fuzzy-COPRAS are 1, 0.8, 0.8, 0.8 and 1, respectively. Other correlation results of 
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one comparing MCDM model with another MCDM model are contained in Table 

5.14. It is evident that there is a good correlation between the proposed method and 

the other methods which confirms its robustness and effectiveness.   

�7�D�E�O�H���������������6�S�H�D�U�P�D�Q�¶�V���U�D�Q�N���F�R�U�U�H�O�D�W�L�R�Q���R�I���W�K�H���S�U�R�S�R�V�H�G���P�H�W�K�R�G���D�Q�G���R�W�K�H�U���)�X�]�]�\��

MCDM Models 

Models  Developed 
Method 

Fuzzy-
MULTIMOORA 

Fuzzy-
TOPSIS 

Fuzzy-
WASPAS 

Fuzzy-
CODAS 

Fuzzy-
COPRAS 

Fuzzy-CoCoSo 1 1 0.8 0.8 0.8 1 
Fuzzy 
MULTIMOORA 

 1 0.8 0.8 0.8 1 

Fuzzy-TOPSIS   1 1 0.6 0.8 
Fuzzy-WASPAS    1 0.6 0.8 
Fuzzy-CODAS     1 0.8 
Fuzzy-COPRAS      1 

 

5.5.2.4 Sensitivity analysis of the proposed model  

It should be noted that the implementation of the Fuzzy-CoCoSo is dependent on 

the parameter (coefficient) whose value is determined by the decision maker. The 

variation in the coefficient in the balanced compromise strategy may have 

significant effect on the relative significance of the alternative PMs which may 

consequently affect the final ranking of the alternatives. Therefore, the sensitivity 

analysis is performed by varying values of compromise coefficient while 

visualising its impact on the ranking order of alternatives (prime movers).  

 

5.5.2.4.1 Result of sensitivity analysis  

In this approach, the weighting methods are assumed to be of equal importance 

while the value of  is varied from 0 to 1 at a step of 0.1. By applying different 

values of  in the third compromise function in (5.39), a total of 11 experiments are 

carried out. The results for varying  on the final ranking of the prime movers are 

presented in Figure 5.5.  

�O

�O

�O

�O
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weighting method is system availability (C9) with as fuzzy weight of (0.035, 0.049, 

0.070) while the least important criterion when Fuzzy-BWM is solely considered is 

Footprint (C16) with a fuzzy weight of (0.001, 0.004, 0.015). It follows that for 

separate consideration of each weighting method, different criteria are given priority 

of importance differently. This may give a misleading impression to the decision 

maker on which criteria should be accorded utmost importance while planning a 

combined heat and power system for a community micro-grid. However, for a hybrid 

application of Fuzzy-BWM and Fuzzy-Entropy, the most important criterion is initial 

investment cost with a fuzzy weight of (0.027, 0.166, 0.456) while the least important 

is Footprint with a fuzzy weight of (0.009, 0.027, 0.062). The overall implication is 

that the initial investment cost of PMs is very crucial in the planning and 

implementation of CHP while little attention may be paid to footprint.  

 

5.6.2 Discussion on Ranking of the Alternative Prime Movers  

After the implementation of the Fuzzy-CoCoSo, the ranking of the PMs is obtained 

as FCs > ICE > GT > MGT. It implies that fuel cells are the most sustainable PM for 

CHP followed by internal combustion engine while micro-gas turbine (MGT) is the 

least sustainable. The selection of fuel cells is justifiable due to the fact that they are 

environmentally friendly in terms of gaseous emissions and noise pollution. They 

are also socially acceptable with less risk for maintenance because of their 

compactness and modularity. Fuel cells are equally technically sound in terms of 

high electrical efficiency, high power-to-heat ratio and good part-load operation. All 

these attributes make FCs very suitable for distributed energy generation (DG) in a 

micro-grid. Although, initial investment cost is a major barrier to the widespread 

utilization of FCs for CHP, with the spate of technological development and 

innovation in fuel cells production worldwide, the price is expected to come down in 

the future, making FCs a critical component of the future energy system. It could be 

inferred that for sustainable combined heat and power system planning (standalone 

or grid connected), the environmental, social as well as technical advantages of FCs 

can be applied complementarily with good economic merits of ICE.  

5.7 Conclusion, Limitation and Future Research Directions  

This section presents the concluding part as well as the limitations and future 

outlook for this study. 
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5.7.1 Conclusion  

In this paper, a structural framework is developed using a hybrid of Fuzzy-BWM, 

Fuzzy-Entropy and Fuzzy-CoCoSo method and Borda rule and Copeland as 

aggregation strategies considering twenty evaluation criteria and four prime movers. 

The criteria weights were determined using a hybrid of Fuzzy-BWM and Fuzzy-

Entropy methods while the ranking of prime movers was done using Fuzzy-CoCoSo. 

The results reveal that initial investment cost and footprint are respectively the most 

and least significant criteria among the selected evaluation criteria. The final ranking 

of the prime movers by Fuzzy-CoCoSo revealed that FCs are the most sustainable 

PM for biogas-based CHP system in a micro-grid with a compromise score of 2.8053 

followed by ICE with a score of 2.5767. The least ranked PM is the MGT with a 

compromise value of 2.5541. In a clearer perspective, the ranking order is FCs > 

ICE > GT > MGT. To entrench the validity of the proposed method, sensitivity 

analysis and comparative assessment with five robust MCDM models including 

Fuzzy-MULTIMOORA, Fuzzy-WASPAS, Fuzzy-TOPSIS, Fuzzy-CODAS and 

Fuzzy-COPRAS are conducted. The results indicated that the ranking order of PMs 

is stable as it does not change significantly with changes in the compromise 

coefficient value  

( �O) in the sensitivity analysis and also the proposed model is in conformity with 

other robust MCDM methods with majority of them returning Fuel cells and Internal 

combustion engine as the best and second-best PMs, respectively.  

5.7.2 Limitations and Future Research Directions  

Notwithstanding the better performance of the proposed method, there are some 

identified limitations. First, only twenty evaluation criteria are considered in this study 

which could not be said to be exhaustive. Other criteria based on policies and politics 

have not been considered. Again, the PMs considered in this study are limited to 

four, other types of PM technologies such as Stirling engines that can be powered 

by biogas could be explored. Although a blend of Fuzzy-BWM and Fuzzy-Entropy 

weighting methods was used for the criteria weight determination, a hybrid of other 

subjective such as SWARA, LBWA etc., and other objective methods such as 

CRITIC method, correlation coefficient and standard deviation method could be 

considered for future work. Furthermore, other types of MCDM models such as 

MABAC, MARCOS and MAIRCA on different categories of fuzzy sets, namely 
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Hesitant Fuzzy Sets, Interval Type-2 Fuzzy Sets, Intuitionistic Fuzzy sets, 

neutrosophic number fuzzy sets etc., could also be applied and the results obtained 

therefrom be compared with this study. In terms of integration to the power grid, the 

optimal sizing and placement of FC and/or its hybrid with ICE on the distribution 

network could also be investigated in future work 

 

 

CHAPTER 6. OPTIMAL ALLOCATION OF THE SELECTED 

PRIME MOVER ON A POWER DISTRIBUTION NETWORK  
 

6.1 Introduction  

�5�H�V�H�U�Y�H�¶�V�� �G�H�S�O�H�W�L�R�Q�� �D�Q�G�� �I�O�X�F�W�X�D�W�L�Q�J�� �S�U�L�F�H�V�� �R�I�� �I�R�V�V�L�O�� �I�X�H�O�V�� �D�V�� �Z�H�O�O�� �D�V�� �H�P�L�V�V�L�R�Q�V�� �R�I��

greenhouse gases from combustion are serious environmental and sustainability 

issues for thermal power plants. Another fundamental issue of local and global 

concern is the proliferation of municipal solid wastes (MSW). Conventional MSW 

management such as open burning, dumping and centralised landfill sites are 

environmentally and socially unfriendly as a lot of health-related issues occur due 

to air, water, and land pollution. In the face of these environmental issues, countries 

worldwide are looking forward to using more efficient and environmentally friendly 

technologies to produce energy and for managing MSW. Waste-to-energy (WtE) 

system such as anaerobic digestion (AD) has been acclaimed as a veritable avenue 

for harvesting renewable energy from wastes. As a renewable energy source (RES), 

the biogas obtained from AD system can be fed into a prime mover (engine) for firm 

electrical power generation. The growing trend in technological advancement and 

rigorous exploitation of renewable energy (RE) resources have made small-scale 

power generation practicable, and their integration into the distribution networks is 

now prevalent.  

One critical issue of concern to distribution companies (DISCOs) is electric 

distribution system expansion planning (EDSEP) arising from load growth. 

Conventionally, EDSEP is done by building new substations or reinforcing the 

existing ones with new transformers and upgrading the network feeders. This 

additional cost may impose significant financial burdens on the DISCOs. However, 



 
 

171 
 

the integration of distributed generation (DG) to the present-day electric distribution 

networks (EDNs) has the capability of addressing the EDSEP problem. The benefits 

of integrating DGs to the distribution networks span across technical, economic and 

environmental. Some of the technical benefits are reduction of the system power 

losses, improvement of the system voltage profile, enhancement of the power 

quality as well as the s�\�V�W�H�P�¶�V�� �U�H�O�L�D�E�L�O�L�W�\�� �L�P�S�U�R�Y�H�P�H�Q�W��(Borousan and Hamidan, 

2023). Due to their location being close or at the load centre, DGs can reduce the 

cost of transmitting or distributing power to the consumers, lessen the load demand 

on the network and enable deferment or removal of network upgrade investment 

(Bayat and Bagheri, 2019, Gümüs et al., 2023). They also ensure reduction in the 

operation and maintenance costs of the distribution network (Prasad et al., 2023) as 

well as environmental emission and noise pollution curtailment (Rathore and 

Patidar, 2021). 

Despite the laudable benefits of using DGs for electric distribution expansion 

problem, maximum achievement of these merits is subject to optimal planning. An 

optimal planning scheme involves finding the optimal position, operation, type and 

size of DG  to be connected to EDN, considering various consumer types such as 

residential, commercial and industrial (Ebrahimi et al., 2013), load growth, and 

seasonal variation in load consumption while satisfying and maintaining the network 

constraints.  

6.2 Literature Survey  

Based on literature survey, the EDSEP problem in the presence of DG allocation 

has been investigated considering timing, problem formulation, solution method, 

load models, and DG types and numbers. From the standpoint of timing, static and 

dynamic planning approaches are commonly used. With load growth, DG planning 

needs to incorporate mechanism to handle load growth over the planning horizon. 

Most importantly is the investment cost of the DG which is expected to change due 

to the need to increase DG capacity to trail the load growth. Static planning approach 

involves finding the optimal location and size as well as type of the DG technology 

to be installed at one instant in time (Salimon et al., 2023, Prasad et al., 2023). In 

static planning, the investment cost of DG is determined at the beginning of the 

project up to the last year of the planning horizon as a one-time cost. Some previous 
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researchers such as (Murty and Kumar, 2015, Khalesi et al., 2011, 

HassanzadehFarda and Jalilian, 2018, Ebrahimi et al., 2013) adopted static 

approach to determine the techno-economic assessment of DG allocation. It is 

believed that this approach might not be cost effective and investment saving due 

to waste of resources at the beginning to a few years into the planning period. On 

the other hand, in dynamic planning approach apart from determining the optimal 

�O�R�F�D�W�L�R�Q���D�Q�G���V�L�]�H���R�I���W�K�H���'�*���W�H�F�K�Q�R�O�R�J�\���W�R���E�H���L�Q�V�W�D�O�O�H�G�����'�*�¶�V�����L�Q�V�W�D�O�O�D�W�L�R�Q���\�H�D�U���L�V���D�O�V�R��

optimized (Bakr et al., 2020). Also, in dynamic planning, the investment cost of the 

DGs changes gradually in a manner according to the load growth until the end of 

the planning horizon. A few previous studies such as (Jeddi et al., 2019, Santos et 

al., 2017) applied dynamic approach for optimal planning of DG allocation problem. 

This approach is deemed to have investment savings and better technical 

responses (Jeddi et al., 2019). 

On the part of problem formulation, single and multiple objective functions have 

been formulated for solving EDSEP. The most commonly used objective functions 

are minimisation of network power losses, minimisation of DG operating cost, 

minimisation of environmental emission as well as improvement of voltage profile 

and reliability of the network. These objective functions can be singly (individually) 

or simultaneously optimised to create a single or multi-objective problem. From the 

viewpoint of solution methods for solving the formulated objective function in 

EDSEP, analytical approaches (Acharya et al., 2006, Viral and Khatod, 2015), 

mathematical programming methods (Yadegari et al., 2020), heuristic, and meta-

heuristic (Prasad et al., 2023, Ali et al., 2021, Sellami et al., 2022, Selim et al., 2020, 

Pesaran et al., 2020) have been adopted. The analytical approach requires short 

computation time and is easy to apply but requires a lot of assumptions. It is also 

limited in terms of objective function optimisation as majority of them are applied for 

single-objective problem such as minimisation of power loss (Murty and Kumar, 

2015). Mathematical programming techniques, such as linear and non-linear mixed 

programming require many variables and linearization to simplify the problem 

formulation. They also have a high computational cost making their application in 

EDSEP limited especially for large scale networks. Heuristic methods and meta-

heuristic algorithms, on the other hand, such as genetic algorithm (GA), particle 

swarm optimisation (PSO) require few parameters, no simplification of the problem 
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and can guarantee global or near-global solutions with relatively limited computation 

time. Therefore, researchers have taken delight in applying them to solve EDSEP 

problem.  

From the perspective of load models, EDSEP problem has been investigated using 

different load models such as constant (Bayat and Bagheri, 2019, Salimon et al., 

2023), voltage dependent  (Mejia et al., 2022, Kumar et al., 2017b) and time-varying 

voltage dependent (Ahmed et al., 2023) load models. Load model plays an 

important role in the reliability of results and decisions made for EDSEP. The load 

demands (active and reactive) at the utility grid are time varying (i.e., hourly or 

seasonal variation) and dependent on the voltage profile of various consumer types 

(i.e., residential, commercial and industrial) connected to it. Constant load model is 

that which takes the active and reactive powers of the utility grid to be always 

constant and independent of the bus voltages. When considering only the voltage 

dependency of load demands without considering the time-varying nature of the 

load, it is referred to as voltage dependent load model. However, a small 

modification in voltage dependent load model by incorporating the instantaneous 

time varying characteristics of loads results in time-varying voltage dependent 

(TVVD) load models (Ahmed et al., 2021). Since distribution system is the closest 

to the consumers, it is characterised by non-constant but rather voltage dependent 

behaviour of consumer loads. Therefore, decisions and results based on the 

constant load model assumptions for distribution system studies could not be 

technically feasible. Further explanation is presented in subsequent section. Based 

on this premise, voltage dependent load model is the most appropriate when solving 

problems related to EDSEP.  

Some researchers have considered single and multiple renewable and non-

renewable based DGs for integration into DNs. It has been pointed out that multiple 

DGs placement is more advantageous compared with single location DG placement 

in EDSEP (Mistry and Roy, 2014). Of note is the use of combined heat and power 

(CHP) as a DG technology due to its efficiency and resiliency and the capability to 

produce both electric and heat powers simultaneously. The application of CHP in 

EDSEP planning has been gaining traction in recent times (Kia et al., 2020). Based 

on the above-mentioned perspectives, some recently published studies in EDSEP 
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involving CHP distributed energy resources (DER) or DGs are briefly discussed in 

the following paragraphs.  

 In Ref (Latifi et al., 2016), a modified PSO (MPSO) algorithm is applied to find the 

optimal size of the CHP-based distributed generation in order to improve the 

technical and economic constraints of the network for an industrial area. The main 

objective is to maximise the profit-to-cost ratio of the system. A multi-objective GA 

II (MOGA II) is adopted by (Gimelli et al., 2019) to determine the optimal size and 

number of CHP equipment with storage facilities for a typical hospital with the view 

to maximizing the primary energy saving and minimizing the payback period. In Ref 

(Mahian et al., 2020), grey wolf optimization algorithm is adopted to optimally 

determine the size of the components of a hybrid CHP system with energy storage 

for residential buildings with an objective of reliability assessment. In Ref. (Meybodi 

and Behnia, 2011) investigated the impact of carbon tax on the optimal size of an 

internal combustion engine (ICE) in a medium scale CHP system. The capacity of a 

cogeneration or CHP plant is determined by (Beihong and Weiding, 2006) based on 

MINLP for minimising the annual total cost of the plant. In another work by 

(Benalcazar, 2021), an optimisation technique based on MILP approach is applied 

to find the optimal size of thermal energy storage systems (TES) for coal-powered 

CHP plants considering specific investment costs with the major objective of 

optimizing the annual operation scheduling of the CHP-TES system. A multi-linear 

regression model is formulated and applied by (Boljevic and Conlon, 2012) to 

optimally size CHP units in urban distribution network. It could be inferred from the 

above-mentioned papers that their focus was to find only the optimum size of CHP 

systems. 

The optimal location and capacity of three CHP equipment such as fuel cells (FC), 

internal combustion engine (ICE), and micro-turbine (MT) were determined by (Azad 

et al., 2022)  based on the environmental costs of pollutants. The focus of the work 

is profit maximisation for the CHP owners while considering the load and energy 

price increase over the planning horizon. In Ref (Yadegari et al., 2020), optimal CHP 

planning was conducted using a risk-averse approach with the view to maximise the 

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

load and energy price increase and network voltage stability issue.  
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In the work of (Ebrahimi et al., 2013), genetic algorithm (GA) was adopted for optimal 

planning of CHP distributed generation considering time-varying voltage dependent 

load demand, increased load demands and energy prices with the aim of 

maximizing the present value profit of the distribution network operator (DNOs) as 

against the supplying costs. As a component of revenue generation, the sale of heat 

energy to consumers was left out in their study which may reduce the profitability 

(revenue stream) and make the results non-optimal. The stochastic placement and 

sizing of CHP systems are determined by (Hosseini et al., 2013) using PSO for 

maximizing the profit-to-cost ratio of the system. Although stochastic demand and 

energy prices are considered, In the work, a selective PSO is adopted for network 

reconfiguration. Also, Ref (Addisu et al., 2021) applied fuzzy logic for optimal 

placement of capacitors in a distribution system.  

In Ref  (Pazouki et al., 2016) optimal place, size, and operation of CHP equipment 

in multi-carrier energy networks has been carried out with the goal of maximising 

network reliability, reducing power loss, and improving the voltage profile of the 

network. In the work of (Hussain et al., 2017), the optimal location and size of tri-

generation equipment to be deployed in an autonomous community micro-grid 

considering uncertainties of renewable energy sources was conducted using the 

PSO algorithm with the sole of aim of minimising the total heat and power losses of 

the micro-grid. A long-term planning of various CHP-DGs, including FC, ICE, and 

MT is investigated by (Arandian and Ardehali, 2017) using PSO by considering the 

environmental emission costs of pollutants to maximize the profit in an integrated 

heat and electricity network. In Ref (Niknam et al., 2013)���� ��-Self Adaptive 

Gravitational Search Algorithm was adopted for optimal placement of FC-based 

CHP in IEEE 69 bus system. In a research conducted by (Sedaghatmanesh and 

Taghipour, 2015), a graph method is applied to optimally allocate CHP equipment 

for power loss reduction and capacity release of DN. A multi-objective-based PSO 

algorithm was used by (Naderipour et al., 2020) to optimally allocate CHP system 

to improve the technical performance of the distribution network.  

In the work of (Ahmadi and Rastegar, 2022), a new enhanced imperialist competitive 

algorithm (E-ICA) was applied for optimal allocation of CHP systems in the 

interconnected heat and electricity distribution network with the objective of 

minimizing electric and heat transfer losses. Only power loss minimisation was 
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considered. In all the aforementioned references (Arandian and Ardehali, 2017, 

Ebrahimi et al., 2013, Yadegari et al., 2020, Azad et al., 2022, Hussain et al., 2017, 

Naderipour et al., 2020, Niknam et al., 2013, Sedaghatmanesh and Taghipour, 

2015, Ahmadi and Rastegar, 2022), no cognisance is taken of simultaneous 

consideration of load growth and seasonal voltage dependent load model in their 

planning approaches. In Ref (Chen et al., 2019), the optimal CHP placement in an 

integrated heat and electricity systems was carried out using an improved GA 

method. Although load demand levels were applied, consumer types and load 

growth were neglected. Economic and environmental assessments were equally not 

accounted for in their work. 

In CHP allocation problem, operating the equipment at an optimal power factor could 

guarantee the optimum power generation and minimum loss when connected to the 

distribution network. Several previous studies have undertaken optimal location and 

sizing of DGs using fixed power factor which has been pre-set prior to the 

optimisation process (Ali et al., 2021, Mouwafi et al., 2022, Salimon et al., 2023, Raj 

and Saravanan, 2023). Others have used the combined power factor of the 

connected loads as the optimal power factor of the DGs (Ahmed et al., 2023, Murty 

and Kumar, 2015, Ahmed et al., 2021). In both cases, this assumption may lead to 

a non-optimal global result in the optimisation algorithm (Huy et al., 2020, Nguyen 

et al., 2021). Therefore, finding optimal operating power factor for CHP-DG when 

connected to the distribution network should be further investigated. 

6.3 Research Gap s and Contributions  

In most of these aforementioned previous works, the authors assumed the 

connected loads were constant and did not consider the variability around the 

required loads in distribution systems. In addition, the load growth and voltage 

dependent load models were not simultaneously considered in their optimization 

procedure. As previously mentioned, fixed power factors were mostly considered in 

previous works. In the above-reviewed studies, few of them investigated the 

economic and environmental assessment of CHP (Arandian and Ardehali, 2017, 

Yadegari et al., 2020, Ebrahimi et al., 2013) using static planning method. Another 

important observation from the literature is that most of the CHP plants are natural 

gas-fired. Although natural gas is more environmentally friendly than diesel or 

gasoline, its combustion still emits some greenhouse gases thereby having 
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environmental and sustainability issues. The use of biogas obtained from food waste 

(FW) components of the municipal solid waste (MSW) obtained from the area where 

the CHP plants are located could be an important substitute for natural gas in 

powering CHP equipment. Although the reviewed studies provide important insights 

into the CHP-�'�*���S�O�D�Q�Q�L�Q�J���S�U�R�E�O�H�P�����W�R���W�K�H���E�H�V�W���R�I���W�K�H���D�X�W�K�R�U�V�¶���N�Q�R�Z�O�H�G�J�H���Q�R�Q�H���R�I��

them has considered a dynamic planning framework incorporating voltage-

dependent load models, load growth, demand variability and optimal power factor 

simultaneously for biogas powered CHP-DG in a distribution network.  

It is observed from the previous study that PSO algorithm has been frequently 

employed for optimal sizing and placement of CHP-based DG. The popularity in the 

usage of PSO could be attributed to its simplicity, very few parameter selections, 

and that it does not require any good initial solution to start the algorithm iteration 

process (HassanzadehFarda and Jalilian, 2018). It can also generate high-quality 

solutions within less calculation time and has a more stable convergence 

characteristics than other stochastic methods (Sellami et al., 2022). However, PSO 

is bedevilled with a major problem of premature convergence and being trapped in 

local optimum. In a bid to handle these problems, an improved PSO is proposed 

which is capable of ensuring a balance in the exploration and exploitation phases, 

hence improving the performance for better output. Table 6.1 shows the summary 

of the reviewed papers concerning the optimal planning of CHP-DGs. 

Therefore, to address the shortcomings identified in the reviewed studies, this paper 

proposes an improved PSO for dynamic planning of CHP-DG in DNs. The main 

contributions of this paper are:  

�x The proposed approach considers the impact of the practical voltage-

dependent load models in power flow calculations during different seasons 

of the year. 

�x The proposed approach also incorporates load growth and seasonal load 

demand level variability.  

�x An improved PSO (IPSO) algorithm is presented to find the optimal locations, 

sizes and power factor of CHP-DG under single and multiple objectives. 

�x Formulate a dynamic approach to investigate the economic and 

environmental impact of the CHP-DG integration. 
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�x The proposed method is tested on a standard radial power distribution 

network (i.e., IEEE 69 bus system)  

�x Results obtained with the proposed methodology are compared with the 

standard PSO and other state-of-the-art methods found in the literature to 

show its performance. 

�x Statistical analysis is performed to demonstrate the robustness and 

effectiveness of the proposed algorithm.
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Table 6.1: Summary of previous studies on optimal planning of CHP - DGs 
Ref. Decision 

variable 
Planning 
method 

Network Load 
mode
l 

Load 
growth 

Fuel Objective function Optimisation 
algorithm 

(Arandian and Ardehali, 2017) site + size  S P and H CL       X NG max profit IPSO 
(Ebrahimi et al., 2013) site + size 

+ power 
factor 

S P VDL �9  NG max profit GA 

(Yadegari et al., 2020) site + size  S P and H CL �9  NG max profit MILP 
(Gimelli et al., 2019) size S P X       X NG max energy GA 
(Mahian et al., 2020) size  S P X       X NG min NPC GWO 
(Hosseini et al., 2013) size+ site        S P CL �9  NG Max profit PSO 
(Azad et al., 2022) site + size         S P and H CL �9  NG Max profit MILP 
(Pazouki et al., 2016) site + size         S P CL       X NG Min cost, min 

power loss 
GA 

(Hussain et al., 2017) site + size         S P and H CL       X NG Min loss, min cost PSO 
(Niknam et al., 2013) site + size         S P CL       X NG Min cost, min VD, 

min emission 
��-SAGSA 

(Sedaghatmanesh and 
Taghipour, 2015) 

site + size         S P CL      X NG Min power loss Graph 
theory 

(Naderipour et al., 2020) site + size         S P CL      X NG Min loss, max 
reliability 

PSO 

(Ahmadi and Rastegar, 2022) site + size         S P and H CL      X NG Min losses E-ICA 
(Chen et al., 2019) site + size         S P and H CL      X NG min loss, cost IGA 
(Boljevic and Conlon, 2012) site + size         S P X       X NG min losses LR 
This study site + size 

+ power 
factor 

       D P SVDL �9  Biogas Min loss, VD, 
max VSI, profit 

IPSO 

S = static, D = dynamic, P = power, H = heat, CL = constant load, VDL = voltage dependent load, SVDL = seasonal voltage dependent load,  pf= power 
factor, X = not applied, IPSO = improved particle swarm optimisation, GA = genetic algorithm, LR = Linear regression, MILP = mixed linear integer 
programming, GWO = grey wolf optimisation, ��-SAGSA = ��-Self Adaptive Gravitational Search Algorithm, E-ICA = enhanced imperialist competitive 
algorithm, IGA = improved genetic algorithm, NG = natural gas
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6.4 Categorisation of Distributed Generator Types   

Based on active and reactive power generation capabilities, DGs are categorised 

into four types. Type 1 DGs are those that generate only active power such as solar 

PV and fuel cells. They are inverter-based DGs and operate at unity power factor (

) (i.e., ). Type 2 DGs are those that generates only reactive power such as 

shunt capacitors, synchronous condensers, and static var compensators (SVC). 

