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Abstract 

More than 2 billion people have come within the expanding reach of electricity access in the last 

two decades. Still, globally ~840 million people lack access to any form of electricity. As per 

SDG7 timeline, universal electrification should happen by 2030. From the point of view of 

strategies, the pursuit of universal electrification has two types of goals. One relates to efficiency. 

This could be economic or environmental efficiency - i.e. electrifying the largest population at 

the lowest cost or with lowest environmental burden. And the other relates to effectiveness – 

which mainly constitutes the social and developmental goals of electricity provision being 

sufficient, reliable, affordable and equitable. In this dissertation, I examine the challenges to 

these goals. Using modeling-based approaches on an example country (Tanzania), I first analyze 

one particular impediment to economic efficiency: grid-dominance in the electrification market 

and its impact on strategic investment decisions by off-grid developers. As far as effectiveness is 

concerned, I address one particular challenge: distributive concerns around electricity pricing. 

Such effectiveness concerns fall under the broader societal goals of justice and fairness. Key 

outcomes of this work include novel methodologies for incorporating non-technological factors 

into electrification modeling. In doing so, my research takes the techno-economic model beyond 

the least-cost metrics. Modeling results show that (for Tanzania) uncertainty around grid arrival 

risks large scale misallocation of potential off-grid investments and may leave a large segment of 

population without electricity. In order to achieve cost-efficiency as well as fair pricing – it 

appears that an affordability-based pricing produces a lower burden on grid connected customers 

than a constant price. Apart from the analytical part of my research, I also take a deep dive into 

understanding what justice could mean in the context of electrification – and show how 

electrification may face multiple moral trade-offs.  
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Lay Summary 

About ~840 million people live without access to electricity. The pursuit to fill the electrification 

gap includes a variety of technological solutions – from conventional approach of grid extension 

to small scale renewable energy (RE) based off-grid alternatives. This diversity makes 

electrification planning complex, as different technologies differ in costs, market power, 

geographic availability, business models and operational requirements. Ensuring affordable 

electricity to everyone and at the same time ensuring an optimal investment pathway is 

challenging. 

 

I address these challenges through a modeling-based approach. With Tanzania as a case, I 

develop methodologies to incorporate equity and justice concerns into electrification planning, to 

assess the impact of grid-dominance on realizing off-grid potential, and to study the extent of 

poor coordination among market players. Apart from this analytical contribution, I also bring 

attention to the myriad ethical concerns around meeting the goal of universal electrification.  
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Preface 

This dissertation includes four stand-alone research chapters (Chapter 2-5) and are either 

published or are intended for publication in peer-reviewed journals. I am the primary responsible 

person for this work. In all of the chapters, my contributions include: 1) identification of research 

objectives and specific research questions, 2) developing the methodological frameworks, 3) 

undertaking research activities, 4) conducting the energy modeling work, and 5) preparing the 

manuscripts. 

 

My Ph.D. supervisory committee comprises of Dr. Hisham Zerriffi, Dr. Mark Howells, and Dr. 

Gary Bull. They helped me shape my doctoral research objectives and research proposal. Their 

feedback was invaluable and helped me position my research questions in policy relevance. Dr. 

Zerriffi connected me with the Dr. Mark Howells’ research team (at KTH Stockholm) that 

helped me learn their energy modeling tool and also collaborated with me on two of the 

manuscripts. For all the chapters, as my supervisor, Dr. Zerriffi guided me through refining 

analysis methodologies, interpretation of results and drew attention to limitations of my research.  

 

Chapter 2: Modeling the risk of grid-uncertainty for off-grid development  

 

In this chapter, I developed the analysis, conducted the literature review, designed the 

methodology using energy modeling, conducted the analysis and wrote the manuscript. Dr. 

Zerriffi and Dr. Mark Howells both helped in conceptual development. Dr. Zerriffi was also 

involved throughout the analysis and helped with results interpretations and manuscript 

organization. Dr. Howells’ research team at KTH Stockholm (consisting of Dr. Alexandros 
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Korkevoles, Babak Khavari, and Andreas Sahlberg) helped me learn the modeling tool and use it 

for the specific analysis. They also provided constructive comments on the manuscript. A paper 

based on this dissertation chapter has been submitted to an energy specific journal and is under 

review as of April 2021. 

 

Chapter 3: Simulating strategic behavior of electrification market players 

 

In this chapter, I developed the analysis, conducted the literature review, designed the 

methodology using energy modeling, conducted the analysis and wrote the manuscript. Dr. 

Zerriffi was also involved throughout the analysis and helped with results interpretations. My 

supervisory committee provided valuable feedback on the analysis and results. A modified 

version of this analysis (a multi-country analysis) will be conducted early 2021 to be submitted 

for publication in an energy policy-oriented journal. 

 

Chapter 4: Incorporating equity and justice concerns into electrification planning  

 

In this chapter, I developed the analysis, conducted the literature review, designed the 

methodology using energy modeling, conducted the analysis and wrote the manuscript. Dr. 

Zerriffi and Dr. Mark Howells both helped in conceptual development. Dr. Zerriffi was also 

involved throughout the analysis and helped with results interpretations and manuscript 

organization. Dr. Howells’ research team at KTH Stockholm (consisting of Dr. Alexandros 

Korkevoles, Babak Khavari, Andreas Sahlberg, and Dr. Dimitrios Mentis) helped me learn the 

modeling tool and use it for the specific analysis. They also helped refine and edit the 
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manuscript. Two reviewers for the journal Applied Energy offered constructive comments on the 

manuscript that helped improve the analysis. A paper titled “Planning with justice: Using spatial 

modelling to incorporate justice in electricity pricing – the case of Tanzania” (co-authored with 

the collaborators mentioned) based on this dissertation chapter has been published in the Applied 

Energy journal in February 2020. https://doi.org/10.1016/j.apenergy.2020.114749 

 

Chapter 5: Exploring (energy) justice in the context of universal electrification 

 

This is a theoretical chapter in which I conducted the literature review, developed the framework 

and wrote the analysis. Dr. Zerriffi was involved throughout the writing of this chapter and he 

provided valuable feedback to help me refine the text as well as organize it better. The 

manuscript from this theoretical work shall be submitted to a relevant energy journal covering 

‘energy justice’ scholarship. 

https://doi.org/10.1016/j.apenergy.2020.114749


viii 

 

Table of Contents 

Abstract ......................................................................................................................................... iii 

Lay Summary ............................................................................................................................... iv 

Preface .............................................................................................................................................v 

Table of Contents ....................................................................................................................... viii 

List of Tables ............................................................................................................................... xii 

List of Figures ............................................................................................................................. xiii 

List of Supplementary Material .................................................................................................xv 

List of Abbreviations ................................................................................................................. xvi 

Acknowledgements ................................................................................................................... xvii 

Dedication ................................................................................................................................. xviii 

Chapter 1: Introduction ................................................................................................................1 

1.1 Electrification – a multi-faceted pursuit ......................................................................... 5 

1.2 Research context ........................................................................................................... 13 

1.3 Research objective ........................................................................................................ 16 

1.4 Methodological basis .................................................................................................... 17 

1.4.1 Role of energy modeling in energy access ........................................................... 17 

1.4.2 Modeling tool - OnSSET ...................................................................................... 19 

1.4.3 Case study description .......................................................................................... 21 

1.5 Chapter-wise overviews ................................................................................................ 22 

1.5.1 Chapter 2 ............................................................................................................... 22 

1.5.2 Chapter 3 ............................................................................................................... 23 

1.5.3 Chapter 4 ............................................................................................................... 24 



ix 

 

1.5.4 Chapter 5 ............................................................................................................... 25 

Chapter 2: Modeling the risk of grid-uncertainty for off-grid development .........................27 

2.1 Methods......................................................................................................................... 36 

2.1.1 Analysis methodology .......................................................................................... 37 

2.2 Results ........................................................................................................................... 45 

2.3 Discussion and conclusion ............................................................................................ 51 

Chapter 3: Simulating strategic behavior of electrification market players ..........................54 

3.1 A game-theoretic approach to electrification ................................................................ 57 

3.1.1 Game theory fundamentals ................................................................................... 58 

3.2 Methods......................................................................................................................... 62 

3.2.1 Strategic games ..................................................................................................... 67 

3.2.2 Measuring outcomes ............................................................................................. 73 

3.3 Results ........................................................................................................................... 75 

3.3.1 Baseline ................................................................................................................. 75 

3.3.2 Simulated probabilities ......................................................................................... 76 

3.3.3 Game outcomes ..................................................................................................... 77 

3.3.3.1 Payoffs .............................................................................................................. 77 

3.3.3.2 Impact on electrification outcomes (against baseline) ...................................... 79 

3.4 Discussion and conclusion ............................................................................................ 88 

Chapter 4: Incorporating equity and justice concerns into electrification planning ............90 

4.1 Justice and energy systems ........................................................................................... 91 

4.2 Methods......................................................................................................................... 97 

4.2.1 Data analyses ........................................................................................................ 97 



x 

 

4.2.1.1 Price modification ............................................................................................. 99 

4.2.1.2 Subsidy calculations........................................................................................ 103 

4.3 Results ......................................................................................................................... 108 

4.3.1 Baseline Electrification Results .......................................................................... 108 

4.3.2 Justice and electricity prices ............................................................................... 110 

4.4 Subsidy distributions ................................................................................................... 119 

4.5 Discussion and conclusion .......................................................................................... 121 

Chapter 5: Exploring (energy) justice in the context of universal electrification ................125 

5.1 Motives in electrification ............................................................................................ 126 

5.2 Energy justice and energy ethics................................................................................. 129 

5.3 Ethics fundamentals .................................................................................................... 132 

5.3.1 Definitions: Ethics, morality and justice ............................................................. 132 

5.3.2 Normative ethics (ethical theories) ..................................................................... 134 

5.3.3 Moral goals of electrification .............................................................................. 143 

5.4 Ethics of electrification ............................................................................................... 144 

5.4.1 Clear ethics violations ......................................................................................... 144 

5.4.1.1 Goal setting and planning ............................................................................... 145 

5.4.1.2 Electricity supply ............................................................................................ 149 

5.4.1.3 End use ............................................................................................................ 156 

5.4.2 Ethical grey areas ................................................................................................ 160 

5.5 Discussion and conclusion .......................................................................................... 166 

Chapter 6: Conclusion ...............................................................................................................168 

6.1 Summary of key findings ............................................................................................ 168 



xi 

 

6.2 Study limitations ......................................................................................................... 171 

6.3 Research contributions ................................................................................................ 173 

6.4 Policy lessons for SDG7 ............................................................................................. 176 

6.5 Future research outlook and conclusions .................................................................... 180 

Bibliography ...............................................................................................................................184 

Appendix A: Supporting plots and tables ................................................................................202 

Appendix B: Sensitivity analysis for Chapter 4 ......................................................................208 

Appendix C: Game specific outputs (chapter 3) .....................................................................213 

 



xii 

 

List of Tables 

Table 2.1 Assumptions and parameters used for the electrification algorithm............................. 37 

Table 2.2 List of scenarios developed based on optimism/pessimism ......................................... 42 

Table 3.1 Simulated strategy games between grid and off-grid development .............................. 67 

Table 3.2 The thematic representation probabilities of off-grid investments ............................... 77 

Table 3.3 Player payoffs in terms of market share ....................................................................... 80 

Table 3.4 Player payoffs in terms of cost efficiency .................................................................... 80 

Table 3.5 Societal payoffs in terms of electrification rate (%) ..................................................... 81 

Table 3.6 Societal payoffs in terms of cost efficiency .................................................................. 81 

Table 4.1 Principles of equality applied to allocation................................................................... 93 

Table 4.2 Assumptions and parameters used for the electrification algorithm............................. 99 

Table 5.1 Moral goals of electrification and related ethical theories .......................................... 143 

 

Table A. 1 Values for technical parameters used in OnSSET. ................................................... 207 

 

Table B. 1 Sensitivity analysis (Technology mix) ...................................................................... 210 

Table B. 2 Sensitivity analysis (Justice approaches) .................................................................. 211 

Table B. 3 Sensitivity analysis (comparison in numbers)........................................................... 212 

 



xiii 

 

List of Figures 

Figure 1.1 The representation of the elements of electrification. ................................................... 6 

Figure 1.2 Efficiency versus effectiveness in electrification strategy .......................................... 13 

Figure 1.3 The OnSSET methdological flow chart ...................................................................... 20 

Figure 2.1 Flowchart for the analysis methodology. .................................................................... 38 

Figure 2.2 Scenairo development based on varying perception around grid proximity. .............. 40 

Figure 2.3 Over- and Under- investment calculations for any scenario S. ................................... 45 

Figure 2.4: The analysis results for 8 scenarios. ........................................................................... 49 

Figure 2.5: Spatial visualization of fully optimistic and fully pessimistic scenarios.................... 50 

Figure 3.1: Methodological approach to explore strategic investment games .............................. 64 

Figure 3.2: The investment values for the two “full cooperation” baseline scenarios.................. 76 

Figure 3.3 The impact of non-cooperative games in terms of misallocation of investments ....... 84 

Figure 3.4 The impact of non-cooperative games in terms of population .................................... 85 

Figure 4.1 Analytical framework used in the chapter. .................................................................. 98 

Figure 4.2 Analysis methodology for the Equality (left) and Equity (right) scenario ................ 107 

Figure 4.3 Technology mix for electricity as per OnSSET for Tanzania in 2030. ..................... 109 

Figure 4.4 Price distribution comparisons across scenarios ....................................................... 111 

Figure 4.5 Comparison between equality and equity scenarios (% population affected) ........... 113 

Figure 4.6 Comparison between equality and equity scenarios (prices) .................................... 115 

Figure 4.7 Capital expenditure (capex) subsidy output plots for both scenarios ........................ 116 

Figure 4.8 Tariff subsidy outputs plots against for both scenarios ............................................. 117 

Figure 4.9 Cumulative density plots for (a) capex subsidy and (b) tariff subsidy ...................... 118 

Figure 5.1 Ethics (Moral Philosophy) and its sub-divisions ....................................................... 133 



xiv 

 

Figure 5.2 Schematic explaining the relevant ethical theories. .................................................. 135 

 

Figure A. 1: Poverty rate histogram (Source: Worldpop)........................................................... 202 

Figure A. 2: Poverty rate across Tanzania .................................................................................. 203 

Figure A. 3: Technology mix for universal electrification for Tanzania .................................... 204 

Figure A. 4 Probability of grid arrival ........................................................................................ 205 

 

Figure C. 1 Game specific outputs for Game 1 .......................................................................... 213 

 

 

file://///Users/Tanvi/Library/Mobile%20Documents/com~apple~CloudDocs/PhD/Defence/Defence%20feedback/Dissertation_Vikas%20-%20revisions_HZ.docx%23_Toc69737516


xv 

 

List of Supplementary Material 

 

Extensive results for chapter 3 (submitted in a .zip file) 



xvi 

 

List of Abbreviations 

 

DG Distributed generation 

GEP Global Electrification Platform 

IFI International Financial Institutions 

kWh Kilowatt-Hour 

LCOE Levelized Cost of Electricity 

NGO Non-Governmental Organization 

OnSSET Open-Source Spatial Electrification Tool 

RE Renewable energy 

SDG Sustainable Development Goal 

 

 



xvii 

 

Acknowledgements 

I am forever grateful to my supervisor Dr. Hisham Zerriffi. Hisham not only was kind and 

supportive through times of my personal hardship, but also paid close attention to my overall 

career goals. Other members of my supervisory committee, Dr. Gary Bull and Dr. Mark Howells 

brought diverse perspectives that always gave my research a more meaningful direction. I thank 

Mark for inviting me into the peer-group at KTH, Stockholm – doing excellent practice driven 

work on energy access. At KTH and later, Alexandros, Babak and Andreas gave me their 

valuable time that helped me lay the groundwork for my modeling-based research.  

 

Professionally, my experience was made more enriching through diverse engagements in the 

capacity as a Research Assistant, Teaching Assistant, as well as Work Learn Intern across 

multiple departments at UBC. I want to extend special gratitude to Dr. Bull and Dr. Andres 

Varhola for providing me with opportunities to gain pedagogical experience at the department of 

Forest Resource Management (FRM).  

 

Early in my PhD, I drew inspiration from a diverse peer group as well as the wisdom of 

professors. Dr. John Robinson (now at University of Toronto) had a profound impact on my 

philosophical thinking of environmental problems. And I relished in Dr. Hadi Dowlatabadi’s 

fiercely objective and dispassionate approach to research problems. At IRES, I also thank Bonnie 

for always being accessible and available to all students. Early on during my PhD, Devyani and 

Michiko helped me settle down as a new student. 

 

Among my peers at IRES and FRM, there are a number of people who provided professional and 

personal support over the years. Thanks to Abhishek and his family for always making me feel 

home and feeding me the most delicious food and Sandeep for inspiring me to try to make my 

work reach a wider audience. I extend my enduring gratitude to those close friends who made 

my PhD experience easy by being kind, caring and fun. To my roommates Maunish and Neha for 

enduring my idiosyncratic presence for far too long. To Sophie for being more than a peer and 

letting me candidly share my weekly ups and downs. To Ricardo for always keeping my FRM 

experience enjoyable and being a reliable friend. To Satnam and Harman for going out of their 

way to not only accommodate me with open hearts but also for helping me through the toughest 

of times. To Ioannis and Vignesh for making my Stockholm experience memorable, and to other 

life-long friendships I created at KTH: Eunice, Abhishek, Dimitris, and Alexandros.   

 

For financial support I am indebted to UBC’s graduate office for offering me the 4 Year 

Fellowship, IRES for extending support in my later years. I also thank MITACS Canada for 

awarding me the Globalink Research Award that supported my research at KTH, Stockholm.  

 

To say that my PhD journey was unconventional, would be an under-statement. Traversing a 

thorny landscape could not have been possible without a loving family. I owe them special 

thanks for supporting me all these years, morally and spiritually. As I approach the end of this 

journey, I am forever grateful to Reshmeena for coming into my life and helping me push 

through the finish line.  

 



xviii 

 

Dedication 

 

To, 

 

My family for their unconditional love…. 

 

 

 



1 

 

Chapter 1: Introduction 

More than 2 billion people have come within the expanding reach of electricity access in the last 

two decades. Still, globally ~840 million people lack access to any form of electricity. As per 

SDG7 timeline, universal electrification should happen by 2030. The ongoing pursuit of 

electrification is technologically very diverse and has multiple goals. As being an aspect of 

sustainable development – these goals are social, economic, and environmental. For example, 

maximizing clean energy generation and minimizing overall cost of electrification could be clear 

strategic goals of electrification planners. Moreover, whether electricity access is sufficient, fair 

and affordable – are additional concerns that they need to consider. In my doctoral research, I 

focus mainly on cost-minimization and fariness/equity as electrification goals. The core of my 

work examines the challenges to these goals through modeling-based analyses. In this 

introduction chapter, I give overall context to my research and explain the research objectives of 

each chapter. However, before I do that formally, I take a short detour to describe how I 

personally relate to the issue of electricity access. 

 

I see electrification in the context of a socio-technical system, which recognizes the interaction 

between people and technology. I am often reminded of this article by anthropologists Winther 

and Wilhite (2015) where they characterized electricity with the phrase ‘  of modernity’. 

Electrification in new places is not only bringing electric current – but through that, the entire 

project of “modern” life is pushing its “frontier”. Industrialization, economic growth, human 

development, poverty alleviation – and all the rest. This characterization embodies my personal 

experience as well. Right after finishing my engineering education, my first job in consulting 

involved helping different renewable energy and energy efficiency projects throughout India, get 
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benefits from the European carbon markets. Visiting project sites was part of my job. Often, 

early morning I would take a flight from New Delhi’s newly built international terminal and by 

late afternoon, I would be in a remote part of rural India without any basic infrastructure. I 

remember driving through the villages where my client’s company was building their biogas 

gasifiers – and as the headlight of our SUV illuminated the entire village, I saw almost the entire 

community sitting in their front lawns outside their houses. That was life after dark in the 

absence of electricity. All that was about to change through my client’s efforts. “Modernity” was 

to arrive at last in these farm-lands. A mini-grid producing electricity by gasifying locally 

sourced rice husk – and electrifying hundreds of households at a time. My client shot to 

international fame for their innovation in solving the energy access problem through local and 

sustainable means (Elsen, 2011). Years later during my PhD, I found out that the company was 

facing existential crisis due to rapid expansion of the conventional grid electricity, customers 

demanding more power, and falling cost of solar power (Goodier, 2019). This story reminds me 

how at the electricity “frontier”, multiple forces come into play. Global ambitions of providing 

energy access and tackling climate change, and societal aspirations of coming out of poverty and 

enjoying the so-called modern life. My research is motivated by my interest in exploring the 

challenges faced at this moving “frontier”. The way these forces interact with each other has 

implications for all stakeholders – specially for local energy developers and end consumers, but 

ultimately also for energy planners who are taking responsibility for solving the energy poverty 

problem and finding optimal means of doing it. Of course, all the activity at this frontier is 

embedded within existing systems, which are fraught with challenges typical of poor and 

emerging economies. While one client was showing me their ingenious off-grid electricity 

solution in Bihar, I was also regularly visiting the state of Punjab to work with the state 
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electricity utility. I would sit and work in their office but often would struggle to find a power 

outlet for my laptop – because they were broken. Their offices were in a state of disrepair and the 

financial struggles of the utilities across the country were in clear display in that one office. The 

stress on existing systems only makes the aspirations of universal electricity access more 

challenging. And despite such stress – grid electrification was able to give serious competition to 

my client’s off-grid efforts. This exposes the misalignment between the multiple forces active in 

the electrification space. 

 

My motivation is also rooted in an explicit recognition in the academic literature of the 

challenges faced by off-grid electrification. They have gained more attention in the past few 

years, with increasing competitiveness and recognition globally that they are crucial for universal 

electrification. Ahlborg and Hammar (2014) discuss the implications of organizational and 

business model differences between grid and off-grid in Tanzania and Mozambique. While grid-

extension remains a public sector undertaking, off-grid electrification mainly depends on private 

sector investments. Despite political will, planning and coordination problems are highlighted as 

important barriers to the successful penetration for off-grid electricity. Williams et al. (2015) 

highlight the problems such as financing difficulties and grid encroachment faced by small-scale 

private sector off-grid developers. The risk of grid-extension is also acknowledged by mini-grid 

developers in rural electrification efforts in India (Comello, Reichelstein, Sahoo, & Schmidt, 

2017). In a comprehensive report by UNDP and ETH (UNDP and ETH Zürich, 2018) about risks 

in renewable energy investments, the authors highlight the high-risk environment faced by off-

grid developers in developing countries, resulting in high-financing costs. Not only that debt 

financing is challenging for off-grid projects, but the cost of equity is also higher by 12% as 
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compared to developed country contexts. Addressing the risks faced by off-grid development is 

important in realizing the full potential of renewable energy in reducing energy poverty. 

 

Solving energy poverty is one of the most crucial contemporary global challenges. It is 

appropriately enshrined in the SDG 7, which aims for universal access to affordable, reliable, 

sustainable and modern energy for all by 2030. However, how crucial energy access is 

determined by its intricate links to other societal problems (Fuso Nerini et al., 2018). For 

example, SDG7 has been considered as a necessary step to meeting other goals, including 

poverty eradication (SDG1), enhancing education (SDG4), creating economic opportunity 

(SDG8), and empowering women (SDG5). These links are more apparent for electricity than 

cooking energy because electricity serves a more diverse productive function. It is also 

acknowledged by governments as part of ‘critical’ infrastructure - essential for the proper 

functioning of a society and economy. Within the household, presence of lighting and use of 

electrical and electronic appliances helps improve living conditions and better utilization of time. 

Children can study in the night. Households and farmers can use the electrical pump to access 

water. Food could be preserved for days in a refrigerator. Fans and coolers could help in the 

summer heat. TV and mobile devices could serve recreational as well as educational purpose. 

There could be industrial and other commercial activity in the community. Schools and 

healthcare facilities could run more efficiently. It is due to this crucial purpose electricity serves 

that there are arguments in favor of considering electricity access as a human right (Tully, 2006), 

or why many governments have acknowledged electricity as instrumental in living a dignified 

life (Modi, 2019). Thus, it’s non-controversial to say that electricity access is a moral imperative 

for governments and society at large. Moreover, the anthropologists’ description of electricity as 
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a harbinger of modernity – although with a negative connotation – also seems appropriate. Recall 

that one of the ways even SDG7 qualifies energy access is by calling for ‘modern’ energy. 

However, the pursuit of this goal also surfaces potential trade-offs with other important SDGs. 

For example, given energy systems account for ~60% of global anthropogenic emissions (IPCC, 

2014), they also get a lot of attention to combat climate change (SDG 13). Depending on the 

energy resources used, pursuing SDG 7 could either have synergy or trade-offs with SDG 13. 

This explains the need for heavy low-carbon investments to meet universal electrification. 

 

1.1 Electrification – a multi-faceted pursuit 

Respecting the interlinkages shown above between electricity access and other societal goals, 

what could a best-case electrification look like? One where all consumers get sufficient and 

reliable electricity and are able to afford it, one where developers are able to make returns on 

their investments, one where clean energy options are utilized well, and one where overall cost 

to society is also minimized. And as per SDG timeline, all of that should happen by 2030. A 

closer look at the elements of electrification makes it clear why ensuring this best-case 

electrification is challenging. I describe electrification through a triangular representation (Figure 

1.1) of three fundamental elements: technologies (supply side / suppliers), institutions (includes 

regulations / policies /governments / politics) and consumers (consumption). Not only are all 

three elements crucial for the success of electrification and electricity provision, but they also 

influence each other. 
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Figure 1.1 The representation of the elements of electrification. 

 

Technologies: This includes the nature of the product (electricity), actual electrification 

solutions, the developers and suppliers. Electricity as a product is a unique commodity. The way 

it is conventionally produced (alternating current transmitted over long distances), it cannot be 

stored. This means in an electricity network supply has to constantly match demand through 

heavily controlled system operations. It has no ready substitute, and its utility is contingent on 

the “consumption” infrastructure like the wiring arrangements and appliances. As is discussed 

later, these technological reasons become crucial in the way the way electricity markets 

materialize. 

 

The conventional technology to electrify has been through grid extension, which is very capital 

intensive. This involves extending the distribution segment of the electricity generation-

transmission-distribution value chain. To make the economics work, grid electrification relies on 

high demand densities. Remote and sparsely populated un-electrified areas make extension of 

grid economically infeasible. This has opened doors for off-grid distributed generation (DG) 



7 

 

systems that can electrify areas where grid cannot reach and sometimes even be an alternative 

option in grid electrified areas. They are spatially diffuse and thus are able to be cheaper 

alternatives in areas where grid extension is very expensive (Nerini et al., 2016). However, they 

remain to be more expensive than grid electricity in urban areas, and well above the prices grid 

customers pay generally. Technologically, this could be in the form of mini-grids – isolated 

groups of generation, distribution, storage facilities serving one village or in the form of 

standalone systems serving 1-5 households. Both of these systems could be powered either by 

diesel or renewables (hydro, solar photovoltaic (PV), biomass or wind). Higher cost and poor 

sustainability ‘credentials’ for diesel does not make it an attractive option for policy makers or 

new investors. Needless to say, it is expensive for customers as well. Renewable energy-based 

off-grid options are thus being heavily relied upon for universal electrification. The number of 

people benefitting from off-grid solutions - both mini-grids and standalone systems – grew six-

fold between 2011 and 2016 to 133 million (IRENA, 2019). They are expected to provide almost 

60% of new access till 2030 (WEO, 2017). Close to 75% of the total investments of  US $50 

billion needed for universal electrification by 2030 is expected to be in off-grid systems (WEO, 

2017).  

 

In terms of nature and quality of electricity supply, there are differences across options. Grid 

electricity may be able to serve higher loads – but throughout the developing world suffers from 

reliability issues due to frequent outages or poor voltages (due to over-loading) (e.g. Kaseke & 

Hosking, 2013; Odarno, 2017). Off-grid options may be more reliable and cleaner – but may 

have more severe restrictions in terms of the demand loads they could serve. Having said that, 

cost to consumers as well as pricing structure also vary across supply options. For availing grid 
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electricity – there is often a connection cost and then regular electricity bills based on household 

consumption – paid to the utility. A similar system could be present in the case of a mini-grid as 

well (like in the case of my client). However, in the case of solar home systems that do not incur 

any operational cost, there could be a variety of payment mechanisms to deal with high upfront 

costs of the system. From the policy point of view, what often matters is the levelized cost of 

electricity (LCOE) i.e. how much it costs to delivery one kilowatt hour (kWh) of electricity, and 

from the customer point of view – either the price of electricity (per kWh consumed) or the lump 

sum capital cost are the relevant factors, depending on the technology. The LCOE varies across 

technologies (Mentis et al., 2015; Nerini et al., 2016), raising distributive concerns around 

electricity prices.  

 

Institutions: This category includes government agencies, policy structures, regulations, the 

markets and international development agencies involved in energy access. The role of 

governments is central to the social contract of electricity provision. Electricity being part of 

critical infrastructure, they are ultimately held responsible by the consumers for the quality of 

their access. They are also responsible for creating the electrification policy, setting 

electrification targets, promoting and supporting specific technologies. Moreover, electricity is 

one of the most highly regulated sectors. The need for regulation in electricity provision stems 

from the fact that conventionally electricity supply has been a monopoly (only grid option). With 

the intention of ensuring universal access and avid predatory pricing by grid utilities, regulatory 

commissions (on behalf of the governments) are set up and prices are decided through tariffs that 

are negotiated between the commissions and utilities. They act as an arbiter between the 

suppliers and the consumers, keeping consumers’ interest into consideration by having tariffs 
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affordable for consumers, even if it means providing subsidies to utilities to cover their costs. For 

off-grid technologies, governments are responsible for an enabling policy environment. This 

could take different forms – e.g. by creating “safe areas” for off-grid investment where they have 

territorial rights or providing capital subsidies or credit support to developers or households 

(Zerriffi, 2010). Many countries have also created specific institutional support for rural 

electrification (e.g. Rural Electrification Agency Nigeria, Rural Electrification Corporation Ltd. 

India, Rural Electrification Authority Kenya, Rural Electrification Agency Uganda). A lot of 

International donor led campaigns have also been functioning towards the same goal. For 

example, the U.S. government funded Power Africa to add 30,000 MW generation capacity and 

60 million new connections. The fundamental reliance of the internet age on electricity has also 

prompted companies like Facebook and Microsoft, who have mobilized  US $50 billion to fund 

electrification through micro-grids in South Asia and Africa (Pyper, 2017). The added interest 

from international organizations is also because of the fact that RE based electrification also 

helps climate change mitigation goals. All of this evidence suggests that there is accelerated 

mobilization towards meeting the goal of universal electrification by 2030 under SDG7. 

 

While throughout the developing world, grid distribution utilities are largely publicly run 

enterprises, off-grid development is mainly driven by non-governmental actors – the private 

sector, social enterprises or Non-Governmental Organizations (NGOs). In terms of market 

dynamics, grid utilities are certainly the incumbent players. Having said that, historically they 

have been dysfunctional across developing countries – riddled with operational and financial 

difficulties. Stuck in a vicious cycle - poor quality of service, customer dissatisfaction, poor 

affordability, non-payments and electricity theft, illegal connections (sometimes involving utility 
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corruption), political influence (more on it later), poor cost recovery – their financial troubles 

then cascades upstream into transmission and generation as well (World Bank, 2016a). They 

have thus been the object of reforms in the power sector throughout the developing world since 

the 90s (Foster, Witte, Banerjee, & Moreno, 2017) and these reforms have followed the trend of 

energy market liberalization in the developed countries. Aimed at improving efficiencies, the 

reforms include operational restructuring, regulatory autonomy, as well as inviting private sector 

participation. In developing countries, the electricity sector liberalization has been facilitated, 

and often commanded, by international financial institutions (IFIs). However, privatization in the 

electricity sector has led to problems. The particular nature of electricity sector – capital 

intensive and nature of electricity as a product – makes it difficult for proper market dynamics to 

occur (Thomas, 2004). Risk averse private electricity generators could lead to countries not 

adding adequate capacity for future demands. Supply costs may readily be passed on to 

consumers by private utilities making electricity unaffordable for them. In fact, it has long been 

argued that many of steps taken towards liberalization could fundamentally change the social 

contract of electricity provision (Heller, Tjiong, & Victor, 2003). The reforms have been adopted 

to varying degrees across countries, and contemporary grid electrification happens with this 

backdrop. These legacy features combined with high capital requirements for the distribution 

infrastructure present one of the biggest barriers to grid electrification. Despite this, they have the 

dominant power in the electrification market, making the competition tough for private off-grid 

developers. For off-grid to truly contribute to meeting the electrification goals – their 

investments need to feel safe (Comello et al., 2017). Not only that they face a dominant market 

player, the financing infrastructure finds them riskier (UNDP and ETH Zürich, 2018) as well. 