They operate at zero  (i.e., ). Type 3 DGs are those that inject both active 

and reactive powers into the power system. Synchronous generator such as gas 

turbine (GT) and internal combustion engines (ICE) are examples of Type 3 DGs 

and operate at lagging power factor (Mouwafi et al., 2022) with value ranging from 

0 and 1 (i.e... ). Type 4 DGs are those that inject active but consume 

reactive power from the network. Wind turbine-based squirrel cage induction 

generators are examples of Type 4 DG (Injeti and Kumar, 2013) and they operate 

at a leading  (Salimon et al., 2023) with value ranging from 0 to 1 i.e.. . 

CHP is a firm or constant power generation technology �W�K�D�W�� �S�U�R�G�X�F�H�V�� �P�X�O�W�L�S�O�H��

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

�H�T�X�L�S�P�H�Q�W���D�Q�G���I�X�H�O���V�R�X�U�F�H. The prime movers such as FCs, ICE, MT, gas turbines 

(GT) and steam turbines (ST) are used as equipment for CHP-based DGs  (Isa et 

al., 2018). Taking a cue from the work conducted by (Alao et al., 2022d), FCs and 

ICE are considered as the best and second best equipment for biogas powered 

CHP-based DG due to their complementary environmental, economic, and technical 

advantages. In this study, FCs as a type 1 DG (i.e., that produces only active power 

and operates at unity power factor) and ICE as a type 3 DG (i.e., that produces both 

active and reactive powers and operates at power factor between 0 and 1) will be 

considered as CHP equipment for placement on the distribution network.  

It should be noted that ICE is run by biogas and FC is powered by hydrogen gas 

derived from biogas. The biogas is produced from the AD process using the food 

waste (FW) of the community where the CHP-DGs are to be installed. As the 

capacity of a DG is inherently limited by the energy resources of the location it is 

meant to be sited, it is therefore, important to calculate the amount of biogas from 

the FW and the electrical energy generated by the FC and ICE. 
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6.4.1  Determination of Biogas Production  

Biogas is a mixture of methane and carbon dioxide produced from microbial 

decomposition of organic wastes such as FW under an anaerobic environment. The 

actual quantity of methane (m3) that can be derived from FW is determined 

theoretically according to (6.1). 

                                                                                                      (6.1)  

where, (m3) is the gross methane extractable per kg of FW, is the fraction of 

FW that does not decompose whose value is taken as 0.15  (Ayodele et al., 2019), 

is the amount of FW (kg) treated in year . The detailed process and procedure 

for determining  can be found in (Alao et al., 2022a).  

In order to enhance the energy quality of methane, the recovered methane is 

purified by removing impurities such as hydrogen sulphide, and carbon dioxide. 

Carbon dioxide does not support combustion while hydrogen sulphide gives a 

pungent and obnoxious odour. It also poisons the catalyst in the FC while causing 

corrosion in the ICE which may lessen the useful lifetime of this equipment. 

Therefore, the amount of purified methane  (m3) is obtained using (6.2).  

                                                                                                                             (6.2) 

where  is the extent of purification whose value is assumed as 87 % (Alao et al., 

2022d). 

 

6.4.2 Determination of Power Generation from FC and ICE  

This section provides the mathematical relations for determining the power outputs 

of FC and ICE. 

6.4.2.1  Power Generation for FC  

FC is a device that converts the chemical energy in fuels (usually hydrogen) into 

direct current (DC) power with zero or near-zero emissions. The main by-product of 

�)�&�¶�V�� �F�K�H�P�L�F�D�O�� �U�H�D�F�W�L�R�Q�� �L�V�� �Z�D�W�H�U�� �Y�D�S�R�X�U�� �Z�K�L�F�K�� �S�R�U�W�H�Q�G�V�� �Q�R�� �G�D�Q�J�H�U�� �W�R�� �W�K�H��

environment. The main fuel for FCs is hydrogen gas which can be obtained through 

water electrolysis or steam reforming process. In the works presented by (Ayodele 

et al., 2019), an analytical approach was adopted to determine the mass of 

t
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hydrogen ( ) in (kg) extractable from biogas ( ) via biogas steam reforming 

process according to (6.3).  

                                                                                            (6.3) 

where, is the density of bio-methane at room temperature (taken as 0.717 

(kg/m3)) (Alao et al., 2022c), (m3) is the volume of purified biogas (bio-

methane), is the combined system efficiencies ( ) where and

are boiler and biogas reformer efficiencies, respectively and their values are both 

taken as 80% (Braga et al., 2013).  

Due to low density of hydrogen at room temperature 0.089886 kg/m3, its storage is 

very crucial. It will require a large volume capacity container to store it in this form. 

Therefore, compression at high pressure is carried out. The hydrogen gas is stored 

in a compressed gas cylinder (hydrogen tank) at a high pressure in the range of 

200-800 bar (Ayodele and Munda, 2019). When compressed, the density of 

hydrogen gas at 35.0 MPa is about 23 kg/m3 and at 70.0 MPa is about 38 kg/m3 

(Folkson, 2022). Based on this information, the volume (m3) of the compressed 

hygrogen gas is determined as in (6.4). 

                                                                                                                      (6.4) 

Where , and are the mass of hydrogen gas obtained from biogas 

reforming (see 6.3), compression efficiency taken as 95 % (Ayodele et al., 2019) 

and the compressed density of hydrogen gas, respectively. The number of the tank 

( ) can be calculated as follows. 

                                     (6.5) 

Where  available hydrogen gas storage tank capacity in the market. There are 

varieties of compressed hydrogen storage tank types (i.e., Types 1, 2, 3 and 4) 

(Muthukumar et al., 2023). Type I storage tanks usually made of steel are mature 

and mostly used in industrial and commercial applications; and are available with a 

net volume of 2.5-50 m3 at a pressure of 200-300 bar and can also withstand 
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pressure up to 500 bar (Elberry et al., 2021). However, improvements in material 

technology and development have led to the production of lightweight materials 

such as aluminium and composite. 

The compressed hydrogen gas is fed to FCs for energy generation. The amount of 

electrical energy (kWh) produced from the FC is determined as in (6.6). 

                                                                                          (6.6)                                                                                  

is the lower heating value of H2 (taken as 119.9 MJ/kg (Dincer and Acar, 

2015)),  is the conversion factor from MJ to kWh taken as 3.6 while  is the 

electrical efficiency of FC.  

The gross capacity ( ) of the FC in (kW) is determined as in (6.7). 

                                                                                                  (6.7) 

The operating time (T) is assumed to be 8760 h. It should be noted that this is an 

idealistic assumption to determine the maximum capacity of an FC if it were to be 

operated year-round. Since the electrical power generated by FC is direct current 

(DC), an inverter is required to convert it to alternating current (AC) before feeding 

it to the distribution network. Therefore, the actual capacity of the FC is given as in 

(6.8). 

                                                                                                                   (6.8)                                                    

The inverter efficiency  is assumed as 95 % (Ayodele et al., 2020b).     

   

6.4.2.2  Power generation for ICE  

An ICE is another piece of equipment for CHP application that can be powered by 

biogas/methane. It is a synchronous based electrical machine that generates 

electrical power from the combustion of fuels. In the course of electrical power 

generation, heat energy is equally emitted from the exhaust pipe, making ICE a 

good candidate for CHP equipment. Being a synchronous machine, the ICE 

generates active and reactive power depending on the operation . The active 

power generated by an ICE is determined according to (6.9). 
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                                                                                      (6.9)  

Where,  is the purified biogas (m3) produced in year t,   is the electric 

efficiency of the ICE with a value taken as 35% (Ogunjuyigbe et al., 2017) after 

subtracting the self-consumption for the plant. is taken as 37.2 MJ/m3 

(Ogunjuyigbe et al., 2017). Similar to FC, the operating time is assumed to be 8760 

h. Based on operating  , the reactive power generation capacity (kVAr) of the ICE 

is determined as follows according to (6.10) (Zeinalzadeh et al., 2015). 

                                                                                                 (6.10) 

The apparent power capacity (kVA) of the ICE is determined as in (6.11). 

                                                                                               (6.11) 

6.5   Load Growth and Load Demand Variability Modelling  

Electrical load growth has been on the increase in recent times and varies from 

place to place. The rate of increase depends on population growth, improved 

economic status of individuals, and industrialisation among others. People tend to 

increase their energy demand when they are economically buoyant and vice versa.   

6.5.1 Determination of Yearly Load Growth  

The yearly load growth for a distribution load bus is modelled according to (6.12) 

and (6.13) (Kumar et al., 2017b).   

                                                                                                                        (6.12) 

                                                                                                                 (6.13) 

where, and  are the active and reactive load demands at bus  in year t, 

and are the initial active and reactive load demand at bus of the distribution 

network in the reference (base) year (0th year), respectively. The parameter ( ) is 

the load growth rate. 

i

i

�D
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6.5.1.1     Determination of load growth rate ( ) 

According to (Evangelopoulos and Georgilakis, 2022), the electric load growth rate 

on the power distribution network is related to the connection of new customers and 

the need to meet the increasing demands of existing customers. The first factor 

could be traced to increase in population and urban development while the second 

can be attributed to industrialisation and improved income levels for consumers. 

Industrialisation and improved income of the populace are direct manifestations of 

favourable gross domestic product (GDP) of a country. Premised on this, electric 

load growth rate can be said to have a direct correlation with population growth and 

economic (GDP) growth rates. Therefore, the parameter can be determined using 

(6.14) and (6.15). 

���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� 

��������������������������������������������      ������������������ 

where, is the load growth rate controlling factor, and  are respectively 

percentage population and GDP growth rates of a particular society or country. 

Depending on the economic status of the country, can be positive or negative. 

Positive  implies economic prosperity and good income for the energy consumers 

while negative  means economic recession and poor income for the populace. 

Similarly, positive �Esignifies population increase while negative shows 

population decline. In this paper, it is assumed that the economic situation is 

favourable and the population growth rate is envisaged to increase in the future, 

therefore the values of and  are assumed positive. 

6.5.2 Load Demand Variability and Voltage Dependent Load Model  

As previously stated, the load demands (active and reactive) at the utility grid are 

time varying (i.e., hourly or seasonal variation) and are dependent on the voltage 

profile of various consumer types (i.e., residential, commercial and industrial) 

connected to it. 

�D

�D

�E

�E

�E
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6.5.2.1     Load demand variability model  

Loading of the distribution system varies daily (hour-to-hour variation) and in 

different seasons such as summer, winter, spring and autumn day and night of the 

year due to changes in some atmospheric conditions such as temperature and 

humidity. It is expected that a decrease in temperature as experienced on winter 

day will introduce significant increase in power consumption as consumers use their 

heating and other equipment to keep themselves warm. However, for long term 

planning that involves multiple years of study, considering an hour-to-hour load will 

be computationally demanding. In this case, one of the best approaches for 

modelling this seasonal/time-varying load is using three different load levels, 

including off-peak, normal and heavy load levels (Hadidian-Moghaddam et al., 

2018) such that the load pattern and the price of electricity have specific values in 

each load level. Therefore, the active and reactive load demands at each load level 

( ) in each season ( ) in year (t) are determined as shown in (6.16) and (6.17), 

respectively.  

                                                                                                                        (6.16) 

                                                                                                                (6.17)         

Based on seasonal load variation, the network loading in each season of the year 

is discretised into three loading levels ( ) such as low, moderate (base) and high-

load levels. The discretised values for are depicted in Table 6.2.  

 

6.5.2.2 Voltage dependent load model  

For a real practical situation, the distribution network is penetrated with a mixture of 

different load types such as residential, commercial and industrial whose active and 

reactive power requirements are dependent on supply voltage and frequency of the 

system (Kumar et al., 2017b). Depending on the nature of the area being supplied, 

different load types may be connected to different load buses or every bus of the 

system has different load types connected to it. The first approach reflects a well-

Table 6.2:  Load levels 
Load level Low load  Base load High load  
Magnitude  0.75 1.0 1.25 
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organised area in which DISCOs have pre-allocated different buses for different load 

types. The second approach signifies a situation when DISCOs may not be aware 

of the load types connected to the distribution network. Since practical distribution 

system loads are not completely residential, industrial, and commercial, the best 

approach to model distribution loads should be in a mixed-type form. This study 

considers a mixed load model in which every bus of the system has a mixture of 

these load types connected to it. Therefore, considering the voltage dependent load 

and the seasonal load variability, the mixed seasonal voltage dependent load model 

is mathematically formulated as in (6.18) and (6.19) (Nguyen et al., 2021). 

                                              (6.18)    

                                              (6.19)                               

 where and are the mixed seasonal voltage dependent active and 

reactive power demands at bus in year t, demand level dl and season s, 

respectively. The parameters  and  are the active and reactive powers 

at operating point in bus  in year t, demand level dl and season s.  is the voltage 

at bus i and  (usually assumed as unity) is the nominal voltage at the operating 

point.  

According to (6.18) and (6.19),  and  are the active and reactive power 

exponents of the voltage-dependent load model such as, residential, commercial 

and industrial load models with subscript , and , respectively. The values of 

the load power exponents for typical representation of summer and winter day and 

night of a year are presented in Table 6.3 (kumar et al., 2018). 

 

 

 

i

i

c
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The coefficient , and indicate the weight of active power and, , and

are for reactive powers of each load type. These values are assigned by the 

DISCOs (utility) or the design engineer based on the active and reactive power 

consumptions of each load type with respect to the actual load demands of the 

network. For a completely residential load model, while other coefficients 

are zero. For a distribution network connected to a commercial centre, the load 

model has  while other coefficient parameters are equal to zero. Lastly, 

for only industrial load, the  whereas other coefficients are zero. 

Therefore, the summation of coefficients of the active and reactive power 

consumptions relating to real practical distribution network (i.e., a mixture of 

residential, commercial, and industrial) are and , 

respectively.  

6.6 Load Flow Computation  

Due to the radial structure of distribution network with high resistance to reactance 

ratio, the traditional load flow techniques such as Gauss-Seidel (GS), Newton 

Raphson (NR) and fast decoupled methods are not suitable due to the formulation 

of Jacobian matrix or Y-admittance matrix which could be computational demanding 

and may lead to non-convergence. A straightforward iterative method called 

forward-backward sweep (FBS) based on direct approach for distribution system 

load flow model developed by (Teng, 2003) is used due to the elimination of 

Jacobian matrix and matrix decomposition (Parihar and Malik, 2022) and the 

capability to cope with the topological structure of the distribution network thereby 

leading to simplicity, robustness, and computational efficiency (Eid, 2020). The FBS 

Table 6.3:  Seasonal load models and their power exponent values   
Season Load 

duration 
Load models 

Residential  Commercial  Industrial 
   

  

 
  

Summer Day 0.72 2.96  1.25 3.50  0.18 6.00 
Night  0.92 4.04  0.99 3.95  0.18 6.00 

          
Winter Day 1.04 4.19  1.50 3.15  0.18 6.00 
 Night 1.30 4.38  1.51 3.40  0.18 6.00 
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6.7.1 Single Objective Function  

When the objective of optimisation is one, then the system is called a single 

objective. Due to the significance of active power loss as the main contributor to the 

economic revenue generation of the DISCOs, it is considered as a sole objective 

function. 

6.7.1.1 The active power loss (PL)  

Power loss in a distribution network is a function of the current drawn by the 

connected loads and the line impedance. Since most distribution networks are radial 

or weakly meshed, significant power loss is experienced due to the high resistance 

of the line conductors and low operating voltage. Mostly, active power loss 

minimisation forms the major goal of DISCOs due to its criticality in determining their 

annual revenue and maximising their profit. Therefore, this objective is singly 

minimised by applying the following formula (Barik and Das, 2020).   

                                                                                                               (6.20)  

                               (6.20a)                                                                                                                                        

                                                (6.20b)                                                                                                                                                                                                                                                                                    

                                                                                                        (6.21) 

Where and are the real and reactive powers injected in the th bus, and  

are the magnitude of the th bus voltage of the distribution network without 

and with CHP. , are the active power loss at the line 

section between bus  and without and with CHP equipment,  and

are the line current that flows between bus and without and with CHP 

while  is the resistance of the line (conductor) connecting bus  and  while 

N is total bus number.  

i

i

i

i

i
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It should be noted that when a DG is installed at bus , the active power generated 

from DG will change active power injections from in the load bus  to 

while the reactive power generated from DG will change reactive 

power injections from in the load bus to .Where, 

. For DG supplying both active and reactive powers, 

 is positive and operates at a lagging power factor between 0 and 1 while for a 

DG that supplies active power and absorbs reactive power, the is negative and 

operates at a leading power factor between 0 and 1. 

6.7.2 Multi -objective Function  

The integration of DG into the distribution network improves the technical 

performance of the system. Most of the technical performance parameters of the 

distribution system have conflicting attributes. For example, the system power 

losses and the deviatio�Q�� �L�Q�� �W�K�H�� �E�X�V�H�V�¶�� �Y�R�O�W�D�J�H�� �D�U�H�� �H�[�S�H�F�W�H�G�� �W�R�� �U�H�G�X�F�H�� �Z�K�L�O�H�� �W�K�H��

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

voltage profile of the system. To maximise the technical benefit and achieve a trade-

off among these conflicting parameters, simultaneous optimisation is necessary. 

Therefore, a multi-objective function comprising three technical parameters of total 

active power loss, total voltage deviation and total voltage stability of the network 

are simultaneously taken into consideration while maintaining various operational 

constraints.  Because of the divergent characteristics of the evaluation indices, an 

index-based approach is applied to normalise the conflicting attributes and make 

them unit-less.  

6.7.2.1  Voltage deviation index (VDI)  

In practice, there is voltage deviation (VD) at each voltage bus from the nominal 

voltage because of voltage drop along the radial distribution network due to the line 

impedance. This effect usually determines the quality of power supply and is mostly 

pronounced on buses far away from the substation. Therefore, to ensure better 

quality power and improved voltage profile of the radial distribution network, this 

effect should be minimised. The objective function is formulated as (Mouwafi et al., 

2022). 

i

i

i
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                                                                                                                           (6.22) 

                                                                                                            (6.23) 

                                                                                                                         (6.24) 

where,  p.u. is the reference voltage (no CHP-DG) value which is taken as 1.0 

p.u. and is the bus voltage after the placement of CHP-DG on the network and 

is the bus number. 

6.7.2.2  Voltage Stability Index (VSI)  

Therefore, to ensure the stability of the radial distribution network, VSI must be 

maximised by minimising the inverse of the ratio of the sum of VSI before DG 

integration to that when DG is integrated. This objective function is formulated as 

follows (Hashem et al., 2021) 

                               (6.25)                                             

                         (6.26) 

                          (6.27) 

where, is the voltage stability index at bus receiving end when CHP-DG is 

not connected and is the voltage stability index at the receiving end 

when CHP-DG is connected while and are the voltage magnitude at 

sending end bus  without and with CHP-DG, respectively.  and are the 

resistance and reactance of the line between the sending and receiving end buses, 

respectively. Details explanation and formulation of VSI are presented in appendix 

6A. 

i
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6.7.2.3 Overall multi -objective function  

In multi-objective optimisation problems, conflicting objectives are needed to be 

solved simultaneously. Various methods have been proposed to solve the multi-

objective optimisation (MOO) problems. Among the prominent methods are epsilon-

constraint method (Nojavan et al., 2018) and weighted-sum method (WSM) (Balu 

and Mukherjee, 2021, Majidi et al., 2017).  The WSM is mostly used due to its 

simplicity, wide acceptability and ability to avoid dominance of one objective over 

another (Mouwafi et al., 2022) and is applied for this study. In WSM approach, the 

multi-objective function (MOF) is translated into a single objective function by 

summing the product of each objective with an assigned (determined) weight as 

outlined in (6.28).  

                                                  (6.28)     where , 

 and   are the weighting factors of each objective function. The sum of these 

factors must equal unity ( ) and . These weighting values 

signify the importance (significance) attached to each objective function which can 

be arbitrarily assigned based on the experience of the decision maker, engineer or 

designer or calculated using an established method. Due to the contradicting feature 

of these objective functions and the need to assess them concurrently, multi-criteria 

decision-making (MCDM) methods are found appropriate to determine their 

corresponding weights.  

The most widely used MCDM for weight value determination has been the analytic 

hierarchy process (AHP). For instance, (Balu and Mukherjee, 2021) and (Balu and 

Mukherjee, 2020), applied AHP for determining the weights of the objective function. 

Also, (Moradijoz et al., 2013) equally adopted AHP for determining the weighting 

factors for solving a multi-objective optimization problem for allocating parking lots 

in a distribution network. In another work by (Mahmoud et al., 2021) AHP is used to 

determine weights of the evaluation indices for optimal allocation of active and 

reactive power compensators and voltage conditioners in a real Egyptian distribution 

system. In the work of (Pemmada et al., 2021) an improved AHP (IAHP) is applied 

for determining the objective weighting factors. Although AHP has been largely 

applied due to its simplicity and ease of use, it is bedevilled with a major challenge 
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in the formulation of pairwise comparison matrix as the process becomes 

cumbersome and inefficient when the number of criteria increases (Xu et al., 2021). 

This could make AHP unfit for large scale systems that may require numerous 

criteria. Unlike the AHP, a relatively new MCDM method called best worst method 

(BWM) requires fewer pairwise comparisons, more efficient and less complex 

(Rezaei, 2016). To handle the uncertainty of human judgement, fuzzy-based BWM 

(F-BWM) was introduced by (Guo and Zhao, 2017) in 2017 and later modified by 

(Guo and Qi, 2021) in 2021. Therefore, F-BWM is applied for the determination of 

the weights of each objective function in this study. The full details of the steps and 

results of the weighting values of each objective function are presented in Appendix 

6B. 

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

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

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

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

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

�X�V�L�Q�J��GMIR method and the results are presented in Table 6.4 

 

Table 6.4:  Optimal weights of the objective functions 
Objective Expert 1  Expert 2 
Active power loss (C1) (0.7061, 0.7284, 0.7311) (0.7061, 0.7284, 0.7311) 
Voltage deviation (C2) (0.0714, 0.1131, 0.1589) (0.1099, 0.1584, 0.2225) 
Voltage stability index (C3) (0.1099, 0.1584, 0.2225) (0.0714, 0.1131, 0.1589) 
Objective Expert 3 Expert 4 
Active power loss (C1) (0.0000, 0.2000, 0.2000) (0.0338, 0.1201, 0.1806) 
Voltage deviation (C2) (0.4000, 0.6000, 0.9000) (0.1571, 0.2802, 0.4214) 
Voltage stability index (C3) (0.0000, 0.2000, 0.5000) (0.5448, 0.5997, 0.6622) 
Objective Aggregated Fuzzy weight Crisp 
Active power loss (C1) (0.3615, 0.4443, 0.4607) 0.4332 
Voltage deviation (C2) (0.1846, 0.2879, 0.4257) 0.2937 
Voltage stability index (C3) (0.1815, 0.2678, 0.3859) 0.2731 

 

Therefore, from Table 6.4, , and respectively has a weight of 0.4332, 0.2937 

and 0.2731. Based on these weight values, the power loss is a major factor that 

influences the technical and economic viability of power system and a major 

�F�R�Q�W�U�L�E�X�W�R�U���W�R���W�K�H���'�,�6�&�2�¶�V���U�H�Y�H�Q�X�H�����%�\���Y�L�U�W�X�H���R�I���L�W�V���L�P�S�R�U�W�D�Q�F�H�����L�W���L�V���U�D�Q�N�H�G���I�L�U�V�W���Z�L�W�K��

a weighting factor of 0.4332 while voltage deviation (VD) and voltage stability index 
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(VSI) are second and third with weighting coefficients of 0.2937 and 0.2731, 

respectively to maintain the power quality and voltage profile of the system. The 

FBS is applied to compute the total active power loss, the system bus voltage, and 

voltage deviation index and voltage stability prior to installing CHP-DG and after 

while ensuring that the system constraints are not violated. 

6.7.2.4 Constraint of the optimization  

The following are constraints considered for this optimisation problem  

6.7.2.4.1 Power balance constraint 

To ensure a steady state operation of the system, power conservation in the system 

must be maintained. That is the algebraic sum of the incoming power to the 

distribution system must equal the outgoing power from the system. This implies 

that the total power supplied from the grid (slack) bus and the power delivered by 

the CHP equipment should satisfy the total power demand and the network losses. 

Therefore, the power balance constraint is formulated as  

                                                            (6.29)           

                                                                                       (6.30) 

where, is the total active power produced by the CHP units k, is the input 

active power of the main bus, is active connected electrical loads in the 

distribution system and is the active power loss in the distribution system while 

is the input reactive power of the main bus, is reactive connected electrical 

loads in the distribution system and is the reactive power loss in the distribution 

system is the reactive power injected by the CHP unit into the network.  

6.7.2.4.2 Voltage limit constraint 

Under normal operating conditions, the voltage of each bus of the system must 

be kept within the statutory limit according to (6.31) 
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                                                                              (6.31)   

where,   and are the lowest and highest allowable values of voltage. In 

this study,  is set at 0.95 p.u and is set to 1.05 p.u  (Barik and Das, 

2020). 

6.7.2.4.3 Total active and reactive power constraints 

To prevent reverse power flow, the total active and reactive power injected into the 

distribution network by the CHP-DGs must be less than the total active and reactive 

load demand of the network at any load level. This constraint is formulated as (6.32) 

and (6.33).  

                                                                                                                        (6.32) 

                                                                                                                         (6.33) 

6.7.2.4.4 DG Capacity Limit Constraint 

The active and reactive power injected by each CHP-DG must fall within their 

predetermined limit as presented in (6.34) and (6.35), respectively. 

                                                                                                                   (6.34) 

                                                                                                     (6.34a) 

                                                                                                                      (6.35) 

                                                                                                      (6.35a) 

where  is determined according to (6.7) and (6.8). and are 

the minimum and maximum active power capacity of CHP k at year t while 

and are respectively the minimum and maximum reactive powers of each 

DG. The maximum power limit is determined according to (6.36). 

                                                                                                                     (6.36)       
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Where the parameter is the penetration level of the DG into the network which is 

determined based on (6.37).               

                                                      (6.37)                                                                                                              

The value of varies between 0 and 1.    

 

6.7.2.4.5 Power factor limit 

For effective power delivery of a CHP equipment, it should be operated at optimal 

power factor ( ) according to the following (6.38)   

                                                                                                                          (6.38)                                                                                               

6.8 Heat Energy Generation  

The thermal capacity of each CHP equipment is a function of its active power output 

and the heat-to-power ratio (HPR). Recovering heat from the CHP prime movers 

enhances the overall efficiency of the system. The thermal capacity of FC and ICE 

is calculated as in (6.39) (Arandian and Ardehali, 2017, Alao et al., 2022c)       

                                                                                                         (6.39)                                                                                                                                              

Since not all heat generated can be recovered due to losses in the heat recovery 

systems, therefore the actual heat recovered would depend on the efficiency of the 

heat recovery equipment. There are a variety of heat recovery systems such as 

fixed plate, heat pipe, rotary wheel and round around (Cuce and Riffat, 2015). Each 

of them has different heat recovery efficiencies (see Table 6.5).  

Table 6.5: Heat recovery system and their efficiencies (Cuce and Riffat, 2015) 
Heat recovery system  Efficiency of the system 
Fixed plate 50-80 % 
Heat pipe 45-55 % 
Rotary wheel Above 80 % 
Round around 45-65 % 

�O

�O
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Therefore, the actual recovered heat ( ) by CHP k at year t could be determined 

according to (6.40).    

                          (6.40)                                                                                                               

The parameter is the efficiency of a heat recovery system. 

6.9 Economic and Environmental Analysis  

This section focuses on the economic and environmental evaluation of the 

integration of the CHP-DGs in the distribution network. 

 

6.9.1 Economic Analysis  

For long-term planning of distributed generation implementation, economic 

assessment of the project is very essential in order to give the investor (private or 

utility) an idea of the cost-effectiveness of investing in the project. This is because 

economic evaluation is the major driving force for making an effective investment 

decision. In this paper, the economic evaluation is based on two economic metrics 

i.e., net present value (NPV) of profit and levelised cost of energy (LCOE). 

 

6.9.1.1  Net present value of profit  

Since the fundamental intention of an investor is to maximise their yearly economic 

profit, the annual economic savings in terms of the economic profit are used to 

express the overall economic performance of the distribution network. All the future 

costs and revenues obtained from the project are discounted to the present time 

(with a discount rate) to yield a net present value (NPV). Therefore, the overall NPV 

of the economic profit is determined according to (6.41). 

 

                                            (6.41)                                                                                                      

 

Two economic scenarios are investigated such as (1) when CHP-DGs are operated 

in power-only mode and (2) in CHP mode. The revenue and cost components of 

(6.41) are defined in detail in the subsequent section. 

�[
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6.9.1.2 Revenue stream before CHP integration   

Before the CHP installation, the revenue of the DISCOs comes mainly from the 

sales of electricity to retail consumers of various types. The revenue made from the 

sale of electricity for various consumer types is determined according to (6.42) 

                        (6.42)                                      

is the active power demand of the network in year t at load level  and 

season s, is the time period in each demand level for a season , and

($/kWh) is the retail prices of electricity in season  at load level  and is 

discount rate.    

6.9.1.3  Costs stream before the installation of CHP  

Before CHP installation, the costs incurred by the DISCOs are in three folds but not 

limited. The first one is the cost of purchasing active power from the main upstream 

grid, the second one is the cost of system upgrade to meet up with load growth and 

lastly the cost of environmental emission incurred due to power purchased from the 

grid.  

6.9.1.4  Cost of power purchased from the grid before CHP  

The cost of buying power at a wholesale price from the grid and selling to retail 

consumers is estimated according to (6.43) 

�������������������������������������������������������������������������������������������������������������� 

 (kW) is the active power demand in year  in demand level and season 

s while (kW) is the total active power loss in the case (no CHP) in demand 

level dl in year t and season s, ($/kWh) is the wholesale price of electricity 

purchased from the upstream grid at demand level in season s and (h) is the 

operating time in season s and demand level dl. 

t
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6.9.1.5 Cost of system upgrade  

Yearly load growth has a major impact on the distribution network. Apart from the 

technical effects such as increased line losses, voltage profile depreciation and 

system stability issue, there is also structural and infrastructural implications. With 

load growth, the DISCOs have two options to keep their systems working: Load 

shedding (load rationing) and system expansion (upgrade). The first approach 

implies removing some loads from the network at specific interval (time) to relieve 

the network and prevent overloading. This approach is simple but is not technically 

good as it will incur reliability issues and is not economically wise on the part of the 

DISCOs and consumers as it will impact their business and reduce their revenue 

base. The second approach entails spending extra money on purchase and 

installation of new equipment and devices such as transformers and cables to build 

additional substations and feeders to cater for the load growth. The value of this 

cost depends on the topology and distribution network structure, the type and size 

of feeder lines as well as load growth rate  (Arandian and Ardehali, 2017, Yadegari 

et al., 2020). To quantify this cost, an annual value is considered which depends on 

the yearly total load growth of the distribution network. Therefore, the discounted 

cost of system upgrade is determined according to (6.44). 

                                                                                                      (6.44) 

where, ($/kVA) and (kVA) are the yearly upgrade value and apparent load 

growth, respectively. The apparent load growth rate is determined as the difference 

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

noted that at t=0 (i.e., no load growth), the value of is equal to zero. A value of 

120 $/kVA is assumed for  (Arandian and Ardehali, 2017, Alishahi et al., 2012) 

6.9.1.6 Cost of environmental emission before CHP placement  

Among the costs that DISCOs pay due to energy purchased from the upstream grid 

are various environmental costs such as pollution cost and cost of pollution control. 

There are various forms of air pollutants released from the combustion of fuels 

during power generation. Most of these pollutants are greenhouse gases (GHGs). 

The most critical among them are CO2, SO2 and NOX. The DISCOs are required to 
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pay for these emissions even though they are not the ones generating them. This 

cost is evaluated as given below in (6.45) 

�� ��
(6.45)

��

where (kg/kWh) and ($/kg) are respectively the amount of pollutant p 

emitted from the fuel during power generation and cost implication (penalty) for the 

pollutant p. In this study, a coal power plant supplies power to the main grid. The 

total discounted net present value of the costs before CHP integration is obtained 

as in (6.46)  

                                 (6.46)                                                  

6.9.2.1     Revenue stream for DISCOs after installation of CHP -DGs  

The revenue streams are the various channels of income for investing in CHP 

installation. As previously mentioned, the CHP facility is owned and operated by a 

DISCO. In this study, the sources of income for the DISCO for owning and operating 

CHP include the sale of electricity to the consumers and the sale of heat to the 

nearby consumers around the bus where the CHP is located. The total discounted 

revenue from the sale of electricity and heat are defined as in (6.47) and (6.48). 

                                        (6.47) 

                                    (6.48)     

 where and are the revenue from the sale of electricity and heat, 

respectively (kW) and (kW) are respectively the active power demand 

and heat power supplied in year t at load level and season s.  is the time period 

in each demand level dl for season . and in ($/kWh) are respectively the 

retail prices of electricity and heat in season  at load level . Since the heat 

recovered has to be transported through pipeline, the thermal resistance of the 

pipeline characteristics (either buried or above ground) as well as environmental 
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conditions may cause thermal losses along the pipeline (Ahmadi and Rastegar, 

2022). Therefore, the thermal power that may eventually be supplied to consumers 

for use will be a fraction of the heat recovered due to heat loss which can be 

mathematically quantified as follows. 

                                                                                                   (6.49) 

where, , and are the heat supplied, heat recovered and heat loss 

factor, respectively. In separate works by Refs (Ahmadi and Rastegar, 2022) and 

(Casisi et al., 2009), prudential values ranging from 0.05 to 0.15 per km of pipeline 

have been assumed for the heat loss factor taking into consideration the low and 

high heat loss rates, respectively. Since the CHP-DG sites are to be located close 

to the consumers, then the heat loss is expected to be minimal, and therefore,    is 

taken as 0.05 in this study. The overall discounted net present value of the revenues 

is obtained according to (6.50).  

                                                                            (6.50) 

6.9.2.2 Costs stream for DISCO after installation of CHP -DGs 

The total operating costs for the implementation of CHP integration by the DISCO 

comprise of various cash outflow channels including the cost of the purchase of 

power from the upstream grid, investment, operation, and maintenance costs as 

well as cost due to environmental emission penalty incurred.  

6.9.2.3     Cost of power purchased from the grid  

To ensure security and avoid reverse power flow in the network, the total installed 

capacity (size) of the CHP-based DG should be less than the total connected load 

power at every loading condition. Therefore, to ensure the reliability of power to 

consumers, the shortfall in the energy demand should be purchased from the 

upstream grid. The cost of energy purchased is determined as in (6.51) 

 (6.51)                                               

where, (kW) is the active power generated by the CHP in year  in demand 

level (kW) is the active power demand in year  in demand level while

t

t
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is the total active power loss in demand level in year t, ($/kWh) is 

the wholesale price of electricity purchased from the upstream grid at demand level

in season s and (h) is the operating time in season s and demand level dl.   

6.9.2.4 Investment cost  

The investment cost ( �� includes the capital cost for the purchase and 

installation of the energy generating equipment such as ICE, FC stack, inverter, heat 

exchanger and other accessories. It also entails the investigation fee, site 

preparation, construction and monitoring equipment (Khalesi et al., 2011). In static 

DG planning, the whole investment is made at the commencement of the project. 

However, when considering DG planning with load growth, it is expected that new 

DG must be added to take care of the load growth. Considering the addition of new 

DG, it is worth noting that the investment cost will be dynamically and gradually 

increasing with load growth. For DGs that have their lifetime greater than the 

planning period, a salvage value for the newly added DGs must be included in the 

calculation. The initial investment cost is determined according to (6.52). At the 

beginning of the planning horizon (with no load growth (i.e., t = 0)), the incremental 

investment cost  is equal to zero (see 6.53) and all the investment made is 

equal to the initial investment cost. In the subsequent years, the value of is 

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

cost ($/kW) (see 6.53. The newly added CHP ( ) is determined as the difference 

�E�H�W�Z�H�H�Q�� �W�K�H�� �W�R�W�D�O�� �S�U�H�Y�L�R�X�V�� �\�H�D�U�¶�V�� �'�*�� �F�D�S�D�F�L�W�\�� �D�Q�G�� �W�K�H�� �W�R�W�D�O�� �S�U�H�V�H�Q�W�� �\�H�D�U�¶�V�� �'�*��

�F�D�S�D�F�L�W�\�����:�L�W�K���O�L�W�W�O�H���V�D�O�Y�D�J�H���Y�D�O�X�H���R�I���'�*���X�Q�L�W�V���D�I�W�H�U���W�K�H�L�U���O�L�I�H�W�L�P�H�����W�K�H���'�*�¶�V���L�Q�L�Wial cost 

is uniformly distributed through the years of economic life and by considering the 

planning period these costs are summed and converted to the present value using 

the discount rate. The total discounted investment costs are determined as in (6.54). 

                                                                                            (6.52)       

                                                          (6.53)   
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                           (6.54)                                                                                                                                                   

where  (kW) and  (kW) are the total capacity of CHP units in the initial 

(base) year and the yearly incremental capacity of CHP added, ($/kW) is the unit 

investment cost of CHP and is the prevailing discount rate,  (years) is the 

lifetime of the DG and t  is the operating horizon ranging from 0 to 5 (years) where 

zero stands to the base year. For the CHP application, it is assumed that the 

generated heat will be transported to the heat customer through existing water 

pipes, therefore there is no need for constructing or installing new water pipelines.  

6.9.2.5  Maintenance cost  

Maintenance cost ( ����is a yearly cost that includes annual mechanical and 

electrical, inquiry and renovation costs. This cost is a function of the energy 

generation capability (output) of the DG and the extent (time frame) of DG usage. It 

changes throughout the planning horizon due to the economic factors of the country 

where the equipment is being used. The total discounted maintenance cost is 

determined according to (6.55). 

                                                          (6.55) 

where ($/kWh) is the unit maintenance cost of the CHP-DG.                                                                         

6.9.2.6 Operation cost  

The output power of a generator (such as CHP-DGs) depends on its input source 

(fuel). Therefore, the operation cost ( ) of CHP-DG is equivalent to fuel cost. 

The FC stack has an in-built reformer for biogas to hydrogen conversion. The cost 

of fuel for the CHP is based on the consumption rate due to the capacity of the DG 

as well as the mode of operation. Therefore, the discounted operation cost is 

determined according to (6.56). 

                                                          (6.56)     

where  is the unit cost of the fuel ($/m3), is the lower heating value of the 
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fuel in MJ/m3; ���L�V��the conversion factor from MJ to kWh (3.6 kWh/MJ); and  is 

the electrical efficiency of the CHP-DG while  is a parameter which indicates the 

mode of operation of the DG (i.e., power-only or CHP operation mode). The value 

of this parameter is taken as 1 when operating in power-only mode and is calculated 

as follows in CHP operation mode (Farshad, 2020). 

                                        (6.57)  

where  is the thermal efficiency of the replaced heat source such as a fossil-

fuelled boiler; is the overall (electrical and thermal) efficiency (i.e., ), 

and is the heat recovery efficiency. Table 6.6 contains the economic unit 

investment and maintenance costs as well as the HPR while Table 6.7 shows the 

adopted values for each of these parameters.   

Table 6.6: Economic parameters for CHP equipment 

CHP type IC  ($/kW) 
(Yadegari et al., 
2020) 

MC ($/kWh) 
(Yadegari et al., 
2020) 

HPR  (Arandian and Ardehali, 
2017)   

FC 6500 0.038 1.50 
ICE 2900 0.025 0.95 

 

Table 6.7: Performance parameters for the CHP equipment 
 

( )  (Isa et al., 

2018) 
( ) (Isa et al., 

2018)  (Farshad, 
2020) 

(Cuce 

and Riffat, 
2015) 

CHP equipment FC ICE FC ICE - - 
Range value 30 �± 63 % 27 - 41 % 55 �± 80 % 77- 80 % - 45 - 80 % 
Adopted value 60 % 35 % 75 % 80 % 60 %  60 % 

 

 

6.9.2.7 Cost due to emission penalty incurred   

The environmental aspect of renewable-based DG planning could be viewed as a 

benefit or penalty depending on the ownership of the DG. If the DG is owned and 

operated by an individual investor, the emission abatement is rewarded with carbon 

credit. Among the costs that DISCOs pay due to energy purchased from the 

upstream grid are various environmental costs like pollution cost and cost of 

�[

�[
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pollution control. With the inclusion of renewable based DG such as biogas/biomass 

CHP-DG, the environmental emission costs (EMC) incurred by the DISCOs is 

reduced due to limited energy purchased as well as reduction of emissions from 

biogas/biomass-based DGs. The total discounted annual emission (environmental) 

costs incurred by DISCOs due to environmental impact reduction with the biogas 

CHP-DG is determined according to (6.58). 

 (6.58)    

where  (kg/kWh) is the emission factor of biogas combustion for each pollutant 

p of the CHP plant and ($/kg) is the emission penalty for each pollutant. 

6.9.2.8 Total cost ($) 

The total cost is the summation of all costs incurred in the project over the planning 

horizon. It is determined as in (6.59). 

                                                (6.59)       

 6.9.2.9 Levelised cost of energy ($/kWh) (LCOE)  

The LCOE is a crucial economic indicator applied to assess and compare the cost 

effectiveness of different energy generation facilities. It is determined as the ratio of 

the total costs spent to the useful energy generated over the planning horizon and 

is calculated as in (6.60) (Alao et al., 2022c)                

                                                                                                             (6.60)  

                                                                                          (6.61) 

                        (6.62)                                                                             

Where E and H are the total electric and thermal energy supplied by the CHP units 

in year t, season s and demand level dl. For power only, H becomes zero. 
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6.9.3 Environmental Analysis  

The cumulated emission of greenhouse gases over the planning period during 

power generation from the CHP-DGs are quantified and determined according to 

the following Eqn. (57). It should be noted that the carbon dioxide emitted from the 

combustion of biogas during power and heat production process is considered 

biogenic and is carbon neutral with no effect on climate change. So, the emission 

factor for CO2 is disregarded and assumed zero. However, there are other pollutants 

emitted from the combustion of biogas such as sulphur dioxide (SO2) and nitrogen 

oxide (NOx).  

                                                                            (6.63) 

The (kg/kWh) of these pollutants and their corresponding penalty ($/kg) 

values are given in the following Table 6.8. 

Table 6.8: Emission potentials and penalty values 
Pollutants (p) CO2 NOx SO2 

(kg/kWh) Grid (El-Ela et al., 2018) 0.9212461 0.00230 0.00526  
CHP (Paolini et al., 2018) - 0.00194  0.00009 

 ($/kg)  (Salimon et al., 2023) 0.0147400 0.94438 1.56096 

  

6.10 Particle Swarm Optimisation Algorithm ( PSO) 

The PSO is a population-based nature-inspired swarm intelligence computational 

technique proposed by Kennedy and Eberhart in 1995 (Kennedy and Eberhart, 

1995) to solve complex optimisation problems. The philosophy behind PSO follows 

the social and cooperative activities among some creatures such as birds and fishes 

that search for their food in flocks. This cooperative activity enables the birds or 

fishes to expend less effort in search of food as there is information sharing among 

them during the search process. In PSO, each particle has a position and it moves 

with a velocity in a particular direction in the search space. Therefore, there are 

vector components that identify   particles : velocity and position. In 

a D-dimensional search space, velocity vector , while the 

position vector .The value N represents the 
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particle population number or swarm size. During the search process, each particle 

updates its position using its previous position and new information about the 

velocity. During this position update, two best positions (i.e., personal best (

) and global best ( )) emerge among the particles. The best position found for 

a particle i in the search space so far is called while the best position found 

for all the particles in the swarm is called . After identifying these two best 

values, the particle updates its velocity and position according to (6.64) and (6.65).   

   (6.64)

                                                                                                                      (6.65) 

where, is the velocity of the  particle at  dimension in  iteration, 

is the previous position of  particle at dimension,  is the inertia weight while

and are random numbers uniformly generated in the range [0,1]. The particle 

position is bounded by the upper and lower limits of the decision variables while the 

velocity is bounded with the range of minimum ( ����and maximum ( )  

to reduce the possibility of the particle not leaving the search space, where is 

usually taken as a negative fraction (such as 0.1) of . The parameters and

represent the acceleration coefficients (i.e., cognitive and social, respectively). It is 

clear from the above equations that the flight process of a particle in every iteration 

depends on three control parameters such as inertia weight, acceleration coefficient 

and random numbers. Therefore, performance of PSO is highly dependent on these 

parameters. The acceleration coefficient influences the movement of the particle 

towards its and the of the swarm. The two random numbers and

influences the convergence of a swarm (Tian et al., 2019) while the inertia weight 

ensures a trade-off between the local search ability (exploitation) and global search 

ability (exploration) during the optimisation process (Zhou et al., 2011). It is known 

that PSO suffers from local optima and premature convergence problems therefore 

adequate selection of the control parameters (inertia weight and acceleration 

coefficients) can play a significant role in achieving a global or near-global optimal 

solution. 
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In standard PSO, linearly decreasing inertia weight is applied while the acceleration 

coefficients are taken as constant values i.e., . It been argued that in 

order to accelerate the convergence, the acceleration coefficients may be unequal 

as a larger value should be assigned to than such that the new position of a 

particle will be closer to the global best position  (Alanazi and Alanazi, 2023). 

The acceleration coefficient could also be selected randomly since randomization 

can enable the search process to prevent the solution from being stuck in local 

optima (Fister et al., 2013). In 2002, Ref (Clerc and Kennedy, 2002) introduced a 

constriction factor �N( ) as a multiplier to the velocity equation in the 

standard PSO in order to enhance the convergence rate. Based on this premise, an 

improved PSO is formulated with adaptively decreasing inertia weight and a 

randomised acceleration coefficient with a constriction factor and applied to solve 

the EDSEP problem. 

6.10.1 Proposed Improved Particle Swarm Optimisation ( IPSO)  

As previously mentioned, the proposed IPSO combines an adaptive inertia weight 

with a randomised acceleration coefficient to avoid local optima entrapment and 

achieve global search ability.  

 

6.10.1.1 Adaptive decreasing inertia weight (ADIW) 

The approaches for selecting inertia weight ( ) fall into linear time varying (Sellami 

et al., 2022), non-linear time varying (Hantash et al., 2020), and adaptively adjusted 

methods (Nickabadi et al., 2011). Generally, a larger inertia weight is applied at the 

beginning of the search process to ensure global exploration and the value is 

reduced towards the end of the search process for local exploitation. However, the 

success rate of the particle in each iteration is not captured. Therefore, taking a cue 

from Nickabadi  et al (Nickabadi et al., 2011), an adaptive inertia weight that 

combines the success rate and the decreasing inertia weight for local search is 

adopted. According to Ref (Nickabadi et al., 2011), high value of success rate 

implies that there is the possibility that the particles have converged to a point that 

is far from the optimum and the whole particle population is gradually moving 

towards the optimal solution. However, when there is low success rate, the particles 

tend to swing within the area of the optimum point with little or no success rate. For 
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a minimisation problem, the rate of success of the i th particle at the th iteration is 

expressed as (6.66). 

                                                             (6.66)                                                                                  

where is the personal best position of the �Eth particle so far until the �Gth 

generation, the previous personal best position until is found, 

�B(�„) is the fitness of the objective function being optimised. Hence, the success rate 

of the entire population is given by (6.67). 

                                                                                                                   (6.67) 

where,  is the maximum value of the iteration, �J the population size, and  

�Ð [0 1] is the ratio of the number of particles numbers which have produced better 

fitness values in the previous generation. According to the success rate the inertia 

weight is linearly and adaptively changing as the iteration progresses according to 

the following equation  

                                                                                         (6.68) 

where, and  are the maximum and minimum inertia weights,  and are 

the current iteration and maximum iteration, respectively 

 

6.10.1.2 Randomised acceleration co -efficient  

In this study, a weight randomised acceleration coefficient factor like the 

randomisation parameter in firefly algorithm is applied. The proposed weighted 

randomised acceleration coefficients are presented according to (6.69) and (6.70). 

                                                                                             (6.69)                        

                                                                                                               (6.70) 

Where, and  are respectively non-negative randomisation weights while and 

 are two independents uniformly generated random numbers in the range of [0, 1].  

Therefore, the new equation for velocity and position updates are shown in the 

following equations. 
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Figure 6.4: Flowchart of the proposed IPSO for optimal location and capacity 

determination of biogas CHP-DG 
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6.12  Description of the Case Study  

The proposed IPSO was applied to determine the optimal location and capacity of 

FC and ICE for a medium-scale distribution network considering typical townships 

in South Africa called South-western Township (Soweto). The coordinates of 

Soweto are �����ƒ�����•�����Ž �6�R�X�W�K�� �D�Q�G�� �����ƒ�����•�����Ž�� �(�D�V�W. It is located in the City of 

Johannesburg and is about 43 % of the population of Johannesburg (Ayeleru et al., 

2021). The population of Johannesburg is estimated to be 5.783 million �S�H�R�S�O�H�����$�O�D�R��

�H�W���D�O���������������E���� Soweto is the largest township in the whole of South Africa and its 

estimated population was about 1.9 million as of 2019 (Ayeleru et al., 2021). Due to 

the presence of mining activities, it receives influxes of people for business and 

industrial means, the present population must have surpassed that of 2019. It is 

dominated by blacks with the tradition of eating cooked food. The huge population 

of this township is a plus for its food waste potential which is the feedstock for biogas 

production. Of note is the proximity of Soweto to one of the four functional landfill 

sites (LSs) in Johannesburg which is an important factor for setting up a biogas plant 

facility and a major element for selecting Soweto as the case study in this paper. 

Table 6.9 shows the data for determining the food and biogas generation potentials 

as well as the electric capacity of FC and ICE units. 