 



11 

 

The proximity of governments to electricity provision keeps it prone to political influence as 

well. In fact, in many countries where political systems are democratic, politicians often promise 

electricity as a way of getting votes to win elections (Kale, 2014)  and divert electricity supply in 

politically favorable areas. Although this is prevalent in the provision of grid electricity, the local 

socio-political dynamics has also contaminated the access to off-grid electricity as well (Balls & 

Fischer, 2019). This has implications for the regulatory as well as market environment for other 

technological options. It also has implications for the social contract. When electricity access 

becomes a factor of consumers’ political power, it fundamentally distorts the social contract and 

erodes trust. This brings me to the third element of electrification – the consumption side. 

 

Consumption: As most developing countries also undergo rapid economic growth – new 

electrification has to cover a variety of growing demand loads: residential, commercial as well as 

industrial. At the consumption end, there are a number of aspects that determine the success of 

electrification as well as of broader related societal goals. First is consumers’ willingness to pay. 

For residential consumption, given high rates of poverty in un-electrified areas – poor 

affordability (and thus lower willingness to pay) makes cost recovery for electricity provision 

challenging, and becomes a major barrier to electrification investments (Briceño-Garmendia & 

Shkaratan, 2011). Since rural electrification in particular has poor affordability, it heavily relies 

on subsidies. One of the strongest indicators of poor willingness to pay is the prevalence of 

electricity theft and non-payments in electricity distribution. Emerging economies lose close to 

20% of electricity in non-technical losses (commercial losses – attributable to theft and non-

payments) (Northeast Group, 2017). Apart from poverty, another likely explanation behind low 

willingness to pay is lack of social trust, as also described above while discussing institutions. 
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This issue acts as a deterrent for off-grid investments as well, especially given that per kWh costs 

for off-grid technologies are often higher than grid tariffs (Monyei, Adewumi, & Jenkins, 2018; 

Nerini et al., 2016). In the case of my client’s biomass gasifier-based electrification in eastern 

India – I remember them facing severe over-loading issue due to households using more than 

their allotted quantities or drawing electricity illegally from the mini-grid. The desire to curb 

non-technical losses has inspired a whole slew of innovations. For example, moving electricity 

meters from indoors to outdoors or installing smart meters capable of pre-paid mechanisms. 

There are heavy infrastructural innovations as well. One of my other consulting assignments was 

working with Electricity Board in the State of Punjab (India), and they upgraded their 

distribution lines from low voltage to high voltage (LVDS to HVDS), as it is not possible to 

draw electricity from a high voltage line.  

 

Second issue is consumers’ perception towards different technology options. This perception 

could be driven by their own experiences of technologies or trust levels towards different 

electricity services or more generally towards government services. For example, poor reliability 

of grid electricity in a neighboring town could lead to skepticism towards grid and people may be 

more interested in off-grid alternatives. The reverse could also be true, causing off-grid 

developers to be hesitant of investing. Electricity sector is a natural monopoly, because of high 

infrastructural costs and given how it needs to be used (electrical wiring). Thus, it is difficult for 

multiple providers to be present in the market at the same time. However, there is an argument to 

be made that off-grid systems could play a complementary role alongside grid electricity – 

specially technologies like solar home systems. This complementarity is increasingly common in 

developed countries, where the phenomena of having prosumers is taking hold (Gautier, 
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Jacqmin, & Poudou, 2018) which means by having solar-panels along with a grid connections – 

households are consuming as well as producing electricity. These systemic innovations are still a 

rarity in developing countries.  

 

1.2 Research context 

The general discussion above sheds light on the complexities of electrification, and points to a 

number of concerns regarding the best-case electrification. It is useful to imagine the pursuit of 

universal electrification (in any specific country or globally) as a large strategic undertaking. In 

that context, the goals of electrification previously explained could fit within two measures of 

performance: efficiency and effectiveness. For electrification, efficiency could mean economic or 

environmental efficiency - i.e. electrifying the largest population at the lowest cost or with lowest 

environmental burden. Effectiveness would constitute social and developmental goals of 

electricity provision being sufficient, reliable, affordable and equitable. These two indicators are 

best explained by the matrix (Figure 1.2) used commonly by business strategists.  

 

Figure 1.2 Efficiency versus effectiveness in electrification strategy. This representation helps analyze 

electrification as a strategic pursuit. 
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The ideal/best-case electrification should mean the most efficient and the most effective 

strategy/approach. This would fall in the top left box of the matrix. But given the challenges 

described above, the real-world electrification may be far from this box. For example, a country 

may optimally utilize all electrification options (grid and off-grid) but at the consumer end there 

may be problems of affordability or fairness in price distribution – rendering the pursuit 

ineffective (top right box). This makes the long-term sustenance of such strategy difficult and 

may lead to consumers rejecting expensive solutions and in the long term remain un-electrified. 

Similarly, another country could choose to extend the grid even in the remotest of places (highly 

inefficient solution) and may be able to provide electricity to every un-electrified area at the 

same and affordable price (through subsidies). This is all desirable at the consumption end but 

may lead to heavy burdens (financial and operational) for suppliers, again raising concerns about 

their long-term success (bottom left). Of course, the most undesirable outcome is the bottom 

right box, when even after taking financially and logistically burdensome approach – the 

electricity outcomes are poor.  

 

The pursuit of the most efficient approach with most effective outcomes is thus faced with many 

questions of interest to researchers as well as practitioners. Broadly, the questions are related to 

understanding whether that best-case pursuit is possible or how that could be facilitated. For 

example, to consider a few efficiency related questions: how can countries find a least cost path 

to universal electrification? If this path is technologically diverse – with grid as well as off-grid 

options – what kind of policy or regulatory structures are needed to ensure its adoption? If off-

grid development is necessary for electrification – how can they succeed amid dominant market 

power of grid electricity? What does grid domination mean for them commercially (in terms of 
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investment risk) and geographically (in terms of physical competition in un-electrified areas)? 

Then there are effectiveness related questions – which are related to broader societal goals. For 

example, what trade-offs do consumers face if they are to accept a new electrification regime – 

one with diverse technology options? Do all consumers receive sufficient amount of electricity to 

meet their needs? If electricity prices for consumers are different for grid and off-grid options – 

are they distributed fairly? If not, how can the governments ensure that they are equitable? Given 

an accelerated pursuit of SDG7 all over the world, how are electrification targets being defined 

and measured by the governments? Do the claims of electrification success by these 

electrification campaigns really mean accrual of electricity benefits on the ground?  

 

The matrix framing and the questions discussed above set the context for my doctoral research. 

When it comes to electrification, I focus on very-specific aspects of efficiency and effectiveness. 

By an efficient electrification approach, I mean minimization of overall cost of electrification 

(economic efficiency). For effectiveness, I consider two factors – consumer affordability and 

price distribution. For the bulk of my research, I use modeling-based approaches on an example 

country (Tanzania) to analyze one particular impediment to economic efficiency: grid-dominance 

in electrification market and its impact on strategic investment decisions by off-grid developers. 

Subsequently, assuming the goal of efficiency could be achieved, I analyze one challenge of 

effectiveness: distributive concerns around electricity pricing. In doing so, my research responds 

to the call for bringing more real-world factors into quantitative system modeling, through a 

deeper engagement with social science (De Cian et al., 2018; Victor, 2015). 
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1.3 Research objective 

For off-grid technologies to succeed, they not only have to compete against the strength of the 

legacy regime (grid infrastructure), but also have to work within overall societal constraints 

presented by poverty and poor affordability. Often the grid expansion plans do not consider the 

status and scope of grid-alternatives, making grid arrival one of the biggest threats faced by 

off-grid systems in any location and thus making efficient electrification challenging. This 

market efficiency could either be achieved through the possibility of perfect competition or 

market cooperation (in a regulated environment). Absent that, strategic investment behavior by 

grid and off-grid players would follow a game theoretic logic. Even if the best-case investment 

scenario could be realized for cost-efficient electrification, off-grid and grid electricity differ in 

their cost of delivery, producing a wide distribution of electricity prices. So, on one hand off-grid 

electricity is helping meet electrification goals efficiently, on the other hand, electricity prices 

may turn out to be inequitable, hurting the effectiveness goal. In my modeling-based analyses I 

cover these above-mentioned issues (in bold) for an example geography (Tanzania). For all of 

them, I use best-case electrification as the baseline scenario, against which all the ‘challenges’ 

are analyzed/quantified in terms of other scenarios. Apart from quantifying and drawing policy 

relevant insights about these challenges, these analyses also demonstrate novel methodologies 

built around modeling tools to better plan for energy access. The effectiveness concerns I cover 

fall under the broader societal goals of justice and fairness. Therefore, apart from the analytical 

part of my research, I also take a deep dive into understanding what justice could mean in the 

context of electrification. These together constitute four chapters of my dissertation – three are 

based on modeling-based analysis and one is more conceptual. The case geography for the 

modeling-based analyses is Tanzania and the modeling-tool relied upon for the analyses is the 
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Open-Source Spatial Electrification Tool (OnSSET). The methodologies are built on top of this 

tool and utilize the outputs from it.  

 

1.4 Methodological basis  

As made clear above, three of the four analyses in this dissertation are modeling-based. A 

specific modeling tool forms the basis for these analyses, and they are performed for an example 

geography of Tanzania. Before I describe the tool and the case study (Tanzania), it is appropriate 

to discuss the significance of energy-modeling in solving the problem of energy access. 

 

1.4.1 Role of energy modeling in energy access 

Within the energy sector, planning generally entails the use of energy system models. These 

models deploy different computing methods to provide valuable insights to guide energy related 

decisions. There are myriad energy system modelling tools used by developing countries to make 

economical energy decisions through long-term energy planning, (Bhattacharyya & Timilsina, 

2010). Models are often used to identify the optimal operational strategy for generating heat 

and/or electricity for a given energy system (Jebaraj & Iniyan, 2006). The energy modelling 

landscape varies from economy-wide ‘top-down’ models to disaggregated ‘bottom-up’ models. 

These models have a crucial role in energy planning with the objective of taking the most cost-

effective investment decisions under various constraints: resource, socio-economic, and 

environmental. Given the spatially distributed nature of alternative energy resources, and 

remoteness of rural communities, GIS based modeling tools have been a significant recent 

development in the analysis for energy access solutions (Mentis et al., 2016). For any specific 

location, the knowledge of population density, fuel costs, distance from the central grid, demand 
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level and income can help determine site-specific cost-effective technology. In areas where data 

availability is scarce, the use of remote sensing data and spatial mapping of available resources 

can be very useful (Szabó, Bódis, Huld, & Moner-Girona, 2011). 

 

In rural electrification planning, there are popular tools like the Network Planner Tool 

(Kemausuor, Adkins, Adu-Poku, Brew-Hammond, & Modi, 2014) and the Open Source Spatial 

Electrification Tool (OnSSET) (Mentis et al., 2016, 2015). These tools help in planning for 

meeting electrification targets. OnSSET, for example, has been used by researchers to produce 

least cost (localized) pathways for meeting 100% electrification targets for selected geographies 

(Mentis et al., 2017) in Sub-Saharan Africa. However, most energy system models in any of 

these approaches have largely been limited to techno-economic system details and have rarely 

incorporated non-technical aspects – i.e. human factors – either social or political.  

 

There have been few attempts to ‘humanize’ the modelling frameworks. Li (2017) develops an 

energy system model in the socio-technical framing to simulate human behavior by different 

system actors. The analysis illustrates the fragility of cost-optimization approaches ignoring 

behavioral and political factors. Cherp et al. (2018) propose a meta-theoretical framework to get 

an integrated perspective on energy transitions by combining techno-economic, socio-technical, 

and political aspects. Nock, Levin and Baker (2020) propose a modeling approach for having 

dual goals of optimal techno-economics and maximum social benefits (in terms of distributional 

access) in electricity planning in developing countries. Patankar et al. (2019) incorporate conflict 

uncertainties in energy system optimization model to explore electrification strategies in South 

Sudan, emphasizing the inclusion of risk in power systems planning. In the same vein, 
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Korkovelos et al. (2020) perform a ‘conflict-adjustment’ to the geospatial energy analysis done 

for Afghanistan to solve for least cost electricity solutions. 

 

1.4.2 Modeling tool - OnSSET 

OnSSET stands for Open-Source Spatial Electrification Tool. It is a GIS based modeling tool 

development mainly to support electrification planning and decision making in currently 

unelectrified regions. It identifies a mix of technologies needed to fully electrify a country within 

a particular timeframe, and it is based on the simple goal of location-specific cost-minimization. 

The location specificity is key to this GIS based tool. Given the population settlements, projected 

electricity demand, coverage of centralized grid network, and geospatial energy resource, the 

least-cost supply option is determined to achieve universal electrification in each location. 

 

Figure 1.3 shows the data inputs needed and the logical flow of the methodology employed by 

OnSSET. As the name of the tool suggests, it is open source and is written in the programming 

language Python. Any freely available Integrated Development Environment can be used to run 

the algorithms. I used the PyCharm IDE developed by Jetbrains (the free version). One of the 

limitations of the OnSSET electrification algorithm is that it attributes the entire current 

electrification to the centralized grid. This does not capture the reality of current electrification in 

Tanzania, as the country already has some mini-grid in operation. Having said that, they serve 

~184,000 connections together (many of them being commercial connections). While only 17% 

of these mini-grids are fossil fuel based, they take up 46% of the installed capacity and over 90% 

of the mini-grid connections. Sixteen of these mini-grids are actually connected to the central 

grid, and many biomass-based mini-grids just serve large commercial customers.  
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Figure 1.3 The OnSSET methdological flow chart, adopted from Mentis et al. (Mentis et al., 2017) & 

Korkovelos et al.  (2019). 

 

OnSSET, has been actively used by the practitioner community. In fact, WorldBank’s Global 

Electrification Platform (GEP) has also been built using OnSSET (The World Bank, 2019a), 

with developers and high level decision makers as their main target audience (The World Bank, 

2019c). It is one of the modeling tools promoted for sustainable development, by UNDP and 

UNDESA (UNDESA, 2016), and has been used in capacity building for practitioners from many 

developing countries (The World Bank, 2019b; United Nations, n.d.). As an open source tool, it 

belongs to the growing universe of open source energy modelling tools that are bridging the 

science-policy gap by evolving through practice and application (Gardumi et al., 2018).  
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1.4.3 Case study description 

The focus of the modeling-based work in this dissertation is illustrative – to develop and 

demonstrate novel methodologies to address electrification related challenges. In that vein, I 

select the case geography of Tanzania for two specific reasons. First, it is a “typical” (Seawright 

& Gerring, 2008) example of poorly-electrified countries in the developing world. Sub-Saharan 

Africa suffers from very poor electrification, with close to 600 million still without electricity. It 

has been argued that RE based decentralized off-grid solutions (both mini-grid and standalone) 

can help Sub-Saharan Africa achieve its electrification targets (Baurzhan & Jenkins, 2016; 

Mentis et al., 2017; WEO, 2017). As a typical case, I choose Tanzania to perform the modeling-

based analyses. It is one of the many countries in Sub-Saharan Africa with very low 

electrification rate at 32.8% (2017). Second, as it becomes clear in the modeling chapters, the 

output for Tanzania (from OnSSET) is simple – mainly having grid and standalone-PV as the 

least-cost solutions for electrification. Low penetration of mini-grids and the dominance of just 

two forms of electrification make this initial application of analytical methodologies and 

interpretation of their results easier. 

 

Tanzania has a stable political environment and a growing economy with 6-7% GDP growth rate 

for the last decade (World Bank, 2019b). It has a public utility called Tanzania Electric Supply 

Company Limited (TANESCO), which is the sole provider of electricity in the country. 

Electricity generation and distribution, as well as pricing is regulated by the Energy and Water 

Utilities Regulatory Authority (EWURA). Tanzania has the total generation capacity of ~1.56 

GW. For grid electricity, it relies mainly on hydro (43%) and thermal (57%) power plants 

(TANESCO, 2018). Apart from this, there are 93 isolated mini-grids currently in operation in 



22 

 

Tanzania (Odarno, Sawe, Swai, Katyega, & Lee, 2017), with an installed capacity of ~135 MW 

(~9% of the total).  

 

1.5 Chapter-wise overviews 

The threat of grid arrival for off-grid technologies, strategic interaction between grid and off-grid 

and the issue of inequitable pricing are explored in chapters 2, 3, and 4 respectively. These are 

the three modeling-based analyses. Chapter 2 and Chapter 4 are based on an earlier version 

(early 2018) of OnSSET. In this version, each location is defined as a 1km-by-1km geospatial 

raster points (pixels). On the other hand, Chapter 3 utilizes the late 2019 version of the tool that 

is also the basis for the GEP by the World Bank. This version, along with some other changes, 

divides the geography (Tanzania) into population clusters (polygons) with varying shapes and 

sizes. Outputs from respective versions form the basis for different analyses methodologies for 

the modeling-based chapters, as they incorporate different electrification related concerns. Apart 

from these modeling-based chapters, in Chapter 5 I explore the aspect of energy justice in the 

context of electrification. The brief descriptions of the chapters are provided below. 

 

1.5.1 Chapter 2: Modeling the risk of grid-uncertainty for off-grid development  

 

Research objective: Develop and demonstrate a methodology to quantify the risks faced by Off-

grid systems due to uncertainty of grid extension and analyze them spatially in terms of 

competing technology investments. 
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The OnSSET output also includes the investment values for the least cost technology option for 

each location. Certain areas (closer to the grid network) are to be served through grid expansion, 

and the remaining ones should see off-grid investments. This is the baseline scenario. However, 

in reality, off-grid development happens in the shadow of grid-extension, as grid is often the 

preferred option for the consumers. Off-grid developers may decide to invest in a location based 

on the local perception towards grid arrival – which could either be optimistic or pessimistic 

(depending on public awareness, perception towards public services and a wide array of factors). 

In this chapter, taking the actual grid expansion plan as realistic, I model the effect of 

optimistic/pessimistic perceptions towards grid arrival on off-grid investments. The geography is 

divided into peri-urban and remote locations – and a number of perception scenarios are created 

through combining the perceptions (realistic/optimistic/pessimistic) with the type of geography 

(peri-urban/remote). For each location, the value of distance from the grid is modified to model 

optimism or pessimism towards grid arrival. In terms of misallocation of investments, optimism 

leads to under-investments and pessimism causes over-investments in off-grid. The results show 

that the scale of misallocation in terms of over-investments is significantly smaller than the scale 

of under-investments. Lessons could be drawn from such insights about government’s approach 

to awareness about grid-expansion to the public. 

 

1.5.2 Chapter 3: Simulating strategic behavior of electrification market  

 

Research objective: Perform a game-theory based analysis of the non-cooperative strategic 

behavior of grid and off-grid players in the electrification market. 
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Motivated by understanding the implications of lack of coordination in electrification, this 

chapter utilizees game theory as an analytical tool to analyze strategic decision making of market 

players. In a game theoretic framing, market features like trust, information asymmetry, and 

uncertainty, are important aspects to analyze. Continuing the premise that grid has the incumbent 

power in the market, information about grid-expansion strategy is important to off-grid players, 

at the same time, whether or not off-grid players have trust in grid’s commitment could also be a 

factor in their decision making. Considering such factors, and two types of grid-expansion 

approaches in the strategic decision-making toolkits, I simulate several scenarios in a two player 

(grid and off-grid) simultaneous-game. I then measure payoffs at the player as well as at the 

societal level. Player payoffs are measured in terms of % of population served and financial 

efficiency of coverage (US $ spent/connection1). Societal payoffs are measured in terms of 

overall electrification rate as well as financial efficiency 

 

1.5.3 Chapter 4: Incorporating equity and justice concerns into electrification planning 

 

Research objective: Develop and demonstrate a methodology based on an electrification 

modelling tool to explore questions around justice/fairness in electricity pricing. 

 

The cost of electricity according to the OnSSET output has a distribution across the locations 

within Tanzania – ranging from  US $ 0.06 to ~$ 0.80. Assuming prices are at cost recovery 

everywhere, this price distribution does not take into account people’s ability to pay. In this 

chapter, I incorporate two principles of fair pricing. First is equality, where every consumer is 

 
1 Throughout the dissertation, the currency used is American Dollar (i.e. $ ≡ US $) 
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treated the same and everyone pays an average price. The second is the equity approach, where 

consumers pay based on their affordability, and a price distribution is arrived where those who 

can afford higher prices essentially subsidize those with lower affordability. Spatial poverty rate 

distribution has been used as a proxy for location wise affordability. The results show that 

equity-based approach can benefit (in terms of price subsidy) a larger section of the population 

that the equality-based approach. These results, however, are Tanzania specific and are 

contingent on the input conditions. The analysis is a proof of principle of the developed 

methodology and opens doors for incorporating equity/justice related concerns into 

electrification planning. 

 

1.5.4 Chapter 5: Exploring (energy) justice in the context of universal electrification 

 

Research objective: Using an ethics perspective, describe the ethical concerns pertaining to 

electricity access in developing countries. 

 

The emerging concept of energy justice has attempted to elucidate the ethical issues related to 

energy systems. However, the scholarship is divergent on definitions – and has been applied in 

developing country contexts only selectively. This chapter is a theoretical explication, in which I 

examine the ethical concerns surrounding electrification using an ethics lens. I discuss the 

imperatives of electrification and the fundamental ethical theories. I then cover the (ethical) 

concerns as they relate to different electricity processes: from planning to consumption. In doing 

so, this chapter also stands as an examination of whether energy justice literature frameworks 

adequately capture the concerns in question. 
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The chapter overviews provided above make it clear that the focus of my doctoral research is 

electrification. It speaks to two communities – practitioners (energy planners and development 

agencies) involved in the electrification efforts as well as energy scholars. To the practitioners, 

my research shows ways of incorporating various non-technological issues into electrification 

planning. Energy scholarship is diverse, and my work intersects multiple bodies of literature. It 

shows the energy modeling community new ways of humanizing electrification models or using 

them in a variety of analytical ways. It also steers the energy justice discussion in a more 

meaningful direction by taking a comprehensive stock of the electricity access problem. The rest 

of the dissertation is organized as follows. The chapters are presented in order and apart from 

covering chapter specific results and methods, they also include problem specific literature 

reviews. They are followed by a conclusion chapter describing research and policy implications. 

It also discusses the overall limitations of my research and makes detailed recommendations 

about refinements, opening doors for a variety of future analyses. 

 

 

 



27 

 

Chapter 2: Modeling the risk of grid-uncertainty for off-grid development 

 

Research objective: Develop and demonstrate a methodology to quantify the risks faced by Off-

grid systems due to uncertainty of grid extension and analyze them spatially in terms of 

competing technology investments 

 

Off-grid systems face uncertainties around grid expansion plans, future regulatory actions and 

consumers’ preference of grid electricity over alternatives. These uncertainties pose an 

investment risk for off-grid developers (both off-grid and mini-grid) (UNDP and ETH Zürich, 

2018). For example, a remote village community may invest in a hydro-power based mini-grid, 

but within a few years the arrival of grid may make all the customers defect to the grid, thus 

sinking all the mini-grid investment. Real world examples include those in Cambodia, Indonesia 

and Sri Lanka (Tenenbaum, Greacen, & Vaghela, 2018). The local expectation of future grid 

extension can thus be a determinant in driving electricity investment in any geography. But often 

such expectations are driven by perception around specific technologies or energy services. For 

example, people may be more optimistic about grid due to frequent promises from the 

government or politicians, earlier successes of electrification programs, or higher trust in specific 

political leaders etc. Similarly, distrust in public policies, frequent failed programs, or lower 

prospects of economic growth can lead them to be more pessimistic about grid electricity. 

 

As made clear in the research objective at the start of the chapter, in demonstrating the 

methodology, this analysis quantifies the risks due to uncertainty of grid extension and analyzes 

them spatially in terms of competing technology investments. As far as investment decisions go, 
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it is the perceived uncertainty that is crucial. Given that off-grid technologies are small-scale 

local investments (from household to community level), ‘locally prevalent’ technology 

perceptions could be influential in driving investment decisions as well. Hence the grid 

uncertainty here is modeled as the local perception around grid-availability. It has been 

operationalized by varying local “perception” around grid availability for a given location. I 

should note that the perception values are not based on any empirical data. Rather, they are built 

on a set of assumptions in order to model scenarios on varying perceptions. Specifically, along 

with the overall research objective, I address the following questions:   

1. What is the level of off-grid under-investment when there is optimism about grid extension – 

and how many people remain un-electrified as a result? 

2. What is the level of off-grid over-investment when there is pessimism about grid extension – 

i.e. what amount of off-grid investments stand to lose their value (as sunk costs) and how 

many people use those investment as temporary electricity solution? 

3. What is the spatial pattern of technology diffusion under these varying perceptions? What 

kind of areas witness optimism induced under-investment or pessimism induced over-

investment in off-grid? 

Methodologically, I rely on OnSSET for the analysis. This analysis draws its relevance mainly 

from three different perspectives. First is energy access, which premises that off-grid systems 

play a significant role in meeting energy access goals globally. Understanding challenges faced 

by them is therefore in the interest of facilitating the diverse solution portfolio towards meeting 

access goals. The second perspective is the conceptual lens of economic theory, specifically 

contract theory. Framing the challenges to off-grid in terms of implicit contracts between 

consumers and potential suppliers is useful to understand economic inefficiencies when it comes 
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to energy investments and related economic decision-making. A third perspective is of 

conceptual understanding of socio-technical transitions. RE based Off-grid systems align well 

with the imperative of sustainability transitions. It makes sense to explore the challenges faced 

by the transition process. Apart from advancing scholarship in these three areas, this analysis 

also makes an additional contribution methodologically, by demonstrating an approach to 

explore subjective policy relevant questions using a quantitative modelling tool. I elaborate these 

points below. 

 

Off-grid as means to universal electricity access 

In almost all emerging economies, centralized grid extension has been the main conventional 

approach towards electrification. And grid utilities have largely relied on large hydroelectric 

dams and fossil fuel-based power plants. Rural areas have largely been ignored due to their 

remoteness and low customer densities – as grid extension is costly under those conditions 

(Alstone, Gershenson, & Kammen, 2015). In recent decades, since the technological options 

have expanded – more attention is being paid to rural electrification. RE based Off-grid systems 

have been a boon as they could be a viable alternative to grid extension. They present an 

alternative to the top-down approach of providing electricity access, as well as diversify the 

resource pool for energy provision. Brew-Hammond (2010), while discussing the energy access 

challenges in Africa, advises for the utilization of the entire gamut of resource options, if access 

goals are to be achieved in the continent. Due to their small-scale and spatially diffuse nature, 

electrification via off-grid can dramatically change how energy systems have operated (Alstone 

et al., 2015). However, only 3 percent of the population that gained electricity since 2000, has 

been served by renewable based Off-grid systems (UN, 2018). However, according to the energy 
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access outlook by IEA, to achieve universal electrification by 2030, over 2/3rd of new access (by 

population) should be by RE based Off-grid systems. By contrast, investments in RE based Off-

grid systems are not without challenges. The resource potential of wind, solar and hydro systems 

is geography dependent. They are also expensive, require local availability of technical support, 

and demand higher involvement from the end user community (Brass, Carley, MacLean, & 

Baldwin, 2012). Their deployment and adoption has thus relied heavily on specific policy 

support, alternative business models and involvement from multiple actors i.e. donors, NGOs, 

private firms and communities (Brass et al., 2012; Carley, Baldwin, Maclean, & Brass, 2017; 

Zerriffi, 2007, 2010).  

 

Access to finance has been challenging for small scale Off-grid systems, because of lack of 

financial institutions at the local level (Nathaniel J. Williams, Jaramillo, Taneja, & Ustun, 2015). 

Moreover, the cost of finance is higher due to uncertainties regarding long-term feasibility. To 

succeed, RE based Off-grid systems rely on directed policies and regulations. Support in terms of 

(partial) capital financing have been the most common support mechanisms for off-grid systems 

(Brass et al., 2012), and Feed-in-Tariffs have emerged as a popular support mechanisms as well 

– although for grid connected Off-grid systems. Within the market space, off-grid’s counterpart – 

the grid utility – often wields much more economic and political strength (Carley, 2009; 

Marques & Fuinhas, 2011). Grid utilities provide electricity services at highly subsidized rates, 

by regulatory order, causing the customers to defect to grid readily. A recent report (UNDP and 

ETH Zürich, 2018) on de-risking renewable energy investments, lists various types of risks faced 

by off-grid and mini-grid RE investments. The risk from grid encroachment is part of energy 

market risk, and the consumer preference of grid over off-grid is related to social acceptance 
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risk. Comello et al. (2017) show, through their field work, that the grid extension acts as a 

‘gateway barrier’ for many mini-grid investors and entrepreneurs as they find it difficult to 

protect their revenues from grid extension. To quote one developer from the same study, “...they 

switch to this government supplied power, and disconnect from our [system].” Irrespective of the 

differences in the quality of service by different technologies, off-grid electricity is often 

perceived as inferior and temporary solution to lack of grid power (McEachern & Hanson, 2008). 

Many remote communities remain in perpetual hope of arrival of grid electricity. Their 

expectation about grid arrival can be optimistic or pessimistic – but these expectations are driven 

by their perception that is, in turn, influenced by many factors: their attitudes towards public 

services, government and regulation, or the markets. As indicated above, competition with grid 

electricity has been identified as a challenge for long term success of Off-grid systems by many 

studies. However, there is no study on a systematic assessment for a region or a country - of the 

potential impact of this problem. In this analysis, I provide a quantitative assessment of how off-

grid investments could be affected by the grid encroachment problem. 

 

Electrification markets through the lens of contract theory 

In economics, contract theory deals with how economic agents create contractual agreements. It 

is subdivided into the theory of complete contracts and the theory of incomplete contracts; see 

Bolton & Dewatripont, 2005. In any contractual agreement, if the involved trading parties (buyer 

and seller) could specify and agree on their respective rights and duties for every possible future 

state of the world – their contract is considered complete. Whereas, when they cannot commit 

themselves to specific future responsibilities – maybe because future contingencies are difficult 

to foresee, or because of information asymmetry between the parties – the contracts are 
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incomplete. In practice, no contract is fully complete and has degrees of incompleteness – as it is 

near impossible to imagine all contingencies associated with the investments. A common 

consequence of incomplete contracts is the hold-up problem (Hart & Moore, 1988) . When the 

seller side of the contract makes a “relationship-specific” investment whose success depends on 

the commitment from the buyer for all future transactions, the seller could be ‘held-up’ by the 

buyer. Hold-up situations make the outcomes inefficient and may result in under-investments. 

Electricity infrastructure, just like other infrastructure development relying on large project 

specific investments, also faces the hold-up problem of incomplete contracts leading to 

significant delays and post-contractual re-negotiations. Starting in the 90s, as many developing 

countries privatized their electricity infrastructure – the electricity sector saw an explosion in 

bipartite contracts like Power Purchase Agreements (PPAs) between grid utilities and 

Independent Power Producers (IPPs). Such contractual arrangements have been extensively 

studied, including analysis of the hold-up problem. For example, Woodhouse (2005) shows that 

PPAs could not guard many early IPP investments against failure – owing to difficult investment 

climate (country level factors), and risks of ‘incomplete contracts’. While studying the evaluation 

of RE projects, Chang (2013) highlights that despite wide recognition of the hold-up problem in 

the literature, it does not get a lot of attention in project risk evaluation.  