*is determined as  million  

The IEEE 69 bus distribution network is employed to test the applicability of the 

proposed method. Although the real network of Soweto would have been more 

appropriate to be applied, due to a lack of detailed network data that could serve the 

purpose of this study, the IEEE 69 bus system being an established universal 

medium scale distribution network for any location is employed. In this system, bus 

1 is considered as a slack (reference) bus from where the external grid is connected, 

and the rest buses are considered as candidate buses for DG integration. The base 

voltage of this network is 12.66 kV, base apparent power is 100 MVA while the total 

active and reactive load demands are 3.8019 MW and 2.6941 MVAr, respectively. 

Table 6.9: Data for calculating the biogas potential and capacity of each DG 
Population  
size 

Population 
growth rate 

GDP growth 
rate 

Per capita food 
waste 
(kg/capita/week) 

Waste 
collection rate 

2.487* million 2.63 % 2.26 % 0.22   69 % 
(Alao et al., 
2022a) 

 (Alao et 
al., 2022a) 

(Alao et al., 
2022a) 

(Oelofse et al., 2018)  (Alao et al., 
2022a) 
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A single line diagram of IEEE 69 bus system is shown in Figure 6.5.  The technical 

data of this network can be found in (Aman et al., 2014), Line and bus data of the 

network are presented in the Appendix 6C. 

Figure 6.5: A single line diagram of IEEE 69 Bus system 

Due to the metropolitan nature of Soweto, the load demands are modelled as a 

mixture of residential, commercial, and small-scale industrial loads. The active and 

reactive load exponents presented in Table 6.3 represent a typical seasonal load 

model for a medium voltage distribution network in South Africa. The load demand 

varies due to seasonal variations. Van der Walt and Fitchett (van der Walt and 

Fitchett, 2020) have statistically classified South African seasons into four seasonal 

brackets such as summer (October to March), early autumn (April) and late autumn 

(May), winter (June to August), and spring (September). The load demand differs 

along the time-of-use periods (TOU) - peak, the standard and the off-peak periods 

based on the variability of utilization as a result of activity and appliance usage as 

well as seasonal impact. Considering a typical day and night in each season and 

based on the seasonal classification made by (van der Walt and Fitchett, 2020) as 

well as seasonal load demand, it is assumed that the distribution network is lightly 

(low load level) loaded in the summer night, moderately loaded (base load level) in 

the summer day and winter night, and highly loaded (high load level) especially in 

winter day. The autumn and spring are transitional seasons between summer and 

winter. According to Table 6.3, autumn and spring seasons are not separately 
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considered. The reason may be due to their transitional characteristics in which 

autumn has a feature of winter (i.e., mild coldness) while spring has a feature of 

summer (i.e., mild warmth). Therefore, it is assumed that the distribution network in 

autumn is subjected to a loading equivalent to low-load level on winter night. 

Similarly, in spring season, the distribution network loading is assumed to be 

equivalent to lightly-loaded summer day. The discrete values of the loading levels 

(i.e., ) are presented in Table 6.2. According to the recent release by National 

Energy Regulator of South Africa (NERSA) and the main electricity utility (i.e., 

ESKOM), the wholesale and retail energy tariff for a typical province in South Africa 

are depicted in Tables 6.10 and 6.11, respectively. 

*R 19.231 to 1 $ as at 23/05/23.  

 

*R 19.231 to 1 $ as at 23/05/23.  

Again, the biogas, being the fuel for powering the CHP equipment, is assumed to 

have been purified to the standard of natural gas. The price of biogas is taken as 

0.15 $/m3 an equivalent of natural gas price (Farshad, 2020). The heating value of 

purified biogas is taken as 37.2 MJ/m3 while the conversion factor is 3.6 kWh/MJ.  

The cost of heat is mostly considered as a fraction of the electricity cost. In (Arandian 

and Ardehali, 2017), the heat cost is taken as 40 % of electricity cost while (Yadegari 

et al., 2020)   assumed 60 % of electricity cost. In this paper, 50 % of electricity cost 

is considered for heat selling price at all seasons and load levels. Also, 15 hours 

(i.e., 4.00-19.00 hours) are considered for the daytime while 9 hours (i.e., 19.00 - 

Table 6.10: Seasonal wholesale electricity rates ($/kWh)  (NERSA, 2023) 
               Low demand (Summer)                  High demand (Winter) 
  
Low (Off peak) Base 

(Standard) 
High 
(Peak) 

Low (Off peak) Base 
(Standard) 

High 
(Peak) 

0.02617 0.03664 0.06517 0.03617 0.03925 0.15703 

Table 6.11: Seasonal retail electricity rates ($/kWh) for various customers (ESKOM, 
2022) 
Load type                  Summer                  Winter 

Low Base  High  Low  Base  High  
Residential 0.0688 0.0875 0.1106 0.0736 0.1042 0.2544 
Commercial 0.1523 0.1523 0.1523 0.1567 0.1567 0.1567 
Industrial 0.0626 0.0814 0.1081 0.0673 0.0982 0.2573 
Mixed 
(average) 

0.0946 0.1071 0.1237 0.0992 0.1197 0.2228 
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4.00 hours) make up the night-time, and are repeated for all days and nights of the 

seasons. Table 6.12 depicts the breakdown of seasonal hours for days and nights 

in a year. 

Table 6.12: Seasonal time duration  
Time duration  Seasons 

Summer  Autumn Spring Winter 
Day (hours) 2730 915 450 1380 
Night (hours) 1638 549 270 828 

 

The proposed algorithm was implemented in self-written codes in MATLAB 2021b 

software and the simulation is done on Intel core i5-4200U 1.6GHz 8GB RAM 

Laptop computer. 

6.13 General Assumptions and Limitation  

The following assumptions and limitations are made for this study. 

1. The CHP-DGs are implemented mathematically as a negative load. 

2. The test RDN is examined under balance operating conditions.  

3. The effect of harmonics injected by inverter-based DG such as FC on the test 

network is neglected. 

4. The heat generated by CHP units is considered as a by-product of energy 

conversion system for the CHP-DGs 

5. Prior to CHP installation, no heat is bought from external boiler and the 

DISCO does not have any boiler to sell heat to the consumers and heat 

demand utilisation at the consumer end is not considered. 

6. Only electric distribution network is considered.   

7. DGs are installed at the PQ buses for load flow purposes. 

8. The ICE is operated at an optimal power factor in the range of 0.8-1while FC 

is operated at unity power factor. 

9. Maximum of three CHP- DGs are to be connected to the distribution system 

10. The CHP-DG capacity is limited within 100 kW and kW (see section 

6.7.2.4.4). 

11. A discount rate of 12 % is assumed for the economic analysis. 

12. All the heat power demand after pipeline losses is sold to the consumers. 
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13. The biogas plant is located in the study area and is owned and operated by 

an independent investor, therefore the cost of biogas production is not 

included. 

14. The information regarding the setting of parameters for the IPSO and PSO is 

given in Table 6.13 

15.  

 

6.12 Results and Discussion  

The results for the biogas and CHP-DG (i.e., ICE and FCs) capacity for the selected 

study area as well as the impact of integrating these DGs on the distribution network 

are presented. The impact on the distribution network is in two cases: mono and 

multi-objective optimisation. In the first case, only total active power loss is 

minimised for constant and seasonal voltage dependent mixed load model while in 

the second case the total active power losses, voltage stability and voltage deviation 

are simultaneously minimised. 

6.12.1 DG Electric Capacity Potential Dete rmination  

Using data presented in Table 6.9, (6.1) �± (6.7) and Ref (Alao et al., 2022a), the 

food waste potential, biogas potential and electric power capacities of FC and ICE 

over the operating time horizon of five years for Soweto townships are estimated 

and the results are presented in Table 6.14. 

Table 6.14: Estimated food waste, biogas potential and electric and heat power 
capacity of FC and ICE for Soweto Township 
Year Base 1 2 3 4 5 
FW potential (kilotons/year) 19.6289 20.6005 21.6201 22.6901 23.8132 24.9918 
Biogas potential (x106 m3/year)  6.9094 7.2514 7.6103 7.9870 8.3823 8.7972 
CHP type 

Maximum power capacity of each CHP per year ( )(kW)  

ICE   3123.64 3278.24 3440.49 3610.78 3789.49 3977.05 
FC 3573.25 3750.11 3935.72 4130.51 4334.95 4549.51 
 

It is observed from Table 6.14 that both CHP-DGs have the potential capacities to 

feed the load buses of the selected network. Since the maximum active power 

Table 6.13:  The parameters for the IPSO and PSO 
Methods Population 

size        

IPSO 50 100 0.4 0.9 1.125 x range   1.5 2.5 

PSO 50 100 0.4 0.9 range  - - 
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capacity of each CHP-DG is comparable to the total active power demand (i.e., 

3801.9 kW) of the IEEE 69 bus network. Therefore, the capacity limit of the DG is 

rated between 100 kW and the values in rows 5 and 6 of Table 6.14 for each year 

of the planning horizon.   

6.12.2 Network Performance Analysis  

In this section, two categories are investigated. Each category has two scenarios 

and each scenario has two cases. In category one, constant power load model is 

investigated under single objective optimisation scenario for case (a) FC-based 

CHP operating at unity power factor and case (b) ICE-based CHP operating at 

optimal power factor. In scenario 2 of category one, multi-objective optimisation for 

constant load model for case (a) and case (b). In Category 2, the seasonal mixed 

voltage dependent load model considering single and multi-objective optimisation 

scenarios as stated in category 1 are investigated. 

6.12.2.1 Category 1:  Constant power load model  

Here performance of the system before and after the installation of FCs and ICE-

based DGs to the distribution network under constant load models with an estimated 

load growth of 4.83 % over a five-year operation horizon is investigated.  Before 

optimisation with no CHP-DG, the performance metrics of the system over an 

operating time of five years are displayed in Table 6.15. 

 

A look at Table 6.15 shows that as the load increases from 3.80189 MW to 4.813258 

MW, all the network parameters keep deteriorating and the impact on the network 

indicates a decrease in total voltage stability, an increase in voltage deviation and a 

decline in voltage profile from the acceptable limit of 0.95 p.u. Since the line 

parameters (i.e., resistance and reactance) remain the same, the increase in load 

demand will cause an increase in the line current  drawn by the connected loads 

Table 6.15: Results for load demand and system performance parameters for 
constant load without DGs 
Year �3�'���W��(MW) �4�'���W�� (MW) �3�/����(kW) �9�6�,����(pu) �9�'�,����p.u Vmin (bus) 
Base  3.801890 2.694100 224.960628 61.224136 0.0995772 0.9090065 (65) 
1 3.985543 2.824241 249.469320 60.898899 0.1103917 0.9041291 (65) 
2 4.178067 2.960666 276.813583 60.557992 0.1224506 0.8989568 (65) 
3 4.379890 3.103684 307.354625 60.200628 0.1359109 0.8934674 (65) 
4 4.591464 3.253609 341.506874 59.825973 0.1509528 0.8876359 (65) 
5 4.813258 3.410777 379.747546 59.433133 0.1677829 0.8814349 (65) 
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thereby increasing the active power loss  of the line over the years. Active power 

loss is the major cause of revenue loss to the DISCOs. However, the integration of 

DG can adequately ameliorate this issue which is investigated in the following 

scenarios and cases.  

6.12.2.1.1 Scenario 1: CHP-DG placement for active power loss minimization 
only  

 
Due to the stochastic nature of the proposed optimisation algorithm, the algorithm 

is subjected to twenty (20) runs with 100 iterations for each run.  The run with 

minimum objective function is taken as the best result. In this scenario, the proposed 

optimisation algorithm is applied to determine the site and size of CHP-DG by singly 

minimising the total active power loss under two operating cases: Case 1 (FC-CHP) 

and Case 2 (ICE-CHP). The optimised results for both cases are reported as 

tabulated in Table 6.16.  

According to Table 6.16, the allocation of FCs (i.e., Case 1) at buses 61, 11, 18 is 

able to reduce the total active power loss from the initial 224.960628 kW before 

CHP-DG integration to 69.4100178 kW in the base year prior to load growth which 

is about 69.15 % reduction. As the load grows, and with the integration of the FC, 

the power loss reduction improved from 69.15 % to 70.41 % in the final year. 

Similarly, when the ICEs (i.e., Case 2) are located in buses 61, 11, 18 and operated 

at optimal factors of 0.8139, 0.8135, and 0.8333, respectively, the total active power 

loss is reduced to 4.26668492 kW in the base year in comparison with 224.960628 

kW prior to the integration of the DG which is 98.10 % loss reduction. Other network 

parameters such as the total voltage deviation (VD) and total voltage stability index 

(VSI) are equally improved with the integration of both CHP-DGs into the network. 

For FC and ICE-based CHP-DG, the total VD records about 94.40 - 94.64 % and 

99.871 - 99.877 % improvement, respectively from the base year till the fifth year. 

Similarly, the total VSI increases from 8.183 -10.693 % for FC based CHP-DG and 

10.647 -13.869 % for ICE based CHP-DG between the base year and the last year 

of planning horizon. It is clear from these results that operating DG at optimal power 

factor reduces the network losses and improves the performance of system 

parameters better than operating the DG at unity.  
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To test the effectiveness of the proposed IPSO, the results obtained for the base 

year (no load growth) are used to compare with standard PSO and other 

optimisation techniques found in literature. The comparison results are tabulated in 

Tables 6.17 and 6.18 for case 1 and case 2, respectively. 
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Table 6.16: Results for optimal location, power factor and capacity of FC and ICE for constant load model for loss minimisation 
only 
Year (kW) (p.u) (p.u) Vmin (bus)                Capacity/location 

Case 1: Allocation of 3 FC @ unity power factor  FC (kW)/bus /pf FC (kW)/bus /pf FC (kW)/bus /pf 
Base    69.410018 66.234227 0.0055754 0.97794695 (65) 1718.9659/61/1.0  526.8271/11/1.0  380.0522/18/1.0  
1    76.414124 66.152485 0.0061343 0.97685335 (65) 1804.4600/61/1.0 554.0489/11/1.0  398.5127/18/1.0  
2    84.132706 66.068345 0.0067439 0.97570080 (65) 1894.1412/61/1.0 582.9305/11/1.0  418.3197/18/1.0  
3    92.639841 65.978103 0.0074271 0.97449610 (65) 1988.8411/61/1.0  613.0908/11/1.0  438.1845/18/1.0  
4  102.019126 65.831185 0.0081746 0.97322633 (65) 2088.2206/61/1.0 644.9171/11/1.0 459.6768/18/1.0 
5  112.356588 65.788276 0.0089945 0.97189138 (65) 2192.7459/61/1.0  678.9174/11/1.0  481.8331/18/1.0  
Case 2: Allocation of 3 ICE @ optimal power factor ICE (kW)/bus/pf ICE (kW)/bus/pf  ICE (kW)/bus/pf 
Base 4.26668492 67.742803 0.000128685 0.99426198 (50) 1674.3294/61/0.8139 494.5437/11/0.8135  378.7676/18/0.8333 
1 4.69057046 67.730584 0.000141376 0.99398259 (50) 1755.3008/61/0.8139 518.4682/11/0.8135 397.0999/18/0.8333 
2 5.15666088 67.717795 0.000155318 0.99368949 (50) 1840.1930/61/0.8139 543.5528/11/0.8135 416.3202/18/0.8333 
3 5.67124178 67.704123 0.000170874 0.99338199 (50) 1929.1958/61/0.8139 569.6786/11/0.8135 436.6518/18/0.8333 
4 6.23274576 67.690402 0.000187454 0.99305937 (50) 2022.5092/61/0.8139 597.4285/11/0.8135 457.6030/18/0.8333 
5 6.85248646 67.675746 0.000205930 0.99272087 (50) 2120.3423/61/0.8139 626.3406/11/0.8135 479.7587/18/0.8333 

 

Table 6.17: Comparative results of DG allocation for active power loss minimisation for unity power factor (such as FC-DG) 
Method Bus No DG capacity (kW) Total DG 

size (kW) 
RPL (kW) %Loss 

Reduction 
VDI (p.u) min (VSI) 

(p.u) 
Base case - - - 224.9606 - 0.0995772  0.6833 
SOS-NNA (Nguyen et al., 2021) 11, 18, 61   526.80, 380.30, 1719.00 2626.10 69.4284 69.14 0.0052010 0.9185 
Heuristic (Bayat and Bagheri, 2019) 61, 21, 12 1689.00, 312.00,   471.00 2472.00 69.7000 - - - 
APSO (Eid, 2020) 17, 61, 64   536.27, 1173.75,   522.81 2232.83 71.7100 - - - 
MGSA  (Eid, 2020) 15, 61, 63   562.65, 1190.11,   523.31 2275.64 71.9000 - - - 
LSF-SCA (Selim et al., 2021) 11, 18, 61   522.22,   396.24,   1711.40 2629.86 69.4200 - - - 
WOA (Prasad et al., 2023) 66, 18, 61   459.80,   399.60,   1727,00 2586.40 69.6900 - - - 
OCDE (Kumar et al., 2019b) 11, 18, 61   525.93,   380.18,   1718.96 2625,07 69.4360 - - - 
Hybrid-PSO (Kansal et al., 2016) 11, 17, 61   510.00,   380.00,   1670.00 2560.00 69.5400 69.09 - - 
IHHO (Selim et al., 2020)    11, 17, 61   527.20,   382.50,   1719.40 2629.10 69.4100 - - - 
DE (Huy et al., 2020) 61, 18, 11 1718.70,   381.10,    525.20 2625.00 69.4230 69.15 - - 
ALO (Palanisamy and Muthusamy, 2021) 61,17, 65 1324.90,   451.60,    270.30 2046.80 70.5100 68.67 - - 
HFEO (Yehia et al., 2022) 66, 19,61 770.20,     530.50,   1748.30  3049.00 72.9450 - - - 
BWO (Salimon et al., 2023) 11, 17, 61 502.00,     404.00,    1751.00 2657.00 69.4500 69.13 - - 
TSO (Bhadoriya and Gupta, 2022)   9, 22, 61 825.09,     405.14,    1050.10 2280.33 70.2500 -   
OTCDE (Kumar et al., 2019a) 11, 18, 61 526.84,     380.35,    1718.97 2626.16 69.4280 69.14 - - 
CSFS3 (Nguyen et al., 2019) 11, 18, 61 527.00,     380.00,    1719.00 2626.00 69.4300 69.14 - - 
Standard PSO 18, 11, 61 382.71,     527.57,    1718.99 2629.27 69.4104 69.14 0.0055293 0.9186 
Proposed IPSO  61, 11, 18 1718.97,   526.83,     380.05 2625.85 69.4100 69.15 0.0055754 0.9185 
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Table 6.18: Comparative results for active power loss minimisation only with optimal power factor DG (such as ICE-DG) 
Method Bus No DG capacity kVA (pf ) Total 

DG size 
(kVA) 

RPL 
(kW) 

% Loss  
Reduction 

TVD  
(p.u) 

Min 
(VSI) 
(p.u) 

Base case - - - 224.961 - 0.09957
7 

0.6833 

SOS-NNA (Nguyen et al., 
2021) 

11, 18, 61 607.76(0.8120), 456.18(0.8330), 2059.41(0.8130) 3123.35 4.2676 98.10 0.00012
7 

0.9772 

APSO (Eid, 2020) 17, 61, 64 633.55(0.8302), 1633.57(0.7756), 485.45(0.9051) 2752.57 6.6000 - - - 
MGSA  (Eid, 2020) 17, 61, 64 761.29(0.7895), 1357.22(0.7153), 801.20(0.9023) 2919.71 8.6100 - - - 
IHHO (Selim et al., 2020)    11, 18, 61 536.71(0.8500), 474.63(0.8200), 2066.02(0.8300) 3077.36 4.4400 - - - 
LSF-SCA (Selim et al., 
2021) 

11, 18, 61 595.93(0.8200), 459.03(0.8300), 2063.68(0.8100) 3118.65 4.2700 98.10 - - 

DE (Huy et al., 2020) 61, 18, 11 2057.80(0.8140), 454.90(0.8340), 608.80(0.8130) 3121.50 4.2680 98.10 - - 
TSO (Bhadoriya and Gupta, 
2022) 

12, 59, 61 871.69(0.8000), 930.10(0.9100), 1314.99(0.8100) 3115.78 11.890 - - - 

I-GWOPSO (Akbar et al., 
2022)      

11, 61, 21 636.47(0.8500), 2068.29(0.8200), 380.25(0.8100) 3085.01 4.2700 98.10 0.00020
3 

0.9815 

I-GWO (Akbar et al., 2022) 21, 61, 11 355.29(0.8500), 1978.05(0.8200), 655.56(0.8100) 2988.90 4.2900 98.08 0.00075
7 

0.9815 

BWO (Salimon et al., 2023) 12, 21, 61 707.06(0.8500),329.41 (0.8500), 1885.88 (0.8500) 2922.35 4.9800 97.97 - - 
Standard PSO 61, 11, 18 2069.17(0.8138), 638.89(0.8305), 390.27(0.8397) 3098.33 4.4010 98.04 0.00024

8 
0.9773 

Proposed IPSO  61, 11, 18 2057.17(0.8139), 607.93(0.8135), 454.54(0.8333)  3119.64 4.2667 98.10 0.00012
9 

0.9773 

Power factor (pf), p.u (per unit) Particle swarm optimisation (PSO), Symbiosis organism search and neural network algorithm (SOS-NNA), Adaptive particle 
swarm optimisation (APSO), Loss sensitivity factor    based    sine cosine algorithm (LSF-SCA), Modified gravitational search algorithm (MGSA), Opposition 
based chaotic differential evolution (OCDE), Analytical-Hybrid-particle swarm optimisation (Hybrid-PSO),Chaotic stochastic fractal search (CSFS), 
Comprehensive teaching learning-based optimization (CTLBO), Improved Harris hawks optimization  (IHHO), Whales optimisation algorithm (WOA), 
Differential Evolution (DE) algorithm, Ant lion optimisation (ALO). Hybrid Fuzzy Equilibrium Optimizer (HFEO), Black Widow Optimizer (BWO), improved grey 
wolf optimization with particle swarm optimization (I-GWOPSO), Opposition-based tuned-chaotic differential evolution (OTCDE) 

 

 

 



 
 

223 
 

 

Table 6.19: Results of optimal location, power factor and capacity of FC and ICE under constant load model for multi-objectives 
Year (kW) (p.u) (p.u) Vmin (bus)                Capacity/location 
Case 1: Allocation of 3 FCs at unity power factor FC (kW)/bus /pf FC (kW)/bus /pf FC (kW)/bus /pf 
Base 73.7928 67.1463 0.001246098 0.989294 (65) 2029.0308/61/1.0 628.8287/11/1.0 447.5560/18/1.0 
1 81.3770 67.1327 0.001308799 0.988873 (65) 2135.1528/61/1.0 631.9793/11/1.0 488.2790/18/1.0 
2 89.7398 67.1029 0.001408307 0.988493 (65) 2247.0733/61/1.0 664.2318/11/1.0 511.5881/18/1.0 
3 98.9745 67.0725 0.001515191 0.988103 (65) 2365.0176/61/1.0 698.3019/11/1.0 535.9996/18/1.0 
4 109.1733 67.0415 0.001630123 0.987699 (65) 2489.3267/61/1.0 734.2409/11/1.0 561.5811/18/1.0 
5 120.4439 67.0139 0.001738518 0.987276 (65) 2620.4190/61/1.0 806.9219/11/1.0 640.3648/18/1.0 
Case 2: Allocation of 3 ICE @ optimal power factor ICE (kVA)/bus/pf  ICE (kVA)/bus/pf ICE (kVA)/bus/pf 
Base 4.4285 67.9859 0.000113785 0.994265 (50) 2089.6638/61/0.8155 651.7211/11/0.8170 485.7999/18/0.8428 
1 4.8818 67.9949 0.000128904 0.993986 (50) 2191.8100/61/0.8156 685.0575/11/0.8172 510.5149/18/0.8431 
2 5.3918 68.0116 0.000150084 0.993693 (50)  2298.7898/61/0.8158 720.6134/11/0.8173 538.4134/18/0.8435 
3 5.9376 68.0177 0.000167197 0.993391 (50) 2411.8997/61/0.8157 757.4016/11/0.8175 563.9925/18/0.8438 
4 7.1309 68.0447 0.000214941 0.993060 (50) 2547.7837/61/0.8053 837.9143/11/0.8176 621.6031/18/0.8441 
5 7.2315 68.0482 0.000220203 0.992726 (50) 2654.2553/61/0.8159 849.9710/11/0.8177 623.4363/18/0.8446 
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A look at Table 6.17 shows that for FC based CHP-DG operating at unity pf (i.e., 

Case 1), the total active power loss is reduced to 69.4100 kW (69.15 %) which is 

less than that from SOS-NNA (Nguyen et al., 2021), Heuristic (Bayat and Bagheri, 

2019), APSO (Eid, 2020), MGSA  (Eid, 2020), LSF-SCA (Selim et al., 2021), WOA 

(Prasad et al., 2023), OCDE (Kumar et al., 2019b), Hybrid-PSO (Kansal et al., 

2016), DE (Huy et al., 2020), ALO (Palanisamy and Muthusamy, 2021), HFEO 

(Yehia et al., 2022), BWO (Salimon et al., 2023) and CSFS3 (Nguyen et al., 2019) 

but has an approximate value to that from IHHO (Selim et al., 2020). Similarly, from 

Table 6.18 for ICE based CHP-DG operating at optimal pf (i.e., Case 2), the 

proposed IPSO finds the optimal locations, sizes, and optimal PFs with a reduced 

total active power loss of 4.2667 kW (98.10% reduction), which is lower than most 

of other reported methods such as SOS-NNA (Nguyen et al., 2021), APSO (Eid, 

2020), MGSA (Eid, 2020), IHHO (Selim et al., 2020), LSF-SCA (Selim et al., 2021), 

DE (Huy et al., 2020), I-GWO (Akbar et al., 2022) and PSO except for I-GWOPSO 

(Akbar et al., 2022) which gives a slightly better power loss reduction than the 

proposed IPSO. However, for other parameters (i.e., VSI and VD) the proposed 

method returns better results than other methods. By and large, it could be inferred 

that the results achieved by the proposed IPSO technique in this study, are highly 

competitive, effective, and more efficient in comparison with the standard PSO and 

other state-of-the-art algorithms reported in literature. This thereby validates the 

novelty and the capability of the proposed IPSO to find optimal locations and sizes 

for FC and ICE based CHP-DG as well as the optimal pf with the objective of 

minimising the total active power loss while improving the voltage profile and other 

system parameters of the distribution network. 

6.12.2.1.2 Scenario 2: CHP-DG placement for multi-objective minimisation 

In this scenario, simultaneous optimisation of power loss, voltage deviation and 

voltage stability index are carried out. The results of this multi-objective optimisation 

are depicted in Table 18. According to Table 18, optimal allocation of 3 FCs (i.e., 

Case 1) at buses (61, 11, and 18) causes a reduction in the total active power loss 

to 73.8032 kW (67.92%), reduction in the VD to 0.001216 p.u (98.78%) and 

improvement in total VSI to 67.0983 p.u (9.59%) in comparison with 224.9606 kW, 

0.099577 p.u, and 61.2241 p.u from the base case, respectively.  In Case 2, after 

determining the optimal locations, sizes, and optimal pfs of 3ICEs, the network 



 
 

225 
 

performance metrics improved with the total active power loss reducing to 4.4285 

kW (98.03% reduction). VD reduces to 0.0001138 p.u and total VSI improves to 

67.9859 p.u when compared with base case (without DG integration). The 

comparison of the results of the proposed IPSO with the original PSO and other 

existing state-of-the-art methods found in literature are presented in Table 6.20 for 

Case 1 and Table 6.21 for Case 2, respectively. It should be noted that the results 

of the base year are adopted for this comparison purpose. 

According to Table 6.20, for Case 1, the proposed IPSO dominates TSO (Bhadoriya 

and Gupta, 2022),  MOTEO (Elseify et al., 2023) and MOLA (Elseify et al., 2023) in 

terms of total active power loss minimisation. It performs better than SPBO (Balu 

and Mukherjee, 2021) in VD minimisation and outweighs TSO (Bhadoriya and 

Gupta, 2022) and SPBO (Balu and Mukherjee, 2021) in VSI maximisation. It gives 

better results than SOS-NNA (Nguyen et al., 2021) in all the three comparative 

objectives and returns better performance than PSO in two out of the three 

comparing objectives. Similarly, for Case 2, as shown in Table 6.21, the proposed 

IPSO shows a better solution than TSO (Bhadoriya and Gupta, 2022) and I-GWO 

(Akbar et al., 2022) in all the compared objectives, and it gives better solutions than 

SOS-NNA (Nguyen et al., 2021), MOIHHO (Selim et al., 2020), ALO (Sultan et al., 

2023), MVO (Sultan et al., 2023), MOLA (Elseify et al., 2023), MOTEO (Elseify et 

al., 2023), I-GWOPSO (Akbar et al., 2022) and MVO (Sultan et al., 2023) in two out 

of the three compared objectives. It also gives better results than PSO in all the 

compared objectives. This shows that the proposed IPSO outperforms the standard 

PSO and other comparative methods in terms of the solution quality
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Table 6.20: Comparative results for multi-objective optimisation with unity power factor DG (such as FC-DG) 
Method Bus No DG capacity kW  Total DG size (kW) 

(kW) 

% Loss Reduction VDI (p.u) Min (VSI) (p.u) Sum (VSI) 
p.u 

Base case - -       - 224.9606 - 0.099600 0.6833 61.2241 
TSO (Bhadoriya 
and Gupta, 2022) 

  7, 22, 62 977.40, 513.68, 1954.80 3445.88 76.280 - 0.001100 0.9632 - 

SPBO (Balu and 
Mukherjee, 2021) 

11, 18, 61 559.93, 369.16, 1713.10 2642.19 69.450  0.005200 0.9182 - 

MOTEO (Elseify et 
al., 2023) 

17, 61, 59 29.54, 1730.10, 447.96 2907.60 77.517 - 0.185200 - 67.278 

MOLA (Elseify et 
al., 2023) 

13, 17, 61 306.44, 722.53, 1864.50 2893.47 76.616 - 0.287400 - 67.395 

SOS-NNA 
(Nguyen et al., 
2021) 

20, 44, 63 1021.50 ,849.50, 1813.10 3684.10 91.378 59.38 0.004007 0.9430 - 

CTLBO (Quadri et 
al., 2018) 

11, 18, 61 560.30, 427.40, 2153.40 3141.10 76.372 66.04 0.000800 0.9770 - 

I-DBEA (Ali et al., 
2021) 

61, 19, 11 2148.70,471.70, 712.60 3320.00 78.347 65.17  0.000200 0.9772 - 

IPSO (Sellami et 
al., 2022) 

61, 18, 66 2038.48, 487.99, 529.23 3055.57 74.104 67.06 0.0012497 0.9626 67.145 

Standard PSO 18, 61, 50 649.64, 2099.18, 714.79 3373.61 74.601 66.84 0.0017292 0.9623 66.984 
Proposed IPSO  61, 11, 18 2029.03, 628.83,    447.56 3105.42 73.793 67.20  0.0012460 0.9627 67.146 
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Multi-objective thermal exchange optimization (MOTEO) and the multi-objective Lichtenberg algorithm (MOLA), Transient Search Optimization (TSO) 
algorithm, Student psychology-based optimization (SPBO), Multiverse optimization (MVO), Comprehensive teaching learning-based optimization (CTLBO)

Table 6.21: Comparative results of multi-objective optimisation for optimal power factor DG (such as ICE-DG) 
Method Bus No DG capacity kVA (pf) Total DG 

size (kVA) 
(kW) % Loss  

reduction 
VDI (p.u) VSI (p.u) Sum 

 VSI 
(p.u) 

Base case - - - 224.9606 - 0.099600 0.6833 61.22
41 

SOS-NNA 
(Nguyen et al., 
2021) 

16, 49, 61 735.55(0.8270),1465.36(0.8140),2260.96(0.8120) 4461.87  6.593 97.06 0.000297 0.9879 - 

MOIHHO (Selim 
et al., 2020)    

13, 49, 62 1313.58(0.8100),1300.00(0.9500),1987.65(0.810) 4601.23 13.900 93.82 0.000500 0.9910 - 

MVO (Sultan et 
al., 2023) 

17, 11, 61 523.10(0.8200),827.50(0.8000), 2012.30(0.8100) 3362.90 6.3600 67.17 0.000319 0.9929  

ALO (Sultan et 
al., 2023) 

21, 61, 11 467.20(0.8200),1999.80(0.8000), 860.90(0.8000) 2927.90 6.3800 97.16 0.000329 0.9937 - 

MOLA (Elseify et 
al., 2023) 

16, 54, 61 748.86(0.8501),589.94(0.8447), 2065.74(0.7880) 3404.54 7.5257 96.66 - - 68.31
60 

MOTEO (Elseify 
et al., 2023) 

11, 15, 61 638.23(0.8134),678.37(0.7733), 2130.69(0.8256) 3447.29 7.0665 96.87 - - 68.49
90 

TSO  (Bhadoriya 
and Gupta, 
2022) 

12, 58, 61 1140.85(0.8000),1211.33(0.8700),1301.45(0.800) 3653.63 16.320 92.27 0.001500 0.9769 - 

I-GWOPSO 
(Akbar et al., 
2022) 

61, 11, 21 2037.80(0.8200),860.00(0.8000), 367.90(0.8100) 3265.70 4.8667 - 0.000117 0.9774 - 

I-GWO (Akbar et 
al., 2022) 

19, 61, 11 391.57(0.8300),2000.00(0.8500), 779.76(0.8400) 3171.33 5.3273 - 0.000131 0.9773 - 

IPSO (Sellami et 
al., 2022) 

15, 61, 49 714.95(0.9013),2165.29(0.8049), 961.21 (0.9087) 3841.45 5.8040 97.42 0.000192 0.9850 67.78
01 

Standard PSO 12, 50, 61 720.70(0.8063),875.57(0.8090), 2096.23(0.8152) 3692.50 6.3924 97.16 0.002190 0.9477 67.08
01 

Proposed IPSO  61, 11, 18 2089.66(0.8155), 651.73 (0.8170), 485.80(0.8428) 3227.19 4.4285 98.03 0.000114 0.9774 67.98
07 
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6.12.2.2 Category 2: Seasonal mixed voltage dependent load model  

In this category, the performance of the system before and after the installation of 

FCs and ICE-based CHP-DGs to the distribution network under seasonal voltage-

dependent mixed load models with an estimated load growth of 4.83 % and different 

network loading conditions (levels) over a five-year operation horizon is 

investigated. The performance parameters of the test network before penetration of 

CHP-DGs over the operating time of five years are displayed in Table 6.22. 

 

Table 6.22: Results for load demand and system performance parameters for seasonal mixed 
voltage-dependent load model before integrating CHP-DGs 
Year 

 (MW) (MVar) (kW)  (pu) p.u Vmin(bus)  

Summer day (loading co-efficient of 1.00) 
(Base) 3.660286 2.261802 170.703579 61.862439 0.0789082 0.9202803 (65) 
1 3.837099 2.371060 189.029352 61.568642 0.0873411 0.9160815 (65) 
2 4.022453 2.485596 209.422999 61.260824 0.0967188 0.9116386 (65) 
3 4.216759 2.605664 232.137157 60.938303 0.1071552 0.9069341 (65) 
4 4.420453 2.731532 257.459295 60.600365 0.1187800 0.9019494 (65) 
5 4.633986 2.863481 285.717410 60.246249 0.1317408 0.8966636 (65) 
Summer night (loading co-efficient of 0.75) 
(Base) 2.742022 1.644488   89.758332 63.435991 0.0417908 0.9422339 (65) 
1 2.874474 1.723926   99.158729 63.217260 0.0461535 0.9392703 (65) 
2 3.013331 1.807202 109.577099 62.988118 0.0509861 0.9361441 (65) 
3 3.158892 1.894499 121.129659 62.748049 0.0563420 0.9328451 (65) 
4 3.311484 1.986014 133.947017 62.496542 0.0622808 0.9293623 (65) 
5 3.471447 2.081950 148.176173 62.233049 0.0688698 0.9256837 (65) 
Spring (0.75 co-efficient of summer day) 
(Base) 2.745215 1.696352   92.4493876 63.386013 0.04282596 0.9414330 (65) 
1 2.877824 1.778295 102.1407420 63.164865 0.04730139 0.9384248 (65) 
2 3.016839 1.864197 112.8832030 62.933173 0.05225982 0.9352512 (65) 
3 3.162569 1.954248 124.797072 62.690434 0.05775609 0.9319016 (65) 
4 3.315339 2.048649 138.017609 62.436124 0.06385180 0.9283648 (65) 
5 3.475489 2.147611 152.697124 62.169689 0.07061621 0.9246287 (65) 
Winter day (loading co-efficient of 1.25 co-efficient) 
(Base) 4.5237639 2.7623445 263.504873 60.494749 0.1221099 0.9008899 (65) 
1 4.7422871 2.8957813 292.457274 60.135730 0.1354459 0.8955411 (65) 
2 4.9713664 3.0356637 324.808679 59.759509 0.1503322 0.8898633 (65) 
3 5.2115112 3.1823034 361.002905 59.365225 0.1669687 0.8838309 (65) 
4 5.4632564 3.3360266 401.551783 58.951959 0.1855836 0.8774148 (65) 
5 5.7271623 3.4971754 447.048101 58.518732 0.2064429 0.8705826 (65) 
Winter night (loading of 1.0 loading co-efficient) 
(Base) 3.5959110 2.1928427 158.268892 62.040664 0.0736465 0.9233913 (65) 
1 3.7696138 2.2987693 175.193558 61.755490 0.0814877 0.9193727 (65) 
2 3.9517073 2.4098128 194.015543 61.456725 0.0902016 0.9151226 (65) 
3 4.1425970 2.5262203 214.964148 61.143716 0.0998930 0.9106247 (65) 
4 4.3427077 2.6482509 238.299760 60.815772 0.1106798 0.9058616 (65) 
5 4.5524849 2.7761764 264.318796 60.472167 0.1226965 0.9008141 (65) 
Autumn (0.75 co-efficient of winter night) 
(Base) 2.6969333 1.6446320 85.8701102 63.519755 0.0400397 0.9436638 (65) 
1 2.8272104 1.7240770 94.8482609 63.305043 0.0442134 0.9407781 (65) 
2 2.9637805 2.9637800 104.796009 63.080102 0.0488357 0.9377346 (65) 
3 3.1069478 1.8946654 115.823561 62.844443 0.0539572 0.9345235 (65) 
4 3.2570308 1.9861882 128.054672 62.597559 0.0596346 0.9311341 (65)  
5 3.4143637 2.0821322 141.628519 62.338915 0.0659317 0.9275550 (65) 
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It is obvious from Table 6.22 that at different seasons and different loading 

conditions, the impact on the network is different. It is shown that the network 

experiences larger power loss in winter day while the lowest power loss is reported 

in autumn season. Other system parameters are equally affected. However, the 

penetration of DGs to the DN has been chosen by the DISCOs to ameliorate these 

effects, and impacts of which are investigated in the following section. It should be 

noted that only multiple objective optimisation scenario is applied in this scenario. 

6.12.2.3 CHP-DG placement for multi -objective optimisation  

In this scenario, multiple objectives are optimised simultaneously considering 

seasonal voltage-dependent mixed load models under two operating cases (Case 

1 considering FC-CHP) and Case 2 considering ICE-CHP). The results of this multi-

objective optimisation under seasonal voltage dependent mixed load models are 

depicted in Table 6.23 (Case 1) and Table 6.24 (Case 2).  

6.12.2.3.1 Allocation of FC-CHP-DGs under seasonal voltage dependent loads 

(Case 1) 

According to Table 6.23, all the FC CHP-DGs are located at buses 61, 11 and 20 

for all the years of operation. On summer day, the total active power loss drastically 

reduces from 170.703579 kW (base case) to 41.2268728 kW (75.84 % reduction) 

in the base year. In the summer night, the power loss reduces to 20.7561844 kW in 

comparison to the daytime due to light loading of the network which is about 49.65 

% reduction. In the winter day and night, the total active power loss reduces to 

60.2408682 kW (77.14 % reduction) and 37.1952485 kW (76.50 % reduction), 

respectively in comparison to 263.504873 kW and 158.268892 kW in the base year 

when no CHP-DG was connected. In the spring season, the total active power loss 

reduces to 22.9593917 kW from 92.4493876 kW (75.17 % reduction) in the base 

case. In the autumn, the total active power loss reduces to 20.7243020 kW from 

85.87011 kW (75.87 % reduction) in the base case.  
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6.12.2.3.2 Allocation of ICE-CHP-DGs under seasonal voltage dependent loads 
(Case 2) 

 

The results are depicted in Table 6.24. In this table it is revealed that the optimal 

locations of the DGs at buses (61, 11, and 18), sizes and optimal PFs substantially 

reduces the total power loss, improves the VSI and drastically reduces the VD of 

the network at all seasons and years. Specifically, on summer day the power loss 

reduces to 4.015645 kW in the base year about 90.23 % and 97.65 % loss reduction 

when compared with the base case as well as summer day in Case 1.  Similar 

results are obtained in all other years and seasons.  

It could be seen that with load growth over the planning period in both cases, the 

power loss continues to increase but is well improved when compared to the base 

case (no CHP-DGs). Also, other network performance parameters are equally 

improved in comparison with base case. Generally, in both cases, optimal 

integration of FCs and ICEs have remarkably ameliorated the impact of network 

loading due to load growth and at various seasons of the year with the application 

of the proposed method. It should be noted that with the load growth, the locations 

of the DGs remain the same while the capacities are increasing to trail the load 

growth. Again, it is observed that at night the capacities of the DGs decrease in 

comparison to the daytime. This will avail the DISCO opportunity to remove some 

DGs from the network and ensure optimal economic dispatch. This action will bring 

about economic savings in terms of fuel cost reduction.
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Table 6.23:  Results for optimal location and capacity of FC for seasonal mixed load model for multi-objective  
Year (kW)  (p.u) (p.u) Vmin (bus)                Capacity/location  

Allocation of 3 FC @ optimal power factor for summer day FC (kW)/bus /PF FC (kW)/bus/PF FC (kW)/bus/PF 

Base 41.226872 67.2473689 0.001048423 0.9891275999 1719.3131/61/1.0 610.0728/11/1.0 445.7084/20/1.0 
1 45.394404 67.2200420 0.001139647 0.9886303229 1804.5819/61/1.0 652.6796/11/1.0 457.3421/20/1.0 
2 49.989623 67.1915423 0.001238502 0.9881133148 1894.1835/61/1.0 686.9654/11/1.0 480.5833/20/1.0 
3 55.056416 67.1626474 0.001345087 0.9875748899 1988.3674/61/1.0 723.2037/11/1.0 505.0728/20/1.0 
4 60.644288 67.1334506 0.001459865 0.9870144472 2087.3828/61/1.0 761.5228/11/1.0 530.8859/20/1.0 
5 66.808146 67.1040644 0.001583302 0.9864314156 2191.4941/61/1.0 802.0610/11/1.0 558.1035/20/1.0 
Allocation of 3 FC @ optimal power factor for Summer Night FC (kW)/bus/PF FC (kW)/bus/PF FC (kW)/bus/PF 
Base 20.756184 67.4278826 0.000565836 0.9921662675 1272.0371/61/1.0 452.2333/11/1.0 320.3055/20/1.0 
1 22.841541 67.4045863 0.000616891 0.9918038484 1334.5983/61/1.0 475.3526/11/1.0 336.3235/20/1.0 
2 25.138273 67.3806136 0.000672265 0.9914256035 1400.2957/61/1.0 499.7213/11/1.0 353.1726/20/1.0 
3 27.668114 67.3559795 0.000732279 0.9910309506 1469.2926/61/1.0 525.4143/11/1.0 370.8990/20/1.0 
4 30.455084 67.3307060 0.000797268 0.9906193052 1541.7617/61/1.0 552.5114/11/1.0 389.5521/20/1.0 
5 33.525741 67.3048217 0.000867585 0.9901900804 1617.8855/61/1.0 581.0980/11/1.0 409.1847/20/1.0 
 Allocation of 3 ICE @ optimal power factor Spring FC (kW)/bus/PF FC (kW)/bus/PF FC (kW)/bus/PF 
Base 22.959392 67.4059021 0.000622007 0.9917401890 1281.4557/61/1.0 456.1367/11/1.0 322.7146/20/1.0 
1 25.267116 67.3817270 0.000678337 0.9913568224 1344.5674/61/1.0 479.5233/11/1.0 338.8630/20/1.0 
2 27.807290 67.3540641 0.000743409 0.9909608712 1410.7914/61/1.0 481.9534/11/1.0 379.1845/20/1.0 
3 30.607157 67.3283648 0.000810001 0.9905433487 1480.4115/61/1.0 506.8451/11/1.0 398.2262/20/1.0 
4 33.693581 67.3050742 0.000877588 0.9901028501 1553.6075/61/1.0 557.6331/11/1.0 392.5281/20/1.0 
5 37.092579 67.2782304 0.000955336 0.9896482779 1630.4499/61/1.0 586.5726/11/1.0 412.3304/20/1.0 
Allocation of 3 FC @ optimal power factor Winter Day FC (kW)/bus /PF FC (kW)/bus /PF FC (kW)/bus /PF 
Base 60.240868 67.1255746 0.001459849 0.9871359101 2111.4874/61/1.0 739.7019/11/1.0 548.9988/20/1.0 
1 66.375344 67.1011877 0.001571249 0.9865594819 2216.3291/61/1.0 807.3689/11/1.0 580.2591/20/1.0 
2 73.013201 67.0382930 0.001752589 0.9859967730 2325.7599/61/1.0 896.2525/11/1.0 584.0387/20/1.0 
3 80.591914 67.0426621 0.001841697 0.9853412527 2443.4147/61/1.0 928.9749/11/1.0 645.8034/20/1.0 
4 88.823795 67.0148806 0.001991348 0.9846958568 2565.8981/61/1.0 960.1707/11/1.0 663.3979/20/1.0 
5 97.913480 66.9811096 0.002159722 0.9840371354 2694.6487/61/1.0 968.8384/11/1.0 743.5781/20/1.0 
Allocation of 3 FC @ optimal power factor for Winter Night FC (kW)/bus/PF FC (kW)/bus/PF FC (kW)/bus/PF 
Base 37.195249 67.2710393 0.000959729 0.9897111183 1657.7925/61/1.0 607.8710/11/1.0 426.1151/20/1.0 
1 40.952165 67.2434785 0.001043758 0.9892417033 1739.8552/61/1.0 639.5146/11/1.0 447.6645/20/1.0 

2 45.093224 67.2153955 0.001134487 0.9887526071 1826.0879/61/1.0 672.9295/11/1.0 470.3591/20/1.0 
3 49.463851 67.1472068 0.001322222 0.9879806061 1911.2058/61/1.0 700.0263/11/1.0 488.5788/20/1.0 
4 54.692400 67.1579394 0.001337763 0.9877129874 2011.9711/61/1.0 745.5324/11/1.0 519.4577/20/1.0 
5 60.244145 67.1287427 0.001451185 0.9871613295 2112.1100/61/1.0 784.9731/11/1.0 546.0114/20/1.0 
Allocation of 3 FC @ optimal power factor for Autumn FC (kW)/bus/PF FC (kW)/bus/PF FC (kW)/bus/PF 
Base 20.724302 67.4254279 0.000569155 0.9921835595 1236.0982/61/1.0 447.6244/11/1.0 316.0907/20/1.0 
1 22.805848 67.4018553 0.000620761 0.9918208996 1296.8999/61/1.0 470.4878/11/1.0 331.8827/20/1.0 
2 25.098277 67.3775754 0.000676775 0.9914422837 1360.7502/61/1.0 494.5848/11/1.0 348.4920/20/1.0 
3 27.620975 67.3497360 0.000741695 0.9910514917 1427.7469/61/1.0 497.1094/11/1.0 389.9715/18/1.0 
4 30.403403 67.3238424 0.000807997 0.9906395321 1498.1750/61/1.0 522.5816/11/1.0 409.7689/18/1.0 
5 33.469534 67.2999934 0.000875061 0.9902056443 1572.2135/61/1.0 565.6133/11/1.0 413.3709/18/1.0 
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Table 6.24:  Results for optimal location, power factor and capacity of ICE for seasonal mixed load model for multi-objective  
Year  (kW)  (p.u) (p.u) Vmin (bus)                Capacity/location 