 

Electricity generation clearly has formal contracts between two parties. Private energy 

developers could invest in power plants based on contracts (e.g. Power Purchase Agreements) 

between them and the utility. But as far as electricity distribution and delivery is concerned – it is 

more complicated as investments in supply infrastructure rely on implicit contracts. A grid utility 

expanding its Transmission and Distribution (T&D) network needs to recover its investments 
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and operating costs through an implicit commitment from all the new customers. Similarly, 

investment from a small-scale off-grid developer relies on the commitment from the electricity 

consumers they hope to serve. It is in this context that having multiple electrification options 

(Grid/mini grid/ standalone) may, in the absence of sufficient regulatory safeguards, impact 

investor incentives. Defection to grid by consumers, while being served by alternatives, is one 

example of the commitment problem for off-grid. This circles back to off-grid risks detailed 

above. The threat of “grid expansion” dis-incentivizes off-grid developers (Comello et al., 2017), 

and a unique hold-up problem emerges between the developers and customers in the context of 

off-grid electrification. Among solutions for the hold-up problem, many are contractual fixes like 

renegotiations (e.g. Hart & Moore, 1988) – which are not relevant to this particular context of 

electrification. Non-contractual solutions include regulatory options aiming to improve the 

investment environment for off-grid development by private developers. Any policy measure 

could benefit from an understanding of the extent of the specific hold-up problem. For example, 

how should the regulatory body of a country decide where to explicitly promote off-grid 

development, and where it may be undesirable? So far, analytical tools to guide such policy 

questions have overlooked the aspect of the risk of main grid arrival. This analysis presents one 

such approach through a quantitative and spatial analysis of the hold-up problem for a case 

country (Tanzania).  

 

Energy modelling and human dimensions 

Within the energy sector, planning generally entails the use of energy system models. In fact, the 

estimate of how much off-grid investment is needed for SDG7 is also based on scenarios 

developed using energy system optimization models. Popular modeling tools in rural 
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electrification planning have been mentioned in the introduction chapter as well, like the 

Network Planner Tool (Kemausuor et al., 2014) and OnSSET (Mentis et al., 2016, 2015). These 

models help in planning for meeting electrification targets. OnSSET has been used to produce 

least cost (localized) pathways for meeting 100% electrification targets for selected geographies 

(Mentis et al., 2017) in Sub-Saharan Africa. These models deploy different computing methods 

to provide valuable insights to guide energy related decisions.  

 

One of the limitations of energy models has been that they have conventionally only 

incorporated techno-economic factors. ‘Human dimensions’ are poorly understood and scarcely 

depicted in the energy system models. Additionally, models rely heavily on assumptions of 

perfect foresight on the part of all stakeholders, resulting in outputs that consider perfect 

competition and market equilibrium. There are calls for bringing ‘realism’ into quantitative 

system modelling (De Cian et al., 2018). There have been a few attempts to ‘humanize’ the 

modelling frameworks. For example, Li (2017) develops an energy system model to simulate 

human behavior by different system actors. And a recent study demonstrates a methodology to 

incorporate concerns around equitable electricity access in electrification planning (Menghwani 

et al., 2020). 

 

When it comes to modeling risk, Patankar et al. (2019) incorporate conflict uncertainties in 

energy system optimization model to explore electrification strategies in South Sudan, 

emphasizing the inclusion of risk in power systems planning. In the same vein, Korkovelos et al. 

(2020) perform a ‘conflict-adjustment’ to the geospatial energy analysis done for Afghanistan to 

solve for least cost electricity solutions. Trotter, Maconachie, and McManus (2018) explore the 
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potential of solar energy in mitigating political risks – by incorporating political factors into the 

objective function which traditionally only focuses on cost minimization. This analysis brings 

another aspect of risk into electrification planning - the risk faced by the off-grid developers 

(investors in mini-grid and standalone systems) due to grid arrival. Additionally, the 

methodology used for this analysis (explained in the next section) can be categorized as limited 

foresight modelling (Keppo & Strubegger, 2010) because the uncertainty around grid extension 

for off-grid developers is a type of lack of foresight. 

 

With this multi-dimensional premise, the analysis in this analysis thus advances research in four 

areas: 

• Multiple electrification options also mean complications for the implicit bipartite buy-sell 

contracts between suppliers and consumers. An evaluation of investment risks helps 

quantify the extent of the “hold-up” problem of incomplete contracts specifically in 

electrification markets. 

• Quantifying varying public perceptions around grid electricity in terms of under- and 

over-investments in off-grid technologies (off-grid) can inform any de-risking efforts. 

This can help find better convergence between competing technologies in meeting energy 

access goals.  

• From the transitions point of view, this analysis adds to the understanding of interaction 

between niche technologies (RE based off-grid) and the existing regime (centralized 

Grid) from a spatial point of view. 

• From an energy modelling perspective, I show a methodology to model uncertainty 

caused by varying human perception about specific energy technologies. I analyze a 
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specific investment related risk to off-grid technologies using a specific modelling tool 

grid-expansion. In doing so, I additionally also demonstrate an approach for doing energy 

modelling with limited foresight.  

 

2.1 Methods 

The methodology here uses the modeling tool OnSSET and focuses on Tanzania as the case 

country. Basic description for OnSSET and the case study is provided in section 1.3.2 in the 

introduction chapter. Here I focus more on the list of assumptions and the analysis methodology 

(built on OnSSET).  

 

Basic demand side modelling parameters and assumptions for the algorithm are shown in Table 

2.1. A longer list of parameters is presented in the Appendix Table A.1. The spatial results from 

OnSSET include the LCOEs of all feasible technologies in each location, and the chosen least 

cost one. The results are in a tabular format where each row represents one grid cell (1km x 

1km).  

 

Households yet to be electrified are the target of this analysis. For those, the OnSSET output for 

Tanzania shows that for 100% electrification by 2030, of the many electrification options 

technically possible for the country, grid and solar PV based standalone systems are the two 

main economical solutions. The low penetration of micro-grids and the dominance of just two 

forms of electrification make interpretation of results for this initial proof-of-principle easier. 

 

Parameter Unit Value Source/comment 
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Start year  - 2018 Model choice 

End year - 2030 Model choice 

Population (2015) million 53.88 UN Population division 

Population (start year) million 59.39 Estimated 

Population (end year) million 83.70 UN population division 

Electrification rate (start) % 32.8 WorldBank 

Rate of change of urban 

population 

% 2015-2020 5.22 UN Population division 

2020-2025 4.89 

2025-2030 4.59 

Urban ratio (start year) % 33.8 UN Population division 

Urban ratio (end year) % 42.2 Estimated 

Rural demand kWh/person/y

ear 

160 WB Multi-tier framework 

Urban demand  kWh/person/y

ear 

423 WB Multi-tier framework 

Discount rate % 8 Assumed based on trends (Bank of 

Tanzania) 

 

Table 2.1 Assumptions and parameters used for the electrification algorithm. 

 

2.1.1 Analysis methodology 

I use OnSSET to produce different scenarios based on varying perceptions around grid 

availability. The flowchart for the analysis methodology is presented in Figure 2.1. The steps 

involved in the flowchart are explained below. 
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Figure 2.1 Flowchart for the analysis methodology. 

 

Step 1: Baseline (default) scenario.  

In the baseline scenario, I use OnSSET to produce the least cost technology mix to achieve 100% 

electrification by 2030. OnSSET uses local information about resource potential, demand levels, 

topography, grid-tariffs and socio-economic conditions to produce different electrification 

investment scenarios. Taking geospatial information as inputs, it produces the least cost 

technological solution for each location, required to electrify the un-electrified population in that 

location (OnSSET methodology shown in Figure 1.3). As Tanzania is the case considered for 
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this analysis, I use the tool to produce spatial outcomes based on the spatial information for the 

country. The various input data points needed for OnSSET are shown at the top of this figure. 

Commensurate with SDG7, the target electrification in all the model scenarios for the entire 

country is 100% (by 2030). OnSSET has two stages of analyses. The first is data transformation, 

in which current (2018) electrification spatial distribution is created and thus input is prepared 

for the next stage, which is the electrification algorithm. As clear from Figure 2.1, all scenarios 

modelled in this analysis only differ in the 2nd stage. 

 

Step 2: Alternative scenarios.  

The analysis involves comparison of the baseline scenario with the alternatives that I create by 

modifying specific input parameters and then producing OnSSET outputs based on them. This is 

done using the following steps: 

Step 2(i): Scenario development. 

 

Scenario design  

To design each scenario, I first divide the geography (Tanzania) into two zones, based on the 

remoteness of each location. In order to do that, I use the Travel Hours (TH) variable (hours 

from the nearest city of > 50,000 people) to classify a location as urban/peri-urban (TH <= 2 

Hrs) or remote (TH >2 Hrs). Then, I create a set of scenarios based on varying perceptions 

around grid proximity. Grid proximity is something that is derived from geospatial analysis 

in OnSSET, and is dependent on the current and planned extent of High and Medium Voltage 

transmission lines in the country. As indicated in the introduction, I want to model pessimism 
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or optimism about grid expansion (or proximity). Additionally, I model pessimism or 

optimism each at two levels of intensity: moderate/extreme. The perception about grid 

proximity thus can be extremely or moderately pessimistic or optimistic. The four levels are 

outlined below, as well as depicted in Figure 2.2. In any location, perception could be one of 

the following: 

i. Extremely pessimistic: Grid is never going to expand from its current level 

ii. Moderately pessimistic: Grid will extend but will not come as close to the location 

as claimed (as per the expansion plans) 

iii. Moderately optimistic: Grid will extend and will come closer than what has been 

claimed (as per the expansion plans) 

iv. Extremely optimistic: Grid will extend to the location, regardless of how far from 

the grid 

 

Figure 2.2 Scenairo development based on varying perception around grid proximity. 
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These levels above map on to real world situations, as they relate to the nature of 

information available about grid expansion. Information plays a crucial role in the way the 

public calibrates their perceptions around services or technologies. In the context of this 

analysis, the public perception around grid availability/proximity can be impacted by what is 

known. For example, (i) and (iv) above represent a situation when either no information 

about grid expansion is available or it is not credible. In the absence of credible information, 

it is possible for optimistic areas to expect the arrival of the grid. Similarly, pessimistic areas 

may believe that they will not see any grid expansion at all. (ii) and (iii) represent a situation 

when information about grid expansion plan is available but less credible. To design the 

alternative scenarios, I use a combination of realistic, optimistic or pessimistic perceptions 

about grid proximity – under two different information contexts. The two information 

contexts are – credible and non-credible information, which determine the intensity of 

optimism/pessimism i.e. moderate or extreme. Based on this, I create a total of 16 scenarios 

(8 for each information context) as listed in Table 2.2. The implications of the scenarios in 

terms of their impact on investment in off-grid technologies is presented in the last column 

in the table. 

Scenario I. Non-credible 

information 

(Extreme 

optimism/pessimism) 

II. Credible Information 

(Moderate 

optimism/pessimism) 

Expected impact on investment in 

off-grid technologies 

Peri-urban Remote Peri-urban Remote  

1 Fully optimistic Fully optimistic Under-investment in all areas 

2 Realistic Optimistic Realistic Optimistic Under-investment in remote areas  

3 Pessimistic Optimistic Pessimistic Optimistic Over-investment in peri-urban areas 
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and under-investment in remote areas 

4 Optimistic Realistic Optimistic Realistic Under-investment in peri-urban areas 

Baseline Realistic Realistic - 

5 Pessimistic Realistic Pessimistic Realistic Over-investment in peri-urban areas  

6 Optimistic Pessimistic Optimistic Pessimistic Under-investment in peri-urban areas 

and over-investment in remote areas 

7 Realistic Pessimistic Realistic Pessimistic Over-investment in remote areas 

8 Fully pessimistic Fully pessimistic Over-investment in all areas 

 

Table 2.2 List of scenarios developed based on optimism/pessimism levels in peri-urban/remote areas. There 

are total of 16 scenarios, 8 for extreme optimism/pessimism, and 8 for moderate pessimism/pessimism, 

belonging to information context I and II, respectively. The scenarios are numbered based on their 

progression from optimism to pessimism. Scenario 1 is fully optimistic, i.e. both peri-urban and remote areas 

are optimistic about grid arrival. Simiarly, Scenario 8 is fully pessimistic i.e. both peri-urban and remote 

areas are pessimistic about grid arrival. 

 

Parameter modification 

In OnSSET, there are two different spatial layers for the grid network. One layer includes 

the extent of the existing grid network and the other includes the planned grid network. For 

the electrification algorithm, OnSSET relies on the latter (planned grid network). In order to 

model optimism/pessimism, I modify the value of the parameter ‘distance from grid’ for 

each location. Pessimism means that for that location – the distance from the (planned) grid 

is longer than the actual planned distance. Whereas optimism means the distance from the 

(planned) grid is shorter than the actual distance. I modify the value of the parameter 

“distance from grid” for each location to model optimism or pessimism – based on the two 
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approaches described above (I and II). Figure 2.2 visualizes the methodology for parameter 

modification, with the calculations provided below. 

 

For I (Non-credible information): 

Ia) Extreme pessimism: Distance from planned grid = Distance from current grid            

Ib) Extreme optimism: Distance from planned grid = 0 

 

For II (Credible information): 

First I arrive at the “grid extension” value: 

actual planned grid extension = distance from current grid – distance from planned grid 

and then I modify this value to create two scenarios: 

IIa) Moderate pessimism: Grid extension = 0.5  actual planned grid extension 

IIb) Moderate optimism: Grid extension = 1.5  actual planned grid extension 

 

I want to emphasize that since the main objective of this methodology is demonstrative (or 

proof of principle), the values 0.5 and 1.5 are chosen arbitrarily and do not reflect any 

specific real-world scenario.  

 

The distance variable is thus modified for each scenario (Table 2.2). For any of these 

scenarios, depending on whether the location is rural/urban, the modification could be 

optimistic/pessimistic. For example, for approach I Scenario 5, the distance variable is 

modified for peri-urban locations as per Ib, and for remote location as per Ia. Through this 

parameter modification, I create 16 input files, one for each scenario. 
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Step 2(ii): Scenario outputs.  

 

As depicted in Figure 2.1, the two main steps involved in OnSSET methodology are data 

transformation and electrification. Step 2(i) above creates transformed input data for all 

scenarios. I then put this input through OnSSET electrification algorithm to produce least 

cost (spatial) technology mix for each scenario.  

 

Step 3: Comparison.  

 

Given that I am trying to quantify the risk (or threat) of grid expansion for Off-grid systems, I 

use the premise that the baseline grid expansion would happen anyway. Electrification pathway 

produced in the baseline scenario thus represents ‘realistic’2 expectations of grid expansion. 

Uncertainties around this expansion make off-grid investments vulnerable, for the rest of 

scenarios. All scenarios produce an electrification pathway for achieving 100% electrification in 

Tanzania by 2030. The output results are in a tabular format where each row represents one grid 

cell (1km x 1km). Apart from the least cost of electricity (LCOE), the spatial results from 

OnSSET also include the investment values of the (least cost) technology option in each 

location. For every location – any departure in the investment from the baseline case (for any 

scenario) would constitute an under or over-investment in off-grid technologies. I compare these 

investment values for a particular scenario with their baseline counterpart. After investment 

values are determined for each scenario, the ‘actual’ investments would be calculated as shown 

 
2 That is NOT to say that it is the most realistic scenario 
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in Figure 4.3. The figure shows a decision matrix to arrive at the over-or under-investment 

values (for a certain location) based on the electrification technologies of the baseline and any of 

the model scenarios. 

 

 

Figure 2.3 Over- and Under- investment calculations for any scenario S. 

 

2.2 Results  

The results mainly focus on the impact of optimism/pessimism in terms of misallocation of 

investments and the number of people electrified (% population) – as compared to the baseline 

scenario. First, I present the (aggregate) extent of over or under-investment in each scenario as 

compared to the baseline scenario. I follow this by a spatial visualization for fully optimistic and 

fully pessimistic scenarios.  

 

Baseline 
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The full pies in the middle column in Figure 4 show baseline values. Investments in off-grid 

technologies are  US $9.4 billion, majority of them are in remote areas (US $9.1 billion). The 

relative sizes of circles represent different values for peri-urban and remote areas. The pies do 

not only represent investments, but also the number of people electrified. Off-grid investments 

electrify ~19.3 million people in remote areas, whereas the number is 0.7 million for peri-urban 

areas in the baseline case. The rest of the pie charts in Figure 4 show the extent of under or 

overinvestment for the two information contexts (I and II), as compared to the baseline. The 

charts to the left of the baseline column show the effects of optimism (extreme/moderate) and the 

charts on the right show the effects of pessimism (extreme/moderate).  

 

Effects of optimism about grid electricity (grid network being closer than planned) 

Smaller pies towards the left of the baseline case show results for the optimistic scenarios 

(under-investments and under-served population). In remote areas, extreme optimism can cause 

off-grid investments (and respective electrified population) to drop by 65% (to 35%) from the 

baseline values. Moderate optimism only causes a drop by 16%. In absolute numbers, 

underinvestment is to the tune of ~ US $6 billion under extreme optimism and ~ US $1.5 billion 

under moderate optimism. Correspondingly, 12.5 million people in remain un-electrified under 

extreme optimism, while that number is 3 million under moderate optimism. An investment of ~ 

US $ 0.3 billion in off-grid technologies serves around 0.7 million people peri-urban areas in the 

baseline scenario. Extreme optimism causes a drop of 90% in those values, while this value is 

only 21% under moderate optimism. 

 

Effects of pessimism about grid electricity (grid network being farther than planned) 
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The added bubbles on the full pies towards the right of baseline show the result of pessimistic 

scenarios. They represent over-investment and over-served population i.e. population that is 

already using electricity via off-grid development gets grid electricity as well. The bubble size is 

proportional to the percentage increase relative to the 100% pie size. Under both information 

contexts (moderate or extreme pessimism), remote areas witness over-investment to the tune of ~ 

US $ 270 million in off-grid technologies, and an over-serving ~0.6 million people, which is just 

a 3% increase from the baseline values. In peri-urban areas, extreme and moderate pessimism 

both lead to a rise of 5% in terms of investments as well as the percentage of population over-

served. 

 

Spillover effects 

A comparison between scenarios 3, 5 and 8 shows that the effect of pessimism on peri-urban 

areas is not the same across these scenarios. This is due to the spillover effects from remote 

areas. When remote areas are optimistic (scenario 3), at the edges (the line dividing peri-urban 

and remote areas) there is a lot more grid available for extension – into the peri-urban areas, 

partially subduing the effect of pessimism. So between these three scenarios – even though peri-

urban areas are equally pessimistic – the effects of pessimism are highest in Scenario 8, when 

even remote areas are pessimistic, and lowest in Scenario 3, when remote areas are optimistic 

(i.e. least pessimistic). 

 

Geographical scope 

The maps in Figure 5 show the spatial extent of under- and over-investment values spatially for 

two end scenarios – scenario 1 and Scenario 8 – under extreme and moderate levels of 
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optimism/pessimism. Given that the scale of optimism caused under-investment is much higher 

than pessimism caused over-investment, it is reflected in the geographic coverage as well. 

Under-invested (under optimism) areas are much more widely spread out as compared to over-

invested areas (under pessimism). As indicated previously, the significant difference between 

extreme and moderate optimism is visible here as well. Moreover, the spatial reach of extreme 

and moderate pessimism is almost similar. Most of the impact of pessimism/optimism is in the 

proximity of the grid network, and mainly in remote areas. 
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Figure 2.4: The analysis results for 8 scenarios.  
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Figure 2.5: Spatial visualization of fully optimistic and fully pessimistic scenarios. 
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2.3 Discussion and conclusion 

Through this analysis, for Tanzania, I am able to quantify the risk of grid encroachment for off-

grid investments (in terms of value and spatial distribution), in pursuit of universal 

electrification. Moreover, as local investment climate is inherently linked to local perceptions 

and preferences around various technologies, I am able to evaluate the implications of varying 

perceptions around grid expansion on off-grid investments. Given that the baseline case of 

‘realistic’ perception assumes complete alignment between the perceptions of all stakeholders 

(grid utilities, off-grid developers, consumers) – it is a very unlikely scenario. A real-world 

scenario would have some level of optimism/pessimism based on many contextual factors. 

Although I have not gone into the causes of optimism/pessimism, an extension of this analysis 

could be to link public perception with certain socio-political reality about perception of public 

services. However, I wish to emphasize that the outcome of this analysis is highly contingent on 

the methodology of applying optimism/pessimism in this analysis. In light of what I set out to do 

(as per the introduction section), I discuss the insights and their implications below: 

 

Off-grid investments seem to be playing a significant role in electrification in remote areas. With 

respect to perception of grid, it is clear that the impact of optimism on misallocation of 

investments is much higher as compared to pessimism. The effect these perceptions have is 

strongest in the proximity of the grid network – as the spatial analysis shows. It is also notable 

that it does not seem to matter how strong the pessimism is – the impact does not change. If the 

public perception is always going to depart from the baseline case, what kind of perception is 

more desirable? As perceptions also depend on information contexts, the policy environment can 

aim for a specific information context. The impact of optimism is significantly lower when 
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credible information is available to the public. However, it is orders of magnitude higher than the 

impacts of pessimism. The results tell us that in order to utilize resources to reach the goals of 

100% electrification in Tanzania optimally, the policy environment should aim for discouraging 

optimism. Public may be more optimistic due to frequent promises from the government bodies, 

earlier successes of electrification programs, or higher trust in specific political leaders etc. 

Similarly, pessimism may be caused by distrust in public policies, frequent failed programs, or 

lower prospects of economic growth etc. From a technoeconomic point of view, ‘realistic’ public 

expectation about grid expansion is first best solution. However, if public perception is always 

going to be a departure from realistic expectations – the results show that the second-best 

solution is pessimism, because the outcomes are much less sensitive to it than optimism. The 

departure from the baseline scenario is negligible (the bubbles on right side in Figure 2.4) in all 

pessimism scenarios as compared to optimistic scenarios. This means that the government should 

avoid making promises about grid arrival (at least in the areas proximal to existing grid network) 

and then deliver on the planned grid expansion. This has political implications, as entire election 

campaigns often rely on promises about basic services. 

 

To deal with the identified hold-up problem, specific policy measures could appropriately 

incentivize off-grid developers. Perception around grid arrival relies on the type of information 

available to the private developers and general public. This analysis shows that the financial cost 

of misinformation varies depending on whether the information inspires optimism or pessimism 

about grid arrival. Given that efforts are underway to provide decentralized electricity in the 

region (including Tanzania), the developers need assurances that they could serve consumers 

without the threat of grid arrival, especially in the most vulnerable areas. This analysis shows 
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that areas (remote as well as urban/peri-urban) in the proximity of the grid network are the most 

vulnerable (Figure 2.5) and are at a higher risk of losing investment from off-grid developers 

when people are very optimistic about grid arrival. The risk due to perception could be mitigated 

through regulatory measures. For example, off-grid investors could be guaranteed safe 

investment zones where they take could be the sole providers of electricity. Such off-grid zones 

(UNDP and ETH Zürich, 2018) help avoid overlap between grid and alternatives, that not only 

helps investors mitigate the perception risk but also potentially change perception itself. 
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Chapter 3: Simulating strategic behavior of electrification market players 

 

Research objective: Perform a game-theory based analysis of the non-cooperative strategic 

behavior of grid and off-grid players in the electrification market 

 

Electrification models and plans often assume optimal utilization of available 

resources/technologies to achieve least-cost outcomes, which is also considered as “efficient” 

electrification throughout this dissertation. For such an optimum to succeed – conditions of 

perfect competition should come true. These conditions include very low barriers to entry and 

perfect information. However, real-world characteristics of how electrification occurs ensure a 

departure from those ideal conditions. For example, consumer preference for grid electricity and 

imperfect information about grid expansion – of the kinds also explored in the previous chapter – 

are factors that present conditions for sub-optimal outcomes. There may be nonmarket forces as 

well (political, organizational) – that could influence market behavior. One way to ensure near 

optimal electrification is through cooperation among market players in a regulated environment. 

Absent that, these characteristics represent the investment environment in which grid and off-

grid actors operate.  

 

Nature of electricity distribution sector 

Historically, electricity distribution has been dominated by centralized grid. Due to the capital-

intensive nature of the distribution infrastructure and unique3 characteristics of electricity as a 

product, single large grid utilities – often public enterprises – conventionally have dominated 

 
3 From the economics point of view, electricity differs from other products in distinct ways. It is difficult to store – 

that means supply should match the demand. It is also difficult to carry around or transfer, and it’s utilization 

requires sophisticated wiring and appliances. 



 55 

electricity provision. A single dominant market player and high capital costs ensure high barriers 

to entry for alternative technologies – keeping electricity distribution sector act like natural 

monopolies. But grid extension is costly, thus leaving many areas without electricity. Many of 

these un-served areas also have low ability to pay (poor affordability). This makes the economics 

of electrification generally challenging. The advantage of off-grid technologies in un-served 

areas is that the overall capital expenditures could be much lower than grid expansion. However, 

grid remains to the dominant market player and often the preferred consumer option. In this 

context, not knowing what it might be doing makes it difficult for off-grid developers to feel safe 

with their investments. This feature is also analyzed in the previous chapter. Given this context, 

and the aspiration to meet the goals of electrification (with grid and off-grid complementing each 

other), the market requires a high level of coordination among various actors, which 

electrification efforts have failed to achieve. In fact, this issue of poor-coordination is a general 

challenge for even different kinds of development efforts in low- and middle-income countries 

(Wenner, 2007).  

 

 

 

Information asymmetry and trust 

Most grid utilities in low- and middle-income countries are public enterprises and they suffer 

from the principal-agent problem (Nworie, 2017). This problem dictates that the governments 

(principal) and grid operators (agents) often have competing goals and priorities. The priorities 

for the operators may be efficiency and commercial durability, and the governments/regulators 

may prioritize universal access and affordability. Agents also often have more information (e.g. 
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about techno-economics) than the principals, causing information asymmetry across the 

stakeholders: the suppliers and the regulators. Regulator may not always have the information on 

grid’s operational or financial efficiency – creating a situation where electrification promises 

made by the governments are not rooted in reality. Electricity access is an essential service and 

in countries with democratic processes, it is a common promise made by competing political 

groups. In fact, it is often even used as a tool for political power i.e. it is based on clientelism 

(Keefer, 2007; Kitschelt, 2000) where electricity access is promised in exchange for electoral 

patronage (Thachil, 2011). In any case, socio-political factors play a significant role in 

determining electricity access throughout the developing world (e.g. Aklin, Bayer, Harish, & 

Urpelainen, 2015; Scott & Seth, 2013). This means that grid expansion plans may not always be 

based on techno-economic calculations. For example, the National Rural Electrification Plan of 

Tanzania entails distance-based electrification through grid (World Bank, 2016b). That is, 

electrifying everyone within a certain distance of the MV grid (10 km) and increasing that 

distance in a phased manner. This does not necessarily mean that grid is the least cost option for 

all areas within 10 km. This approach is an alternative to the least-cost electrification that the 

baseline electrification pathway aspires. Also related to grid electrification is the aspect of trust. 

Power outages are a common phenomenon throughout the developing world (Wolfram, 2017). 

This, combined with the patronage-based services, and corruption in the electricity sector 

together undermine people’s trust in a transparent and reliable supply system (Never, 2015; 

Winther, 2012). This explains high willingness to pay even by poor customers for off-grid 

alternatives (Graber, Narayanan, Alfaro, & Palit, 2018). Trust in grid electricity could thus even 

be relevant in the way off-grid investments take place.  
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3.1 A game-theoretic approach to electrification 

If the goal of the ideal/best-case electrification process (recall introduction chapter) is optimal 

resource allocation and cost minimization, the above description of the prevalent strategic 

environment reveals that the investment environment is far from it. The market is clearly 

oligopolistic, with one large market player for a given geography. Planning for off-grid 

development is clearly dependent on grid expansion plans. While grid utilities could consider 

off-grid development in their expansion plans, this is rarely the case (c.f. Brazil as one 

exception). The result is usually a single large market player and a large number of smaller 

players that can be impacted by the large player’s decisions. The dependence on one player’s 

actions, a lack of coordination, and lack of information sharing can cause significant uncertainty 

in investment strategies in the off-grid sector. Strategic behavior in the electrification market is 

thus interactive. Game theory is a powerful tool to analyze strategic behavior of firms (or 

players) in oligopolistic markets in order to determine an equilibrium or to assess the player pay-

offs (gains and losses) under different strategic decisions. It helps model strategic decisions of 

players that are interdependent and there is uncertainty around their actions. Moreover, high 

financing risks and lack of information also add to the uncertainty and leave players with 

multiple investment options. Having these options as investment strategies makes the game 

theory framework a fitting tool for analyzing real-world investment pathways for universal 

electrification. The unique features of the investment environment play a part in determining 

possible strategy options in any game theoretic framing. For example, what information is 

available and how trustworthy it is, both could be crucial in driving strategic actions especially 

for off-grid developers, who have to invest in the shadow of grid expansion. There could be a 

few different grid expansion strategies that off-grid developers could anticipate in the absence of 
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information. Even when the reliable information is present, trust in other players could also 

affect decision making. These aspects of the strategic environment help set up a game theory 

model in this chapter exploring trust, grid expansion strategies and information asymmetry 

within the electrification markets. 

 

3.1.1 Game theory fundamentals 

Myriad resources (textbooks, online resources) are available for all the game theory-based 

definitions described below. Since here only the basic definitions and classification of strategic 

games are described, I mainly rely on the following book: Game Theory Through Examples 

(Prisner, 2014). 

 

Cooperative versus non-cooperative games 

Games with competition among players could either be cooperative or non-cooperative. 

Cooperative games are those in which cooperation between different players could be enforced 

externally – through enforceable commitments. This allows for “coalitions” to form with groups 

of players in a competitive market space. In the absence of any external authority to enforce 

cooperation – players must compete independently and if they cooperate that is only through 

“self-enforcement”. These games are analyzed through the framework of non-cooperative game 

theory, which tries to predict individual player’s strategies and payoffs – and find equilibria 

(famously known as Nash equilibria). Cooperative game theory on the other hand is used for 

cooperative games and helps understand how coalitions could form, and what the collective 

payoffs of groups of players could be. 
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Simultaneous versus sequential games 

In a strategic game, players could either take turns taking strategic actions (or adopt strategies) or 

move “at the same time”. The former is referred to as a sequential game (or extensive form 

games) and the latter is called a simultaneous game. A game could also be “simultaneous” when 

players move in sequence but the later players are unaware of the earlier moves by the other 

players. These games are represented using payoff matrices. Sequential games are often denoted 

by decision trees and occur when the players take actions one after the other and earlier actions 

are known to everyone. Information thus has an important place in game theory and is often a 

differentiator when it comes to understanding the type of games, as discussed below. The quality 

and extent of information available to players also plays a role in defining the type of game and 

potential outcomes.  

 

Perfect information and imperfect information  

In a game with perfect information, all the players have the same information during the game 

that would be available at the end of the game. In simultaneous games, perfect information is 

often not possible, because even if all the information about possible actions is made available – 

the knowledge about the actual move by the player can only be anticipated by the rest of the 

players. In sequential games, the quality of information becomes more salient. When players in a 

sequential game are well and accurately informed about all the events that have previously 

occurred, it’s a perfect information game. Perfect information is also a feature of perfect 

competition – when all the market players have perfect and instantaneous knowledge about 

prices, costs and their utility function. Considering the premise of this chapter, recall that a lot of 

energy systems level modeling happens with the assumption of perfect competition as well as 
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perfect information. Even the output utilized in this chapter (and elsewhere in the dissertation) 

from the modeling tool OnSSET are investment pathways under the assumption of perfect 

information among different technology developers. However, the analysis in this chapter 

basically simulates several imperfect information scenarios in the electrification market with grid 

and off-grid players. 