Allocation of 3 ICE @ optimal power factor for summer day ICE (kW)/bus/PF ICE (kW)/bus/PF  ICE (kW)/bus/PF 
Base 4.015645 67.951608 0.0000979072 0.99434844 1586.5917/61/0.8771 521.6560/11/0.8503 385.9342/18/0.8549 
1 4.436946 67.961844 0.0001189051 0.99407351 1656.8433/61/0.8767 508.5197/11/0.8035 432.3001/18/0.8893 
2 4.867556 67.964049 0.0001240987 0.99378481 1744.9415/61/0.8771 567.5407/11/0.8383 432.8834/18/0.8694 
3 5.363503 67.971467 0.0001396553 0.99348209 1830.3599/61/0.8771 596.5074/11/0.8384 454.9419/18/0.8696 
4 5.911318 67.980167 0.0001575413 0.99316449 1919.9754/61/0.8771 627.4890/11/0.8387 477.9778/18/0.8697 
5 6.617017 68.043558 0.0002236104 0.99283127 2016.6666/61/0.8788 659.0051/11/0.8360 504.9960/18/0.8699 
Allocation of 3 ICE @ optimal power factor for Summer Night  ICE (kW)/bus/PF ICE (kW)/bus/PF ICE (kW)/bus/PF 
Base 2.4804204 67.917071 0.0000504262 0.99577644 1165.6808/61/0.8685 422.1706/11/0.9576 293.0859/18/0.9022 
1 2.5316210 67.936731 0.0000567982 0.99557407 1240.9237/61/0.8888 399.2662/11/0.8424 304.6106/18/0.8737 
2 2.6761657 67.937651 0.0000631757 0.99535910 1299.2131/61/0.8876 416.6355/11/0.8394 321.5442/18/0.8762 
3 2.9457175 67.939853 0.0000698218 0.99513343 1364.8665/61/0.8888 440.3637/11/0.8425 335.9244/18/0.8740 
4 3.2804650 67.933776 0.0000761101 0.99489621 1428.5667/61/0.8816 470.4607/11/0.8953 346.3857/18/0.8491 
5 3.5703113 67.945352 0.0000863976 0.99464862 1501.3249/61/0.8888 485.8769/11/0.8426 370.5977/18/0.8743 
Allocation of 3 ICE @ optimal power factor for Autumn ICE (kW)/bus/PF ICE (kW)/bus/PF  ICE (kW)/bus/PF 
Base 3.4843247 67.897307 0.000080513 0.99465188 1450.6765/61/0.8829 472.9205/11/0.8393 359.4347/18/0.8700 
1 3.4895003 67.904458 0.000080807 0.99465198 1451.5104/61/0.8829 474.1206/11/0.8399 360.3207/18/0.8703 
2 3.4968978 67.912964 0.000081332 0.99465212 1450.5043/61/0.8816 478.0948/11/0.8458 360.2914/18/0.8684 
3 3.5107931 67.930601 0.000083386 0.99465233 1454.5589/61/0.8329 479.5073/11/0.8401 363.5602/18/0.8710 
4 3.5204500 67.941163 0.000085099 0.99465248 1455.7902/61/0.8830 480.2788/11/0.8402 364.8690/18/0.8713 
5 3.6246778 67.958815 0.000086371 0.99465001 1449.5091/61/0.8784 511.2947/11/0.9393 355.2460/18/0.8266 
Allocation of 3 ICE @ optimal power factor Winter Day ICE (kW)/bus /PF ICE (kW)/bus /PF ICE (kW)/bus /PF 
Base 6.2355312 67.978646 0.0001671942 0.99293879 1946.2403/61/0.8823 644.3044/11/0.8404 490.0498/18/0.8722 
1 6.8766911 67.989027 0.0001892081 0.99259447 2041.6699/61/0.8823 677.1555/11/0.8405 515.4523/18/0.8724 
2 7.0775401 67.964729 0.0002134486 0.99222149 2180.3760/61/0.8901 739.3198/11/0.9771 577.8073/18/0.9032 
3 8.3628871 68.016799 0.0002463649 0.99185412 2247.1081/61/0.8823 745.4234/11/0.8386 571.5167/18/0.8741 
4 9.2266539 68.032368 0.0002803371 0.99145631 2357.5805/61/0.8824 787.9483/11/0.8408 599.1324/18/0.8733 
5 10.188869 68.051456 0.0003219287 0.99103888 2473.6287/61/0.8824 828.7202/11/0.8408 630.6416/18/0.8736 
Allocation of 3 ICE @ optimal power factor for Winter Night ICE (kW)/bus/PF ICE (kW)/bus/PF ICE (kW)/bus/PF 
Base 3.9180865 67.946894 0.0000987767 0.99436607 1534.0965/61/0.8830 543.6666/11/0.8436 347.6464/21/0.8697 
1 4.3091948 67.949175 0.0001069803 0.99409189 1609.0004/61/0.8830 532.6459/11/0.8404 404.6062/18/0.8717 
2 4.7462730 67.954391 0.0001197112 0.99380423 1687.6689/61/0.8830 559.6759/11/0.8404 425.1142/18/0.8719 
3 5.2286669 67.960681 0.0001342867 0.99350245 1770.2384/61/0.8830 588.1505/11/0.8405 446.7162/18/0.8721 
4 5.7739344 67.970629 0.0001505574 0.99318582 1856.9743/61/0.8830 636.2951/11/0.8420 450.3509/19/0.8717 
5 6.3495927 67.977083 0.0001703731 0.99285368 1947.8909/61/0.8830 649.7813/11/0.8407 493.4661/18/0.8726 
 Allocation of 3 ICE @ optimal power factor Spring ICE (kW)/bus/PF ICE (kW)/bus/PF ICE (kW)/bus/PF 
Base 2.2325725 67.937402 0.0000518001 0.99576894 1186.1790/61/0.8769 380.8743/11/0.8377 290.6629/18/0.8679 
1 2.4936445 67.945236 0.0000585890 0.99556308 1239.7785/61/0.8751 406.0030/11/0.8300 314.8579/18/0.9080 
2 2.7042264 67.939942 0.0000635749 0.99534781 1304.6238/61/0.8770 420.0422/11/0.8379 320.5159/18/0.8682 
3 3.0252136 67.861101 0.0000740546 0.99512037 1334.9597/61/0.8601 410.8751/11/0.8741 344.0947/18/0.8671 
4 3.2770977 67.944653 0.0000785122 0.99488451 1435.0242/61/0.8770 463.4108/11/0.8380 353.5635/18/0.8686 
5 3.6083043 67.948020 0.0000874899 0.99463571 1505.0893/61/0.8770 486.8210/11/0.8380 371.3994/18/0.8687 
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Table 6.25: Results for LCOE 
FC                                      Years 
Power only  Base (0) 1 2 3 4 5 
Yearly net generated (x 106 kWh) 22.2572 26.2275 30.8863 36.3515 42.7232 50.2778 
Total net cost (M$) 4.49382 1.95177 2.39690 2.90221 3.34712 4.07715 
Yearly LCOE($/kWh) 0.2019 0.07440 0.0776 0.0798 0.0783 0.0811 
Aggregated LCOE ($/kWh) 0.0918      
CHP mode        
Yearly net generated (x 106 kWh) 4.12865 4.86519 5.729490 6.74322 7.92498 9.32648 
Total net cost (M$) 4.48551 1.94198 2.385372 2.88863 3.33117 4.05838 
Yearly LCOE($/kWh) 0.1086 0.0399 0.0416 0.0428 0.0420 0.0435 
Aggregated LCOE ($/kWh) 0.0493      
ICE   Years    
Power only  Base (0) 1 2 3 4 5 
Yearly net generated (x 106 kWh) 20.8295 24.2000 28.46830 32.9934 38.6019 45.1595 
Total net cost (M$) 2.58263 1.68808 2.002952 2.41869 2.87389 3.39311 
Yearly LCOE($/kWh) 0.1240 0.0698 0.0704 0.0733 0.0744 0.0751 
Aggregated LCOE ($/kWh) 0.0786      
CHP mode        
Yearly net generated (x 106 kWh) 32.1083 37.3046 43.88380 50.8593 59.5058 69.6131 
Total net cost (M$) 2.55264 1.65314 1.961928 2.37111 2.81839 3.32818 
Yearly LCOE($/kWh) 0.0795 0.0443 0.0447 0.0466 0.0474 0.0478 
Aggregated LCOE ($/kWh) 0.0501      

 

As depicted in Table 6.25, the LCOEs for power only and CHP modes for both FC 

and ICE based DGs are highest at the base year. This could be attributed to huge 

investment costs of DGs at the base year of the planning.  However, due to the 

dynamic planning approach adopted for the economic evaluation, the total cost falls 

in the following years, hence reduction in the LCOEs in the subsequent years 

compared to the base year. Due to load growth and the need to add new DGs in 

subsequent years, the LCOE begins to increase from the first year till the end of the 

planning period. 

  

6.13.1.2  LCOE for power only operation mode  

As shown in Table 6.25, for FC-DGs in power only mode, the LCOE increases from 

0.07440 $/kWh to 0.0811 $/kWh in first year till the final year of planning horizon 

with an aggregated LCOE of 0.0918 $/kWh. Similarly, for ICE-DG, LCOE increases 

from 0.0698 $/kWh in the first year to 0.0751 $/kWh in the last year of planning 

period while the aggregated LCOE is 0.0786 $/kWh. This value is less than that 

obtained for FC-DG operating power only mode. This implies that operating ICE-

DGs in power only mode could be more economically viable than operating FC-DGs 

in power only mode. 
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6.13.1.3 LCOE for CHP operation mode  

For the FC-DGs operating in CHP mode, the LCOE increases from 0.0399 $/kWh 

to 0.0435 $/kWh from the first year till the last year of system planning period. The 

aggregated LCOE for CHP mode is 0.0493 $/kWh. In the case of ICE-DGs, LCOE 

increases from 0.0443 kWh to 0.0478 kWh with an aggregated value of 0.0501 kWh.  

It should be observed that the LCOE for FC-CHP is far less than ICE-DGs operating 

in CHP mode. The implication of this is that FC-DGs are better operated in CHP 

mode.  

6.13.2.1 The NPV profit  

In this section, the NPV profit of the system planning before and after the integration 

of DGs are assessed. 

 

6.13.2.2 NPV profit before DGs integration  

Table 6.26 depicts the NPV profit before connecting CHP-DG to the distribution 

network. In this case, the DISCO must either undergo load shedding or upgrade the 

network feeders and expand the size of the existing substation to take care of the 

yearly load growth. This cost (i.e., cost of system upgrade) in addition to other costs 

increases the total yearly cost and hence reduces the total profit. In this case, the 

NPV profit of 10.936720 million $ is achieved over the planning horizon. 

 

6.13.2.3 NPV prof it with integration of DGs in power -only operation  

For power only mode of operation, the FC based CHP returns less profit compared 

with ICE as observed in Tables 6.27 and 6.28. According to Table 6.27, it is seen 

that in the base year, the net profit is negative. This could be linked to the initial 

costs which are higher than the revenue made. It has been argued by (Nguyen et 

al., 2021) that a DG operating at unity PF (such as FC) is likely to be economically 

unviable due to increased total costs compared with the total revenue (benefit). In 

the subsequent years, it is obvious that due to the dynamic approach used for the 

incremental investment cost determination in this study, it is possible that the 

integration of FC based DG could be profitable in the medium to long term planning 

as shown in Table 6.27. As depicted in Table 6.28, ICE based DGs gives positive 

profit values all year round with higher value than FC based DGs.  
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6.13.2.4  NPV profit with integration of DGs in combined heat and power 

operation  

Again, it is observed in Table 26 and Table 27 that the sale of heat and electricity to 

consumers increases the revenue base for DISCO, hence an increase in total profit. 

It is noticed that the FC-based CHP produces slightly more profit than ICE-based 

CHP. The reason could be attributed to the higher power production capacity of FC 

due to its high electrical efficiency as well as its high heat-to-power ratio (HPR) which 

affords DISCO to sell more energy to the consumers.  Another possible reason is 

the decrease in the emission cost as FCs are virtually pollution free. However, the 

investment as well as operation costs of FCs are substantially higher compared to 

ICE. The cost of power purchase is also lower with ICE due to less power loss with 

ICE based CHP in comparison with FC making the total cost of FC more than that 

of ICE. Due to extensive research on the FCs, the cost of FC technology is likely to 

decline making FC a viable power and heat source of the future. 

By and large, it could be inferred that the use of CHP-DG either in power-only mode 

or CHP makes a remarkable increase in the total profit over the planning period due 

to a rise in income and a fall in the total cost of the DISCO compared to the base 

case when no DER equipment is connected. The presence of CHP-DGs in the 

distribution network improves the voltage profile which consequently increases the 

active and reactive loads of the network due to voltage dependency. As a result of 

this, there is an opportunity for DISCO to sell more energy to voltage-dependent 

loads. This assertion corroborates the use of voltage-dependent load models for 

distribution system studies.  
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Table 6.26: Economic results before installing CHP system  
Profit/cost (Million $) Power only operation 

Base (0) 1 2 3 4 5 
Yearly net profit  1.286796 1.350.711 1.528598 1.996824 2.205071 2.568720 
Yearly net revenue 3.926690  4.610350  5.413040  6.355370  7.461860  8.761080 
Total net yearly cost  2.639894 3.259639 3.884442 4.358546 5.256789 6.192360 
Cost of power purchase  1.898770  2.235518  2.632370  3.100320  3.652160  4.303280 
Yearly environmental cost 0.741124  0.872211 1.026642  1.208611  1.423089  1.675920 
Cost of system upgrade 0 0.151910 0.225430 0.049615 0.181540 0.213160 
NPV Profit  10.936720 

 

 

 

 

 

Table 6.27: Economic results of the two modes of operation for FC-based CHP 
Profit/cost 
(Million $) 

                              Combined heat and power operation                                             Power only operation  
Base (0) 1 2 3 4 5         

Base 
1 2 3 4 5 

Yearly net profit  0.702211 4.156359 4.781378 5.532476 6.555724 7.557194 -
0.567130 

2.658577 3.016136 3.453162 4.114743 4.683932 

Yearly net revenue 5.187720 6.098340 7.166750 8.421110 9.886890 11.61557 3.926690 4.610350 5.413040 6.355370 7.461860 8.761080 
Total net yearly cost  4.485509 1.941981 2.385372 2.888634 3.331166 4.058376 4.493820  1.951773 2.396904 2.902208  3.347117  4.077148 
Yearly net 
investment cost 

2.959353 0.158278 0.297270 0.443461 0.452659 0.682578 2.959353 0.158278 0.297270 0.443461 0.452659 0.682578 

Yearly net operation 
cost  

0.033239 0.039167 0.046126 0.054286 0.063807 0.075090 0.041550 0.048960 0.057658 0.067860 0.079758    0.093861 

Yearly net upgrade 
cost 

- - - - - -      -      

Yearly net power 
purchase 

0.470499 0.542836 0.629701 0.731540 0.865737 1.010746 0.470499 0.542836 0.629701 0.731540 0.865737 1.010746 

Yearly net 
environmental cost 

0.176644 0.205107 0.238606 0.278033 0.325449 0.379320 0.176644 0.205107 0.238606 0.278033 0.325449 0.379320 

Yearly net 
maintenance cost 

0.845774  0.996593 1.173668 1.381316 1.623514 1.910643 0.845774  0.996593 1.173668 1.381316 1.623514 1.910643 

NPV Profit  29.285342 17.359420 
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Table 6.28: Economic results of the two modes of operation for ICE-based CHP 

Profit/cost 
(Million $) 

Combined heat and power operation                                            Power only operation  
Base (0) 1 2 3 4 5 Base 1 2 3 4 5 

Yearly net profit  2.089814 3.789880 4.435572 5.120946 5.973592 6.989372 1.319349 3.125425 3.376028 3.896683 4.541012 5.312846 
Yearly net revenue 4.642450 5.443020 6.397500 7.492060 8.791980 10.31755 3.901980 4.813500 5.378980 6.315380 7.414910 8.705960 
Total net yearly cost  2.552636 1.653140 1.961928 2.371114 2.818388 3.328178 2.582631 1.688075 2.002952 2.418697 2.873898 3.393114 
Yearly net 
investment cost 

1.196227 0.053259 0.107120 0.155327 0.212968 0.264974 1.196227 0.053259 0.107120 0.155327 0.212968 0.264974 

Yearly net operation 
cost  

0.036662 0.042593 0.050107 0.058070 0.067947 0.079488 0.066659 0.077442 0.091105 0.105584 0.123537 0.144524 

Yearly net upgrade 
cost 

- - - - - - - - - - - - 

Yearly net power 
purchase  

0.547064 0.650900 0.740302 0.909320 1.072046 1.263613 0.547064 0.650900 0.740302 0.909320 1.072046 1.263613 

Yearly net 
environmental cost 

0.251945 0.301421 0.352698 0.423589 0.500340 0.591065 0.251945 0.301421 0.352698 0.423589 0.500340 0.591065 

Yearly maintenance 
cost 

0.520738 0.604967 0.711700 0.824808 0.965087 1.129038 0.520738 0.604967 0.711700 0.824808 0.965087 1.129038 

NPV Profit  28.399176 21.571343 
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6.13.2 Environmental Assessment  

Table 6.29 illustrates the possible outcomes for the environmental assessment of 

both types of CHP equipment and base case (no CHP connection).  

 

Table 6.29: Environmental results with and without CHP equipment 
Total yearly 
emission (Million kg) 

Base (0) 1 2 3 4 5 

Without CHP 30.2333  31.7722  33.3950 35.1059 36.9119  38.8182 
ICE-CHP 0.04228 0.04386 0.04607  0.04767 0.04980 0.05202 
FC-CHP 0 0 0 0 0 0 

 

According to Table 6.29, a large quantity of pollutants is emitted when the CHP-DGs 

are not connected to the distribution network. As stated in Table 6.29 no pollutant 

emission value is recorded for FC based CHP since the only emission is water 

vapour (Stambouli and Traversa, 2002) which portends no danger to the 

environment. Therefore, the environmental emission from FC is negligibly zero. In 

the case of ICE, combustion of biogas results in emission of some gaseous 

substances such as CO2, SO2 and NOX. It has been argued that CO2 emitted due 

to combustion of biogas is considered biogenic and regarded as carbon neutral, and 

of no environmental impact. The combined emissions of other pollutants are 

considered, the results of which are shown in Table 6.29. 

 

6.14  Statistical Analysis and Convergence Characteristics  

To demonstrate the effectiveness of the proposed IPSO in comparison with the 

standard PSO, the two methods are applied to solve the same objective function 

defined in (6.28) with constraints (6.29) - (6.38) for all test cases in scenario 1 

(constant load model) in the fifth year of the system planning. The choice of only 

scenario 1 for this analysis assumes that the performance of the proposed algorithm 

is not expected to change with whatever load models it is used for. Due to the 

stochastic nature of both algorithms, they are subjected to 20 independent runs from 

which the best, worst, average and standard deviation of the fitness values of the 

objective function are determined. Tables 6.30 and 6.31 depict results of the 

statistical values obtained by implementing the two methods. 
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Table 6.30: Statistical results for both methods under single-objective function 
Statistical 
parameters 

PSO IPSO 
FC ICE FC ICE 

Average value 0.318965 0.057683 0.312527 0.054729 
Best value 0.297042 0.019489 0.295872 0.019455 
Worst value 0.433068 0.280224 0.415348 0.260097 
Standard deviation 0.006079 0.010223 0.005709 0.010011  

 

Table 6.31:  Statistical results for both methods under multi-objective function 
Statistical 
parameters 

PSO IPSO 
FC ICE FC ICE 

Average value 0.330834 0.268879 0.322799 0.189629 
Best value 0.314345  0.247159  0.312752 0.178574 
Worst value 0.455513 0.394208 0.432666 0.273989 
Standard deviation 0.003638 0.004907 0.003406 0.004418 

 

According to these tables, the proposed IPSO algorithm is more efficient than the 

original PSO, since its best, worst, average and standard deviation of the objective 

�I�X�Q�F�W�L�R�Q�¶�V���I�L�W�Q�H�V�V���Y�D�O�X�H�V���D�U�H���P�R�U�H���S�U�R�P�L�V�L�Q�J���W�K�D�Q���W�K�R�V�H���R�I���W�K�H���R�U�L�J�L�Q�D�O���3�6�2�����$�J�D�L�Q����

the convergence characteristics of the two methods for base year are displayed in 

Figure 6.8 which demonstrate the speed of convergence of both methods.  

 

a) Single objective  
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b) Multiple objectives 

Figure 6.8: Convergence characteristic of IPSO and PSO for single and multiple 

objectives 

It is apparent that the proposed IPSO has better convergence capability than the 

PSO, as it reaches a better fitness value in fewer iterations than the standard 

PSO. This implies that fewer iterations are required for the proposed IPSO in 

comparison with standard PSO.  

To further demonstrate the robustness and to show the solution quality of the 

proposed IPSO and standard PSO, the percentage deviation of the best and worst 

fitness values from the corresponding average result are determined according to 

(6.78) and (6.79) (Doagou-Mojarrad et al., 2013, Jeddi et al., 2019) and the results 

are tabulated in Tables 6.32 and 6.33 for single and multi-objective optimisation. 

                                                                                                       (6.78)                                                                                                                     

                                                                                                         (6.79)                                                                                            
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 �:�K�H�U�H���µ�$�¶���L�V���W�K�H���G�H�Y�L�D�W�L�R�Q���R�I���W�K�H���E�H�V�W���U�H�V�X�O�W���I�U�R�P���W�K�H���D�Y�H�U�D�J�H���D�Q�G���µ�%�¶���L�V���G�H�Y�L�D�W�L�R�Q���R�I��

the worst result from the average. 

Table 6.32: Percentage deviation from average for both methods for a single 
objective 
Deviations from 
average 

  PSO IPSO 
FC ICE FC ICE 

A % 6.8732 66.2136 5.3291 64.4521 
B % 35.7729 385.7999 32.8999 375.2453 

 
Table 6.33: Percentage deviation from average for both methods for multiple 
objectives 
Deviations from 
average 

PSO IPSO 
FC ICE FC ICE 

A % 4.9840 8.0779 3.1125 5.8298 
B % 37.6863 46.6117 34.0357 44.4869 

 

According to Table 6.32 and Table 6.33, it could be observed that the solutions 

obtained by IPSO have lower deviations from the average result than the standard 

PSO. This smaller value of deviations for the proposed IPSO confirms the 

algorithm's robustness in finding the global minima solution. Therefore, the 

outcomes of Tables 6.30, 6.31, 6.32, 6.33 and Figure 6.8 show the efficiency, 

robustness, and stability of the results of the proposed IPSO in comparison with the 

standard PSO. 

6.15  Conclusion and Future Work  

In this study, an improved particle swarm optimisation (IPSO) algorithm has been 

applied for the dynamic planning of EDSEP in which the integration of biogas-fired 

CHP-based DGs (such as ICE and FC) are considered in order to respond to yearly 

load growth. It is assumed that only the DISCO is permitted to own and operate the 

CHP-DG with the aim of improving the technical performance of the network. The 

proposed optimisation algorithm aims to find the possible best size of the CHP-DG, 

optimal location, and power factors. In this study, different load models including 

constant and seasonal mixed voltage-dependent load modes under single and 

multi-objective scenarios are considered. The multi-objective problem is solved 

using the weighted sum of three objectives such as total active power loss, voltage 

deviation, and total voltage stability index. Furthermore, assessments of the 

economic and environmental impact of the CHP-DG integration are also carried out. 
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The CHP-DG is modelled in two operation modes (i.e., power only and CHP) for 

economic assessment. The applicability and effectiveness of the proposed method 

have been tested on a well-known IEEE 69 bus benchmark distribution network. 

The outcomes of the proposed IPSO are compared with the standard PSO, other 

improved PSOs as well as recent state-of-the-art optimisation approaches found in 

literature for only constant load model. Main observations from the obtained results 

of this paper are enumerated below. 

1. The proposed method is able to find optimal size, location and power factor 

of CHP-DG while improving the network performance parameters. It is found 

that ICE based CHP modelled to operate at optimal power factor returns 

better network performance than unity power factor CHP-DG such as FC in 

all cases and scenarios considered. To be specific, for constant load model, 

ICE-based CHP reduces the active power loss to 4.2667 kW (98.10 % loss 

reduction) and 4.4285 kW (98.03 % loss reduction) for single and multi-

objective optimisation, respectively in comparison with 69.4100 kW (69.15 % 

loss reduction) and 73.7928 kW (67.20 % reduction) for FC-based CHP-DG, 

respectively. Similar improved results are obtained for mixed seasonal 

voltage-dependent load models.  

2. One of the greatest advantages of integrating CHP-DG is that the need for 

feeder upgrade or substation expansion due to load growth is mitigated. It 

also reduces power flow in the feeder which subsequently lessens the stress 

on the feeder as well as the power loss in the network, which may contribute 

to elongating the lifespan of the feeder. The less dependence on the grid due 

to integration of the DG reduces the cost of power purchase as well as the 

environmental cost incurred due to power purchase from the grid. An 

aggregate of all of these brings about a significant reduction in the total cost, 

and therefore a substantial increase in the total profit over the planning period 

for the DISCO.  

3. When operating the DGs (ICE and FC) in CHP mode, FC returns NPV profit 

of 29.29 million $ and LCOE of 0.0493 $/kWh while ICE based CHP achieves 

NPV profit of 28.40 million $ and LCOE of 0.0501 $/kWh. This shows that FC 

is more economically viable than ICE based DGs when operated in CHP 

mode. The reason could be due to the higher electrical efficiency and HPR 

of FC than ICE. However, in power-only mode, ICE gives a profit of 21.57 
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million $ and LCOE of 0.0786 $/kWh while FC-based DG achieves a profit of 

17.36 million $ and LCOE of 0.0918 $/kWh over the planning horizon. This 

makes ICE-based DG to be more economically viable than FC when 

operating in power only mode.  

4. In comparison to the base case, operating ICE-DG in power only mode could 

achieve a profit margin of 49.28 % while FC-based DGs achieves 36.98 % 

profit margin. 

5. For the environmental assessment, FC-CHP is more environmentally friendly 

than ICE since the FC is a non-combustion-based equipment in which the 

main emission during its operation is water vapour which has no health or 

harmful effect on humans and the environment. Also, ICE is able to reduce 

emission by 99.860% - 99.866 % over the planning period in comparison to 

base case scenario. 

6. The proposed IPSO algorithm outperforms the original PSO in terms of 

quality solution, convergence capability and statistical outputs in all the 

studied cases. 

7. Based on comparison with some recent works, the proposed IPSO is 

perceived to produce better outcomes in most of the studied cases. 

 

6.15.1 Future Work  

Since the DER used in the present work is CHP and only power distribution network 

is considered, the future work will consider both power and heat distribution 

networks in the optimal planning of the system. Moreover, the impact of network 

reconfiguration as well as the addition (combination) of capacitor banks (CB) with 

FC based CHP-DG will be investigated. Also, the methodology to get Pareto-optimal 

solutions for the multi-objective allocation of FC and ICE under mixed seasonal 

voltage dependent load models can be further researched. Finally, future work 

exercises will consider private investors and the society in the EDSEP as each of 

them has different objectives. Larger networks such as IEEE 85 bus and IEEE 118 

bus networks are also to be applied for future work. This study has direct and indirect 

advantages to both the electricity utilities such as ESKOM (local electricity producer 

in South Africa), the community and the Department of Energy and other 

stakeholders in the energy and environment sectors of a specific country or city. The 
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practicality of this study could shift the attention of the utilities using waste as a 

renewable source of power and also will assist in allocating the right capacity of FC 

and ICE-based DGs during different seasonal periods for economic dispatch of the 

DGs. 
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CHAPTER 7.  GENERAL CONCLUSIONS AND 

RECOMMENDATIONS 

 

7.1 Introduction  

In this study, various models were developed for achieving an optimal and 

sustainable planning of waste-to-energy based combined heat and power on power 

distribution networks. To achieve this goal, the planning paradigms are divided into 

upstream and downstream strategies covering four objectives. The upstream 

planning has two objectives while downstream also comprises two objectives. �,�Q���W�K�H��

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

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

�R�E�M�H�F�W�L�Y�H���� �W�K�H�� �W�H�F�K�Q�L�F�D�O�� �S�R�W�H�Q�W�L�D�O�� �L�V�� �D�V�V�H�V�V�H�G�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �H�Y�D�O�X�D�W�L�R�Q�� �R�I�� �Z�D�V�W�H��

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

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

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

���1�3�9�������O�H�Y�H�O�L�]�H�G���F�R�V�W���R�I���H�Q�H�U�J�\�����/�&�2�(�����D�Q�G���V�L�P�S�O�H���S�D�\�E�D�F�N���S�H�U�L�R�G�����3�%�3�������7�K�H���P�D�L�Q��

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

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

�W�H�F�K�Q�R���H�F�R�Q�R�P�L�F���D�V�V�H�V�V�P�H�Q�W������ 

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

���V�H�O�H�F�W�H�G���O�R�F�D�W�L�R�Q�V�������6�L�Q�F�H���W�K�H���Z�D�V�W�H���W�R���H�Q�H�U�J�\���W�H�F�K�Q�R�O�R�J�L�H�V���D�U�H���H�Q�H�U�J�\���J�H�Q�H�U�D�W�L�R�Q��

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

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

�7�R���D�F�K�L�H�Y�H���W�K�L�V, a novel fuzzy multi-criteria decision making (MCDM) method based 

on objective and subjective approaches is formulated and applied.  

For the downstream planning strategy and the third objective, it is vital to select the 

most sustainable power generation equipment (prime mover) that can sustainably 

convert the energy carrier of the selected waste-to-energy technology into usable 

energy. To achieve this, a novel hybrid fuzzy MCDM approach with consolidated 

ranking methods are developed and applied. Lastly, for the fourth objective, the 

selected prime movers (distributed generators) have to be integrated to the 
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distribution network. The aims of integrating distributed generators to the distribution 

network are to ameliorate some technical bottlenecks of the distribution network 

such as reducing the power losses, improving the system voltage profile, ensuring 

reliability of power supply and improving power quality for the consumers. 

Integrating DGs to the distribution network can also ensure reduced cost of power 

purchase and increase profitability for the owners (i.e., distribution companies or 

individual investors). Reduction of pollutants emission and noise pollution can also 

be achieved when using renewable based distributed generators.  

While integrating the prime mover(s) (i.e., DGs) to the distribution network, finding 

optimal location of the DGs on the distribution network, their appropriate sizes and 

power factors are very crucial. Since load demand grows and the loads connected 

to the distribution networks are time-varying (hourly or seasonally) and voltage 

dependent, it is important to incorporate all these from the onset while planning 

optimal integration of distributed generators to the distribution network. Taking into 

consideration all the aforementioned, an improved particle swarm optimisation 

(IPSO) algorithm is developed for optimal allocation of the selected prime movers 

to the distribution networks with a dynamic approach for the economic and 

environmental assessments. The load growth, voltage dependency and seasonal 

variability of load demands are incorporated in the optimal allocation of the prime 

movers to the distribution network. �,�Q���W�K�H���I�R�O�O�R�Z�L�Q�J�����D���V�X�P�P�D�U�\���R�I���W�K�H���P�D�L�Q���I�L�Q�G�L�Q�J�V��

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

7.2 Summary of Main Findings  

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

�P�D�Q�Q�H�U���� 

�)�R�U���W�K�H���I�L�U�V�W���R�E�M�H�F�W�L�Y�H�����W�K�H���P�D�L�Q���I�L�Q�G�L�Q�J�V���D�U�H���V�X�P�P�D�U�L�V�H�G���D�V���I�R�O�O�R�Z�V�����$�O�W�K�R�X�J�K���W�K�L�V��

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

�D�S�S�O�L�H�G���W�R���D�Q�\���O�R�F�D�W�L�R�Q���L�Q���W�K�H���Z�R�U�O�G�� 

1. It is deduced that Gauteng Province (GP) and Western Cape Province have 

the highest waste generation potential while North West Province has the 

least waste generation potential for waste-to-energy technology 

implementation. The reason could be due to the population strength of these 

provinces, economic prosperity of the residents as well as social exposure 
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which influence their rates of consuming goods and by extension waste 

generation. 

2. Based on energy generation for all technologies, Gauteng Province has the 

highest propensity followed by Western Cape Province due to their higher 

waste generation potential. 

3. Province-wise, considering the energy generation (technical) potential by 

technology, it is inferred that incineration produced the highest energy in 

Western Cape Province followed by gasification while anaerobic digestion 

produced the least. In Gauteng Province, gasification produced the highest 

energy, followed by incineration while anaerobic digestion produced least. 

The reason could be due to the waste composition of these provinces which 

contain large portion of plastic and paper with high energy content (i.e., 

calorific values). However, incineration poses a threat to society due to the 

emission of hazardous gases which renders it socially unfriendly.  

4. From the economic point of view, incineration presented the highest LCOE 

and negative NPV in all provinces while anaerobic digestion returned the 

highest positive NPV and lowest LCOE. The reason for the economic 

disadvantage of incineration could be attributed to the high initial cost, 

maintenance cost and the cost of emission control equipment. 

5. It is clear from the energetic and economic assessments that none of the 

waste-to-energy technologies is said to be best in all the assessment metrics 

and it becomes difficult to make a clear-cut decision to choose the best 

among them for implementation. Therefore, further exercise is needed by 

using an approach which can simultaneously synthesize these metrics to 

select the most viable waste-to-energy technology. 

The summary of the findings for the second objective is presented as follows. 

1. Since it has been established in objective one that Gauteng (GT) and 

Western Cape (WC) provinces are the most viable locations for waste-to-

energy implementation in South Africa based on their waste generation 

potentials, the City of Johannesburg and the City of Cape Town municipalities 

are selected as representatives for GT and WC provinces, respectively. 

2. Also, based on the outcome of objective one in which there is a need to 

simultaneously synthesize the evaluation metrics (technical, economic, 

environmental and social) in order to make an informed decision on the 
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choice of the most appropriate waste-to-energy technology for 

implementation, the developed novel hybrid multi-criteria decision making 

(MCDM) approach is applied. The reason for using an MCDM is due to its 

capability to integrate many conflicting factors (metrics) and achieve a trade-

off among them. After simultaneous consideration of these evaluation metrics 

using the developed MCDM, it is concluded that anaerobic digestion (AD) 

technology is the most sustainable and appropriate waste-to-energy 

technology in these municipalities while gasification is the second best and 

the least is incineration technology. The reason for the choice of AD could be 

attributed to its environmental friendliness, scalability, relatively low 

maintenance cost, social acceptability and its compatibility with African 

settings. Another reason could be due to a reasonable percentage of food 

wastes in the waste stream of these locations (municipalities).  

In the third objective, the main findings are summarised as follows. 

1. For sustainable application of the AD technology for combined heat and 

power application, it is expedient to use sustainable energy conversion 

equipment (prime movers). Based on the developed novel hybrid MCDM with 

consolidated ranking, it is shown that among the prime movers (such as 

internal combustion engine, gas turbine, micro-gas turbine and fuel cells) for 

converting the energy carrier of anaerobic digestion (i.e., biogas) to useable 

energies (heat and power), fuel cells (FCs) are selected as the most 

sustainable while internal combustion engine (ICE) is selected as the second 

best. 

���� Due to the complementary advantages of FCs and ICE, both can be used 

together as distributed generators for homes and offices for heat and power 

generations in standalone applications or integrated to the distribution 

networks. 

Lastly, in the fourth objective, the main findings are presented as follows. 

1. Considering that the selected prime movers are to be connected to the 

distribution network under load growth, voltage dependency and seasonal 

variability, based on the developed IPSO it is inferred that ICE based CHP-

DGs modelled to operate at optimal power factor returns better network 
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performance than FC based CHP-DGs modelled to operate at unity power 

factor in all cases and scenarios considered.  

2. It is also inferred that yearly load growth on the system increases the power 

losses in the system, deteriorates voltage profiles and subjects the system to 

low voltage stability index. This implies that the consumers will experience 

poor power quality and reliability of power supply. The DISCOs also have 

reduced revenue due to power losses in the network. 

3. With the integration of DGs (FCs and ICE), it is shown that yearly load growth 

causes an increase in the size of the DGs but not in their locations. This is 

quite reasonable as it may be practically and economically unwise to move 

DGs from one location to another as a result of load growth.  

4. It is presumed that distribution system studies involving optimal allocation of 

DGs should not be based on constant load model since loads connected to 

distribution networks are practically not constant but are mixed voltage 

dependent and time-varying. 

5. Based on seasonal mixed voltage dependent load models including daytime 

and night-time of the season, it is proved that lower DG capacities are needed 

in the night-time compared to the daytime hence, allowing the DISCO to 

disengage some DG units in the night-time thereby reducing the cost of fuel, 

enabling maintenance of any ailing equipment thereby elongating the life 

span of these DGs and ensuring optimal economic dispatch of the DGs. 

6. It has also been shown that FC based CHP-DG is more economically viable 

than ICE based DGs when operated in CHP mode. The reason could be due 

to the higher electrical efficiency and heat-to-power ratio (HPR) of FC than 

ICE. 

7. It is however deduced that ICE-based DGs are more economically viable 

than FC when operating in power-only mode. The reason could be due to 

improved network performance achieved by ICE because of its capability to 

inject both active and reactive powers into the network. 

8. For the environmental assessment, it is inferred that FCs CHP-DGs are more 

environmentally friendly than ICE since the FCs are non-combustion-based 

equipment in which the main emission during its operation is water vapour 

which has no health or harmful effect on humans and the environment.  
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9. The developed IPSO is able to minimise the objective functions while 

improving the network performance parameters better than the standard 

PSO in terms of quality solution, convergence speed and statistical analysis. 

10. The developed IPSO is also perceived to be better than most of the state-of-

the-art optimisation algorithms found in literature in terms of the quality 

solution.  

������ The findings in this research could be incorporated in the policy framework 

of electricity utilities such as ESKOM, Department of Energy and 

Environmental protection agency of a specific country or a city as a guide for 

implementing and adopting biogas fuelled based distributed generators as 

candidates in the renewable energy mix at local and national levels. 

 

7.3 Recommendation for Future Research  

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

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

1. For successful implementation of waste-to-energy technologies in any 

locality (state or national level), quality and reliable data play a critical role. 

Since the waste generation potential is influenced by environmental, climatic, 

socio-economic and demographic factors which are often complex to be 

modelled by conventional approach. Therefore, to improve the quality, 

accuracy and reliability of waste-related data in South African provinces, 

artificial intelligence (AI) based approach such as machine learning that is 

capable of modelling these parameters is recommended for future work.  

2. Since the distributed energy resource used in the present work is CHP and 

only the power distribution network is considered, a hybrid of power and heat 

distribution networks is recommended for optimal planning of biogas-based 

CHP-DGs for future work 

3. In this research, only the DISCO is permitted to own and operate the DGs, 

the future work can incorporate the private investors and the society in the 

optimal planning of the CHP DG as each of them has different objectives. 

5 To improve the technical performance of FCs, the impact of capacitor banks 

or reactive power compensators in addition to FCs can be investigated in 
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future work. A hybrid of the proposed IPSO with other optimisation algorithms 

such as Firefly, Cuckoo search etc., can be considered for future work. 
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APPENDICES 

Appendix 3 : Data for the calculation of waste generation and economic 

potent ials of various provinces in South Africa  

 

Table 3A: The waste allocation breakdown for the waste-to-energy technologies  

Province Technology Waste utilized for 

waste-to-energy 

technology 

Waste not utilized for electricity generation Total 

  Landfilling Recycling 

  Designate Utilized 

(% f) 

Designate % 

Landfilled 

Designate % 

Recycled 

 

 AD U1 22 U6 + U7 15 U2+U3+U

4+U5 

63 100 

 INC U2+U3+U

6+U7 

61 U1 22 U4+U5 17 100 

WC PYR U2 22 U1+U6+U

7 

37 U3+U4+U

5 

41 100 

 GAS U2+U3 46 U1+U7 37 U4+U5 17 100 

 AD U1 29.8 U6+U7 27.5 U2+U3+U

4+U5 

42.7 100 

EC INC U2+U3+U

6+U7 

58.3 U1 29.8 U4+U5 11.9 100 

 PYR U2 15.5 U1+U6+U

7 

27.5 U3+U4+U

5 

27.2 100 

 GAS U2+U3 30.8 U1+U6+U

7 

57.3 U4+U5 11.9 100 

 AD U1 10 U6+U7 38 U2+U3+U

4+U5 

52 100 

NC INC U2+U3+U

6+U7 

77 U1 10 U4+U5 13 100 

 PYR U2 18 U1+U6+U

7 

48 U3+U4+U

5 

34 100 

 GAS U2+U3 39 U1+U6+U

7 

48 U4+U5 13 100 

 AD U1 42 U6+U7 18 U2+U3+U

4+U5 

40 100 

 INC U2+U3+U

6+U7 

44 U1 42 U4+U5 14 100 

FS PYR U2 12 U1+U6+U

7 

60 U3+U4+U

5 

28 100 

 GAS U2+U3 26 U1+U6+U

7 

60 U4+U5 14 100 

 AD U1 40 U6+U7 18 U2+U3+U

4+U5 

42 100 

 INC U2+U3+U

6+U7 

48 U1 40 U4+U5 12 100 



 
 

294 
 

 

Appendix 3B 

Table 3B: Parameters for calculating economic criteria for each of the technologies 

(Hadidi and Omer, 2017, Ouda et al., 2016)  

Technology
 

Average net investment 

cost USD/kW 

Fixed O&M as a % ( ) of 
investment cost 

Variable O&M 
unit cost ( ) 

Lower Upper Assumed 

AD 4,339 2.1 % 7.0 % 4.0 % 4.4 (USD/MWh) 
GAS 3,925 3.0% 6.0 % 5.0 % 4.0 (USD/MWh) 

  
Technology 
(j) 

         Capital cost 

        USD/ton 

Fixed O&M cost unit 
(USD/ton/annum) 

Variable O&M 
unit cost ( ) 

Lower upper Assumed 
INC 800.00 - - 0.6       2 

(USD/ton/annum) 
PYR 21.00 2 3 3 4 (USD/MWh) 

�N
�F

�F

KZ PYR U2 14 U1+U6+U

7 

58 U3+U4+U

5 

28 100 

 GAS U2+U3 30 U1+U6+U

7 

58 U4+U5 12 100 

 AD U1 58 U6+U7 14 U2+U3+U

4+U5 

28 100 

NW INC U2+U3+U

6+U7 

34 U1 58 U4+U5 8 100 

 PYR U2 9 U1+U6+U

7 

72 U3+U4+U

5 

19 100 

 GAS U2+U3 20 U1+U6+U

7 

72 U4+U5 8 100 

 AD U1 22 U6+U7 28 U2+U3+U

4+U5 

50 100 

 INC U2+U3+U

6+U7 

65 U1 22 U4+U5 13 100 

GT PYR U2 20 U1+U6+U

7 

50 U3+U4+U

5 

30 100 

 GAS U2+U3 37 U1+U6+U

7 

50 U4+U5 13 100 

 AD U1 40 U7 0 U2+U3+U

4+U5 

60 100 

LP INC U2+U3+U

7 

38 U1 40 U4+U5 22 100 

 PYR U2 18 U1+U6+U

7 

40 U3+U4+U

5 

42 100 

 GAS U2+U3 38 U1+U7 40 U4+U5 22 100 
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Appendix 4 : The responses of the experts with respect to the pairwise 

comparison of the evaluation criteria is depicted in the Tables 

4A1-4A5 

Table 4A1: Pairwise comparison for relative importance of evaluation factors with 
respect to the goal 
Criteria Technical (F1) Economic (F2) Environmental (F3) Social (F4) 
Technical (F1) 1 E1: VS E1:  E E1: AS 
  E2: FS E2: VS E2: SS 
  E3: SS E3: VW E3: SW 
  E4: FS E4: FS E4: AS 
  E5: SS E5: AS E5: AS 
     
Economic (F2) E1: VW 1 E1: AS E1: VS 
 E2: FW  E2: SS E2: FW 
 E3: SW  E3: SW E3: FW 
 E4: FW  E4: AS E4: VW 
 E5: SW  E5: SS E5: FW 
     
Environmental (F3) E1: E E1: AW 1 E1: E 
 E2: VW E2: SW  E2: FW 
 E3: VW E3: SS  E3: E 
 E4: VW E4: AW  E4: E 
 E5: AW E5: SW  E5: FW 
     
Social (F4) E1: AW E1: VW E1: E 1 
 E2: SW E2: FS E2: FS  
 E3: SW E3: FS E3: E  
 E4: AW E4: VS E4: E  
 E5: AW E5: FS E5: FS  

 

Table 4A2: Pairwise comparison relative importance evaluation of the technical sub-
factors 
Criterion SF11 SF12 SF13 SF14 
SF11 (Electricity generation potential) 1 E1: VW E1: SS E1: FW 
  E2: FW E2: VS E2: VW 
  E3: VW E3: SS E3: AW 
  E4: SW E4: SS E4: AW 
  E5: SW E5: VS E5: VW 
     
SF12 (Overall System Efficiency) E1: VS 1 E1: E E1: E 
 E2: FS  E2: AS E2: VS 
 E3: VS  E3: E E3: VS 
 E4: SS  E4: SS E4: VS 
 E5: SS  E5: AS E5: VS 
     
SF13 (Technology Maturity) E1: SW E1: E 1 E1: VS 
 E2: VW E2: AW  E2: VS 
 E3: SW E3: E  E3: SS 
 E4: SW E4: SW  E4: SS 
 E5: VW E5: AW  E5: SS 
     
SF14 (Compatibility to local waste composition) E1: FS E1: E E1: VW 1 
 E2: VS E2: VW E2: VW  
 E3: AS E3: VW E3: SW  
 E4: AS E4: VW E4: SW  
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 E5: VS E5: VW E5: SW  
 

Table 4A3: Pairwise comparison relative importance evaluation of the economic sub-
factors 
Criterion SF21 SF22 SF23 SF24 
SF21 (Plant Establishment Cost) 1 E1: E E1: E E1: E 
  E2: AS E2: FS  E2: SW 
  E3: E E3: AS E3: FS 
  E4: AS E4: FS E4: SS 
  E5: FS E5: FS E5: FW 
     
SF22 (Operation and Maintenance Cost) E1: E 1 E1: AS E1: VS 
 E2: AW  E2: FW E2: VW 
 E3: E  E3: SW E3: SW 
 E4: AW  E4: FW E4: SW 
 E5: FW  E5: FW E5: AW 
     
SF23 (Net Present Value) E1: E E1: AW 1 E1: E 
 E2: FW E2: FS  E2: VS 
 E3: AW E3: SS  E3: VS 
 E4: FW E4: FS  E4: AS 
 E5: FW E5: FS  E5: VS 
     
SF24 (Simple Payback Period) E1: E E1: VW E1: E 1 
 E2: SS E2: VS E2: VW  
 E3: FW E3: SS E3: VW  
 E4: SW E4: SS E4: AW  
 E5: FS E5: AS E5: VW  

 

Table 4A4: Pairwise comparison relative importance evaluation of the environmental sub-
factors 
Criterion SF31 SF32 SF33 
SF31 (Greenhouse Gas Emission 
Potential) 

1 E1: E E1: AS 

  E2: AS E2: FS 
  E3: E E3: AS 
  E4: E E4: AS 
  E5: SS E5: FS 
    
SF32 (Dioxin and Furan Emission 
Potential) 

E1: E 1 E1: VS 

 E2: AW  E2: SW 
 E3: E  E3: SW 
 E4: E  E4: FW 
 E5: SW  E5: FW 
    
SF33 (Land Area requirement) E1: AW E1: VW 1 
 E2: FW E2: SS  
 E3: AW E3: SS  
 E4: AW E4: FS  
 E5: FW E5: FS  
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Table 4A5: Pairwise comparison relative importance evaluation of the social sub-factors  
Criterion SF41 SF42 SF43 
Job Creation Potential (SF41) 1 E1: E E1: VW 
  E2: AS E2: SW 
  E3: VS E3: SW 
  E4: AS E4: FW  
  E5: SS E5: VW 
    
Social Acceptability (SF42) E1: E 1 E1: E 
 E2: AW  E2: SS 
 E3: VW  E3: E 
 E4: AW  E4: SS 
 E5: SW  E5: E 
    
Potential for people displacement (SF43) E1: VS E1: E 1 
 E2: SS E2: SW  
 E3: SS E3: E  
 E4: FS E4: SW  
 E5: VS E5: E  

 

Table 4A6: Aggregated comparison matrix for evaluation factors with respect to goal 

Criteria  Technical (F1) Economic (F2)  Environmental (F3) Social (F4) 

Technical (F1) (1, 1, 1) (1.084, 1.351, 

1.864) 

(0.654, 0.803, 1.021) (0.683, 0.833, 

1.024) 

Economic (F2) (0.536, 0.740, 0.922) (1, 1, 1) (0.784, 1, 1.176) (0.684, 0.850, 

1.108) 

Environmental 

(F3) 

(0.979, 1.246, 1.528) (0.850, 1, 1.275) (1, 1, 1) (0.758, 0.850, 1) 

Social (F4) (0.977, 1.201, 1.465) 0.903, 1.176, 1.461 (1, 1.176, 1.320) (1, 1, 1) 

 

 

Table 4A7: Aggregated pairwise comparison matrix for technical sub-factor 
Criteria SF11 SF12 SF13 SF14 
Electricity Generation 
(SF11) 

(1, 1, 1) (1.320, 1.565, 
1.783) 

(1.149, 1.532, 
1.888) 

(0.803, 1, 1.246) 

Overall System 
Efficiency (SF12) 

(0.561, 0.639, 
0.758) 

(1, 1, 1) (0.699, 0.942, 
1.246) 

(0.495, 0.833, 
0.964) 

Technology Maturity 
SF13 

(0.530, 0.653, 
0.871) 

(0.803, 1.062, 
1.431) 

(1, 1, 1) (1.465, 1.821, 
2.159) 

Local waste composition 
(SF14) 

(0.803, 1, 
1.246) 

(1.037, 1.201, 
1.623) 

(0.463, 0.549, 
0.683) 

(1, 1, 1) 
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Table 4A8: Aggregated pairwise comparison matrix for economic sub-factor 

Criteria SF21 SF22 SF23 SF24 
SF21 (1, 1, 1) (0.513, 0.699, 

0.850) 
(1.176, 1.320, 
1.840) 

(0.389, 0.484, 
0.644) 

SF22 (1.176, 1.431, 
1.949) 

(1, 1, 1) (1.516, 1.733, 
2.096) 

(1.383, 1.741, 
2.081) 

SF23 (0.543, 0.758, 
0.850) 

(0.477, 0.577, 
0.660) 

(1, 1, 1) (1.176, 1.320, 
1.840) 

SF24 (1.552, 2.064, 
2.572) 

(0.480, 0.577, 
0.723) 

(0.543, 0.758, 
0.850) 

(1, 1, 1) 

 

Table 4A9: Aggregated pairwise comparison matrix for environmental sub-factor 

Criteria SF31 SF32 SF33 
 SF31 (1, 1, 1) (1.149, 1.201, 

1.351) 
(1.516, 2.038, 2.551) 

 SF32 (0.740, 0.833, 0.871) (1, 1, 1) (0.699, 0.977, 1.201) 
SF33 (0.392, 0.491, 0.660) (0.833, 1.024, 

1.431) 
(1, 1, 1) 

 
 
Table 4A10: Aggregated pairwise comparison matrix for social sub-factor 
Criteria SF41 SF42 SF43  
 SF41 (1, 1, 1) (1.431, 1.657, 

2.021) 
(0.708, 0.871, 0.922) 

 SF42 (0.495, 0.603, 0.699) (1, 1, 1) (1, 1, 1.176) 
 SF43 (1.084, 1.149, 1.413) (0.922, 1, 1) (1, 1, 1) 

 

 

Appendix 4B: The results of performance evaluation of the alternatives are shown 
in Table 4B1  

Table 4B1: Results of evaluation scores of the alternatives for Entropy weights 
determination 

Main Factor Sub-Factor Alternative 
  AD (A1) INC (A3) PYR (A3) GAS (A4) 
Technical  
F1 

SF11 (GWh) 366.54 1296.9 219.56 4174.2 
SF12 (%) 20.00 26.00 15.00 30.00 
           
SF12 

G VG F F 
MG VG MG G 
MG VG F F 
MG VG F F 
G VG MG G 
    

SF14 VG VG MP MP 
P VG VG G 
VG VG MP MP 
G MG MP P 
VG VG MP MP 

      
Economic  
F2 

SF21 (x106$) 198.80 704.48 3.5563 2048 
SF22 (x106$) 9.5648 2.2896 9.2906 119.10 
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SF23 (x106$) 136.25 370.12 105.81 627.79 
SF24 (Years) 6.61 4.77 7.13  11.23 

      
Environmental 
F3  
 

SF31 (ktonCO2) 5.6788 2376.8 198.06  3147.3 
SF32 (g) 0.001871 352.2 8.1  0.042357 
     
SF33 VG G F F 

F VG G G 
VG VG G F 
F VG G G 
F G F G 

Social  
F4 

SF41     
VG VG VG VG 
G P P P 
VG VG VG VG 
VG VG VG VG 
VG VG G G 

SF42     
VG VP F F 
G P F F 
VG VP F F 
VG VP F F 
VG VP F F 

SF43     
VG MP G G 
VG MP G G 
G MP G G 
VG MP MG G 
VG MP G G 
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                Table 4B2: Results of evaluation scores of the alternatives 

Alternative Expert Sub-Factor 
SF11 SF12 SF13 SF14 SF21 SF22 SF23 SF2

4 
SF31 SF32 SF3

3 
SF4
1 

SF4
2 

SF4
3 

AD (A1) 
 

E1 G VG G VG P F VG VG VG G VG VG VG VG 
E2 MG MG MG P G F VG VG VG VG F G G VG 
E3 MG VG MG VG P F VG VG VG VG VG VG VG G 
E4 MG MG MG G P F VG VG VG VG F VG VG VG 
E5 MG VG G VG G F VG VG VG VG F VG VG VG 

                
INC (A2) 
 