 

Pure versus mixed strategy 

In game theory, each player has a choice set consisting of multiple specific and well-defined 

choices. Selecting one option from the choice set with certainty is a “pure” strategy.  When a 

(non-zero) probability is assigned to multiple choices (each a pure strategy if chosen alone), it is 

called a mixed strategy. In a way a pure strategy is also a special case of mixed strategy with just 

one of the choices selected with 100% probability. Mixed strategies are common when the 

available information is imperfect.  

 

Stackelberg competition 

The premise of this and the previous chapter is about the dominance of grid in the electrification 

market. Game theory captures this kind of asymmetry in market power through the concept of 

Stackelberg Competition (von Stackelberg, 2010). This is a strategic game in which there is a 

leader firm that makes the first move, and then the follower firms move sequentially. Firms 

engage in Stackelberg competition when one firm has some advantage over the others. This kind 

of competition is common in markets with an incumbent player. As far as electricity provision is 

concerned, utilities have monopoly power over the grid infrastructure and the new entrants – that 

include renewable energy-based off-grid systems must compete with the grid for consumer 
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territories. Although the analysis here simulates “simultaneous games”- and not sequential 

actions, given that off-grid players consider grid presence in their decision making, it partially 

reflects the interactions of Stackelberg competition. 

 

Use of game theory in energy systems 

Due to deregulation and increased competition in power markets in the last few decades, electric 

power systems have evolved into multi-agent systems with complex interactions. Game theory 

has thus been found as a suitable analytical tool to analyze them. One area has been cost 

allocation of transmission and distribution losses. There has been a long-standing challenge of 

the fair distribution of losses among market participants. The (mathematical) loss function is 

highly non-linear with many non-separable components, making loss allocation difficult. 

Cooperative game theory has been a useful tool to solve the cost allocation problem (Rostamian, 

Hosseinzadeh, & Shokrollahi, 2012). It has also been explored for changing distribution systems 

with high penetration of off-grid (Pourahmadi & Dehghanian, 2018) and in future smart grids 

(Wang, Ouyang, Krishnan, Shu, & He, 2015). Even in energy poor geographies with low 

electrification rates, energy development has become a competitive space. Fair cost allocation is 

a challenge there as well, when it comes to off-grid planning. Bonamini et al. (2019) apply 

cooperative game theory to arrive at optimal investment cost allocation for a rural energy 

cooperative in India.  

 

In a departure from the use of cooperative game theory among competing participants, it has also 

been used to simulate strategic behavior in competitive electricity markets using non-cooperative 

game theory. Pinto et al. (2013) focus on bidding in the markets and propose MASCEM (Multi-
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Agent System for Competitive Electricity Markets), as an electricity market simulator that 

models market players and simulates their operation in the market. This analytical approach 

comes close to the simulation exercise used in this chapter, although in a different context. 

 

3.2 Methods 

The OnSSET output produces recommendations for least cost (in terms of LCOE) investment 

pathways to achieve universal electrification by 2030. For each population cluster, the least cost 

option is selected from a mix technology options: grid, mini grid (solar PV, hydro, wind, diesel), 

standalone (solar PV, diesel). This solution represents a scenario with a unitary decision maker 

or a perfectly competitive market. This chapter works as a continuation of the previous chapter 

on grid uncertainty and focuses on the same geography (Tanzania). However, rather than running 

the OnSSET algorithm, the output files have been downloaded from the GEP, which deploys the 

latest version of OnSSET for multiple countries. There are few advantages GEP has over the 

previous versions of OnSSET. i) It makes outputs readily available for many countries (in Sub-

Saharan Africa, Latin America and Asia). ii) It contains more updated information about the 

current state of electrification for all geographies. iii) Methodologically, the GEP version divides 

the entire geography into population clusters4, rather than 1km by 1km grid cells. iv) It also 

provides the least cost solution for two-time steps: 2018-2025 and 2025-2030.  However, in this 

analysis the temporal aspect of investment decision making is ignored. The decisions are 

assumed to be taken instantaneously (thus the simultaneous strategy games – more below). GEP 

calculations are based on a targeted 72% electrification rate by 2025 (first seven years) and then 

100% by 2030. For the baseline scenario of this analysis, only the output for the first-time step 

 
4 From this point on in this analysis, each location is referred to as a population cluster, or just a cluster. 
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from GEP is used. Thus, the collective electrification target among market players for the 

baseline scenario is 72% electrification by 2025.  

 

To simulate investment behavior in the electrification market, several market and other factors 

have been considered for this analysis. The evidence behind grid dominance and the threat of 

grid expansion faced by off-grid developers has been discussed earlier, as well as in the previous 

chapter. Beyond electricity access, other challenges in Sub-Saharan Africa include grid 

reliability problems, poor affordability, and lack of coordination (among different stakeholders) 

(Blimpo & Cosgrove-Davies, 2019; Wolfram, 2017). Insufficient generation capacity, poor 

financial health of distribution utilities, and variability of cost as well as affordability leads to 

frequent “load shedding” – when the power grid is unable to meet the demand. For example, 

there is evidence about poor grid reliability specifically in Tanzania as well (World Bank, 2013). 

The country relies on large hydro for electricity generation, extensive droughts have led to 

extensive load shedding. Throughout the developing world, utilities often face the incentive of 

load shedding rural areas more than urban and industrial consumers (Harish, Morgan, & 

Subrahmanian, 2014). This logic informs how grid-reliability is treated in the analysis here. 

Thus, absence of unitary decision maker (or lack of cooperation), dominant nature of grid and 

varying grid quality level characterize the electrification market.  As far as grid extension is 

concerned, the real-world strategies may not always be based purely on techno-economics. 

Often, grid extension plans are much simpler. For example, given that the cost of electrification 

is less close to the grid as compared to farther from it, the planners may just avoid doing precise 

calculations and resort to a simple plan of “electrify everyone within X km of the grid network”. 

Given the political nature of electricity access and since it is also promised during elections 
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(more on this in chapter 5), this kind of proximity-based extension strategy also has more 

political appeal. In fact, the grid proximity aspect has been considered salient in understanding 

electricity access for Tanzania (Chaplin et al., 2017) as well. 

 

As the analysis is performed on the OnSSET output (from GEP), how the methodological 

approach links with it has been described in Figure 1.  

 

 

Figure 3.1: Methodological approach to explore strategic investment games for off-grid development and grid 

expansion 

 

The OnSSET output produces a least cost recommendation investment option for each cluster as 

well as cost output for the other technologies. But in this analysis investment decisions are made 

based on respective probabilities for grid and off-grid. Here I imagine the electrification market 

as a two-player strategic non-cooperative game. One player is the grid, which is often true of 

grid utilities, as they often operate in the market as a single entity. Competing with grid, even 
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though there may be several off-grid developers, in this analysis I consider off-grid to be acting 

as a single entity. This framing allows for a variety of simulated scenarios (or games between 

players). The main element of this simulation constitutes probability functions for grid and off-

grid investments under different contexts. However, all the scenarios are developed based on a 

set of assumptions to capture specific market characteristics. These assumptions are listed below 

categorized based on the market characteristics they are guided by. 

 

Grid is the dominant market player:   

• Grid can choose between two expansion strategies: LCOE based or proximity based 

• The probability of off-grid investment takes into account the threat of grid arrival, and is 

very low for already electrified areas 

• Probability of grid investment disregards off-grid development 

• Information about grid expansion plan may or may not be available to off-grid developers 

 

Grid reliability is variable: 

• Probability of off-grid development also takes into account the perception of grid quality 

• Grid reliability is the lowest in already electrified remote areas (under the premise that 

urban/peri-urban areas often get better reliability at the expense of good supply in remote 

areas) 

• Grid arrival probability and grid reliability together determine grid “favorability”  

 

Grid may not always be effective in meeting its targets: 
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• Probability of grid investment takes into account grid’s own confidence in meeting its 

said targets 

• The perception of grid arrival is affected by the trust off-grid has on grid’s effectiveness 

 

Off-grid electricity is often more expensive than the grid alternative: 

• The probability of off-grid investment takes into account off-grid LCOE as well – i.e. 

chance of off-grid investment reduces with rising cost of generation for off-grid 

(economics of off-grid) 

• However, given grid’s dominance, higher weightage is given to grid-favorability (and 

low weightage to economics) in determining probability of off-grid investment 

 

These assumptions help create game scenarios based on mainly for factors: i) grid expansion 

strategy; 2) information about grid expansion strategy; 3) off-grid’s trust in grid’s capacity to 

meet its commitment; 4) grid’s own confidence in its commitment. Different values of these 

factors create the following 16 different types of game contexts (Table 3.1). 

                                           

GRID 

OFF-GRID 

Invest based on LCOE 
Invest based on proximity (electrify everyone 

within 2 km) 

Confident of their 

own plan 
Not confident Confident Not confident 

Knowing what grid is doing (more information)  

High trust in grid's 

commitment 

1 

[Mixed, Pure]  

5 

[Mixed, Mixed] 

9 

[Mixed, Pure] 

13 

[Mixed, Mixed] 

Low trust in grid's 

commitment 

2 

[Mixed, Pure] 

6 

[Mixed, Mixed] 

10 

[Mixed, Pure] 

14 

[Mixed, Mixed] 

Not knowing what grid is doing (less information)  

Believes grid is doing 

LCOE based investment 

3 

[Mixed, Pure] 

7 

[Mixed, Mixed] 

11 

[Mixed, Pure] 

15 

[Mixed, Mixed] 
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Believes grid is doing 

proximity-based 

investment 

(logistic technology 

diffusion) 

4 

[Mixed, Pure] 

8 

 [Mixed, Mixed] 

12 

[Mixed, Pure] 

16 

[Mixed, Mixed] 

Table 3.1 Simulated strategy games between grid and off-grid development 

 

As far as incorporating how the grid expansion is perceived by off-grid, the expansion curve 

used for games 4, 8, 12, and 16 reflects the spatial diffusion of technology based on the popular 

theory on the ‘diffusion of innovations’ (Rogers, 1971). The exact calculations are attached in 

the supplementary information.  

 

3.2.1 Strategic games 

Game 1:  The first game in the table represents full cooperation among market participants. In 

this game, grid decides to expand based on LCOEs and they are true to that commitment. 

Off-grid on the other hand, also relies on LCOE calculations (as produced by OnSSET) 

and invest accordingly. They have knowledge of the commitment made by grid and have 

no reason to doubt that commitment (high trust). This mitigates one of the market risks – 

the threat of grid arrival – as off-grid stays off of those areas where grid is expanding and 

can consider no threat from grid in the remaining clusters. However, off-grid investment 

decision still is contingent on economics and the quality of grid electricity. They are still 

risk averse to investing in areas where their cost of generation is substantial. Moreover, 

poor grid reliability (driving perception of grid electricity) may also act as a pull factor. 

  

Grid: Pure strategy, invest everywhere the LCOE is the least cost solution 

Off-grid: Mixed strategy with a probability based on economics (off-grid LCOEs) and 

perception of the quality of grid electricity   
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Game 2: The second game departs from Game 1 in terms of off-grid’s lower trust in grid 

commitment. This makes off-grid perceive grid as less of a threat in clusters where grid 

has decided to expand to – leading to its over-confidence in competing with grid in those 

areas. Grid’s strategy remains same as the one in Game 1. 

 

Grid: Pure strategy, invest everywhere the LCOE is the least cost solution 

Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

commitment), economics (off-grid LCOEs) and perception of the quality of grid 

electricity   

 

Game 3: The third game enters the domain of information asymmetry or imperfect information. 

In this game (and the next), grid expansion plans are not made public and hence are not 

known to off-grid. However, it believes that grid is expanding only in areas where it is 

the least cost option. Given this is an unconfirmed belief, it is incorporated through a <1 

probability.  

 

Grid: Pure strategy, invest everywhere the LCOE is the least cost solution 

Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

LCOEs), economics (off-grid LCOEs) and perception of the quality of grid electricity   

 

Game 4: This game is where the information asymmetry is highest because the missing 

information about grid’s expansion plan leads to a misconception in what off-grid 
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believes to be true about it. Grid invests based on LCOEs but off-grid believes it to be a 

taking a proximity-based approach. However, absent real information about how the grid 

might do that – off-grid believes grid expansion to follow a logistic function curve (as 

shown in Appendix A Figure A.4). 

 

Grid: Pure strategy, invest everywhere the LCOE is the least cost solution 

Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

LCOEs), economics (off-grid LCOEs) and perception of the quality of grid electricity   

 

Games 5 to 8 reflect a scenario when the grid operator is less confident about the commitment it 

has made. It will still follow a least cost strategy rather than proximity-based but the 

probability it will invest in a given cluster is less than 1. 

 

Game 5: Game 5 only slightly departs from Game 1 in terms of grid’s confidence in its own 

expansion plans. Off-grid perspective is the same between the two games (1 and 5).  

 

Grid: Mixed strategy, i.e. focus on clusters with lowest LCOEs but investment not 

entirely certain (<1 probability) 

Off-grid: Mixed strategy with a probability based on economics (off-grid LCOEs) and 

perception of the quality of grid electricity   

 

Game 6: Game 6 is like Game 2 but with both grid and off-grid having lower trust in the grid 

operator’s commitment to grid expansion.  
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Grid: Mixed strategy, i.e. focus on clusters with lowest LCOEs but investment not 

entirely certain (<1 probability) 

Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

commitment), economics (off-grid LCOEs) and perception of the quality of grid 

electricity  

 

Game 7: Even though this game differs from Game 6 in design, they are calculated in the same 

way (for reasons stated above for Game 2 and 3) 

 

Grid: Mixed strategy, i.e. focus on clusters with lowest LCOEs but investment not 

entirely certain (<1 probability) 

Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

LCOEs), economics (off-grid LCOEs) and perception of the quality of grid electricity 

 

Game 8: Similar to Game 4 in most respect except for the way grid’s expansion plan is modeled.  

 

Grid: Mixed strategy, i.e. focus on clusters with lowest LCOEs but investment not 

entirely certain (<1 probability) 

Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

proximity), economics (off-grid LCOEs) and perception of the quality of grid electricity   
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All the above games so far assumed an LCOE based grid extension plan. As discussed earlier, 

proximity-based strategy could be a different strategy for grid extension. Considering this, in 

games 9 to 16 – a grid proximity-based expansion plan is used. The plan entails “electrifying 

everyone within 2 km of the existing or already planned grid”. Games 9 to 12 are when a grid 

utility is confident about the commitment, and 13 to 16 are when its confidence falls short. These 

8 games differ from each in much the same way as games 1 to 8 do. Between grid’s confidence 

and off-grid’s knowledge of grid’s plan, these games represent different combinatorial strategies. 

 

Game 9: Grid: Pure strategy, i.e. expand to every cluster within 2 km of the grid 

Off-grid: Mixed strategy with a probability based on economics (off-grid LCOEs) and 

perception of the quality of grid electricity   

 

 

Game 10: Grid: Pure strategy, i.e. expand to every cluster within 2 km of the grid 

Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

commitment), economics (off-grid LCOEs) and perception of the quality of grid 

electricity 

 

Game 11: Grid: Pure strategy, i.e. expand to every cluster within 2 km of the grid 

Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

LCOEs), economics (off-grid LCOEs) and perception of the quality of grid electricity 

 

Game 12: Grid: Pure strategy, expand to every cluster within 2 km of the grid 
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Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

proximity), economics (off-grid LCOEs) and perception of the quality of grid electricity   

 

Game 13: Grid: Mixed strategy, i.e. expand to every cluster within 2 km of the grid 

Off-grid: Mixed strategy with a probability based on economics (off-grid LCOEs) and 

perception of the quality of grid electricity   

 

 

Game 14: Grid: Mixed strategy, i.e. expand to every cluster within 2 km of the grid 

Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

commitment), economics (off-grid LCOEs) and perception of the quality of grid 

electricity 

 

Game 15: Grid: Mixed strategy, i.e. expand to every cluster within 2 km of the grid 

Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

LCOEs), economics (off-grid LCOEs) and perception of the quality of grid electricity 

 

Game 16: Grid: Mixed strategy, expand to every cluster within 2 km of the grid 

Off-grid: Mixed strategy with a probability based on the probability of grid arrival (grid 

proximity), economics (off-grid LCOEs) and perception of the quality of grid electricity   
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3.2.2 Measuring outcomes 

The outcomes of strategy games are often measured in terms of payoffs for the players involved. 

Payoffs could be in terms of any indicator that the players would want to maximize (e.g. 

revenues, market share, profits) or minimize (e.g. avg. cost per unit). Market share in terms of 

population is as appropriate metric to measure payoffs for this analysis – because in a regulated 

environment without a lot of price flexibility – revenues closely align with market share. The 

baseline is set up as the case of full cooperation – in which the total population served is divided 

among the two market players. This reflects ideal policy driven electrification, where given the 

nature of electricity, developers are given territorial concessions for uniquely serving a specific 

geography. Apart from market share, the other metric I use here is cost – more specifically, 

capital cost efficiency in terms of $/consumer. Since the overall implication of this analysis is to 

study inefficient or sub-optimal scenarios due to real world electrification characteristics – it 

makes sense to highlight payoffs at the societal level as well. Thus, I focus on the following 

payoff metrics, and calculate them for all 16 game scenarios. These payoffs are presented in 

Tables 4 to 7.  

 

• Player payoffs: Market share in terms of % electrified population 

• Player payoffs: cost efficiency in terms of $/consumer calculating total investments by 

the number of people electrified by given technology 

• Societal payoffs: Electrified population (in terms of overall %) 

• Societal payoffs: cost efficiency of electrification in terms of $/consumer (overall) 

 



 74 

Underlying these payoffs, is the grid off-grid interaction throughout the un-electrified clusters. 

The way this interaction is simulated (Figure 1), off-grid investment strategies depend on the risk 

of grid arrival. The financial implications of this dependence were also covered in the previous 

chapter – in terms of over-investments and under-investments. Recall, over-investment occurs 

in clusters where off-grid invests in areas where grid is anyway going to invest – resulting in 

sunk investments for off-grid. However, the implications of under-investments were only for 

off-grid. This chapter departs from the results in previous analysis in two ways. One is the 

possibility of grid under-investments. This is since grid’s capacity to meet its commitment has 

also been analyzed here. The other is the fact that some “misallocated” investments for off-grid 

could be successful. That is, some population clusters that are supposed to get grid connectivity 

in the full cooperation case (baseline) get off-grid investments instead. These investments are 

called new off-grid investments here. The strategic interaction between the two players thus 

means that the misallocation of investments happens in the following ways: 

 

1. Off-grid investment in grid areas, where grid invests (over-investment in off-grid) 

2. Off-grid investment in grid areas, where grid does not invest (New off-grid investment 

and under-investment in grid) 

3. No off-grid investment in off-grid areas, where grid also does not invest (under-

investment in off-grid – leading people un-electrified) 

These investment departures, along with their implications in terms of electrified population are 

presented in Figure 3 and 4 in the next section.   
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3.3 Results 

The main purpose of the analysis here is understanding the impact of non-cooperation in the 

electrification market. The 16 strategic games simulate a variety of non-cooperative scenarios. 

These simulated scenarios need to be understood in the context of reference cases that reflect full 

cooperative behavior among the players (grid and off-grid). As baseline cases, there are two 

“full-cooperation” scenarios. They are described as the ‘baseline’ below. After the baseline, the 

results include the modeled probabilities as well as the simulated game outcomes. Apart from the 

analytical insights about the case of Tanzania here, this chapter also produces an analytical tool. 

Given that the methodology here relies on the output produced from the GEP, the analysis here 

has high replicability for any relevant geographical context. The code (written in R) forms part of 

the output from this chapter (provided as the supplementary information), along with a web-

based application produced to make the analysis more readable and accessible.  

 

3.3.1 Baseline 

One purpose of defining the baseline is also to lay out what the overall goals for off-grid and grid 

are – across the simulated strategic games. With the start year of the analysis being 2018, the 

goals include meeting an electrification target of 72% by 2025 in Tanzania. To that end, there are 

two “full-cooperation” based investment pathways that define the baseline reference cases. 

Given that the grid is the dominant player in the market, the two pathways are defined based on 

what grid expansion strategy the grid decides to adopt. These two strategies are discussed earlier 

in the framing (Table 3.1). The first strategy that reflects a perfectly competitive market space – 

is based on overall cost-minimization. That is, the grid expands based on what the least cost (in 

terms of LCOE) solution is for each population cluster. The second is a more pragmatic approach 
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purely based on proximity to the grid network. In this strategy, the same 72% target is met but 

the grid connections spread to every cluster within 2 km of the grid network. The investment 

requirements for the two approaches are different. The LCOE based approach has an overall cost 

of $ 2.9 billion (Figure 2), whereas the distance-based approach costs more ($ 4.7 billion) as is to 

be expected as it does not limit expansion to clusters where the grid is the least cost solution. 

 

 

Figure 3.2: The investment values for the two “full cooperation” baseline scenarios. The distance-based 

approach reflects grid’s decision to provide connection to every cluster within 2km of the network. The 

LCOE based approach reflects investments based on the overall cost minimization. Each of these strategies is 

a baseline for half of the simulated strategic games. Games 1-8 have the LCOE based approach as the 

baseline and games 9-16 have the distance-based approach as the baseline.  

 

3.3.2 Simulated probabilities 

For all the mixed-strategies above, the probabilities for grid utilities are self-explanatory. Grid’s 

commitment to expand either based on LCOEs or distance from grid is quite straightforward. It 

is the lack of confidence that causes non-zero probabilities for the expansion plan. The 

probability functions for off-grid investments are more complex as they are comprised of three 
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different factors that are incorporated slightly differently for different simulated games. 

However, broadly across the 16 simulated games – all the probability functions for off-grid 

investment represent the following 6 types of areas (or zones) along three dimensions.  The 

arrow shows the increasing chance of off-grid investment. 

 

Electrification status Already electrified vs un-electrified 

Remoteness Peri-urban vs Remote 

Lowest cost technology Grid vs. Off-grid 

*Increasing chance of off-grid investment in the direction of the arrow 

Table 3.2 The thematic representation probabilities of off-grid investments. Detailed plots are available in 

Appendix C and in supplementary information. 

 

3.3.3 Game outcomes 

As shown in 3.2.2. game outcomes are first presented in terms of player and societal payoffs, and 

then in terms of implications for investments (and corresponding affected population). The 

payoffs are shown in Tables 3.3 to 3.6 in and follow the same presentation as in Table 3.1. The 

implications - or the impact on electrification - are shown in Figures 3.3 and 3.4.  

 

3.3.3.1 Payoffs 

Player payoffs in terms of market share show that a lower grid confidence causes grid to lose 

market share in both types of investment strategies. Table 3.3 shows that for LCOE-based 

baseline, grid stands to lose 10-12% (games 5 to 8) of market share across game scenarios, while 

for proximity-based strategy, it could lose from 13-15% (games 13 to 16). The impact on cost 

efficiency, however, is not similar for the two investment strategies. Lower grid confidence does 
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not impact grid’s cost efficiency as much for the LCOE-based approach ($2 increase) as it does 

for the distance-based approach ($5-22 dollar increase). As expected, off-grid is generally more 

on the losing side. For all game scenarios, cost-efficiency for off-grid is significantly higher than 

the baselines. This is indicative of the risk of over-investments that is more clearly measured in 

Figure 3.3. But the largest impact on off-grid payoffs is when the information about grid 

expansion is not available and off-grid’s guess of what grid might do is the farthest from the 

actual plan (games 4,8,12,16). Recall that off-grid’s understanding of distance-based expansion 

is very different from the approach used by grid – and hence the significantly large impact on 

off-grid in these 4 games. The best payoffs for off-grid are in game 5 for the LCOE-based 

baseline, and game 13 for distance-based baseline. This is when off-grid trusts grid’s expansion 

plan but grid has lower confidence. The societal payoffs paint the picture of the impact of these 

strategic games on electrification outcomes. The tables show that all of the game outcomes are 

sub-optimal – i.e. they do not reach the baseline levels of electrification coverage, which reflects 

the 72% electrification rate. This is because in all games off-grid uses mixed strategies – 

meaning the investments are based on probabilities. Having said that, when grid is fully 

confident, most games produce near complete electrification except for when off-grid is unaware 

of grid’s plans and considers a proximity-based expansion following a logistic diffusion curve. 

Societal payoffs are better visualized in the plots below, in terms of misallocation of investments 

and affected population. 
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3.3.3.2 Impact on electrification outcomes (against baseline) 

All the plots show a comparative picture5 across the strategic games that are organized based on 

the parameters as per Table 3.1. So, all in all, there are four groups in the misallocation plots in 

Figure 3. Apart from the extent of extent of misallocation of investments, Figure 4 shows the 

affected number of consumers (or population) throughout the population clusters. Clusters 

affected by over-investments witness grid arrival as well as off-grid development, which is 

standalone PV systems here. In this way they are “over-served”. Given consumers’ preference of 

grid electricity, the affected groups could be households, community or private developers 

depending on the prevalent business model. But Figure 3.4 here shows the aggregate population 

of the clusters affected by over- or -under-investments – i.e. the over-served6 and the un-

electrified7 population.  

 

The results show that off-grid technologies face a risk of losing significant investments across 

games. This is visible in terms of decreased cost efficiency in Table 3.4 and in the form of over-

investments across game scenarios (Figure 3.3). Under-investments on the other hand, vary from 

negligible to close to ~$1 billion, with over 10 million people without electricity. The variation 

across game scenarios is explored below through the lens of different parameters. 

 

  

 
5 The plots in Appendix C show the spatial extent of the clusters – geographically and in terms of distance 

from the grid network.  
6 labeled as “Grid & Off-grid” in Figure 3.4 
7 labeled as “No elec” in Figure 3.4  



 80 

Player payoffs (% 

electrified population) 
Invest based on LCOE 

Invest based on distance (electrify everyone 

within 2 km) 

                                 GRID 

OFF-GRID  

Confident of their 

own plan 

Not confident Confident Not confident 

Baseline (% of new 

connections) * 

                                                              57.6% 

42.4% 

                                                              66.5% 

33.5%  

More information  

High trust in grid's 

commitment 

                        57.6% 

 

42% 

                        46.6% 

 

42.8% 

                        66.5% 

 

33.1%  

                       53.9% 

 

34.3% 

Low trust in grid's 

commitment 

                        57.6% 

 

42% 

                        46.4% 

 

42.6% 

                        66.5% 

 

33.1% 

                       52.1% 

 

35% 

Less information 

Believes grid is doing 

LCOE based investment 

                        57.6% 

 

41.9% 

                        45.3% 

 

42.8% 

                        66.5% 

 

33.1%  

                       53.9% 

 

35.6% 

Believes grid is doing 

proximity-based 

investment 

(logistic technology 

diffusion) 

                        57.6% 

 

18.2%  

                        47.6% 

 

18.5% 

                        66.5% 

 

15.3% 

                       51.5% 

 

17% 

*all the new connections in the baseline reflect the electrification rate of 72% 

Table 3.3 Player payoffs in terms of market share (% electrified population) 

 

Player payoffs 

($/consumer) 
Invest based on LCOE 

Invest based on distance (electrify everyone 

within 2 km) 

                                 GRID 

OFF-GRID  

Confident of their 

own plan 

Not confident Confident Not confident 

Baseline ($/consumer) 
                                                                 $123 
$41 

                                                                 $199 
$41 

More information  

High trust in grid's 

commitment 

                          $123 

 

$73 

                        $125 

 

$69 

                          $199          

 

$87 

                          $205 

 

$75 

Low trust in grid's 

commitment 

                          $123 

$76 

                        $125 

$73 

                          $199 

$88 

                          $213 

$88 

Less information 

Believes grid is doing 

LCOE based investment 

                          $123 

$73 

                          $125 

$74 

                          $199 

$86  

                          $222 

$81 

Believes grid is doing 

proximity-based 

investment 

(logistic technology 

diffusion) 

                          $123                

 

$123  

                          $125 

 

$116 

                          $199            

 

$146 

                          $212 

 

$136 

Table 3.4 Player payoffs in terms of cost efficiency ($/consumer) 
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Societal payoffs (% 

electrified population) 

Invest based on LCOE  Invest based on distance (electrify everyone 

within 2 km) 

                                 GRID 

OFF-GRID 

Confident of their 

own plan 

Not confident Confident Not confident 

Baseline (% of new 

connections) 
100% 100% 

More information  

High trust in grid's 

commitment 
99.58% 89.37% 99.65% 88.22% 

Less trust in grid's 

commitment 
99.55% 89.04% 99.65% 87.20% 

Less information 

Believes grid is doing 

LCOE based investment 
99.55% 88.10% 99.59% 89.55% 

Believes grid is doing 

proximity-based 

investment 

(logistic technology 

diffusion) 

75.81% 66.17% 81.84% 
68.51%                                         

Table 3.5 Societal payoffs in terms of electrification rate (%) 

 

Societal payoffs 

($/consumer) 

Invest based on LCOE  Invest based on distance (electrify everyone 

within 2 km) 

                                 GRID 

OFF-GRID 

Confident of their 

own plan 

Not confident Confident Not confident 

Baseline (%) $88 $146 

More information  

High trust in grid's 

commitment 
$102 $98 $162 $155 

Less trust in grid's 

commitment 
$103 $100 $162 $163 

Less information 

Believes grid is doing 

LCOE based investment 
$102 $101 $161 

$166 

Believes grid is doing 

proximity-based 

investment 

(logistic technology 

diffusion) 

$123 $122 $189 $193                                         

Table 3.6 Societal payoffs in terms of cost efficiency ($/consumer) 
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Grid expansion strategy 

For either of the grid expansion strategies, the results look similar in pattern across game 

scenarios. Of course, distance-based strategy appears to have higher misallocation of investments 

– both in terms of under-investments and over-investments – as compared to the least-cost based 

approach. The under-investments for the least cost-based strategy range from $6 million to 

~$700 million across game scenarios, while for the distance-based approach, they range from $5 

million to ~$1 billion. However, recall that the baseline investments are also different for the two 

cases. A lot more grid investment is at stake for the distance-based strategy, and accordingly the 

grid under-investments are much higher. However, proportionally, the trend is opposite. The 

highest grid under-investment for distance-based approach is 17% (0.751/4.3) of the baseline 

grid investment, whereas for the LCOE based approach it is 20% (0.462/2.3) of the baseline grid 

investment.  

 

Similarly, even though over-investments appear to be higher in absolute terms for the distance-

based approach, in terms of overall proportion of the investments, they are higher for the LCOE 

based approach. Over-investments range from 11 to 17 % of overall baseline investments for 

LCOE based approach (Figure 3.3, panels A-D) whereas they are 7 to 11% for the distance-

based approach (Figure 3.3, panels E-H).  

 

In terms of number of people without electricity, both grid expansion strategies appear to have 

similar impact. Up to 10 million people could be left without electricity in the case of distance-

based expansion strategy and the number for the LCOE-based strategy is only slightly higher (11 

million). However, the population impact of over-investment in terms of over-served population 
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is higher for distance-based expansion strategy. Every game scenario for this strategy has higher 

number for over-served population as compared to the LCOE-based approach.
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A B E F 

G C H D 

Figure 3.3 The impact of non-cooperative games in terms of misallocation of investments. The misallocation occurs in four forms. New investment in off-grid 

refers to those areas that were supposed to witness grid expansion but instead see off-grid development. Over-investment (Off-grid) refers to areas where grid 

expansion as well as off-grid development happen together. This is over-investment under the premise that customers would prefer grid electricity over off-grid 

technologies. Under-investment in grid (or off-grid) refers to areas where grid (or off-grid) was supposed to invest but fails to. The negative values of under-

investment reflect absence of investments.  
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Figure 3.4 The impact of non-cooperative games in terms of population. The two indicators to assess the adverse impact of non-cooperative behavior 

are un-electrified population (No elec) and over-electrified population (Grid & Off-grid). The former is self-explanatory and the latter represents people 

that witness grid arrival as well as off-grid development. Under the premise that they would prefer grid electricity over off-grid, the over-electrified 

population reflects over-investments (from Figure 3.3) and un-electrified population reflects under-investments. 
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Grid confidence  

A lower grid confidence in meeting its commitment has an obvious implication of lower grid 

investment i.e. under-investment in grid which is also clearly visible in Figure 3.3. Compare the 

two columns in each panel. Drawing some combined insights from the two figures, a million-

dollar under-investment in grid due to lower confidence can leave 5,300 – 8000 people without 

electricity depending on other parameters. Lower confidence also allows for some off-grid 

investment to not come in conflict with grid (the red bars), thus reducing the off-grid over-

investments across game scenarios. Alongside reduced off-grid over-investments, there is ~$70 -

150 million (new) off-grid investment in areas that are otherwise meant to get grid electricity, but 

do not due to lower grid confidence (or effectiveness). A close look at Figure 3.4 reveals that 

even though lower grid confidence technically clears some space for off-grid development to 

reach more people, the number of people getting off-grid electricity remains the same between 

high and low grid confidence game scenarios. 