E1 VG G VG VG G G G F G VP G VG VP MP 
E2 VG VG VG VG P G F F MP F VG P P MP 
E3 VG VG VG VG P VG MP F VP VP VG VG VP MP 
E4 VG G VG MG P G F F MP VP VG VG VP MP 
E5 VG VG VG VG P MG F F VP VP G VG VP MP 

                
PYR (A3) 
 

E1 MG MG F MP MP MP MP F MP F F VG F G 
E2 MG G MG VG MP MG MP MP F F G P F G 
E3 MG G F MP MP MG MP MP MP F G VG F G 
E4 MG MG F MP F MP MP MP MP F G VG F MG 

 E5 MG MG MG MP F MG MP F F F F G F G 
                
GAS (A4) 
 

E1 MG MG F MP MP MP MP F MP F F VG F G 
E2 G G G G MP MG P P F F G P F G 
E3 MG G F MP F MG G F F F F VG F G 
E4 G MG F P F F G P MP F G VG F G 
E5 MG MG G MP F G G P MP F G G F G 
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    Appendix 5 : �(�[�S�H�U�W�¶�V judgement of the criteria  for FBWM  

Table 5A1: Pairwise comparison vector of Best-to-Others (BO) and Others-to-Worst 
Experts BO vector of the main criteria OW vector of the main criteria 

Best F1 F2 F3 F4      Worst F1 F2 F3 F4      
Expert 1 F1 E SF SH H      F4 H SH E E      
Expert 2 F1 E SF SF H      F4 H SH SF E      
Expert 3 F2 SF E F SH      F4 SF SH E E      
 BO vector of the technical sub- criteria OW vector of the technical sub-criteria 

Best C1 C2 C3 C4 C5 C6 C7 C8 C9 Worst C1 C2 C3 C4 C5 C6 C7 C8 C9 
Expert 1 C2 SH E F H H E SH SF SF C5 SF H SF SF E SH SF F F 
Expert 2 C2 SH E E SH SH E F F SF C4 SF SH SF E SF F SF PI F 
Expert 3 C2 SH E F H SH E SH SH SH C4 SF H PI E SF SH PI SF PI 
 BO vector of the economic sub- criteria OW vector of the economic sub- criteria 

Best C1
0 

C11 C12       Worst C10 C1
1 

C12       

Expert 1 C10 E SH F       C11 SH E F       
Expert 2 C10 E H F       C11 H E E       
Expert 3 C10 E SF SH       C12 SH SF E       
 BO vector of the environmental sub- criteria OW vector of the 

environmental sub- criteria 
 

Best C1
3 

C14 C15       Worst C13 C1
4 

C15       

Expert 1 C14 FI E H       C15 SF H E       
Expert 2 C14 SF E SH       C15 SF SH E       
Expert 3 C14 E E H       C15 FI H E       
 BO vector of the social sub- criteria OW vector of the social sub- criteria 

Best C1
6 

C17 C18 C19 C20    Worst C16 C1
7 

C18 C1
9 

C20     

Expert 1 C19 H SH E E SH    C16 E SF F H SF     
Expert 2 C19 H SH F E SH    C16 E E SF H SF     
Expert 3 C19 SH H E E SH    C17 SF E SH H SF     
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Table 5A2: The results of the evaluation performance of each alternative relative to all criteria  
Main Criteria Sub-

Criteria 
Prime Mover Types Criteria 

Type ICE Gas 
Turbine 

Micro 
Turbine 

Fuel Cells 

 C1a 30-42 25-40 25-30 40-45 Benefit 
Technical (F1) 
 

C2b 70-80 70-75 55-65 75-80 Benefit 
C3b (75,77.5,80) (50,56,62) (49, 53, 57) (55,67.5,80) Benefit 
C4c H, VH, H H, H, H M, M, L L, VL, L Benefit 

 C5b 10  600--3600 60 10800-172800 Cost 
 C6b 0.5-1.2 0.6-1.1  0.5-0.7 (1-2) Benefit 
 C7c M, H, M H, H, H M, M, M L, L, L Benefit 
 C8c M, H, M L, L, L M, M, M H, H, H Benefit 

C9b 96-98 93-96 98-99 95% Benefit 
Economical (F2) C10a 400-1100  900-1500 600-1200 3000-4000 Cost 

C11a 0.01-0.02 0.005-
0.010 

0.008-
0.015 

0.003-0.010 Cost 

C12d 20 20 10 10 Benefit 
Environmental (F3) C13c H, H, H M, M, M M, M, M VL, VL, VL Cost 

C14a 500-700 25-50 20-45 3 Cost 
 C15 0.8d 0.6d 0.54e 0.001d Cost 
Social (C4) C16d 0.03 0.05 0.03 0.02 Cost 
 C17c L, M, M M, M, M M, M, M VH, H, H Benefit 
 C18c VH, H, H M, M, M VL, L, L VH, VH, VH Benefit 
 C19c H, H, H H, H, H M, M, L VH.VH. VH Benefit 
 C20c H, M, H M, M, H H, H, H VH, VH, VH Benefit 

Note: the parameters shown in Table 5A2 are obtained from five sources. The qualitative components (C4, C7, 
�&�������&���������&���������&���������&���������D�Q�G���&���������D�U�H���W�K�H���H�[�S�H�U�W�V�¶���M�X�G�J�P�H�Q�W���Z�K�L�O�H���W�K�H���T�X�D�Q�W�L�W�D�W�L�Y�H���R�Q�H�V�����&�������&�������&�������&�������&������
C9, C10, C11, C12, C14, C15, and C16) are obtained from literature. such as a (Kaparaju and Rintala, 2013),  
b(Darrow et al., 2017), c �H�[�S�H�U�W�V�¶����d (Ebrahimi and Keshavarz, 2012), e (Wang et al., 2008a) 

 

Appendix 5B: Compromise scores for each preference weighting method 

Table 5B1: Compromise scores for equal preference of Fuzzy entropy and Fuzzy-BWM 

     Ranking 
order 

(0.2081, 0.2498, 
0.2995) 

(0.9759, 2.0053, 
13.6929)   

(0.8228, 0.9905, 1.1767) 2.5767 2 

(0.2055, 0.2486, 
0.2985) 

(0.9680, 2.0357, 
13.3764) 

(0.8122, 0.9854, 1.1727) 2.5600 3 

(0.2074, 0.2494, 
0.2987) 

(0.9734, 2.0045, 
13.3743) 

(0.8201, 0.9887, 1.1735) 2.5541 4 

(0.2121, 0.2522, 
0.3036) 

(1.0160, 2.2635, 
15.8476) 

(0.8383, 1.0000, 1.1929) 2.8053 1 

 

Table 5B2: Compromise scores for BWM totally preferred 

    Ranking 
order 

(0.2204    0.2507    
0.2840) 

(1.1131    2.1209    7.7376) (0.8813    1.0009    
1.1236) 

2.2461 1 
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(0.2205    0.2492    
0.2809) 

(1.1022    2.0318    6.8530) (0.8815    0.9953    
1.1112) 

2.1536 4 

(0.2211    0.2497    
0.2816) 

(1.0919    2.0023    7.1205) (0.8843    0.9969    
1.1141) 

2.1632 3 

(0.2239    0.2504    
0.2823) 

(1.1368    2.1493    7.5070) (0.8954    1.0000    
1.1168)     

2.2418 2 

 

Table 5B3: Compromise scores for BWM strongly preferred 

    Ranking 
order 

(0.2064    0.2503    
0.3029) 

(0.9564    2.0626   
19.2932) 

(0.8182    0.9959    
1.1909) 

2.9431 2 

(0.2043    0.2489    
0.3009) 

(0.9435    2.0338   
18.1204) 

(0.8099    0.9904    
1.1831) 

2.8549 4 

(0.2059    0.2495    
0.3013) 

(0.9460    2.0035   
18.3853) 

(0.8164    0.9929    
1.1846) 

2.8648 3 

(0.2103    0.2513    
0.3044) 

(0.9763    2.2069   
21.0339) 

(0.8336    1.0000    
1.1971) 

3.1016 1 

 

Table 5B4: Compromise scores for Entropy totally preferred 

 

Table 5B5: Compromise scores for Entropy strongly preferred 

    
Ranking 
order 

(0.2101    0.2494    
0.2959) 

(0.9985    2.0075   
11.5252) 

(0.8266    0.9847    
1.1607) 

2.4378 4 

(0.2069    0.2482    
0.2958) 

(0.9962    2.1019   
11.7174) 

(0.8138    0.9801    
1.1604) 

2.4740 2 

(0.2091    0.2492    
0.2958) 

(1.0041    2.0675   
11.5453) 

(0.8228    0.9841    
1.1606) 

2.4571 3 

(0.2142    0.2532    
0.3025) 

(1.0608    2.4003   
14.1826) 

(0.8427    1.0000    
1.1867) 

2.7477 1 

 

 

 

 

          Ranking 
order 

(0.2297    0.2488    
0.2699) 

(1.2812    2.0085    4.1449) (0.9003    0.9785    
1.0613) 

1.9660 4 

(0.2266    0.2478    
0.2704) 

(1.3092    2.1738    4.5183) (0.8884    0.9745    
1.0634) 

2.0411 2 

(0.2288    0.2490    
0.2704) 

(1.3115    2.1357    4.3494) (0.8967    0.9790    
1.0634) 

2.0221 3 

(0.2336    0.2543    
0.2777) 

(1.4531    2.5500    5.5523) (0.9158    1.0000    
1.0920) 

2.2628 1 
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Appendix 6 : Load flow analysis  

For a two-bus network as shown in Figure 6.2, the complex power injected into the 
network could be expressed as 

                                                                                                                                       (6A1) 

This complex power is transformed into voltage and current as follows 

                                                                                                                                           (6A2) 

Therefore, the current injected becomes 

                                                                                                                                           (6A3) 

Based on the topological structure of distribution network, the injected power can be 

transformed into injected �E�X�V���F�X�U�U�H�Q�W���D�Q�G���E�U�D�Q�F�K���F�X�U�U�H�Q�W�����%�,�%�&�����E�\���X�V�L�Q�J���.�L�U�F�K�K�R�I�I�¶�V��

current law. 

Formulation of BIBC matrix 

The BIBC (bus injection to branch current) is vector showing the relationship 

between the current injecting buses and the connecting branches throughout the 

network. Considering a 12-bus network shown in Figure 6A,  
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�)�L�J�X�U�H�����$�������$���������E�X�V���U�D�G�L�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���Q�H�W�Z�R�U�N 

�7�K�H���%�,�%�&���P�D�W�U�L�[���L�V���I�R�U�P�X�O�D�W�H�G���D�V 

�����������������������������������������������������������������������������������������������������$�������������������������������������������������������������������������������������������������������������������������������������������������������� 

Translating Eq. 6A4 into matrix form, we have 
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���������������������������������������������������������������������������������������������������������$�������������������������������������������������������������������������������������������������������������������������������������� 

Therefore,                                                                                                              (6A6)  

Formulation of BCBV matrix  

The BCBV matrix is obtained to determine the bus voltages and is formulated using 

�.�L�U�F�K�K�R�I�I�¶�V�� �Y�R�O�W�D�J�H�� �O�D�Z���� �,�W�� �L�V�� �I�R�U�P�X�O�D�W�H�G�� �L�Q�� �W�H�U�P�V�� �R�I�� �W�K�H�� �E�U�D�Q�F�K�� �F�X�U�U�H�Q�W���� �E�U�D�Q�F�K��

impedances and across each bus with respect to the reference (slack) bus are 

expressed in terms of the branch current, branch impedance and slack (substation) 

bus voltage as shown below. 

      

(6A7) 
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Modifying Eq. 6A7 and transforming into matrix, we have Eq. 6A8. 

���������$���� 

The Eq. 6A8 can be generalised as  

����������������������       ���������������������������������$������������������ 

�Z�K�H�U�H�� �%�&�%�9�� �L�V�� �W�K�H�� �E�U�D�Q�F�K���F�X�U�U�H�Q�W�� �W�R�� �E�X�V���Y�R�O�W�D�J�H�� �P�D�W�U�L�[���� �6�X�E�V�W�L�W�X�W�L�Q�J�����L�Q���(�T����

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

�R�E�W�D�L�Q�H�G���D�Q�G���H�[�S�U�H�V�V�H�G���D�V���L�Q���(�T�������$������ 

���� �����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������$������ 

�Z�K�H�U�H�����'�/�)���V�W�D�Q�G�V���I�R�U���G�L�V�W�U�L�E�X�W�L�R�Q���O�R�D�G���I�O�R�Z���P�D�W�U�L�[���Z�K�L�F�K���J�L�Y�H�V���D���G�L�U�H�F�W���V�R�O�X�W�L�R�Q���I�R�U��

�W�K�H���S�R�Z�H�U���I�O�R�Z���S�U�R�E�O�H�P���E�\���P�X�O�W�L�S�O�\�L�Q�J���%�,�%�&���D�Q�G���%�&�%�9���P�D�W�U�L�F�H�V���� 

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

�V�R�O�Y�L�Q�J���W�K�H���(�T�������$���������(�T�������$�������D�Q�G���(�T�������$�������L�W�H�U�D�W�L�Y�H�O�\�� 
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A) Power loss in radial distribution network 
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�:�K�H�U�H���1���L�V���W�R�W�D�O���Q�X�P�E�H�U���R�I���E�X�V�H�V�� 

B) Voltage stability index 

Stability and security of the distribution system under varying operating and loading 

conditions are anchored on the capability of maintaining the bus voltages within the 

statutory limit. To ensure this, the VSI of all the buses must be determined in order 

to identify the weakest and sensitive buses to voltage collapse and instability. 

Usually, a bus that has VSI close to zero is more liable to voltage collapse and those 

having VSI close to unity are very viable nodes or buses. 

B1) Derivation of voltage stability index 

Considering a two bus system (Figure 6.2), the voltage stability index is derived 

following the procedure presented by (Chakravorty and Das, 2001) 

.    ,                             (6A21)                 

                                                                   (6A22) 

            

(6A23)      

                        (6A24)                                                                 
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                (6A25)                                                                 

                  (6A26)                                                                          

                                                     (6A27)                                                  

                                                     (6A28)                                                          

                                                                  (6A29)                                                                       

                                                                  (6A30)                                                                         

 (6A31) 

      (6A32)      

                                               (6A33)                                                

        (6A34)     

                                                 

(6A35) 

 (6A36) 

                     (6A37) 

                     (6A38) 
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                    (6A39)                                      

                                (6A40)                                

A quadratic equation is formed in (6A41) where

                                    (6A41) 

To have a feasible solution,                                                                        

Therefore, solving Eqn. (6A41) based on (6A42), we have 

          (6A42)     

                                  (6A43)            

                 (6A44)      

(6A45) 

             (6A46)                         

                               (6A47)           

                                                     (6A48)                                                         

Generally, for a distribution network with n buses and n-1 branches, the voltage 

stability index of th bus is determined according to the following 

                             (6A49)                          

Where   
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So, for stable operation of the distribution network, the values obtained for VSI 

must be greater than or equal to zero. A bus with VSI closer to unity is more stable 

and that closer to zero is more vulnerable to voltage collapse. 

Appendix 7: Fuzzy-Best Worst approach for determining of weights of 

objective function  

To avoid repetition, steps for F-BWM have been expatiated in chapter 5. Therefore, 

it will not be repeated here.  

In consultation with relevant literatures and experienced experts, the evaluation 

objectives were selected taking into consideration the fundamental principles of 

transparency, relevance and user�æoriented principles (Ren, 2018). Four experts (4) 

in the energy industry and the academia with over 15 years of industrial and 

academic experiences were consulted to complete a survey questionnaire prepared 

in Google form to express their opinions on the preferences for the weighting 

assessment of three technical objectives such as (active power loss (APL), voltage 

deviation (VD) and voltage stability index (VSI)) based on linguistic scale presented 

in Table 2 Chapter 5. 

Appendix 7A: Results for Fuzzy -BWM 

Based on the pairwise comparison by each expert presented in Table 7A1, two 

preference vectors are produced including the Best-to-Others (BO) vector and 

Others-to-Worst (OW) vector. The experts express their preferences in linguistic 

variables and the linguistic terms are converted into triangular fuzzy number (TFNs) 

using the conversion scale provided in Table 2 . The converted linguistic terms for 

BO and OW vectors for all the experts are shown in Table 7A2  

Table 7A1: Pairwise comparison vector of Best-to-Others (BO) and Others-to-Worst 
Experts  BO vector of Technical sub-objectives OW vector of Technical sub-objectives 

Best C11 C12 C13 Worst C11 C12 C13 
Expert 1 C11 E VI FI C12 VI EI EI 
Expert 2 C11 E FI VI C13 VI EI EI 
Expert 3 C12 FI EI EI C11 EI FI WI 
Expert 4 C13 VI WI EI C11 EI WI VI 
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�7�R���D�V�F�H�U�W�D�L�Q���W�K�H���O�H�Y�H�O���R�I���V�L�P�L�O�D�U�L�W�\���L�Q���W�K�H���H�[�S�H�U�W�V�¶���M�X�G�J�H�P�H�Q�W�����L�W���L�V���Q�H�F�H�V�V�D�U�\���W�R���F�K�H�F�N��

the consistency level of the comparison vectors provided by each expert and make 

adjustment where necessary. According to Equations B, C, G and H in Table 4.3 

and the input-based consistency method presented in Eqn. (5.4) and (5.5), in 

�&�K�D�S�W�H�U���������W�K�H���F�R�Q�V�L�V�W�H�Q�F�\���L�Q���W�K�H���H�[�S�H�U�W�V�¶���R�S�L�Q�L�R�Q�V��is determined as follows. 

 

Table 7A2: Fuzzy comparison matrix for BO and OW vectors for the objectives 

Experts  BO vector of Technical sub-objectives OW vector of Technical sub-objectives 
Best C11 (APL) C12(VD) C13(VSI) Worst C11(APL) C12(VD) C13 

(VSI) 
Expert 
1 

C11 (1, 1, 1) (5, 7, 9) (3, 5, 7) C12 (5, 7, 9 (1,1,1) (1, 1, 1) 

Expert 
2 

C11 (1, 1, 1) (3, 5, 7) (5, 7, 9) C13 (5, 7, 9) (1,1,1) (1, 1, 1) 

Expert 
3 

C12 (3, 5, 7) (1, 1, 1) (1, 1, 1) C11 (1,1,1) (3, 5, 7) (1, 3, 5) 

Expert 
4 

C13 (5, 7, 9) (1, 3, 5)  (1, 1, 1) C11 (1,1,1) (1, 3, 5) (5, 7, 9) 

 

 

Expert 1 
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Expert 2 

 

 

 

Expert 3 
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Expert 4 

 

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

Table 6B3 

  

It should be noted that for experts 1, 2, and 4 the best to worst fuzzy vector is 

 while for expert 3 it is . Therefore, for experts 1, 

2 and 4, the scale of the comparison vector is 7 while it is 5 for expert 3 (i.e., by 

defuzzifying using GMIR). Considering the threshold values for the input-based 

consistency ratio (see Table B1 in the appendices), for 3 criteria and 7 scale system 

(for experts 1, 2 and 4), all the values obtained are less than the threshold (i.e., 

0.1667). Also, for expert 3, 3 criteria and 5 scale system, the threshold is 0.1667. 

�6�L�Q�F�H���D�O�O���W�K�H���J�O�R�E�D�O���F�R�Q�V�L�V�W�H�Q�F�L�H�V���L�Q���W�K�H���H�[�S�H�U�W�V�¶���U�H�V�S�R�Q�V�H�V���D�U�H��less than threshold 

values, are consistent and acceptable.  

Table 6B3: Global and local input-based consistency ratios level of each expert  
Experts       

Global  Local consistency 
E1 0.0462  0 0 0.0462 
E2 0.0462  0 0.0462 0 
E3 0.0938  0 0 0.0938 
E4 0.0769  0 0.0769 0 
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The optimal fuzzy weights of the objectives are determined by solving a non-linear 

optimisation model formed from the integration of the BO and OW vectors. The 

optimisation models are solved using LINGO 20.0 software. 

The built non-linear optimisation from the integration of BO and OW vectors of each 

expert are shown below. 

 

For Expert 1, the built non-linear optimisation model is shown 

�����������������������������������������������������������������������������������������������������%���� 
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For Expert 2, the built non-linear model is shown below 

�����������������������������������������������������������������%������������������������������������������ 

�)�R�U���H�[�S�H�U�W���� 

�������������������������������������������������������������������������������������������������������%���������� 
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�)�R�U���H�[�S�H�U�W������ 

�������������������������������������������������������� 

 

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

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

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

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

�G�H�I�X�]�]�L�I�\�L�Q�J���W�K�H���I�X�]�]�\���Q�X�P�E�H�U�V���X�V�L�Q�J��GMIR method. 

 

 

Table 7A: Fuzzy weights of the objective functions 
Objective Expert 1  Expert 2 
Active power loss (C1) (0.7061, 0.7284, 0.7311) (0.7061, 0.7284, 0.7311) 
Voltage deviation (C2) (0.0714, 0.1131, 0.1589) (0.1099, 0.1584, 0.2225) 
Voltage stability index (C3) (0.1099, 0.1584, 0.2225) (0.0714, 0.1131, 0.1589) 
Objective Expert 3 Expert 4 
Active power loss (C1) (0.0000, 0.2000, 0.2000) (0.0338, 0.1201, 0.1806) 
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Voltage deviation (C2) (0.4000, 0.6000, 0.9000) (0.1571, 0.2802, 0.4214) 
Voltage stability index (C3) (0.0000, 0.2000, 0.5000) (0.5448, 0.5997, 0.6622) 
Objective Aggregated Fuzzy weight Crisp 
Active power loss (C1) (0.3615, 0.4443, 0.4607) 0.4332 
Voltage deviation (C2) (0.1846, 0.2879, 0.4257) 0.2937 
Voltage stability index (C3) (0.1815, 0.2678, 0.3859) 0.2731 

 

Appendix 8 A : IEEE 69 Bus system data (Aman et al., 2014)  

From 
Bus 

To 
Bus 

Active power 
demand P 
(kW) 

Reactive 
power 
demand Q 
(kVar) 

Line 
resistance  
R (ohms) 

Line 
reactance  
X (ohms) 

Max line 
current 
(Imax) 

1 2 0 0 0.0005 0.0012 400 
2 3 0 0 0.0005 0.0012 400 
3 4 0 0 0.0015 0.0036 400 
4 5 0 0 0.0251 0.0294 400 
5 6 2.6 2.2 0.3660 0.1864 400 
6 7 40.4 30 0.3810 0.1941 400 
7 8 75 54 0.0922 0.0470 400 
8 9 30 22 0.0493 0.0251 400 
9 10 28 19 0.8190 0.2707 400 
10 11 145 104 0.1872 0.0619 200 
11 12 145 104 0.7114 0.2351 200 
12 13 8 5 1.0300 0.3400 200 
13 14 8 5 1.0440 0.3450 200 
14 15 0 0 1.0580 0.3496 200 
15 16 45.5 30 0.1966 0.0650 200 
16 17 60 35 0.3744 0.1238 200 
17 18 60 35 0.0047 0.0016 200 
18 19 0 0 0.3276 0.1083 200 
19 20 1 6 02106 0.0690 200 
20 21 114 81 0.3416 0.1129 200 
21 22 5 3.5 0.0140 0.0046 200 
22 23 0 0 0.1591 0.0526 200 
23 24 28 20 03463 0.1145 200 
24 25 0 0 0.7488 0.2475 200 
25 26 14 10 0.3089 0.1021 200 
26 27 14 10 0.1732 0.0572 200 
3 28 26 18.6 0.0044 0.0108 200 
28 29 26 18.6 0.0640 0.1565 200 
29 30 0 0 0.3978 0.1315 200 
30 31 0 0 0.0702 0.0232 200 
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31 32 0 0 0.3510 0.1160 200 
32 33 14 10 0.8390 0.2816 200 
33 34 19.5 14 1.7080 0.5646 200 
34 35 6 4 1.4740 0.4873 200 
3 36 26 18.55 0.0044 0.0108 200 
36 37 26 18.55 0.0640 0.1565 200 
37 38 0 0 0.1053 0.1230 200 
38 39 24 17 0.0304 0.0355 200 
39 40 24 17 0.0018 0.0021 200 
40 41 1.2 1 0.7283 0.8509 200 
41 42 0 0 0.3100 0.3623 200 
42 43 6 4 0.0410 0.0478 200 
43 44 0 0 0.0092 0.0116 200 
44 45 39.22 26.3 0.1089 0.1373 200 
45 46 39.22 26.3 0.0009 0.0012 200 
4 47 0 0 0.0034 0.0084 300 
47 48 79 56.4 0.0851 0.2083 300 
48 49 384.7 274.5 0.2898 0.7091 300 
49 50 384.7 274.5 0.0822 0.2011 300 
8 51 40.5 28.3 0.0928 0.0473 200 
51 52 3.6 2.7 0.3310 0.1114 200 
9 53 4.35 3.5 0.1740 0.0886 300 
53 54 26.4 19 0.2030 0.1034 300 
54 55 24 17.2 0.2842 0.1447 300 
55 56 0 0 0.2813 0.1433 300 
56 57 0 0 1.5900 0.5337 300 
57 58 0 0 0.7837 0.2630 300 
58 59 100 72 0.3042 0.1006 300 
59 60 0 0 0.3861 0.1172 300 
60 61 1244 888 0.5075 0.2585 300 
61 62 32 23 0.0974 0.0496 300 
62 63 0 0 0.1450 0.0738 300 
63 64 227 162 0.7105 0.3619 300 
64 65 59 42 1.0410 0.5302 300 
11 66 18 13 0.2012 0.0611 200 
66 67 18 13 0.0047 0.0014 200 
12 68 28 20 0.7394 0.2444 200 
68 69 28 20 0.0047 00.016 200 
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Appendix 9: Visual display of the IPSO simulation runs  

 