 

Available information 

It is hard to interpret the role information plays across game scenario, because it depends on how 

grid expansion is treated by off-grid in the absence of information. When information is 

available about grid expansion plans, the variable of trust in grid’s commitment becomes salient, 

whereas when the same information is missing, guess work comes into play – and then it is about 

how far apart the guess is from the actual grid expansion plan.  

 

Low trust in grid’s capacity 
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When grid expansion information is available, an important variable is the trust off-grid has on 

grid’s capacity to meet its commitment. This could be explored in the bottom 4 panels in Figure 

3.3 and Figure 3.4. Comparisons between panels C & D and G & H show that when off-grid has 

lower trust in grid capacity to expand, it leads to higher over-investment in off-grid technologies. 

In terms of affected population, Figure 3.4 shows that up to a million more people could be over-

served due to this lower trust. This factor does not seem to have any visible impact on the level 

of under-investment. 

 

Anticipated grid expansion plan 

As said above, there is guess work on the part of off-grid in the absence of grid expansion 

information. When that happens, the guess could match (or come close) to the grid’s actual 

expansion plan or not. The upper panels in Figure 3.3 and 3.4 show what happens when off-grid 

guesses a certain grid expansion plan and makes investment decisions based on what they 

believe. It appears that off-grid developers forego a lot of potential investment ($240 – 330 

million) when they rely on their own perception of how grid is expanding based on distance. As 

a proportion of the baseline off-grid investments, it is 55% when the actual grid expansion 

strategy is LCOE-based and it is 60% when it is distance based. This means, if off-grid rely on 

their understanding of what distance-based grid expansion looks like, at least 6 million people 

(panel E) are left without electricity. Off-grid under-investment is present only when the off-grid 

anticipate a distance-based grid expansion whereas it is negligible when they anticipate an 

LCOE-based strategy. This is mainly because grid and off-grid have a different perception of 

what distance-based expansion is. According to grid’s distance-based expansion plan, there is no 

grid expansion beyond 2km of the network, which is not the case as per the logistic function 
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based perceived grid expansion plan by off-grid. When the anticipated grid expansion is LCOE-

based, it doesn’t seem to matter what the actual grid expansion strategy is.  

 

3.4 Discussion and conclusion 

A game theory-based analysis here attempts to simulate the strategic behavior of grid and off-

grid players in the electrification market space using data from Tanzania as an example. The 

real-world interactions include some degree of non-cooperation between grid utility and off-grid 

developers. The non-cooperative strategic games imagined here privilege the dominant nature of 

the leader firm (the grid utility) and explore what happens when off-grid player(s) make moves 

based on the anticipated action from the grid. However, anticipation of grid arrival is only one 

part of off-grid decision making. The cost of off-grid electricity and the perception of grid 

reliability also play a role, albeit limited. Of the 16 possible game scenarios analyzed, it appears 

that not all the non-cooperative interactions lead to people being without electricity. Whenever 

the grid is able to come through on the commitments made the electrification targets are met. At 

the same time, there is always significant over-investment on the part of off-grid. That is, no 

matter what scenario, there is always some sunk investment – which runs into hundreds of 

millions of dollars. Who loses this money depends on the business model prevalent. Standalone 

PV systems could be either owned by private developers, by the community or individual 

households8. As most of the grid development happens in the most populated clusters, when grid 

 
8 It is possible that if households were the ones who purchased the standalone solar home systems, they decide 

to forego grid electricity and rather stick to the off-grid electricity. In that case, it would be grid’s investment 

that would be called an “over-investment”. That can certainly be calculated in this analysis, but because the 
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under-performs, millions stand the risk of not getting any electricity. In fact, a lower grid 

confidence seems to have the strongest impact in terms of misallocated grid investments and un-

electrified population. Even when all the information about grid expansion is available and level 

of industry trust in its capacity is high, a million-dollar under-investment could leave thousands 

without electricity (5800-7300).  

 

It is important to acknowledge that the absolute numbers produced are in part contingent on 

modeling parameters. Although the types of scenarios modeled are rooted in real world 

possibilities, the exact parameters used for the probability functions are quite arbitrary. Given 

this fact, insights about relative performance of the game scenarios are more salient than specific 

ones about each scenario. Nevertheless, a wide range of game specific outputs were produced as 

shown in Figure C.1 (Appendix C) and shared for all games in the supplementary information. 

 

It is worth mentioning that through this analysis on Tanzania’s electrification market, this work 

demonstrates a replicable methodology for a game theory-based analysis of electrification 

markets. In fact, the algorithms used on the GEP output files to conduct this analysis could be 

easily utilized for any other geography or for any modified analysis. Thus, the overall output 

from this chapter not only includes analytical insights on a specific case but also the 

methodological tool that could be used for performing similar or alternative analyses for any 

relevant geography. 

 
premise here is the higher preference for grid electricity in un-electrified areas, that is left out for a possible 

future iteration of this analysis.  
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Chapter 4: Incorporating equity and justice concerns into electrification 

planning  

 

Research objective: Develop and demonstrate a methodology based on an electrification 

modelling tool to explore questions around justice/fairness in electricity pricing 

 

The previous two chapters explored the challenges to the pursuit of a cost-effective 

electrification (efficient). However, cost-efficiency is not the only goal of universal 

electrification. Recall from the introduction chapter, the best-case electrification is efficient as 

well as effective. Effectiveness includes societal goals like justice and fairness in the provision of 

electricity services. In this chapter, I assume efficient electrification and address the effectiveness 

goal of fairness in electricity pricing – through a quantitative modeling approach. As already 

noted, this links to the aspiration of “affordability” as stated under SDG7. With the overall 

research objective of demonstrating a novel methodology around it, I examine the following 

specific research question: Given a technologically and spatially diverse solution pool, how 

could electricity provision be made affordable for everybody in a specific geography? Given that 

electricity prices follow a distribution, a focus on affordability for “everyone” invokes the 

concern around fairness in the consumer prices around these technologies.  

 

I incorporate fairness into electricity prices in two different ways. One way replaces the price 

distribution with a constant average price (equality), and the other modifies the distribution to 

incorporate affordability (equity). The modified prices are set such that the overall revenues from 
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electricity sales remains constant, i.e. one part of the population subsidizes the other part. I 

therefore proceed to calculate the two types of subsidy distributions – tariff subsidy for the 

population getting grid electricity and capex subsidy for the population getting electricity from 

standalone or mini-grid systems. Before I describe the methodology in specific detail however, I 

elaborate on the research context through the literature review below. 

 

4.1  Justice and energy systems9 

This analysis mainly touches upon two important areas of energy research. First is the use of 

‘systems modeling’ approaches to solve energy issues and the other is the growing field of 

‘energy justice’.  The significance of energy systems modeling in energy planning has been 

highlighted in the introduction chapter itself. As indicated, there is some work done on 

incorporating social or human dimensions into energy models. But despite the emergence of a 

whole body of literature on ‘energy justice’, the issue of justice has not explicitly been dealt with 

within modeling. Therefore, here I discuss the issue of justice and how it relates to energy 

systems. This also helps better explain the analytical framing. 

 

Technological solutions are prone to exploitation by the existing power structures around them, 

and they do not inherently produce just outcomes. Rather, justice needs to be explicitly 

incorporated into planning, implementation and management. In the water sector, for example, 

there is some evidence within academic literature of use of social justice theorizations for water 

planning. Joy et al. (2014) argue that water problems in India should be framed as justice 

 
9 The “energy justice” literature covered here is pre-2019. Since the publication of this chapter (in Applied Energy), 

there have been additional relevant energy justice studies published. They have been covered in Chapter 5. 
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problems in order to achieve more just distributional outcomes. Lukasiewicz and Baldwin (2017) 

apply the “Social Justice Framework” (SJF) to examine the experiences of different stakeholder 

groups in water-reform processes in Australia.  

 

Justice has its roots in moral philosophy. Broadly, it relates to the concept of morality (which 

deals with ‘correct’ behavior) but is narrowly focused on fairness. In fact, John Rawls, a well-

known 20th century political philosopher who has been hailed for his contributions to the theory 

of justice, defined justice “as fairness”(Rawls, 1985). He called justice the “first virtue of social 

institutions” (Rawls, 1971). Going back further in history, justice was termed one of the four 

cardinal virtues (Aquinas & Regan, 2005).  

 

The principles of justice can be applied to actions, laws and policies. Justice can take many 

forms. As far as laws and regulations are concerned, it takes a corrective and a distributive form 

(Miller, 2017). Corrective justice is remedial - and it applies when someone’s actions adversely 

affect someone else. Distributive justice on the other hand relates to the distributions of benefits 

and burdens across members of the society. While distributive justice cares about fair allocation, 

the principle of justice broadly relies on some variations of the notion of equality. For example, 

strict egalitarianism, as the name suggests, proposes radical or objective equality with respect to 

distribution of material goods. Most distributional approaches depart from this and try to 

incorporate equity. Despite having disputed definitions, the most commonly cited definition for 

equity is the “ratio” concept, based on which, it is defined as the equivalence of outcome/input 

ratios (Adams, 1965; Walster, Berscheid, & Walster, 1973). In the context of distribution or 

allocation, social psychologist Eckhoff created an equality framework based on different 
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characteristics of the recipients: need, fitness, desert10, status, and position. In contrast to 

objective equality, the framework (Eckhoff, 1974) proposes four more approaches to a fair 

allocation (Table 4.1). This analysis incorporates two of these approaches. One is that of 

objective equality, and the other is that of relative equality i.e. equity. These two approaches 

represent the equality and equity scenarios mentioned in the previous section, respectively. 

Equality approaches consider every recipient equal – and does not consider any of their 

characteristics. Whereas the equity approach, according to this framework, considers recipients’ 

capabilities (fitness) and whether (or how much) they deserve (desert), based on certain criteria. 

 

What is to be equal Relevant characteristics of recipients 

Need Fitness Desert Status Position None 

1. Equal amounts to 

each (objective 

equality) 

     X 

2. Subjective equality X  X    

3. Relative equality 

(equity) 

 X X    

4. Rank order equality    X X  

5. Equal opportunity      X 
Table 4.1 Principles of equality applied to allocation. 

 

The theories of justice have also found their way within the purview of energy research, in the 

form of the increasingly popular but broad conceptualizations of ‘energy justice’. It has its roots 

in the environmental justice literature. Early environmental justice research focused on concerns 

around fair socio-spatial distribution of environmental benefits and burdens, i.e. distributive 

justice. Over last two decades, however, notions around what constitute environmental injustices 

have diversified, emphasizing the embrace of even recognition and participation (Schlosberg, 

 
10 A desert-claim means : A “deserves” X by virtue of f 
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2007), (Schlosberg, 2004), (Schlosberg, 1999). Building on these through diverse examples, and 

emphasizing a geographical (spatial) lens, Walker (2009) proposes a three-pronged approach to 

analyze environmental injustices. First is distributional, which, as discussed above, deals with 

the unequal distribution of impacts and/or responsibilities. Second is justice as recognition (N. 

Fraser, 1997), (Honneth, 2001), which cover the disrespect and devaluation of various groups in 

comparison to others. Third lens is of procedure (Young, 1990), (Hunold & Young, 1998), 

which deals with the inclusiveness and participation in environmental decision-making. A 

similar three-pronged approach has inspired ‘energy justice’ as well (D. A. McCauley, Heffron, 

Stephan, & Jenkins, 2013), (Jenkins, McCauley, Heffron, Stephan, & Rehner, 2016). For 

example, distributional or distributive justice asks if the costs and benefits of energy changes are 

fairly distributed. Procedural justice pertains to whether or not relevant stakeholders are included 

in decision-making. Recognition justice relates to recognizing (i.e. not ignoring) the impacts of 

energy decisions and those who are impacted by them. The conceptualizations around ‘energy 

justice’ have been explored in a series of theoretical contributions. Sovacool and Dworkin (2015) 

propose that the concept could act as a conceptual, analytical and a decision-making tool. They 

define the goal of energy justice as ‘a global energy system that fairly disseminates both the 

benefits and costs of energy services, and one that has representative and impartial energy 

decision-making’. They argue for energy decisions to promote the following principles of 

justice: availability, affordability, due process, good governance, sustainability, inter/intra-

generational equity and responsibility. Jenkins et al. (Jenkins et al., 2016) promote the 

application of the three-pronged approach throughout the energy system to identify and resolve 

various injustices. Other conceptual contributions to energy justice scholarship include 

perspectives from activism and advocacy (Fuller & McCauley, 2016), how it is uniquely 
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positioned vis-à-vis climate and environmental justice (Jenkins, 2018), and from the idea of 

‘measuring’ justice (Heffron, McCauley, & Sovacool, 2015). All of the aforementioned 

conceptualizations generally are grounded in the Rawlsian principles of justice11. Within the 

theory of justice, an alternative to Rawls’ ‘justice as fairness’ has been the ‘capabilities 

approach’ – based on the works of Amartya Sen and Martha Nussbaum (Nussbaum, 2003, 2011; 

Sen, 1993) This approach considers ‘capabilities’ of the citizens as the main metric of social 

justice, rather than their incomes or possessions. Day, Walker and Simcock (2016) have brought 

this approach within the purview of energy justice, by conceptualizing and define energy poverty 

using capabilities framework. They depart from a quantified understanding of energy poverty - 

as determined by the quantity of energy consumed – and redefine energy poverty as ‘an inability 

to realise essential capabilities as a direct or indirect result of insufficient access to affordable, 

reliable and safe energy services, and taking into account available reasonable alternative 

means of realizing these capabilities’. 

 

Most of these theoretical conceptions around energy justice have originated in the context of 

energy transitions in Western Europe. In fact, they trace back to the notions of fuel poverty and 

injustice in the UK  (Walker & Day, 2012). Thus, unsurprisingly, the application of these 

frameworks has also been largely limited to energy issues in developed countries. Liljenfeldt and 

Petterson (2017) explore the distributional justice aspects of windmill siting in Sweden. Fraser 

 
11 One form of justice not considered in this study is remedial justice in which redistributive efforts are taken to compensate for 

prior injustices (harm) to specific groups. In the context of electricity access, this could occur if a particular region, for example, 

was deliberately neglected in prior electrification efforts. However, such remedial justice concerns would be highly locally 

dependent and likely arise from political pressure and beyond the scope of this study. 
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and Chapman (2018) focus on the similar issue in mega-solar siting in Japan. In the vein of 

‘measuring’ elements of justice, Chapman, McLellan and Tezuka (2016) propose an evaluation 

framework for energy policy making in Australia. Other studies with their geographic focus on 

developed countries include: a case study of energy infrastructure of the Netherlands (Rasch & 

Köhne, 2017), advancing a political ecology of energy justice in Arizona, US (Franklin & 

Osborne, 2017), and applying the justice framework on the community owned energy generation 

in Wales (Forman, 2017). Wood and Roelich (2019) use the capabilities framing to analyze the 

tensions between fossil fuel use, climate change mitigation and human well-being.  

 

Lately, there have been calls within the energy justice literature to learn from a diversity of 

geographies and energy contexts (Benjamin K. Sovacool, Burke, Baker, Kotikalapudi, & 

Wlokas, 2017). Few studies have focused on developing countries as well, by drawing attention 

to ethical dimensions of energy systems. Alvial-Palavicino and Ureta (2017) develop a 

framework to describe the economization of inequities in energy distribution and apply them to a 

specific piece of legislation. Islar, Brogaard & Lemberg-Pederson (2017) conduct field 

interviews to assess the feasibility of ‘energy justice’ in Nepal. Monyei, Adewumi and Jenkins 

(Monyei, Adewumi, et al., 2018) assess the South African off-grid electrification policy from an 

ethical lens and propose a hybrid energy-generation approach for the energy poor. Malakar 

(2018) uses the capabilities framework to link the efforts of rural electrification in India to 

people’s capabilities and thus argues against the conventional approach of evaluating the benefits 

of rural electrification – which is by counting the number of electrified households and 

measuring the quantity of supplied electrified.  
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By incorporating justice concerns in a modeling exercise, this analysis demonstrates the utility of 

quantitative models in solving problems more subjective in nature. Using the tenet of distributive 

justice, it explores the principle of affordability and intra-generational equity with respect to 

electricity pricing.  

 

4.2  Methods 

Here I explain three aspects of the methods used for the analysis. First, I provide a description 

and justification for the site chosen for the analysis. Next, I elaborate on the data analyses 

methodology, which essentially has two parts – i) the spatial modeling tool utilized (OnSSET) 

and ii) the analytical approach developed around it.  

 

4.2.1 Data analyses 

As mentioned in the introduction section, the technological mix for meeting SDG7 is diverse. 

The centralized grid has to work in conjunction with DG technologies, both mini-grid and 

standalone systems. Different technology options raise different equity or justice related 

concerns. Therefore, for this analysis I want to utilize analytical tools that can capture this 

diversity of technological options. Moreover, given the spatial and diffuse nature of renewable 

energy resources as well as of socio-economic equity – geospatial models are well suitable for an 

analysis like this. Geospatial models are also advantageous in terms of visualizing the 

implications of virtue driven policies (like the equity/equality approaches explored in the 

analysis), as well as in identifying vulnerable areas. For these reasons, OnSSET is well 

positioned as a modelling tool because it is not only spatially explicit and technologically rich, it 

also has been in use by practitioners and planners, as described in the previous section. 
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The analysis for this chapter is built around performing analysis of the outputs produced from 

OnSSET. A schematic for the overall methodology is shown in Figure 4.1 below, following by 

detailed descriptions of the three elements: OnSSET, Price modification, and subsidy 

calculations. 

 

Figure 4.1 Analytical framework used in the chapter. 

 

Basic demand side modeling parameters and assumptions12 for the algorithm are shown in Table 

4.2. A longer list of parameters is presented in the Appendix Table A.1. The spatial results from 

OnSSET include the LCOEs of all feasible technologies in each location, and the chosen least 

cost one. The feasible technologies include: Grid, four mini-grid options (Solar PV, Wind, 

Hydro, Diesel), and two options for standalone systems (Solar PV, Diesel). The results are in a 

tabular format where each row represents one grid cell (1km x 1km). Under the assumption of 

 
12 Other detailed list of technology related costs and other parameters has been provided in the Appendix A in Table 

A 1. 
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cost recovery prices (i.e. zero profit margins), the LCOEs are the same as prices, for all the 

newly electrified cells. In every grid cell, consumers pay that cost recovery price. 

 

Parameter Unit Value Source/comment 

Start year  - 2018 Model choice 

End year - 2030 Model choice 

Population (2015) million 53.88 UN Population division 

Population (start year) million 59.39 Estimated 

Population (end year) million 83.70 UN population division 

Electrification rate (start) % 32.8 World Bank 

Rate of change of urban 

population 

% 2015-2020 5.22 UN Population division 

2020-2025 4.89 

2025-2030 4.59 

Urban ratio (start year) % 33.8 UN Population division 

Urban ratio (end year) % 42.2 Estimated 

Rural demand kWh/person/y

ear 

160 World Bank Multi-tier framework 

Urban demand  kWh/person/y

ear 

423 World Bank Multi-tier framework 

Discount rate % 8 Assumed based on trends (Bank 

of Tanzania) 

Table 4.2 Assumptions and parameters used for the electrification algorithm 

 

As indicated in the graphical abstract, the main part of the analysis involves modifying or re-

distributing electricity prices for the population. I first modify the prices produced by OnSSET, 

and then proceed to calculate the subsidies needed to ensure the new price distribution(s). 

 

4.2.1.1 Price modification 

The question of fairness in pricing links to the distribution of these prices. For the prices to be 

fair, how should they be redistributed? If prices have to be reduced for certain customers, who 

pays for that subsidy? Where does the money come from and who bears the burden? The 

methodology used in the analysis considers a cross-subsidy approach as the starting point for 
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understanding the implications of equality and equity in pricing. I begin with the premise that the 

entire electric system in the country should be self-financed and actualization of any justice 

scenario does not impose an extra financial burden on the part of the government. That means a 

part of the population subsidizes the rest – by having their prices increase. This is a commonly 

used cross-subsidy model for electricity tariffs (Joskow, 1998). The implications of this purely 

cross-subsidizing approach in this analysis can then be used as a basis for policy-making, 

including the possibility of additional financial support from outside the power sector. 

 

The analysis here explores the two approaches of ensuring ‘distributive justice’. The notion of 

distributive justice assumes a distributing agent and recipients of a service who have claims 

about what is distributed. In the context of this analysis, EWURA13 – the regulatory agency in 

Tanzania – is assigned with distributing electricity among the population. The two scenarios used 

here differ in the criterion used for the distribution. The equality scenario just enforces a constant 

value for the price across the country. In the equity scenario, I apply the principle of equity by 

aligning the price with the affordability in that location. As said above, overall revenue generated 

from electricity consumption is preserved and distributed across the consumers to arrive at 

differential pricing. Methodologically, this is how the two scenarios are applied: 

• Equality scenario: everybody pays the same price for electricity (a weighted average 

based on consumption and the baseline LCOE) 

• Equity scenario: price in a certain location is commensurate with affordability of the 

population in that location 

 
13 Energy and Water Utilities Regulatory Authority 
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o For this analysis – poverty rate (Tatem, Gething, Bhatt, Weiss, & Pezzulo, 2013) 

in that location has been used as a proxy indicator for affordability 

I present the methodologies adopted for the two scenarios in the flow charts in Figure 4.2. In the 

equality scenario, after producing the initial price layer, I calculate the ‘desired’ constant price as 

the weighted average of the prices, using consumption as the weight. This step is different for the 

equity scenario, where I calculate the desired price layer through ‘poverty adjustment’. A 

systematic description of the steps involved in the analysis is given below. 

1. Price and consumption calculation for the electrified population: price is equal to the 

existing tariff (USD/kWh) (as determined by the regulator) and per capita consumption 

level is calculated based on the current generation and the electrified population. 

2. Price and consumption calculation for the remaining population – which is to be newly 

electrified in the OnSSET analysis: price is equal to the minimum LCOE (as produced by 

OnSSET).  The consumption level for this population is set using the World Bank 

consumption tiers14 – tier 3 for rural locations and 4 for urban. 

 

Price calculation for equality scenario 

3. Calculated the weighted average price based on the price and consumption layer. 

WtAvPrice =
∑(Pricei × Consumptioni)

∑ Consumptioni
                                  (𝟏) 

 

Pricei = price of electricity in grid location i (USD/kWh) 

Consumptioni = electricity consumption in grid location i (kWh) 

 
14 International Energy Agency (IEA) and the World Bank. (2015). Sustainable Energy for All 2015—Progress 

Toward Sustainable Energy. https://doi.org/10.1596/978-1-4648-0690-2 
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Price calculation for equity scenario 

4. Using the consumption and the price layer, produce the revenue layer (USD) (Eq. (2) in 

Box 1). 

5. Use the poverty layer to calculate the number of non-poor people living in every grid cell 

(Eq. (3) in Box 1).  

6. Calculate the poverty adjusted price by: 

a. distributing the total revenue (from the entire population) based on the population 

of “non-poor” population across locations (Eq. (1) and (2) in Box 1)  

b. dividing the adjusted revenue by the consumption level of every grid cell (Eq. (3) 

in Box 1) 

7. Create a subset of data by filtering only the locations with price levels higher than the 

poverty adjusted price. This is done because only these locations would be eligible for 

any kind of subsidy. 

Box 1: Poverty adjustment 
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4.2.1.2 Subsidy calculations 

Once the price distributions (either equal or equitable) have been arrived at, the question is – 

how should they be operationalized? Financial subsidies have been a common policy instrument 

to make electricity provision affordable or to promote specific technologies. There have been 

two primary mechanisms. The first is to subsidize the capital cost of investment (either directly 

or through subsidies to capital financing).  The second is to subsidize the consumption of 

electricity itself.  In principle, subsidy types can be applied irrespective of technologies. In 

practice, grid electricity (in addition to some preferred financing) has been subsidized through 

consumption by reducing tariffs for target populations (Barnes & Halpern, 2001; J. H. Williams 

 

Revenue = ∑(Pricei × Consumptioni)                                    (𝟐) 

 

NonPoorPopi = (1 − ri) × Popi                                                    (𝟑) 

 

 

PovAdjPricei =

Revenue ×
NonPoorPopi

∑ NonPoorPopi

Consumptioni
                            (𝟒) 

 

Pricei = price of electricity in grid location i (USD/kWh) 

Consumptioni = annual electricity consumption in grid location i (kWh) 

ri = rate of poverty in grid location i 

Popi = total population in grid location i 

NonPoorPopi = non poor population in grid location i 

PovAdjPricei = price of electricity after poverty adjustment in grid location i (US$/kWh) 
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& Ghanadan, 2006). Small scale renewable energy technologies, on the other hand, have 

generally been supported (if at all) through subsidies on capital expenditure (Kitson, Wooders, & 

Moerenhout, 2011). For simplicity sake, this analysis presumes that tariff subsidies only apply to 

grid electricity and renewable energy15 based mini-grid and standalone systems benefit through 

capital expenditure (capex) subsidies. The following two subsidy calculation steps are based on 

this presumption. 

1. Tariff subsidies apply to the locations with electrification technology as Grid. It is equal 

to the difference between the price and the weighted average price or the poverty adjusted 

price (Eq. (4) in Box 2). 

2. Capex subsidies apply to the locations with electrification technology as any of the 

following: mini-grid Hydro, mini-grid Wind, mini-grid PV, standalone PV. As the price 

for these locations was equal to the minimum LCOE, I ensure a poverty-adjusted price by 

making an adjustment in the LCOE (new LCOE), which in turn can be ensured by a 

certain amount of capex subsidy. I calculate the amount of this subsidy by using the 

LCOE equation (Eq. (6) in Box 2). 

 

Box 2: Subsidy calculation 

Commensurate with the methodology presented above, the analysis produces two levels of 

relevant outputs, for the two scenarios. First is the price(s) to ensure the corresponding principle 

of justice. Second, is the subsidy pattern required to ensure that price(s). I discuss these outputs 

in the next section in detail, along with their implications. Additionally, as the description above 

 
15 Diesel technologies (both mini-grid as well standalone) have not been considered for subsidy for this analysis. As 

the results show later – the coverage by these technologies is negligible. 
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shows, the outputs are highly contingent on the initial assumptions and input conditions. That is, 

changing input values/targets might indicate a different mix and LCOE distribution. However, 

the precise technology mix is not really the main scope and purpose of this analysis, but I have 

performed a sensitivity analysis (Appendix B) to incorporate a variety of input conditions. 

 

If Pricei > PovAdjPricei 

 

For locations getting Grid electricity 

 

TariffSubsidyi = Pricei − PovAdjPricei                                   (𝟒) 

 

 

For locations getting RE based off-grid electricity, capital expenditure subsidy is calculated 

based on the following: 

 

(new)minLCOEi
∗ = PovAdjPricei                                               (𝟓) 

 

minLCOEi
∗ = (CapexSubsidyi ∗ Ii) +

∑
O&Mt

(1 + d)t
n
t=1

∑
Ent

(1 + d)t
n
t=1

              (𝟔) 

TariffSubsidyi = required tariff subsidy in grid location i (USD/kWh) 

minLCOEi
∗ = new minimum LCOE in grid location i (USD/kWh) 

CapexSubsidyi = required capex subsidy in grid location i (%) 

Ii = technology investment in grid location i (USD) 

O&Mt = operation and maintenance cost for the technology in year t (USD) 

d = discount rate 

Ent = energy produced in year t (kWh) 
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Having said that, this analysis compares results for different scenarios rather than testing the 

impact of uncertainties. In fact, this has motivated the use of OnSSET for scenario analysis, e.g. 

in Malawi (6 scenarios) (Korkovelos et al., 2019) or for the GEP (200+ scenarios) (The World 

Bank, 2019a). In this context, I have just selected a few relevant parameters (urban ratio, 

discount rate, demand tiers) to define five different sensitivity scenarios (Appendix B).  
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Figure 4.2 Analysis methodology for the Equality (left) and Equity (right) scenario. For the equality scenario, there is no poverty adjustment to the 

price. The price layer is just replaced with a constant value - which is the weighted average price (based on consumption). 
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4.3 Results 

I first present the output of the baseline case – the technology mix for Tanzania to achieve 100% 

electrification by 2030 and the corresponding LCOE distribution. This is followed by the results 

about how prices are impacted – i.e. the redistribution of prices based on the two scenarios and 

the resulting subsidy distributions. Subsequently, I discuss the implications of the findings for a 

variety of stakeholders.  

 

4.3.1 Baseline Electrification Results 

 

Before I discuss the redistribution results, it is important to look at the baseline electrification 

picture for Tanzania, as produced by the OnSSET electrification algorithm. Figure 4.3 shows the 

baseline technological mix, segregated between rural and urban population. In 2030, the majority 

of the population (78%) gets electricity from the centralized grid. Among off-grid technologies, 

only standalone PV systems have any substantial contribution, covering 22% of the population – 

all of it in rural areas. It is clear, that in terms of cost of electrification technology, the grid 

remains the least cost alternative for all the urban areas, and a large segment of rural ones. 

Compared with the similar work done for other countries in the region like Nigeria (Mentis et al., 

2015) and Ethiopia (Mentis et al., 2016), Tanzania has much less diversity in the electrification 

mix. There is only marginal contribution by PV and wind-based mini-grid. As mentioned in 

section 1.4.3, there are mini-grids operational in Tanzania, but most of them serve industrial 

loads. There could be multiple reasons behind mini-grids not showing up in the OnSSET least 

cost output. Just like grid viability, mini-grids also rely on a minimum level of load density to be 

economical. The population density in the country may be such that it is dense enough for grid or 
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sparse enough for standalone PV but with little population living in the middle range of density 

suitable for mini-grids. However, I want to emphasize that the results are also contingent on the 

selected set of input variables, and different input variables produce different OnSSET scenarios 

(as indicated above). According to the sensitivity analysis performed, four out of five scenarios 

do not show any perceptible change in the distribution of technologies. Lowering the rural 

household demand level however (sensitivity scenario 5) seems to show a significant change in 

terms of population distribution of technologies as well as subsidies. This is due to a higher 

section of the population moving from grid electrification to standalone PV. The spatial map of 

electrification technologies for Tanzania has been shown in Figure A.3. As mentioned in the 

methods section, for this analysis LCOEs correspond to the price of electricity. The baseline 

distribution of prices ranges from about 11 cents to less than 50 cents (The distribution is shown 

later in Figure 4.4).  

 

 

Figure 4.3 Technology mix for electricity as per OnSSET for Tanzania in 2030. 
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4.3.2 Justice and electricity prices 

I show the impact of the justice approaches on baseline price distribution using three sets of plots 

– Figures 5 to 7. Figure 4.4(a)   shows the distribution of prices in the baseline and the two 

scenarios – although the equality scenario price is just constant at a weighted average value. As 

clear from a comparative look between, the poverty adjusted price distribution (equity scenario) 

is more dispersed than the original (baseline) price distribution. After poverty adjustment, the 

median price comes down from US$0.38 to around US$0.22. Poverty adjusted prices range all 

the way from a few cents to as high as US$0.70. Figure 4.4(b)  shows the distribution of prices in 

terms of the number of locations at a particular price level. 
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Figure 4.4 Price distribution comparisons across scenarios: baseline, equality scenario (weighted average) 

and equity scenario (poverty adjusted prices). 

 

In the baseline, sparsely populated areas pay higher price for electricity. Most of these areas get 

electricity from standalone systems (red bars). In the equity scenario, many of these red bars 

move towards the left – i.e. they see their prices reduce. At the same time, many densely 

b) 

a) 
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populated areas served with grid electricity (blue bars) see their prices increase – the bars move 

towards the right (post poverty adjustment) as compared to their baseline positions (left plots).  

 

Figure 4.5 shows how the two approaches compare in terms of share of population experiencing 

price change. In the equity scenario, a smaller segment of the population experience price 

increases as compared to the equality scenario (46% vs. 48%). This means that 54% of the 

population (~45 million people) receive a subsidy (i.e. price reduction) in the equity scenario, as 

compared to 52% in the equality scenario (~43 million). However, I see the reverse with respect 

to the rural population. The demographic impact of the two scenarios is also different. The 

benefits of price decrease (subsidy) in the equality scenario are limited to rural Tanzania. 

Whereas in the equity scenario, of the 45 million (54%) people receiving subsidies, around 8.3 

million - ~10% of the total population – belong to urban areas. The flip side is that these benefits 

are drawn from a higher burden on the rural population. Among those who see their prices 

increase in the equity scenario, 14% belong to rural areas as opposed to 6% in the equality 

scenario. Due to the poverty adjustment, areas with lower rates of poverty (whether rural or 

urban) are subsidizing those with higher rates.  
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Figure 4.5 Comparison between equality and equity scenarios (% population affected)  

. This includes the entire population (already electrified and newly electrified) 

 

The plots in Figure 4.6 show the distributions and ranges of price changes in the two scenarios. 

This is shown in terms of price increases – i.e. a positive value represents increase in prices and a 

negative value represents a price decrease. In the equality scenario (Figure 4.6(a) and (b)), the 

prices reduce by up to US$0.30/kWh. For the equity scenario (Figure 4.6(c) and (d)), the 

maximum value of price reduction is higher, but so is the price increase. For some locations, 

prices increase by over US$0.40/kWh. On average, I see price levels coming down. In the 

equality scenario, only areas served with grid electricity, witness price increase. Most of these 

locations are densely populated (i.e. urban), as indicated by very high blue bar in Figure 4.6(b). 

Whereas in the equity scenario, I see a few red bars with positive values of the price increase, 

meaning that even some areas served with standalone systems, see their prices increase. These 

locations are sparsely populated (low population bars in Figure 4.6(d)). However, some densely 

populated grid electrified areas also benefit from price decrease – as visible in the blue bar 
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distribution around zero in Figure 4.6(d). As expected, based on Figure 4.4(b), price change also 

follows a normal distribution in the equity scenario.  
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Figure 4.6 Comparison between equality and equity scenarios (prices). (a) Frequency distribution for price change in the equality scenario (Price 

increase = WtAvPrice − Baseline Price). The bar represents the number of locations for a specific value of the price increase (or decrease). (b) Price 

increase is plotted against the population for the equality scenario. One point represents one location (grid cell). ((c) and (d)) Corresponding plots for 

the equity scenario (Price increase = Poverty adjusted price − Baseline Price). The color codes correspond with the type of electrification technology. 

MG ≡ Mini-grid; SA ≡ Standalone system. 
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 Figure 4.7 Capital expenditure (capex) subsidy output plots for both scenarios. (a) and (c) are for equality scenario. (b) and (d) are for equity scenario. 

Each dot represents one location. The baseline price range shown here is between US$ 0.20 to US$ 0.60. Color-coding is meant to differentiate between 

the urban and rural locations. 
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Figure 4.8 Tariff subsidy outputs plots against for both scenarios. (a) and (c) are for equality scenario. (b) and (d) are for equity scenario. Each dot 

represents one location. The baseline price range shown here is between 0 to US$ 0.60. Color-coding is meant to differentiate between the urban and 

rural locations. 
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Figure 4.9 Cumulative density plots for (a) capex subsidy and (b) tariff subsidy, respectively. Subsidy values are plotted against the total number of 

locations (bottom), % of total population (middle), and % of poor population (top). Each dot represents one location. Equality and equity scenario 

trends are shown distinctly, and the color-coding differentiates between urban and rural locations. 

  

(a) (b) 
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4.4 Subsidy distributions 

In this analysis, distributed renewable energy technologies (mini grid and standalone) are eligible 

for capital subsidies, whereas the grid connections are eligible for tariff subsidies.  

 

A big difference between the two scenarios in terms of their capex subsidy outputs is the range. 

In the equality scenario, subsidy values for almost all the eligible locations (~99.9%) fall within 

the range of 25-50%. Whereas, as both Figure 4.7(b) and (d) indicate, the equity scenario covers 

the entire range of 0-100%. There are a few locations in both scenarios that have capex subsidy 

values well beyond 100% (not shown in the plots). These locations have mini-grid as their 

electrification technology rather than SHS. Values over 100% capex subsidy mean that even 

100% rebate on the capital expenditure is not enough for these locations to make electricity 

prices equitable.  

 

Figure 4.7(a) shows a clear positive relationship between the baseline price and the capex 

subsidy in the equality scenario. Locations paying more in the baseline get a higher subsidy. In 

this scenario, I see an absence of any relationship between subsidy values and poverty rate 

Figure 4.7(c). In the equity scenario however, there exists a pattern (Figure 4.7(d)) between the 

amount of subsidy available and poverty rates (as would be expected). Areas with higher 

percentage of poor population get a higher subsidy. However, at the same time, this scenario 

does not honor the baseline price level in deciding the subsidy level, as evident in Figure 4.7(b). 

It is interesting to note in the four plots in Figure 4.7 that even though there are only few urban 

locations (orange dots) getting capex subsidy in either scenario, in the equity scenario they are 

able to avail a much higher value (80-90%) as compared to the equality scenario (20-30%).  
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Similar patterns exist for tariff subsidies (Figure 4.8), with two interesting differences. First, the 

number of urban locations benefitting from a tariff subsidy is much higher in the equity scenario 

than in the equality scenario. Second, a positive relationship between (tariff) subsidy and the 

baseline price is visible also in the equity scenario (Figure 4.8(b)) – which is not the case for 

capex subsidy. This is due to how the two subsidies are calculated (ref. Box 2 in the methods 

section) 

 

The cumulative density plots in Figure 4.9 show the scope of subsidy benefits for the two 

scenarios. The geographical coverage (no. of locations) and the population coverage of capex 

subsidy is marginally higher for the equality scenario (Figure 4.9(a)). Subsidy values for the 

equity scenario follow an S-curve. Aligning well with Figure 4.7(a), the middle plot in Figure 

4.9(a) shows that most of the population falls within the range of 30-50% of capex subsidy in the 

equality scenario. In addition, just as in Figure 4.7, not many urban locations benefit from capital 

subsidies in either scenario. 

 

Figure 4.9(b) plots show interesting contrasts between the two scenarios in terms of their tariff 

subsidy outputs. The range of the tariff subsidies in the two scenarios also differ. The highest 

value of tariff subsidy is US$0.42 in the equity scenario while the maximum subsidy in the 

equality scenario is only US$0.32. An important difference between the two scenarios is a 

significantly larger presence of urban beneficiaries in the equity scenario. As these locations are 

densely populated, the population coverage is higher even though the geographical reach (no. of 

locations) is lower in the equity scenario. Twenty eight percent of the total population benefit 
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from tariff subsidies in the equality scenario as opposed to 32% in the equity scenario (Figure 

4.9(b) middle). With respect to benefits to the poor population, the equity scenario reaches ~8% 

more poor people than the equality scenario (Figure 4.9(b) top). As far as the sensitivity analysis 

(Appendix B) is concerned, the core findings about equity vs. equality do not materially change 

across four of the five sensitivity scenarios I create. The fifth scenario – expectedly shows 

slightly different results because of a very different technology mix. However, as previously 

described – the sensitivity testing is akin to scenario analysis.  

 

4.5 Discussion and conclusion 

In this analysis, I demonstrate a new application of a spatial electrification tool in exploring 

questions of justice in energy planning in developing countries. Although the analysis is more of 

an illustrative exercise, it has potential to inform policy and investment decisions. A number of 

stakeholders can draw important insights by viewing the outputs of this analysis from their 

standpoint. More specifically, I explore implications of these findings for developers, consumers 

and policymakers.  

 

Implications for developers 

Off-grid and mini-grid developers worry about technology cost, not just their own but also the 

competing technologies. Customers’ ability to pay matters for investment decisions as well. They 

cannot pass on very high costs to the end consumer. This OnSSET based analysis covers the 

following aspects of their concerns: 

• The spatial variation of costs of technologies throughout the country 

• The spatial variation of customer’s ability to pay (affordability) 
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• Possible financial support structures the regulatory bodies need in order to help investors 

in cost recovery, while at the same time addressing concerns of affordability 

 

Grid electricity relies on high customer density and high consumption to be competitive. In 

populated urban areas therefore, grid emerges as the least cost electrification option. In remote 

and sparsely populated areas, solar PV based standalone systems are the cheapest among all 

option. In certain peri-urban areas, mini-grid is able to outcompete all others due to moderate 

cost and sufficient customer volumes. 

 

The poverty distribution, together with the cost distribution (from OnSSET), speak to the 

developers’ sense of risk. They may deem areas where poverty is widespread and costs are 

higher, to be riskier to invest in, due to poorer affordability. This analysis tells us how developers 

(for both the grid and off-grid technologies) could rely on complex capital and tariff subsidy 

plans to recover their costs without overcharging the end-users.  

 

As mentioned in the results, some of the capex subsidy values cross 100%. These locations are 

all electrified by mini-grid technologies as the least cost technology. What is special about the 

locations that even a 100% capex subsidy is insufficient to ensure cost recovery? These areas are 

semi-urban but far enough from the centralized grid to make grid extension expensive, but dense 

enough by population to make mini-grid feasible (over standalone systems). In such locations, 

even the cheapest technology option is very expensive. This is particularly a problem in areas 

where poverty rates are also high.  
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Implications for end users 

Based on the analysis, it can be argued that the equity scenario is better than the equality scenario 

in terms of beneficiary population (how many people benefit) as well as subsidy burden. More 

people are rewarded (price reductions) in this scenario as compared to the equality scenario. 

Also, less people are affected by price increase in the equity scenario (38 million versus 40 

million). Per-capita burden of price increase is significantly less in the equity scenario – at 

US$23 per year – as compared to the equality scenario, which is at US$48 per year. In both the 

scenarios, it is mostly the grid customers that bear the burden of price increase. However, 

average price increase in grid electrified locations is ~36% in the equity scenario, as compared to 

30% in the equality scenario. However, grid connected consumers enjoy a higher tariff subsidy 

in the equality scenario (US$12 versus US$8 in the equity scenario).  

 

The equality scenario remains agnostic towards consumers’ ability to pay, and only cares for 

technology costs. This means that urban locations, where technology costs are generally lower 

end up seeing their prices increase irrespective of their affordability levels. But the equity 

approach also considers people’s ability to pay. That is why I see even urban locations 

benefitting from price drops (orange dots in Figure 4.8 and 4.9). The flip side to this is that some 

rural areas also bear the burden of price increases in the equity scenario, because they have lower 

levels of poverty. In essence, vulnerable areas (locations with higher incidence of poverty) stand 

a higher chance of receiving benefits in terms of subsidy support. I emphasize that these results 

depend on the model parameters, and they may make either scenario appear more favorable, 

depending on variations in parameter values like urbanization rate, demand tiers etc.  
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Implications for policy makers 

In terms of ease of (policy) implementation, adhering to the simple equality principle – in which 

every location is treated equally, is much simpler to implement as compared to the equity 

scenario. The former proposes one common electricity price for everyone. The latter demands a 

unique price for every location. Also, as the capex subsidy results show, the range of subsidy 

values in the equality scenario is much narrower as compared to the equity scenario. It may 

arguably be considered easier to choose from a narrower set of values than a range which is 

spread out between 0-100%. 

 

Justice is a politically sensitive issue as well. The justice goals I aspired to in this analysis relies 

on implementing cross-subsidy models. That is, one part of the population is subsidizing the rest. 

Some people are over-charged, so that others can have electricity for cheaper. The amount of 

price increase, and the demographic background of those who bear it – can be crucial to the 

feasibility of any policy. In the equality scenario, only densely populated areas (urban) are 

bearing the burden of price increase. The equity approach results in a fairer (or more just) 

distribution – it spreads that burden, but in doing so – even remote locations that are not 

necessarily poor end up seeing their prices increase to a much higher level than in the equality 

scenario. Thus, the political risks of the two approaches are therefore different, and the equity 

approach may be considered riskier, given that the prices increase for a part of the rural 

population. However, there are ways to mitigate these risks. Rather than seeking to generate 

subsidy amounts by increasing prices for a segment of the population, the same can be done via 

outside support – e.g. from the general budget, or through external debt.  
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Chapter 5: Exploring (energy) justice in the context of universal 

electrification 

 

Research objective: Using an ethics perspective, describe the ethical concerns pertaining to 

electricity access in developing countries. 

 

A billion people live without electricity in the 21st century – how this problem is solved (or not 

solved) have ethical concerns attached to it. Imagine a local administration facing two choices. 

First, investing a certain amount in a diesel-based mini-grid that can serve electricity to half the 

residential population and a school and a hospital. Second, investing the same amount in solar 

home systems serving the entire residential population and nothing else. What is the moral 

judgment on either choice? Which one is morally more acceptable? Maybe an eco-centric ethic 

would call for the first choice to be morally abhorrent. But even for those who are just concerned 

with human well-being in a basic utilitarian sense – is it an easy choice between the two? What if 

a billionaire philanthropist distributes enough solar panels for the households as well as the 

school and the hospital for the entire district but has to bribe a local politician in order to gain 

access to the communities? A consequentialist will find this act morally righteous and yet from a 

virtue ethics perspective, the outcomes will not even matter. These questions cover a wide array 

of ethical concerns surrounding the problem of energy access. A new social-science scholarship 

of ‘energy justice’ has emerged in the last ten years that aims to cover such concerns around 

energy systems in general. To the extent that this literature has covered energy development in 

developing countries, it lacks in tackling myriad issues when it comes to electricity access. In 
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this chapter, I discuss the ethics of electrification from first principles. I take a comprehensive 

look at all stages of electricity provision and consumption and link the ethical concerns to the 

normative principles they appeal to. In doing so, I also examine if and how the energy justice 

literature has been able to capture these concerns well. The discussion here is intended to add 

value to the scholarship on ‘energy justice’ as it relates to energy access.  

 

The chapter is organized as following. I first describe the ‘motives’ of electrification (section 

5.1) observed from how it is treated as a societal problem. In section 5.2, I draw the distinction 

between energy justice and energy ethics and provide justification for the use of the ethics 

framing. Section 5.3 is basics of ethics terminologies and the fundamentals of various ethical 

theories, culminating in concrete morals goals – giving the motives from section 5.1 a more 

theoretical basis. Subsequent to this is the main section (5.4) on ethics of electrification where I 

take a deep dive into the ethical issues in different aspects of electricity provision and 

consumption. In the conclusion section (5.5), I discuss important insights from the explication in 

this chapter and contextualize them more generally. 

 

5.1 Motives in electrification 

Before I get into the theory of ethics – it is important to lay out what generally drives 

electrification efforts. Articulating the motivations underlying the policy and practice of 

electrification is the first step towards a discussion of related ethical concerns. A useful heuristic 

is to consider the why, what, and the how of electrification. These motivations are currently 

drawn from how electrification is treated as a societal problem – and the policy discourse around 
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it. I discuss them motivations here and subsequently describe the ethical frameworks to give 

them a theoretical basis (from an ethics perspective). 

 

The why of electricity 

Electricity facilitates an improved quality of life at the household as well as at the community 

level. Institutionally – be it the international development community or national governments – 

the moral significance of electricity has been acknowledged because it is seen as increasing 

human welfare (see Introduction). Multiple governments have declared the right to electricity as 

fundamental to having a dignified life (e.g. India (Modi, 2019) and Bolivia (Morales, 2012)). 

Similarly, the crucial links of the goal of energy access (SDG7) to other developmental goals 

have also been explicitly acknowledged (Fuso Nerini et al., 2018). This imperative drives a lot of 

planning and target setting to increase electricity access.  

 

The what of electricity 

However, electricity can only aid in welfare if it provides essential electricity services such as 

lighting, warmth, refrigeration and any other household use. In other words, what is needed for 

welfare is provision of electricity services and not just access through a new connection. What 

type of electricity could ensure that the electricity service needs could be met? If we look at how 

the goal of energy access is enshrined in SDG7 – “ensure access to affordable, reliable, 

sustainable and modern energy for all” – it clearly ‘qualifies’ what type of energy should be 

provided. Modern energy here means that electricity should be able to provide the services that 

make it useful in the first place – i.e. it should be sufficient (in terms of allotted load), reliable (in 

terms of supply) and of good quality (in terms of voltage). Another impediment in drawing the 
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welfare benefits from electricity is the cost – and hence the goal of affordability. For this chapter, 

it is important to see how well these desired features are honored in policy and practice. The last 

qualifier of ‘sustainable’ energy is a hint towards how the goal of energy (or electricity) access 

should be achieved – discussed below. 

 

The how of electricity 

There are two components to this aspect. One is the behavior of all stakeholders involved, and 

the other is the technological processes involved. On the supply side the stakeholders are the 

institutions as well as the constituting actors involved in electricity planning, generation and 

distribution. At the consumption end, there are decisions to be made within the households about 

what technology to choose, how much to pay and how to consume. What moral principles should 

guide these decisions? Given government’s involvement in electricity provision – as planner, and 

even often as a provider, it is best understood as part of the broader social contract between the 

state and the population as a whole. I find the following definition useful: “Social contracts can 

be understood as the implicit, mutual bargaining over what citizens expect from the state, and 

what the state can legitimately demand of citizens in return” (World Bank, 2019a). 

Understanding electricity provision as part of the social contract is not new (e.g. Heller et al., 

2003; Maclean, Gore, Brass, & Baldwin, 2016). In the context of electricity, this contract has 

evolved over the course of a century into specific mechanisms and rules put in place to ensure 

universal delivery. On the supply this includes full formal responsibility by the governments (and 

other stakeholders involved) of ensuring delivery, expanding electricity coverage, regulating 

prices and using subsidies to keep electricity affordable and treating all consumers fairly. On the 

demand side, the rules of this contract include expectation of electricity access by un-electrified 
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population, responsible use by existing consumers and timely delivery of payments for electricity 

services. If these sets of rules are part of the social contract, their violation raises ethical 

concerns.  

 

As far as the technological means of how to achieve electrification, there is an increasing focus 

on electrification through clean and renewable energy. There is active policy push for the 

promotion of sustainable energy generation. In fact, as seen above, the aspiration of 

sustainability is enshrined in the way SDG7 is defined. This moral imperative is understandable. 

If we look at the conventional imperatives driving energy generation decisions at the country 

levels – they were energy security and energy access. However, in the last three decades the 

imperative of climate change mitigation has emerged as one of the goals energy planners have to 

incorporate in decision making.  

 

5.2 Energy justice and energy ethics 

An entire body of energy justice (EJ) literature has emerged in pursuit of addressing 

moral/ethical concerns surrounding energy systems. The literature includes synthetic 

frameworks that could be used in analyzing ethical issues surrounding energy systems in any 

context: be it future energy development, energy transitions, or energy poverty. The most 

influential concepts within this scholarship have been the three tenets of distributive, procedural, 

and recognition justice (D. A. McCauley et al., 2013), and the ten principles: availability, 

affordability, due process, transparency and accountability, sustainability, intergenerational 

equity, intra-generational equity, responsibility, resistance and intersectionality (Benjamin K. 

Sovacool & Dworkin, 2015). There are few other frameworks that appear in the discussion 
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throughout this chapter. Although the theoretical conceptualizations are diverse, they could be 

traced back to various ethical theories. For example, the three-tenet approach is rooted in the 

notion of equality (Pellegrini-Masini, Pirni, & Maran, 2020). Early scholarship on EJ explicitly 

invokes normative theories e.g. Sovacool and Dworkin (2014) link energy access to welfare and 

human rights, and energy use to environmental responsibility. However, the exponential growth 

in the scholarship in last few years has led to diverse viewpoints and lack of consensus on 

theoretical approaches as well as their utility (Jenkins, Stephens, Reames, & Hernández, 2020).  

 

Although there has been growing number of studies focusing on energy development in 

developing countries, there has been little effort to take a comprehensive look at electrification 

from the EJ point of view. As to the utility of EJ concepts in this context, there are a few reasons 

I want to use energy ethics and not energy justice in discussing the ethical concerns surrounding 

electrification. First, their appeal has been limited in terms of the variety of ethical concerns that 

could be covered from different energy contexts. For example, as a recent systematic review of 

EJ in the developing world (Lacey-Barnacle, Robison, & Foulds, 2020) shows, almost all studies 

broadly focus only on the moral imperatives of reduction of inequality (egalitarian principle) and 

giving voice to disadvantaged groups. My argument in this chapter is that when it comes to 

electrification, multiple moral imperatives are at play and therefore all issues require closer 

examination from a moral/ethical standpoint, and by extension from a justice standpoint. Second, 

energy justice scholarship takes a top-down approach – i.e. pre-built theoretical frameworks are 

used to evaluate a particular context. This means that the concepts may not always be equipped 

to capture all the ethical concerns on the ground. This explains why even though energy justice 

scholars have lately paid attention to the issue of political corruption in energy development, 
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they have not been able to make clearer links to the EJ concepts (e.g. Kotikalapudi, 2016). On 

the other hand, taking an ethics lens helps us invoke first principles. Smith and High (2017) 

emphasize energy ethics, distinct from energy justice, mainly to allow for a bottom-up approach 

to understanding people’s morality in taking energy decisions. However, by inviting 

anthropological methods the authors here limit themselves by focusing on how ‘people 

themselves judge the rightness and wrongness of energy’. But in this chapter, I invoke ethics not 

only to lay out the is of decision making, but also the ought of it. That is, I not only describe 

decision making, but also make judgments about them against specific ethical principles. 

 

Another area where this chapter starkly differs from any previous coverage of energy justice in 

developing countries, is in its intention. Lacey-Barnacle et al. (Lacey-Barnacle et al., 2020) argue 

in their review that most studies invoke the EJ tools with the intention of countering a specific 

narrative within energy discourse. They ‘expose injustices’ through their selective application of 

EJ principles to analyze specific energy projects or policies. Moreover, the reviewers also 

pointed out that only few authors critically examine their choice of an EJ approach in their 

studies. In contrast, this chapter does not advocate for certain energy resources, practices or 

policies. Additionally, by going back to first principles of ethics, I avoid getting tunnel vision 

into a specific EJ approach. Lastly, while laying the foundation for conceptualizing energy 

justice, Sovacool & Dworkin (2015) believed that “right and wrong do exist objectively”, and 

there is no need and space for moral relativism when it comes to justice. As indicated earlier, 

diverse viewpoints and selective use of EJ principles show that this aspiration has not come true. 

I hope this chapter, with its broad scope of ethics and use of first principle, brings convergence 

on morality of energy access. 



132 

 

5.3 Ethics fundamentals 

5.3.1 Definitions: Ethics, morality and justice 

There is a fair amount of confusion when it comes to ordinary understanding of these much-used 

terms in the heading. Philosophically, they share a similarity in that all three talk about what is 

right or wrong. But they are slightly different constructs, and even theorists have not found clear 

consensus about distinctions between them. As I define them here, it becomes clear that ethics 

and morality are related concepts, though the former is also a discipline.  

 

Ethics and morality: Two definitions of this term are relevant for this chapter. In the first 

definition, ethics is “a set of concepts and principles that guide us in determining what behavior 

helps or harms sentient creatures” (Paul & Elder, 2006) or in simple words, “a set of principles 

to determine right and wrong”. In this definition, ethics is synonymous with morality. In the 

second definition, ethics is basically the science of morality or “the discipline dealing with what 

is good and bad and with moral duty and obligation” (Webster, NA). The name for this 

definition is also ‘moral philosophy’. See Figure 5.1 for reference. When it is about simply 

describing moral norms or practices of a group or individual – it’s the realm of descriptive ethics. 

However, ethics is often considered synonymous with moral philosophy – which is the realm of 

defining and prescribing what is a moral good. Meta-ethics is concerned with discussing the very 

meaning of morality itself, and thus has lower practical utility when it comes to discussions 

about right and wrong. The most useful is the field of normative ethics, which prescribes what is 

morally right and wrong and can appeal to different ethical theories in doing so. Practical 

application of such theories to determine moral do’s and don’ts in different real-world 

environments is the realm of applied ethics. For example, Business ethics (a form of applied 
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ethics) pertains to the ethical problems that may arise in a business environment or Bioethics 

deals with the ethical concerns in life sciences.  

 

Based on the above two definitions, there are then commonly used derivative words. For 

example, ethical or moral has two meanings: i) pertaining to ethics or moral principles, ii) a 

morally right action. On the other hand, the antonyms unethical or immoral as the words suggest 

mean a morally wrong action. 

 

 

Figure 5.1 Ethics (Moral Philosophy) and its sub-divisions (Gamborg, 2001) 

 

Justice: Morality and justice are distinct but related constructs (Skitka, Bauman, & Mullen, 

2016). The history of justice as a concept traces all the way back to Aristotle. However, to the 

extent that justice talks of rightness, it is often indistinguishable from morality. But there is an 

extensive literature on theories of justice. Historically, justice was considered one of the cardinal 
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virtues by Plato, and in modern times Rawls (1971) described it as ‘first virtue of social 

institutions’. Such broad description makes justice similar to moral rightness and thus is defined 

‘in relation to one another’ i.e. at a social level. But what does justice really mean? In other 

words, what does this virtue entail? I find a useful definition in the way it was codified in sixth-

century Roman law. It is the ‘constant and perpetual will to render each his due’. Needless to 

say, there could be many different normative pools one can dip into to decide what is “due” here. 

What constitutes justice has been defined in a variety of ways within the literature – but all of 

them appeal to the definition above. The above definition makes it clear that justice is a narrower 

concept than ethics. It is a moral principle in and of itself, whereas ethics may generally 

incorporate a variety of moral principles. The ambition of energy justice as an area of inquiry is 

to highlight the importance of the moral principle of justice in harnessing and using energy.  

 

As described in the previous section, the analytical lens in this chapter is that of ethics and the 

overall purpose is to describe specific ethical issues pertaining to electrification. However, to 

identify any issue as ethical it is necessary to understand what ethical principle it stands to 

violate. Therefore, before describing specific ethical issues in the context of electrification, I lay 

out the ethical theories in this following section of normative ethics. 

 

5.3.2 Normative ethics (ethical theories) 

Energy systems are socio-technical systems with significant environmental implications. Energy 

systems rely on the environment for resources as well as directly impact the environment through 

generation and use. However, an ethical framing of energy system could exist without any 

consideration given to the environment. That is, one need not pay any heed to 



135 

 

nature/environment in arriving at our ethical obligations in energy provision and consumption. In 

other words, care for the environment can be seen as orthogonal to the care for humans. 

Therefore, while discussing the traditional ethical theories which generally pertain to only social 

relationships, I explicitly invoke environmental ethics in order to acknowledge the human-

environment interaction crucial for energy systems. The schematic presented in Figure 5.2 

contextualizes various ethical theories, including those drawn from environmental ethics. 

Needless to say, only those theories that are relevant to electrification are covered here. 

 

Figure 5.2 Schematic explaining the relevant ethical theories. 

 

Consequentialist vs non-consequentialist theories 

Ethical theories could be broadly categories under two categories: one that focuses on the 

outcomes or the consequences of any action, and the other that draws attention on the actions as 

well as the agents of those actions. The theories in the first category are thus appropriately called 
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“consequentialist” (right half in Fig. 5.2) and those in the second are collectively termed “non-

consequentialist” theories. 

 

Consequentialist normative logic is that the morality of actions is dependent on their outcomes 

(Sinnott-Armstrong, 2019). An action is right if it produces more benefit than harm. There is 

nothing right or wrong about the actions themselves. The most influential version of a 

consequentialist ethic is utilitarianism, which calls for actions that maximize happiness and well-

being for most number of people. Noted thinkers of this strain of ethical theories are Jeremy 

Bentham and John Stuart Mill. Consequentialism is an attractive ethical theory in cases where 

outcomes are easy to measure. The difficulty arises when the opinions differ about what types of 

outcomes should be considered. 

 

By contrast, the most important non-consequentialist ethical theory is deontology. It attributes 

inherent rightness and wrongness to the actions themselves and not to outcomes. According to 

this, an act could be inherently good or bad, and its consequence is irrelevant or matters less. The 

term ‘deontology’ derives from the Greek word ‘deon’ meaning ‘obligation’, and thus ethics 

based on this is also sometimes called duty-based ethics, because it binds people to duty. 

Immanuel Kant’s notion of a categorical imperative is a ‘universal’ moral principle, which asks 

that one should respect the humanity in others and actions should be based on rules that could 

hold for everyone. John Locke spoke of actions based on divine commands or based on certain 

‘natural’ rights humans have. Morality drawn from many religious ideals also comes close to 

deontological ethics. Virtue ethics is another non-consequentialist framework which emphasizes 

virtues or moral character as opposed to duties (deontology) or outcomes. There are many areas 
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where these different frameworks come in conflict. For example, lying may always be immoral 

in a deontological or a virtue ethics sense but if a lie leads to a very beneficial outcome for many 

people, a consequentialist would consider lying moral in that instance.  

 

Relevant normative theories 

Egalitarianism 

Egalitarianism is a moral (and political) doctrine that is built around the notion of equality, that 

fundamentally human beings are equal and they deserve equal treatment. Highlighting two 

different forms of equality is important here: formal versus substantive equality. Formal equality 

is the equal treatment of everyone, irrespective of personal or social characteristics. Substantive 

equality – also sometimes referred to as equity – recognizes the disadvantageous circumstances 

of individuals/groups and aspires for equality of opportunities or outcomes. If achieving those 

equitable outcomes requires some form of unequal treatment – this logic allows for that. The 

focus on outcomes also makes it a form of consequentialism. Egalitarian thinking also inspires 

the popular political philosophy of liberalism, and most legal and human rights frameworks. 

Although the roots of equality could be traced back to very old political or religious texts, moral 

thinkers in the liberal tradition like John Rawls who laid the ground-work of social justice in 

modern times are instrumental in promoting egalitarian principles.  

 

Welfarism 

Welfarism is a form of consequentialism that gives human well-being primary moral importance 

and prescribes actions that lead to maximization of human welfare. This theory usually forms the 

basis for the economic conception of welfare. Much of the development policy is driven by 
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welfarism – both in OECD as well as developing countries. In this context, ‘social welfare’ 

depends on individual welfare (Ng, 2000). In mathematical terms, welfarism entails 

maximization of a social welfare function. This welfare function is most commonly expressed in 

terms of economic variables (incomes and consumption expenditure or GDP at the aggregate 

level) and economists seek solutions that maximize aggregate utility. In some cases, such 

functions can also include measures of economic efficiency and equity (distributive aspect). This 

practice rests on the many assumptions of microeconomics – e.g. markets are in perfect 

competition and that this competition produces the most efficient outcomes. There are many 

reasons for these assumptions to not be true in emerging economies. But in a non-economic 

sense, the purpose of energy services is to enhance people’s welfare – and thus overall pursuit of 

energy provision is driven by this imperative. 

 

Capability theory 

This is a framework that has evolved as a response or alternative to the welfarism based 

economics. The capability approach to welfare has two basic moral claims: i) freedom to achieve 

well-being is of primary moral importance and, ii) that freedom should be understood in terms of 

people’s capabilities. Their capabilities to perform various ‘functionings’ (Sen, 1992), like being 

in good health and undertaking education or paid work. In recent decades, the capability 

approach has attracted attention from multiple domains16 – be it as a theory of development or of 

justice. Under this approach, poverty or lack of development could be defined as capability 

 
16 The commonly used Human Development Index was born out of this line of thinking – 

although it is now a mainstream measure of social welfare and drives social policy as well. 
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deprivation (Alkire, 2007; Sen, 1993). So not being able to maintain good bodily health, or not 

being able to educate yourself are lack of capabilities and the objective of development or 

poverty alleviation could directly be to help people achieve them. Smith and Seward (2009) 

make a distinction between basic and secondary capabilities. Basic ones are defined in broad and 

generic terms like ‘bodily health’ or ‘social respect’, while secondary capabilities are more 

specific and they help actualize the basic capabilities, for example being in good health (basic) 

could be facilitated by being able to access healthcare (secondary).  

 

As a theory of justice, it has been argued that the capability approach provides an alternative to 

Rawlsian theory. While the social primary goods metric to measure inequalities in Rawlsian 

thinking incorporates many factors like incomes, wealth, rights and liberties, opportunities, 

according to Sen it does not consider human diversity. The conditions for humans could vary 

widely – within the household, across geographies, across social groups – and a focus on 

capabilities can acknowledges this diversity. The capability approach is more multi-dimensional 

in defining human well-being.  

 

Social contract theory  

In philosophy, the concept of ‘social contract’ states that people’s political and moral obligations 

are dependent on a mutually agreed upon contract among themselves. Social contract then 

becomes the engine for driving social behavior. The ethical theories in this vein fall in the 

categories of deontological ethics as they try to arrive at rule-based morality as opposed to 

outcome based. From the ethics point of view, there are two distinct forms of social contract 

thought: contractarianism and contractualism. Contractarianism is closer to Hobbes’ thoughts on 
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the social contract. Hobbes spoke of ‘state of nature’, which is a human condition characterized 

by the absence of any form of government or social order. In such a state society quickly slides 

into conflict, poverty, and chaos. Having a ‘social contract’ then helps avoid such undesirable 

outcomes. It’s the idea that humans are basically self-interested and they could preserve their 

interest by giving away certain ‘natural rights’ (to the political authority) for the sake of 

protection and a civil order. Their moral behavior, even though governed by a social contract, is 

fundamentally driven by self-interest. Contractualism is a variation of the same but is based on 

Kant’s idea of ethics being interpersonal and a moral action being that, which could be justified 

to others. In this line of thinking, humans are not primarily motivated by self-interest, but rather 

by a commitment to justify their moral standards to others. John Rawls, who is hugely 

instrumental in the modern social contract theory is considered a contractualist – drawing more 

from Kantian philosophy (than Hobbsian). Of course, this also inspires Rawls’ theory of justice.  

 

Environmental orientation and environmental ethics 

All the theories discussed so far did not have focus on the environment and were mainly built on 

(and for) interpersonal human relationships – i.e. they are human-centered. In other words, they 

are all anthropocentric. However, environmental ethicists have also tried to use these traditional 

theories to incorporate environmental or non-human concerns. For example, utilitarian thinker 

Peter Singer (1993) incorporates the interests of all sentient beings into a consequentialist 

framework, by focusing on maximizing pleasure for all species. The intrinsic value here is given 

to the experience of pleasure or pain, rather than to the environment or its inhabitants. Non-

sentient environment in this calculation plays an instrumental role in the satisfaction of all 

sentient beings.  
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But the term anthropocentric becomes more salient when the human-environment relationship is 

considered. In this context, there are two orientations. These are basically two ontological 

positions, differing in the value attributed to nature vis-à-vis humans. Anthropocentrism 

considers nature to be a means to an end – having an instrumental value. In this view, human 

needs are supreme, and the resources found in nature could be utilized (or exploited) to meet 

them. The ecocentric view on the other hand, says that nature holds intrinsic value and that 

should be honored. Ethics pertaining to the environment could be inspired by both these views. 

For example, our concerns regarding climate change could be because our lack of care for the 

climate could be detrimental to us (anthropocentric) or because by changing the climate we are 

not respecting the value it holds (ecocentric).  

 

When environmental ethics emerged as new area of enquiry within moral philosophy in 1970s, it 

did so by challenging the traditional anthropocentrism i.e. all the theories discussed above. This 

field deals with the moral status of the natural environment and the relationship of humans with 

it. Notice that the “environmental ethics” box sits under the consequentialist category in Figure 

5.2. This is because any theoretical framing here is concerned with the morality of consequences 

of human actions on the environment. The core values of this field are the protection of 

environment and sustainable use of natural resources. Both of these values are relevant for 

energy systems - because conventional energy paradigm has climate change implications as well 

as limits on resource capacities (e.g. peak oil). These core values are instantiated in a variety of 

theoretical frameworks differing in their human-centeredness (anthropocentrism/ecocentrism). 

For example, in the concept of ‘sustainable development’ (Brundtland, Khalid, Agnelli, Al-
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Athel, & Chidzero, 1987), the emphasis is clearly anthropocentric – since it carried the aspiration 

of economic development for the populations of developing countries along with sustainability. 

The notion of sustainability here aspired for sustainable use of natural resources so that the needs 

of future (human) generations are not compromised. In the context of this chapter, the framework 

of sustainable development is the most appropriate, since electricity access is a pursuit of 

economic development as well. Sustainability has permeated energy policy throughout the 

developing world. However, what sustainability means has evolved over time but not uniformly 

for everyone. An ecocentric view of sustainability may differ from an anthropocentric one and 

may have real world implications about energy decision making. For example, disagreement 

over clearing a forest land for building a wind energy farm may ultimately be explained by these 

two different orientations.  

 

There are more purely ecocentric theories that do not take a consequentalist approach, and that 

either place humans on equal footing as the environment or find the intrinsic value of the 

environment to be higher. Deep ecology is one such example (Naess, 1973). It gives supreme 

moral priority to the natural world. This philosophy basically promotes a kind of biospheric 

egalitarianism, in which humans and the natural environmental have all have same intrinsic 

value. Humans do not hold any special essence, and that is the root of selfish behavior towards 

nature – leading to its exploitation and over-use. I argue that such framing is least relevant in the 

context of energy systems in general for two reasons. First, energy systems - even 

environmentally friendly green technologies - have an inescapable interaction (impact) with the 

environment. Second, human needs are not only inherent in any energy system, but also are 

prioritized.  
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5.3.3 Moral goals of electrification 

The motivations discussed in 5.1 and the ethical theories described above – help me arrive at 

concrete moral goals of electricity provision and use. I divide these goals in two categories – 

intrinsic and extrinsic. Intrinsic goals are those that are directly linked to the impact of electricity 

generation and use, and the extrinsic goals are related to the human behavior around it. These 

goals appeal to different normative theories discussed in the previous section and shown below 

in Table 5.1.  

Intrinsic goals Normative theory 

Well-being: The purpose of electricity provision is 

to enhance the well-being of those receiving it 

 

Welfarism; Capability theory 

Low environmental impact: Generation of 

electricity should minimize the harm to the 

environment 

 

Sustainability; Social-contract theory 

Extrinsic goals  

Equality: Costs and benefits are distributed fairly, 

and all relevant stakeholders are acknowledged in 

decision making 

 

Egalitarianism 

Responsibility: The social contract of electricity is 

honored by all relevant stakeholders 

 

Social-contract theory 

Table 5.1 Moral goals of electrification and related ethical theories 

 

These goals are ideal not only from the ethics point of view, but also underlie the best-case 

electrification pursuit that is the focus of this dissertation. If in the way electricity is produced, 

supplied and consumed, all of these moral goals are honored – then that should be considered a 

just or ethical electricity system. The ethics of electrification that I discuss in the next section, is 

basically an assessment of whether in practice (electricity processes) these goals are honored or 

not.  
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5.4 Ethics of electrification 

The moral goals presented in the previous section form the basis for assessing the ethical 

concerns in electrification. These concerns are covered in two different categories. First is where 

the moral judgment is clear, and second indicates issues of moral ambiguity or uncertainty.  

 

5.4.1  Clear ethics violations 

In this section, I describe clear ethical violations as immoral/unethical outcomes, motivations or 

actions (recall from Figure 5.2) – and link them to moral goals and respective normative 

theories. I cover the three different components of electrification: goal setting and planning, 

electricity supply, and end-use.  

 

Goal setting and planning are related to setting electrification targets and monitoring them, 

having a broad energy strategy (at the country level) for expanding electricity coverage, and 

facilitating a favorable policy environment. For electricity supply I cover the entire supply 

infrastructure that constitutes the value chain of electricity provision: generation, transmission, 

and distribution. The decision-making spanning all of these elements can be analyzed from the 

perspective of ethics. This includes decisions about energy generation options, generation 

contracts and procurement, expanding distribution infrastructure, facilitating subsidies, as well as 

determining electricity prices.  

 

As far as the end use is concerned, I cover ethical issues at the group level as well as the 

household level. As already mentioned, electricity provision in un-electrified areas is not only 
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solving an energy problem, but also poverty and development problem. The interaction of 

electricity with society at this frontier of electricity expansion is a unique interactive process. 

Appadurai (1996) called this the ‘tentacles of electrification’ a central element of modernity. 

Lately, there have been calls to consider the anthropology of electricity (Gupta, 2015; Winther & 

Wilhite, 2015) as access to electricity permeates several areas of relevance: people’s sense of 

place, household and community practices, social contracts, gender dynamics etc.  

 

Needless to say, with the emergence of small scale off-grid infrastructure that is more private 

sector driven, many things are different. The value chain of electricity provision is different. 

Generation and distribution are physically close together for off-grid generation. Additionally, 

actors involved in the value chain are also very different – due to development by small private 

enterprises, direct involvement of international development agencies or local community 

participation. These differences also mean that at the consumption level also, the nature of 

interaction between electricity infrastructure (off-grid) and consumers has changed. 

 

5.4.1.1 Goal setting and planning 

Actions: Issues in defining and measuring electrification goals  

Setting goals of electrification should be driven by the morality behind the why of electricity. 

This means the goal of well-being (based on welfarism) should form the moral imperative behind 

how defining electrification goals. However, in the actual practice of how electrification goals 

are being set and measured, neither welfarism nor capability theory seem to have been 

adequately acknowledged. The most common measure of electrification success is the 

electrification rate – which indicates the % of population electrified. In order to meet SDG7 goal 
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by 2030, many governments have set electricity access targets measured via these ‘electrification 

rates’. This is a binary measure of electricity access, as it just does a headcount of households 

with an electricity connection. Limiting the focus to such a measure makes it a very weak 

indicator of welfare. It de-emphasizes the actual usability of electricity.  

 

Moreover, one of the biggest criticisms of welfare economics has been the assumption that 

welfare or well-being is identical to consumption choices (assuming households can even get 

access to sufficient electricity). The most well-known critics of the equivalence between 

consumption and welfare have been development economists Amartya Sen and Martha 

Nussbaum (Feldman & Serrano, 2006). Their proposed alternative is the capability approach that 

is also explained above. Day, Walker and Simcock (2016) build a capability-based framework to 

consider energy access. They recall the causal links between secondary and basic capabilities 

(Smith and Seward 2009) and highlight the importance of energy services in facilitating the 

secondary capabilities. For example, having sufficient energy for heating and cooling or for 

washing clothes is essential for being able to protect oneself from extreme weather and thus 

crucial in maintaining bodily health. Energy resources bring energy services, which facilitate 

secondary capabilities, in turn ensuring basic capabilities. But the capability perspective also 

exposes the relationship between income (or consumption levels) and capabilities. People may 

need different levels of consumption to reach the same level of capabilities. This means that the 

amount of energy service needed for a household to ensure a certain level of secondary 

capability depends on the household context: type of building, number of inhabitants, health of 

the inhabitants, socio-cultural practices, the geography and climate of the community etc. Based 

on this causal link, the authors re-define energy poverty as inability to realize essential 
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capabilities as a result of insufficient access to reliable, affordable and safe energy services. 

Basically, a capability-based focus emphasizes the outcomes of energy services rather than just 

the consumption.  

 

This reveals how far a narrow focus on “connections” could be from ensuring well-being 

benefits from electricity access. Having an electricity connection does not guarantee sufficient 

good quality electricity. For example, electrified urban areas in Sub-Saharan Africa all suffer 

from severe outages and poor voltage (Wolfram, 2017). Moreover, simple “connection based” 

measure of electricity access is more to easy manipulation to subvert the overall purpose of 

electricity access in the first place. For example, in a recent attempt to drive up electrification 

rate – the government of India decided to only consider households that “applied” for 

connections, thus leaving all the households who chose not to apply out of coverage (Urpelainen, 

2019). Such issues have motivated energy scholars and development agencies to call for 

consensus on better energy access definitions (Pachauri, 2011; World Bank, 2015). The multi-

tier framework promoted by international agencies has also tried to take attention away from 

such a binary measure. It builds on the well-accepted argument that consumers get their benefit 

not from the amount of energy obtained per se, but rather for the related energy services 

(cooking, lighting, heating, cooling) that derive from that consumption. (Sovacool et al., 2014; 

Wilhite et al., 2000). It acknowledges that electricity access is a spectrum of service levels 

(Abajuo, 2020), and should be assessed from the user’s perspective. Some energy scholars have 

also taken inspiration from the capability approach to push for new approaches to define and 

measure energy poverty in developing countries (e.g. Nathan & Hari, 2020). Moreover, it is also 

likely that such a focus could help better match the scale of use to the scale of generation 
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(Tarekegne, 2020). That is, large energy projects may not always be needed if demand levels are 

low or small off-grid projects may not always suffice if demand loads are high enough. 

 

Actions: Privileging certain technological solutions 

The mix of electrification technologies is diverse and the role of governments in energy 

development is significant, as discussed above. The moral issues arise when government actions 

are responsible for picking winners from several technology options. Over 70% of electrification 

by 2030 is expected to be through off-grid development. For this aspiration to succeed, the 

social-contract of electricity demands that the responsibility of ensuring full and reliable 

coverage should cover all technological options. Setting goals (as discussed above), considering 

affordability of consumers, and providing policy support should happen even for off-grid 

covered areas. The resulting policy and regulatory regime may determine the privileges enjoyed 

by one technology over the other. For example, grid is a dominant technology. Moreover, given 

that most grid utilities are public enterprises, governments may be prone to just acknowledging 

grid covered areas in all its electrification plans. However, even when pro off-grid policies are 

place, depending on what they are, impact on different off-grid technologies may vary. For 

instance, having clear rules about grid integration may benefit only mini-grids and not help 

standalone systems at all. Or, providing consumer subsidy for household level standalone 

systems would not help mini-grid development. From the ethics point of view, this is 

problematic in two respects. First, the lower regard for any off-grid technology may mean that 

the well-being of the likely recipients of those technologies is getting ignored. Second, the social 

contract of electricity provision is also getting compromised, due to lack of responsibility from 

governments. Apart from the morality of welfarism and social-contract theories, the egalitarian 
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principles may also be in play, because often the off-grid areas may be remote and poor. 

Arguably the neglect of such areas goes against the moral goals of equality as well.  

 

5.4.1.2 Electricity supply 

Motivation and actions: Corruption  

According to Transparency International, extractive industries run a very high risk of corruption 

as a sector (OECD, 2016), because natural resources can potentially generate large revenues for 

the industry. This makes conventional fossil-fuel based generation in the energy sector more 

prone to corruption. In fact, heavy corruption seems to increase the capital costs of power plants 

(Debnath & Mourshed, 2018). Tendering process of giving out contracts (Wells, 2015) suffers 

from corruption to a large extent. However, this issue permeates all aspects of electricity 

provision. Specially, when electric utilities are public enterprises – there is a lot of evidence of 

corruption in utilities across developing countries (Campos & Pradhan, 2007; Dal Bó & Rossi, 

2007). Even though fossil-fuel based energy projects may appear more lucrative, political 

corruption is generally technology neutral. Numerous instances of corruption have been 

documented in giving out contracts for large renewable energy projects as well (Gennaioli & 

Tavoni, 2016; Benjamin K. Sovacool & Bulan, 2013). All in all, these cases point to a more 

general reputation of power sector being corrupt and inefficient across the developing world 

(Kojima, Bacon, & Trimble, 2014).  

 

The easiest way to bracket corruption in a moral framework is through a deontological approach, 

as it allows for actions to be judged in their own right. This perspective also helps easily explain 

the almost universal societal judgment on political corruption – that it is criminal and illegal. 
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Recalling the moral goals identified in section 5.3.3, corruption clearly goes against 

responsibility, and thus invokes the social-contract based theories for making ethical arguments 

against it. Corruption can be understood as an immoral act as it undermines the social contract 

and erodes trust in governance. In developing countries, lack of social trust is a significant 

barrier to the entire project of development (Özcan & Bjørnskov, 2011) and good governance 

(Bjørnskov, 2010). IMF, World Bank and all international organizations have considered 

corruption as an impediment to development and social prosperity, i.e. the consequences of 

corruption are undesirable for any society. This causal chain shows that how corruption is 

immoral even through consequentialist reasoning. The energy justice literature has articulated a 

few conceptualizations to cover this aspect. For example, one of the 8 principles recommended 

in the energy justice decision-making tool by Sovacool and Dworkin (2015) was “good 

governance” that incorporated the goal of reduced corruption. Additionally, the procedural 

justice piece of the triumvirate of energy justice (D. A. McCauley et al., 2013) also covers 

transparency and accountability in governance, thus also covering the issue of corruption, albeit 

indirectly.  

 

Motivation and actions: Electricity provision as a political tool  

The political nature of electricity access is well studied, revealing a number of ethical issues. 

One that stands out in a moral analysis is the use of electricity provision as tool for electoral 

patronage (in countries with democratic political structures). This means that the intention to 

expand the electricity infrastructure is contingent on a form of clientelism, where electricity is 

delivered in exchange for votes (Kale, 2014; Thachil, 2011). While voting for a party based on 

what they promise is very much in service of the democratic ethic – this makes access to 
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electricity inherently political and this may work against those who vote for the losing party and 

generate inequalities in access. The distribution of political power then determines access to 

basic services like electricity. In non-democratic societies, this political factor shows up in a 

different way. Rather than using the service to garner votes, it is used to suppress political 

dissent. Because the urban population is more likely to dissent, there is an ‘urban bias’ (Lipton, 

1977) to electricity provision. The conventional approach of electrification through grid 

expansion is more prone to (political) power calculus because of two reasons. First, grid utilities 

are public enterprises and also have to work closely with regulators, making them close to 

government’s influence which may have political motivations. Second, grid utilities are big and 

centralized, making them easier for political maneuvering as opposed many small off-grid 

players.  

 

If political power is a determinant of electricity access, that suggests the impairment of the 

primary moral imperative of well-being, as well as violation of the extrinsic goals of equality and 

responsibility. In describing the moral considerations earlier in the chapter, I present the specific 

sets of rules the (ideal) social contract of electricity contains. It includes responsible behaviour 

on the part of the government or suppliers. By letting politics dictate who has access to 

electricity, the involved stakeholders raise ethical concerns by breaking the social contract of 

electricity or distorting it to an extent that political realities of electricity access are part of an 

accepted norm. Energy justice literature has not really paid any attention to this politics of 

electricity, although the principle of good governance (Benjamin K. Sovacool & Dworkin, 2015) 

comes closest to covering it.  
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Outcomes: Distribution of cost and benefits 

Electricity provision is a technological activity with a large infrastructural footprint. On the 

generation side apart from being capital intensive, it also has significant social and 

environmental costs. On the supply side, apart from immediate benefits of electricity use, it has 

other benefits in terms of economic development or employment opportunities. How costs and 

benefits are distributed across the affected population requires ethical review. Relevant here is 

the principle of egalitarianism and the moral goal of equality. In fact, the entire body of literature 

on ‘environmental justice’ is based on it (Mohai, Pellow, & Roberts, 2009), which calls for ‘fair’ 

distribution of environmental costs and benefits. There is evidence to suggest that the costs of 

large infrastructural projects – due to the way they are sited and operationalized – in terms of 

environmental hazards, pollution, or other adverse conditions, is disproportionally born by 

various marginalized groups (Ikeme, 2003). Practically, what this means for energy generation is 

that stakeholder involvement in the generation process should be based on egalitarian principles. 

For example, stakeholders directly facing harm from the project should be recognized and 

consulted with before the project is operationalized. The same principles should guide the 

distribution of benefits from the generation project(s). Their electricity needs (if unmet yet) 

should be recognized first. Their economic needs should also be acknowledged and if the 

generation project is providing local employment opportunities– it should be based on the 

egalitarian principles. The energy justice concepts seem to be well equipped to cover such 

aspects. For example, distributive, procedural and recognition justice tenets of energy justice 

capture the equality concerns related to the distribution of costs and benefits of electricity. The 

conventional approach of electricity generation through large energy projects has always been 

ethically suspect for its direct environmental or land use implications. For example, energy 
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justice concepts have been applied the appropriateness of large solar parks in India (Yenneti & 

Day, 2015, 2016) or large hydro based electricity generation in Sub-Saharan Africa (Tarekegne, 

2020). Recognition justice has also been used to bring attention to marginalized communities 

living in the areas where energy development takes place (e.g. Baker, 2016). The conventional 

way of distribution through grid expansion is also often riddled with egalitarian concerns. For 

example, Dugoua, Liu and Urpelainen (2017) show that rural electrification efforts in Indian 

villages have been adversely affected by political dynamics. In their analysis, caste appears as a 

strong predictor of better electrification rates in villages. Authors also show that even when 

electricity provision is free, wealthier villages have a better chance of getting electricity as 

compared to lower income villages. A complementary study done in the state of Bihar (Hisaya & 

Yuko, 2010) shows the political power of certain ethnic groups also seems to be a determinant of 

electricity access. This reveals the causal link between such outcomes and the unethical 

motivations and actions discussed above.  

 

The concerns of equality in distribution of costs and benefits do not go away just as the 

technologies of electrification have evolved. Off-grid technologies have many advantages. They 

have been able to reach in remote rural areas where grid extension is infeasible. However, most 

such areas are also poor and electricity access is a crucial means of economic development. This 

begs the question – how do off-grid alternatives fair in terms of quality of access as well as 

affordability as compared to grid? Can off-grid systems provide enough electricity to have the 

same effect that the grid is expected to have? Off-grid electricity is spatially diffuse and small-

scale in nature – this means there are limits to the demand levels they can serve. There is 

evidence to suggest that off-grid solar home systems, given the usage patterns of some rural 
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areas, are only able to meet basic household energy needs (Bensch, Grimm, Huppertz, Langbein, 

& Peters, 2018; Grimm, Munyehirwe, Peters, & Sievert, 2017). Even if this is indicative of their 

broader success as a grid alternative, the biggest challenge they face is the scalability issue with 

increasing demand. As electricity access is a means to escape poverty, the increasing demand 

levels at any household make off-grid electricity options an insufficient alternative to grid (Lee, 

Miguel, & Wolfram, 2016), which does not pose such a constraint on amount of consumption 

(i.e. the number of appliances).  

 

Apart from the quantity of electricity, there is the question of affordability. Cost recovery in 

remote areas is difficult due to higher cost of transmission and distribution at the same time as 

consumption levels are low. Off-grid options can be the least cost solution but are invariably 

more expensive than the average grid cost as it includes urban consumers. Grid extension into 

rural areas overcomes this affordability problem by relying heavily on subsidies.  In the absence 

of such subsidies for off-grid electricity, consumers end up paying more than their grid 

counterparts. The stark contrast is evident from the SHS program promoted by South Africa Off-

grid Electrification Policy. On average an SHS is expected to provide 7.5 kWH/household/month 

(Monyei, Adewumi, et al., 2018). In contrast, grid connected rural households get free basic 

electricity of 50 kWh/household/month. In Kenya, private-sector led mini-grids were promoted 

mainly to provide affordable electricity to rural consumers – as they could typically achieve 

cheaper electricity than standalone systems. Despite that, mini-grid tariffs are always 5 to 8 times 

higher than the national domestic tariff by the utilities. consumers pay significantly more than 

those connected to the national grid (Marie-Jeanne, 2019)(Carbon Africa et al. 2015). 
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Affordability remains one of the top concerns in the context of off-grid electricity provision 

(Baurzhan & Jenkins, 2016). 

 

From the ethics perspective, off-grid electricity ranks higher when it comes to achieving the 

moral goal of lower environmental impact – especially given that in many countries grid 

electricity is dominated by fossil-fuel based generation. As a result, off-grid electrification is 

particularly attractive for policy makers and international promoters looking to reduce the 

emissions footprint of the grid-based electricity system. However, inability to meet basic needs 

or not being able to support productive economic activity threatens the basic goals of well-being 

(under welfarism). Capability theory presents a better framework to judge the performance of 

any electrification intervention. If attention is paid to whether beneficiaries of electricity can 

realize their capabilities – that could tell us the efficacy of any solution. As far as affordability 

goes, the inequities in what consumers pay for off-grid options versus the grid, goes against the 

egalitarian principle. The energy justice concepts can capture these issues well. Availability and 

affordability are among the eight energy decision-making principles proposed by Sovacool and 

Dworkin (2015). Moreover, the distributive justice tenet (D. A. McCauley et al., 2013) clearly 

provides a good lens to evaluate such situations. However, there is limited attention given to 

“sufficiency” of electricity in the energy justice literature, as pointed out by Monyei et al. 

(Monyei, Jenkins, Serestina, & Adewumi, 2018), opening up a arguments among scholars 

around varying energy ‘narratives’ between the Global North and South (Todd, De Groot, Mose, 

McCauley, & Heffron, 2019).  

 



156 

 

5.4.1.3 End use 

Actions: Elite capture 

Off-grid electricity has been a real boon for remote communities. Not just by bringing electricity 

services, but also by bringing the entire generation process closer to the community. In the case 

of biomass or small hydro based mini-grids for example, day to day operations could provide 

employment opportunities to the communities. Moreover, communities could be directly 

involved in ensuring reliable electricity supply, without placing any faith in a distant (physically, 

and institutionally) government or utility. In that sense, off-grid electricity provides better 

opportunities for local community participation. The accrual of such benefits however does not 

always pass the justice test. Whether its private sector or donor driven, off-grid development 

could get enmeshed in local community politics. The operators of solar microgrids in rural areas 

of India, in providing employment opportunities for the communities have to recruit from the 

‘right’ caste or social position (Balls & Fischer, 2019). The involvement of the local community 

in the generation and distribution activities keeps electricity access prone to ‘elite capture’ – a 

phenomenon where influential members of the community end up controlling the electricity 

supply and allocating most of it to themselves and their peers (Kirubi, Jacobson, Kammen, & 

Mills, 2009). If large-scale electricity infrastructure – with its generation in far-away power 

plants and an extensive grid-network - could be prone to political influence and corruption (as 

shown earlier), small-scale off-grid systems are also not immune to influence by local socio-

political dynamics (Damgaard, McCauley, & Long, 2017). From the ethics point of view, the 

immorality comes as the moral goals of equality and responsibility are violated. If off-grid 

systems provide an opportunity to build a better social-contract of electricity provision through 

democratizing energy (Stephens, 2019; Vanegas Cantarero, 2020), the risk of ‘elite capture’ 
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threatens the success of such an endeavor. Irrespective of the (unjust) outcomes, it is immoral 

based on egalitarian and contractualist theories. 

 

Actions and outcomes: Electricity theft 

Globally, ~US $96 billion per year is lost by utilities to non-technical losses, also called 

commercial losses - that include electricity theft, fraud, and non-payments (Northeast Group, 

2017). Theft and fraud could take many forms. It could be more physical where illegal 

connections are acquired by tapping a low voltage distribution line or electricity meters are 

tampered to produce faulty readings. It could also be more social – in which case false readings 

could be arranged by bribing the local utility employees responsible for recording them (P. J. 

Navani, 2009). Perhaps the most straightforward way to analyze these actions ethically is by 

highlighting the criminality aspect – that in most case these practices are considered illegal. 

Therefore, just like political corruption – they are immoral in a deontological sense, and specially 

in violation of the social contract. The social contract has behavioral expectations at both ends of 

the bargain. If corruption on the supply side violates the social contract, so does the malpractice 

on the consumption side. Violation from either side goes against the goal of responsibility. But if 

pointing this out rests the moral responsibility only on the beneficiaries of the theft i.e. consumer 

groups – it should mean that the ethical evaluation is not complete. Theft is an action but is also 

an outcome. What causes electricity theft? In other words, what causes the breaking of a social 

contract? Keeping aside the poor affordability or inability to pay for a moment, social capital 

(Yurtseven, 2015) and trust (Never, 2015) are also strong determinants of such behavior at the 

consumption end. Recall that lack of electricity access is not just an energy problem, it is also a 

development problem. In that context, public trust in institutions and government services is 
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consequential to the success of developmental efforts, including energy provision. Pervasive 

poor governance and inefficient service provision creates a vicious cycle of decreasing trust in 

institutions (Hutchison & Johnson, 2011). This lack of trust may lead to following consumer 

attitudes “it is immoral to steal from a neighbour but it is legitimate to steal from the state” 

(Campos & Pradhan, 2007).  

 

Unethical motivations and actions: The gender dimension of electricity use 

There are distinct gender characteristics of energy use in the context of energy poverty in low-

income countries. Women in un-electrified areas often live in difficult conditions – characterized 

by male dominated household and community environment, and conventional gender roles. 

Given electrification is also a development project, it is seen to achieve myriad developmental 

goals including women’s empowerment. Women in energy poor households have different 

energy needs as well as different access to resources. Given that many women in these 

households are primarily involved in household work, their perception about the benefits of 

electricity also vary. Within the household, men may see the benefits in terms of leisure and 

recreation (getting a TV) while women may see it in terms of reducing their workload or having 

a kitchen appliance. Outdoors, presence of street lighting could make it safer for women to 

participate in the community for various activities. At the community level, electricity arrival can 

close the gender-gap in income and earnings (Dasso & Fernandez, 2015). Moreover, electricity 

access enables children to have a more comfortable study environment at home and help women 

get extra hours of productivity after sunset (Barkat et al. 2002; Laksono and Subagya 2003). 

These aspects appear as a gender-energy-poverty nexus (J Clancy, Skutsch, & Batchelor, 2003).  
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In terms of different electrification technologies interacting with this issue, there is some 

evidence that the local nature of off-grid technologies result in higher active participation by 

women in the provision of electricity services (Winther, Ulsrud, & Saini, 2018). Having said 

that, the dynamics within the household could still dictate the access to electricity for women. 

Women may have poor agency in taking decisions about getting a new fixed electricity 

connection (whether grid, mini-grid or a solar home system) or which appliances to purchase 

(Winther et al., 2020). As electricity access and use poses a financial burden on the household – 

access may be skewed in favor of the ‘household-head’ i.e. men.  

 

Even though the issue of gender is being discussed here in the “end-use” section, gender bias 

could affect electricity planning as well. Even when planning for a small micro-grid, gender 

considerations could be crucial in accurately estimation household demand levels (Namaganda-

Kiyimba & Mutale, 2020). Gender components of energy poverty have only been acknowledged 

in the last two decades (Cecelski, 2006; Joy Clancy, Matinga, Oparaocha, & Winther, 2012). As 

the recent review shows from India, Kenya and Nepal, an increasing number of electrification 

policies are now considering gender-related concerns (Govindan, Palit, Murali, & Sankar, 2019). 

International actors involved in electrification, coming from developed countries may not 

consider this gendered aspect of energy use (Joy Clancy & Roehr, 2003). The gender bias in the 

way electricity is planned, produced, or used should be part of the justice or ethics discussion 

surrounding electrification. From the ethics point of view, the moral goal at risk in this issue is 

that of equality.  
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5.4.2 Ethical grey areas 

The earlier sub-sections discussed ethical concerns that appropriately fit the immorality label. 

However, there are several aspects of electrification where moral certitude begins to fade. These 

could arise when different moral goals come in conflict or when moral value of something is 

miscalculated. This section discusses a few of these grey areas or moral ambiguity or confusion. 

 

Moral dilemmas in planning 

Low and middle-income countries have to face all the three imperatives (energy security, access, 

and climate change mitigation) at the same time (WEC, 2016). It is often the difficulty of not 

being able to honor all of them together that creates moral dilemmas. A large coal-based power 

plant raises ethical concerns because of its harm to the environment (sustainability ethic). It may 

be inherently immoral in an eco-centric sense. Or it may be immoral in an anthropocentric sense 

because it makes it harder for us to justify our actions to future generations – and thus violating a 

social contract (recall contractualism). The dilemma arises when the same power plant is able to 

bring electricity to a large un-electrified population, while keeping the cost of electricity low, 

because the welfare imperative calls for keeping electricity affordable and ensuring mass 

availability. Similar dilemmas exist for a large hydro-electric dam (due to high socio-

environmental impact) or a nuclear power station (high risks of disaster). Decisions on large 

scale development for electrification often involved trade-offs between social, environmental, 

and economic goals (Hess, Costa Ribeiro, & Wieprecht, 2016). These dilemmas are not limited 

to individual country governments, even international institutions trying to promote renewable 

energy from a climate justice point of view, actively finance fossil fuel based development 

projects throughout the developing world (Gustin, 2017).  
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Within the energy justice discourse, the different moral imperatives are of-course covered. 

According to the energy-justice based decision making framework by Sovacool and Dworkin 

(2015), the principles of availability and affordability are considered explicit moral principles 

serving the welfare purpose, while the principle of responsibility (different meaning than what is 

used in 5.3.3) invokes morality from the environmental ethics point of view. However, the 

instances like the one covered above are not discussed as dilemmas – rather energy justice 

principles are selectively used to arrive at a judgment. For example, the two large hydroelectric 

projects in Sub-Saharan Africa have been essentially labeled as unjust (Tarekegne, 2020) 

through the use of affirmative and prohibitive justice principles (B K Sovacool, Sidortsov, & 

Jones, 2013). The same projects, however, would fare well on 6 of the 8 principles of the above-

mentioned decision making framework. 

 

Planners are faced with dilemmas even in promoting RE based off-grid electrification in remote 

areas. Off-grid development has a significant role to play in achieving universal electrification, 

especially in remote rural areas, where grid electrification is typically expensive. It is true that 

for the majority of un-electrified rural areas, off-grid options are going to be least cost (Attia & 

Maze-Rothstein, 2019), but they are not without ethical concerns. Overall cost of electricity from 

off-grid may be cheaper than grid, but that does not mean it is affordable to customers. The 

underlying socio-economic conditions in rural areas remain exactly the same as faced by the grid 

paradigm (Pellegrini & Tasciotti, 2013). If the same customers received the grid option, the 

prevalence of tariff subsidies in grid electricity would mean that they would pay a fraction of the 

price. So, on one hand by relying on RE based off-grid development electricity planners are 
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achieving the moral goal of lower environmental impact, on the other hand they may be 

compromising on egalitarian (equality) and welfare (well-being) goals. In the language of 

energy justice principles from Sovacool and Dworkin (2015), RE based off-grid electricity could 

be presumed to be ‘just’ on responsibility and sustainability while at the same time not being 

able to honor affordability.  

 

‘Moral hazards’ in electricity provision   

Welfare and the social-contract imperatives both are instrumental in ensuring sufficient, reliable 

and sustained electricity provision. But in one aspect techno-economic constraints cause the two 

moral imperatives to collide or work against each other. In economics, moral hazard situations 

arises when organizations or individuals are incentivized to expose themselves to bigger risks 

because they do not bear the full cost of taking those risks. Electrification is capital extensive, 

and operational expenditures for electricity delivery are high as well. For grid electricity, due to 

consumers inability to pay enough to cover costs, new connections are subsidized to increase 

electrification rates and tariffs are set to ensure affordable pricing, often leading to under-pricing 

(Kojima et al., 2014). When the utilities are not able to recover the cost of delivery, they are 

often compensated through government subsidies in addition to having cross-subsidies from their 

wealthier customer base (urban consumers and/or industry). In this context, grid utilities have 

constant financial backing from the governments. When utilities are public enterprises, they 

suffer from the issues of ‘principal-agent problem’, when as shareholders, governments 

(principal) and the utilities (agents) differ in priorities. Even when grid utilities are privately 

owned, their conventional monopoly power on electricity infrastructure often gives the 

governments no choice but to extend support. This constant life-line support from the 
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governments – in terms of bailouts or other types of funding - creates conditions of moral hazard 

where utilities feel encouraged to lack financial discipline and avoid maintaining infrastructural 

health to ensure good quality electricity. Consequently, this leads to the erosion of the social-

contract of electricity provision. 

 

On the consumer side as well, there is a risk of a different kind of moral hazard. Promising free 

electricity to consumers or actively allowing non-payments leads to lack of responsibility from 

the consumer side. For example, decades ago, the promise of free electricity was made to the 

farmers (for irrigation purposes) in the state of Punjab in India. At the time, the motivation was 

to stimulate agricultural growth and rural development. Today, Punjab is the foremost agrarian 

state in India with a very well-established agricultural sector. However, in order to keep the 

decades old promise, free, unmetered electricity is still provided to all rural agricultural 

consumers. One direct consequence of free electricity service is over and irresponsible 

consumption by the consumers. For example, I was told during my consulting work in Punjab 

that in many farms agricultural pumps are left running for hours without use – depleting water 

table and causing loss of electricity. Eventually this leads to poor sustenance of the infrastructure 

and thus compromising electricity provision, feeding the cycle of erosion of the social-contract. 

These cases of moral hazards show that there could be instances when in order to prioritize 

immediate well-being, the security of long-term well-being could also get threatened. Such 

situations of moral hazard through free electricity could arise either because in poverty ridden 

areas consumers’ affordability may be the top priority for governments in electricity provision, 

or it could be a story of appeasement due to political patronage. The Punjab example I list above 
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has been a matter of debate among energy experts. It has been argued that this particular story is 

of political patronage, more than honoring consumers’ affordability (Bajwa, 2019).  

 

Moral blind spot in well-being vs. sustainability 

This point is related to one of the moral dilemmas discussed above. Dilemma between trying to 

ensure well-being through cheap fossil-fuel based electricity and promoting environmentally 

friendly (but expensive) renewable energy-based electricity. A moral comparison between fossil-

fuel and renewable energy-based energy generation requires a much closer examination of how 

they are treated in the institutional context. The claim that fossil fuel-based energy generation is 

cheaper starts to breaks down in the face of two facts: i) the externalities associated with fossil 

fuel burning are not represented in their cost, and ii) they typically rely on massive government 

subsidies. Ignoring externalities – which includes harm to the environment and society – leads to 

arguably significant under-accounting of cost of energy. They are also a form of implicit 

subsidies. In terms of explicit subsidies, globally, the fossil-fuel subsidies stand at US $ 372 

billion, while renewable energy subsidies are just US $ 100 billion (Bast, Doukas, Pickard, van 

de Burg, & Whitley, 2015; International Energy Agency, 2018). The disparities are so stark that 

clean energy advocates imagine a ‘subsidy swap’ to be enough for a clean energy transition 

(Bridle, Sharma, Mostafa, & Geddes, 2019). The ratio of renewable to fossil-fuel subsidy is 

worse in developing countries. For example, in 2017, India’s subsidies to oil, gas, and coal were 

7 times more than the value of subsidies to renewables, and they have gone up by 65% since 

2017, while  subsidies for renewables dropped by 35% (Garg et al., 2020)  
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For a clearer moral assessment of how well all three imperatives (access, security, and climate 

change mitigation) could be honored in energy planning, this reality should be considered, 

because subsidies determine the economics of technology adoption. There has been huge push to 

include the cost of carbon in energy pricing, but any success is limited to OECD countries 

(Conway et al., 2017). When it comes to electricity distribution specifically, tariff-subsidies have 

been blamed for significant and perpetual under-pricing of electricity (World Bank, 2016a). So, 

any moral case for fossil fuels should be made (Caplan, 2014) in light of this context. It also 

throws into doubt if the choice between clean energy and fossil fuel-based options is really a 

moral dilemma. I argue the presence of hidden costs exposes a moral blind spot – as it could blur 

our moral judgment. Renewable energy advocates have long made the argument that when the 

negative externalities of fossil-fuels are included and if renewable energy is also fairly supported 

through subsidies, it could be as competitive as the conventional energy (Bridle & Kitson, 2014).  

 

But the presence of subsidies (in any sector) itself invokes a specific moral ethic. The ethical (or 

political) argument against any form of government subsidy is the libertarian ethic. Energy 

justice scholars Sovacool and Dworkin (2014; 2015) discuss the nature of subsidies in the energy 

sector and how libertarian thinking of individual freedom and liberty is invoked to argue against 

any form of public support of industrial sector. Even though libertarianism saw traction in last 

two decades as a salvation for those at “bottom of the pyramid” (Prahalad, 2005), its utility in 

issues like poverty alleviation has been questioned (Karnani, 2010). Karnani (2010) points out 

the role of subsidies even in facilitating the free market libertarian spirit in rural areas. Therefore, 

libertarian thinking of freedom isn’t a sufficient or appropriate ethic for the moral analysis of 
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subsidies in the context of electrification, and as a result I do not cover it as one of the moral 

goals early in the chapter. 

 

5.5 Discussion and conclusion 

Lack of electricity access is a significant development challenge. As this is primary a problem of 

low-and-middle income countries, electrification efforts are often mired in weak institutional and 

infrastructural context. Moreover, the technological solution space has diversified in the last two 

decades and the reliance on off-grid electrification is increasing. From an ethics point of view 

this is a complex space. Although energy justice has recently emerged as a tool to understand 

and analyze the ethical concerns around energy systems, in this chapter I take an energy ethics 

perspective – by going back to first principles of ethics. Based on relevant ethical theories and 

the decision space of electrification, I first arrive at expected moral goals for electricity processes 

– be it planning, provision, or consumption. Subsequently, I examine electricity processes 

separately to see which goals are violated. 

 

Well-being is the primary moral driver behind the project of universal electrification. However, 

the way it is operationalized in policy and practice raises some concerns. It becomes clear that 

social-contract theory explains a significant number of ethical concerns. Be it explicit corruption, 

politicization of electricity supply, or the non-payments or theft at the consumption level – 

violation of a social contract is the best way to understand these issues ethically. For new 

technology systems (off-grid), elite capture at the community level is also a social-contract issue. 

Broken social contracts are often indicators of weak institutions and lower levels of trust between 

the government institutions, markets, and the citizenry. In the development community as well, 



167 

 

there is an increasing realization of the importance of social-contracts (World Bank, 2019a). 

Egalitarianism emerges as another crucial explainer of ethical concerns. If social contracts relate 

to the quality of institutions, many egalitarian concerns relate to socio-cultural norms. For 

example, the way religion and caste has been found to determine the levels of access – speaks to 

the way socio-cultural beliefs (prejudices in this case) finding their way into the distribution of 

services. Similarly, the inequities in access within the household between men and women also 

speaks to gender norms around household responsibilities and decision making. These issues of 

culture and institutions have been inadequately covered within the energy justice strain as a 

recent review also indicates  (Lacey-Barnacle et al., 2020).  

 

The explication here shows that even if the overall moral goal could be objectively defined – the 

imperatives could come in conflict with each other. Even though the infrastructural starting point 

for un-electrified populations is zero – the legacy institutions and socio-cultural context are 

strong determinants of ‘energy justice’ concerns. Moral evaluations of individual energy projects 

– as done within the energy justice scholarship – do not provide a complete picture especially as 

ethics is concerned. An energy ethics perspective, as used in this chapter, could be much more 

valuable in finding consensus among scholars about the most ethical way to achieve universal 

electrification.  
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Chapter 6: Conclusion 

Universal electrification is being implemented through a diverse technology mix of grid and off-

grid solutions in order to meet the targets of SDG7. The grid presents a dominant and incumbent 

solution, while RE based off-grid technologies could play a complementary role by reaching 

where grid is expensive and, at the same time, help meet climate goals. Recalling from the 

introduction chapter, the best-case electrification should be efficient (least cost) as well as 

effective (meeting social goals). Whether or not this could be actualized, depends on many 

factors, and my doctoral research analyzes a few of them: grid-dominance, poor coordination, 

and equity/justice. The first two present a challenge to the goal of efficiency and the last one is a 

social goal that is not easy to achieve with a diverse technology mix.  

 

In this concluding chapter, I first present the chapter wise summary of key findings and follow it 

up with a knowledge contributions and policy relevant insights. These contributions have 

implications for energy research as well as energy policy and planning for energy access, given 

the practical relevance of this work. Lastly, I discuss study boundaries/limitations and future 

outlook for this research. 

 

6.1 Summary of key findings 

 

Chapter 2: The least-cost pathway for universal electrification could also be considered the 

most efficient one. For this to succeed, grid and off-grid development have to complement each 

other and invest wherever either is the least cost solution. One of the barriers to efficient 

electrification is off-grid losing investments due to grid arrival. This chapter models multiple 
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electrification scenarios (for Tanzania) for varying levels of perceived grid arrival risk. 

Optimism towards grid arrival causes under-investment in off-grid technologies, and pessimism 

causes over-investments. Results show that the impact of optimism caused under-investment is 

much higher as compared to over-investment (due to pessimism). Remote areas (farther from the 

urban centers) are the worst affected areas. In most optimistic scenarios, they stand to lose ~65% 

of off-grid investments (~$ 6 billion in absolute numbers), leaving 12.5 million people un-

electrified. The results also visualize spatially what types of areas around the grid network are 

most vulnerable to grid expansion. 

 

Chapter 3: This chapter expands on the challenges to efficient electrification and simulates 

several “inefficient” outcomes using game theory. Grid and off-grid engage in a two-player non-

cooperative strategic game with mixed strategies. Different factors are used to simulate these 

strategies: grid dominance, varying grid expansion strategy, information asymmetry, trust, and 

grid’s confidence in meeting its expansion commitment. The simulations show that across all 

game scenarios, off-grid’s and overall societal cost efficiency (in terms of $/consumer) is 

significantly poorer than the “full-cooperation” cases. The factors impacting electrification 

coverage the most are information asymmetry (when grid and off-grid’s knowledge of grid 

expansion differs the most), and grid’s own confidence in its plan – and up to 35% and 12% of 

the population risks not getting electricity, due to these factors, respectively. The simulation also 

reveals the impact of allowing non-market factors as the basis for the grid expansion strategy. 

When grid relies on “proximity” based expansion – there is 9% under-utilization of off-grid and 

65% increase in overall $ spent per consumer. 
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Chapter 4: If efficient electrification does happen, it doesn’t mean it will be effective. It could 

just mean overall least-cost electrification but high-inequalities in electricity prices. In this 

chapter, I show two ways of modifying the price distribution to bring more equality: i) equality 

(formal equality) and ii) equity (or substantive equality). Even though the cost to society is the 

same in the two approaches, a part of the population benefits from price reduction and a part see 

their prices increase, due to the cross-subsidy inherent in the design of the methodology. The 

results (for Tanzania) show that per capita burden of price increase is significantly less in the 

equity scenario – at $23 per year – as compared to $48 per year in the equality scenario but the 

average price increase is higher in the equity scenario (~36% as compared to 30%). In both 

scenarios, it is mostly grid consumers that bear the burden of price increase. The affordability 

and equity/equality concerns explored in this chapter broadly fall under the scope of ‘energy 

justice’ as well. This links to the deep dive in the next chapter, into the ethical concerns 

pertaining to electrification. 

 

Chapter 5: ‘Energy justice’ is a growing body of literature focusing on the morality of energy 

systems and energy decision making. But in this chapter, I use an ‘ethics’ lens to analyze moral 

issues relevant in the context of universal electrification. I cover the ethical theories that best 

explain the myriad ethical issues in electricity systems – from electricity planning to 

consumption. There are concerns that could be clearly understood as immoralities, in terms of 

immoral actions (corruption and elite capture), immoral motivations (political nature of 

electricity access), and immoral outcomes (inequities in distributions of costs and benefits). In 

general, many ethical concerns could be understood in terms of broken social contracts and thus 

social contract theories are able to best explain them. As RE based off-grid technologies have 
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been the focus throughout my research, I show how the moral imperative of environmental 

protection comes in conflict with the imperative of welfare.  

 

6.2 Study limitations  

The limitations of this work can be understood at three levels. First is at the level of the modeling 

tool. That is, the limitations of the tool and the electrification algorithm it employs. One 

limitation of the OnSSET electrification algorithm is that it attributes the entire current 

electrification to the centralized grid. This does not capture the reality of current electrification, 

as the country already has some mini-grid in operation. The impact of this limitation is marginal 

in this case, however, as the existing mini-grids in Tanzania serve only ~184,000 connections 

and many of them are commercial connections and outside the scope of the analysis.  In addition, 

over 92% of them are served through fossil-fuel based mini-grids, which are anyway not under 

the purview of OnSSET. Higher penetration of mini-grids, either as initial conditions or as least 

cost options would affect the findings as well as the methodological frameworks. For example, 

the game theory analysis would have to consider three different market players (grid, mini-grid 

and standalone systems), and the subsidy calculations in chapter 4 may mean different tariff 

subsidy calculations for mini-grid areas. 

 

The second set of limitations stem from the analytical methodologies and modeling assumptions 

used during the application of the modeling tool. As a large part of the modeling-based analyses 

are illustrative, methodological assumptions are somewhat arbitrary. For example, in chapter 2 

the modification factors of 1.5 and 0.5 used to modify the grid distance values are arbitrary. In 

chapter 4, an important parametric assumption was that poverty rate is the proxy for 
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affordability. How well the poverty rate approximates the affordability of a location is arguable. 

Although the specific issues explored here have empirical basis more generally – many modeling 

parameters could be improved with empirical grounding. However, related empirical data may 

be difficult to obtain. 

 

The third set of limitations have to do with the validity and generalizability of the results. In 

terms of the numerical outcomes, the results are limited to Tanzania. They include the broad 

patterns and the precise numbers. For this dissertation, the key is not necessarily the numbers but 

the patterns for Tanzania. For higher confidence in the precise numbers, validating those results 

through empirical ground-truthing is important. As for the insights from the broad patterns, they 

may be applicable for many countries in Sub-Saharan Africa for a few reasons. Most countries in 

the region have low electrification levels where the initial effort to connect more remote and 

rural customers remains challenging and expensive. The market maturity for off-grid systems is 

very nascent across the region. However, there is variation in off-grid policy environment of 

different countries, which determines the risk environment for off-grid investments. For 

example, having clear and supportive policy for post grid-arrival scenario challenges the premise 

of uncertainty explored in the analyses explored in this dissertation. Nevertheless, such country-

specific variations could be explored using the methodologies developed here. Thus, 

generalizability limitations of the results are mitigated by these methodologies, as they provide 

analytical frameworks to analyze different contexts. Their replicability is discussed later in this 

chapter.  
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6.3 Research contributions  

Broadly, the knowledge contribution of my doctoral work falls in two categories. One is 

methodological and the other is through problem specific insights – with relevance for multiple 

domains of energy research. The methodological contribution comes by building and 

demonstrating modeling-based methods to analyze challenges faced by universal electrification. 

Although the modeling-based analyses were only performed for the example geography of 

Tanzania, the problem of electricity access is universal and thus the insights produced have a 

more general applicability.  

 

Replicable methodologies to solve ‘human’ problems through energy models 

Use of energy modeling methods is common in analyzing energy systems. Even the issue of 

energy access sees active use of energy models to forecast future energy needs and plan for 

them. If I just narrowly focus on the open-source modeling tool I used in my research – OnSSET 

– it has been utilized for capacity building for government agencies of many countries in Sub 

Saharan Africa and Latin America. World Bank’s GEP is also built on the same tool. Energy 

modeling is typically heavy on techno-economics and tends to ignore many social and human 

elements. I use the modeling tool and incorporate aspects like affordability and market 

uncertainty to build novel analytical methodologies. This is a valuable addition towards 

‘humanizing’ energy modeling research. It takes electrification planning beyond techno-

economics and brings it closer to real-world electrification challenges. These methodologies I 

developed are thus easily replicable for any geography and region of interest with publicly 

available data.  
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Convergence of three imperatives: sustainability, energy access, and energy justice 

In the introduction chapter, I conceptualized two aims of electrification efforts: efficiency, and 

effectiveness. But in the larger scope of energy research – I situate my work at the intersection of 

three imperatives faced by energy development (in developing countries). First is of 

sustainability that drives increasing reliance on renewable energy technologies access. Second is 

of access i.e., ensuring access to electricity. And the third is of fairness or justice, which is what I 

explored under “effectiveness”. These three imperatives underlie three different conceptual 

domains within energy research: sustainability, energy access, and energy justice. 

 

The sustainability imperative is the primary driver behind climate change mitigation globally. 

Given energy systems play a significant role in GHG emissions, this driver also influences 

energy development. In fact, although historical transitions in energy systems was emergent in 

nature, ongoing energy transitions are ‘purposive’, governed by the sustainability imperative (A. 

Smith, Stirling, & Berkhout, 2005), with a higher level of urgency towards addressing 

environmental concerns. By examining the challenges faced by renewable energy development, I 

contribute to the understanding of sustainability transitions in developing countries.  

 

As far as energy access is concerned, this domain has different strain of questions being 

explored. These questions could either be technological, techno-economic, or fall largely within 

the purview of social-sciences. The first contains all the engineering research (e.g. energy 

efficiency of a new gasification technology). The second may include all the energy planning 

and techno-economic analyses – this is where methodological contribution of my work fits in 

(also discussed above). The third category of social science exploration of energy access issues 
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covers a wide variety of issues including the study of drivers and barriers to technology adoption, 

policy and regulations, governance issues, and consumer experience. My modeling-based 

analyses combines the techno-economic analyses of electrification efforts with social-science 

based issues: like influence of legacy infrastructure, consumer perception, regulations for 

different technologies, and concerns around equity and fairness.  

 

This brings me to the third imperative of energy justice. As accelerated efforts are made to 

achieve universal electrification by 2030, it is important to also pay attention to whether those 

efforts are also raising any ethical concerns. A growing body of literature on ‘energy justice’ 

aspires to cover these issues (Monyei, Adewumi, et al., 2018; Tarekegne, 2020). It has emerged 

as a conceptual tool (D. McCauley, 2018; Benjamin K. Sovacool & Dworkin, 2015) to analyze 

and understand morality of energy systems, and also as a decision-making tool to help with 

ethical energy decision-making. By incorporating concerns around fairness in electricity pricing 

in chapter 4, I not only touch upon this imperative of justice but the GIS based approach used 

also answers the call for spatializing energy justice (Bouzarovski & Simcock, 2017). And in 

chapter 5, I take a more comprehensive view of what energy ‘justice’ could mean when it comes 

to electrification.  

 

‘Energy ethics’ better placed to study electrification than ‘energy justice’ 

The imperative of equality in electrification – of the kind just discussed above – is related to the 

larger concerns around ethics of energy systems. ‘Energy justice’ has emerged as a conceptual 

tool to not only assist in analyzing the ethical concerns surrounding energy systems, but also to 

improve the ethics of energy decisions. But electrification efforts exist in a complex territory of 
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socio-technical transitions. Energy and development agendas overlap, while institutional and 

socio-cultural capacities dictate the mechanics of how change happens. The ethical issues 

surrounding electrification thus cover a wide spectrum – and ‘energy justice’ falls short of 

examining them. Issues like political corruption on the supply side – and electricity theft on the 

consumer side – have not been adequately covered (Lacey-Barnacle et al., 2020) despite clearly 

being within the purview of morality related to energy systems. In chapter 5, I resort to going 

back to basic moral principles through an ‘ethics’ lens – and use them to examine concerns in the 

entire value of electricity provision and consumption. This attempt follows the recent interest 

among energy scholars to i) use alternatives (J. Smith & High, 2017) to ‘energy justice’ and ii) 

go back to basic philosophical roots (Frigo, 2018; Pellegrini-Masini et al., 2020) in order to 

understand ethics of energy systems. The comprehensive ethics examination I undertake reveals 

how many of the ethical concerns could be understood via social-contract theories. Moreover, 

with multiple moral imperatives at play in achieving new electrification – the reality of ethical 

dilemmas also becomes more apparent using an energy ethics perspective. 

 

6.4 Policy lessons for SDG7 

The direct policy relevance of my work is made clear in the way I contextualize it in the 

introduction chapter. The insights drawn from different chapters have implications for policy 

makers, as well as market actors. Here I discuss specific lessons synthesized from this work. 

 

Perceptions about grid electricity one way to manage the risks of grid encroachment 

An efficient investment pathway towards universal electrification requires a level playing field 

for all market players. The risk of grid encroachment due to its dominance is real for many off-
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grid developers. Assessment of this risk, in the absence of clear information about grid expansion 

plans, relies upon local perceptions about grid and/or government services. These perceptions 

could lead to off-grid developers either not investing at all (under-investing) due to unrealistic 

optimism about grid arrival or losing their investments due to unrealistic pessimism. Of course, 

ideally all governments ought to be very realistic with the public about any infrastructural plans. 

But when the distrust towards governments is high and electricity provision is very political in 

nature, my findings do present tactical lessons for the government. As discussed elaborately in 

chapter 5, electricity access is a very political issue and thus information about electrification 

plans is prone to misinformation as well. Chapter 2 shows that the financial cost of 

misinformation varies depending on whether the information inspires optimism or pessimism 

about grid arrival. The risk of under-investments is much larger as compared to over-

investments. What implications does this have for the Tanzanian government? From an 

efficiency point of view, optimism about grid arrival in the public is more harmful than 

pessimism. This means that it may be preferable to not make stronger promises about grid 

electricity if there are significant risks of not being able to follow through.  

 

Strategic cooperation could help avoid several inefficient electrification outcomes 

The real-world electrification market behavior is driven by many factors that lead to sub-optimal 

(inefficient) outcomes, as also explored in the game theory chapter. In a market with grid 

dominance, factors like asymmetric information (about grid expansion pans) could lead to 

significant impact on off-grid investments – and thus on people that are expected to get 

electrified using off-grid. As far as expansion strategies are concerned, grid expansion need not 

always be driven by economic calculations, given the proximity of politics to grid infrastructure. 
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This complicates decision making for off-grid players that are often left to anticipate grid’s 

move. The larger the information divide about grid expansion between grid and off-grid players, 

the larger the departure from the optimal electrification. Then there is the issue of trust as well. 

Even if grid expansion information is fully available, varying levels of trust about it impacts off-

grid investment strategies. But trust levels could also impact grid’s own investments – and given 

grid electrification covers a large section of the population, the implications in terms of 

electricity coverage could be significant. This all reveals the importance of strategic cooperation 

for efficient electrification outcomes.  

 

In order to really ensure a cost optimal (efficient) electrification pathway towards the SDG7 

goal, synergy between grid and off-grid development is the key. There are already a few 

demonstrative examples of policies that could seek synergy between off-grid systems and grid 

network. In Brazil, electrification has been achieved partially by having concessionaires and 

giving them exclusive service territories i.e. ‘protected space’ (along with obligations of 

universal service) (Gómez & Silveira, 2012). India shows examples of concrete policy steps 

taken to support private investment in RE based mini-grids. The mini grid policy adopted by the 

state of Uttar Pradesh (UPNEDA, 2016), envisions mini-grid development as a public-private 

partnership – giving investors licenses to operate and sell electricity on agreed upon terms, and it 

also has regulatory provisions about grid expansion into mini-grid service areas, providing off-

grid investors exit options with compensations. The draft of the nationwide mini-grid policy also 

includes such measures (MNRE, 2016). This analysis aids such policy measures by giving a 

spatial picture of vulnerable areas and the associated values of investments at risk. My analyses 
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in chapters 2 and 3 aid such policy measures by quantifying the risks of multiple market factors 

and giving a spatial picture of vulnerable areas. 

 

Efficiency does not guarantee equity  

Cost is a major concern for developing countries when it comes to building new electricity 

infrastructure for the un-electrified population. The goal of cost minimization may not always be 

well aligned with other societal goals. When grid is the only electrification option – it is possible 

to provide affordable electricity but the inequities in access could be severe, as I show in chapter 

5. The causes are often related to broken social contract e.g., political nature of access, 

corruption. But sometimes cost-minimization itself could conflict with equity goals. While a 

diverse electrification regime – with grid as well as off-grid alternatives – help reduce overall 

cost to society, the price distribution at the consumer end may be inequitable, especially given 

poor affordability in many un-electrified areas. Electricity planning focused on cost efficiency 

needs to be cognizant of such adverse societal outcomes. Spatial planning tools, like the used in 

this research, help planners utilize the spatial diversity of renewable energy well. Planning with 

such tools also gives opportunity of incorporating the goals of equity and justice into electricity 

planning. The methodology presented in chapter 4 of the dissertation shows one way of doing 

this, by considering spatial distributions of affordability. It shows how to follow a cost-efficient 

electrification pathway, while also ensuring a price distribution that acknowledges the 

inequalities in people’s affordability. However, as already hinted, incorporating ethical concerns 

into planning is not enough because the reality of electricity provision is often riddled with other 

causes of inequities. Understanding the context in which electrification is being achieved then 

becomes paramount. Moreover, if societal goals also include concerns around environmental 
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protection (or environmental equity), the scenario where that goal, social equity and cost-

efficiency all could be achieved still seems ethically far-fetched. 

 

6.5 Future research outlook and conclusions 

The methodological contribution of my work opens doors for a variety of analyses. Recall that 

the outcomes from the modeling tool – OnSSET – are conditional on the input conditions and 

assumptions around various parameters. One obvious improvement that could be made on the 

analyses is by improving the assumptions used in the methodologies. They could be based on 

some real-world factors. For instance, the perception of grid arrival in chapter 2 could be more 

directly linked to trust levels towards public services. Such a metric is within the purview of 

global development indicators. World Bank’s GovData360 program includes “Trust in 

government” among many governance related indicators. Alternatively, the risk of grid arrival 

could be rooted in something more real e.g. financing risk. Similarly, in chapter 4, rather than 

using poverty rates as proxy for affordability, spatial income data can be used to arrive at some 

direct indicator of affordability. Although income data is hard to obtain, a better approximation 

than poverty rate for affordability could be used. In this chapter, the way I treat different 

technological solutions is also was unique. I ignored the areas that get electrified by diesel 

generation. Do they not deserve any financial rebate? The methodology could include them by 

considering fuel subsidies.  

 

There is also scope of modifying the analytical methodologies built on OnSSET or adding more 

layers to the analyses. For example, in chapter 4 - split pricing is an option for any particular grid 

location. One price for people with lower affordability, and another for the rest. Alternatively, as 
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prices shoot up as high as over US$ 0.70/kWh for some locations, one approach could be to put 

an upper cap on the allowable price increase. This would mean reduced revenue generation for 

cross-subsidization and the resulting financial implications for national or state governments to 

ensure affordability and appropriate cost recovery so utilities can function could then be 

accordingly explored. The game theory-based analysis in chapter 3 shows the scope of a larger 

scale study exploring strategic environments in multiple countries of the SSA region. Such a 

multi-country analysis could produce meaningful insights for the energy access outlook in the 

region and thus could be valuable for the development and practitioner community. Any country 

with more diverse least cost solution set (i.e. with high penetration of mini-grid) would also be 

capture the diversity that is prevalent in many electrification markets.  

 

The modeling methodologies could also incorporate other possible realities of the electrification 

market. For instance, throughout my dissertation, there is the fundamental assumption that grid 

electricity is always the preferred option. However, due to reliability concerns, it is possible that 

off-grid options are more preferred over grid (e.g. Graber et al., 2018). Considering grid 

reliability in chapter 2 would have an impact on the perception towards grid electricity, and 

consequently on the risk faced by off-grid investment. This would mean that grid arrival in off-

grid areas could also imply an “over investment” (sunk investment) in grid rather than in off-grid 

technologies. Another assumption has been that grid-extension plans always ignore off-grid 

presence. However, the policy environment could be more supportive towards off-grid and this 

feature could be incorporated in a modified scenario, impacting the analyses in chapter 2 and 3, 

where grid utilities may want to incorporate off-grid development in their expansion plans. 

Reliability concerns exist for off-grid as well. The techno-economic sustainability of off-grid 
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systems relies on local availability of maintenance and repair services. Absence of proper 

technical expertise and repair infrastructure could have direct implications on technology costs 

for standalone and mini-grid systems in the OnSSET algorithm. The issue of affordability is also 

one of the challenges faced by the off-grid technologies. In areas where they are replacing diesel-

based electricity, they may be a cheaper alternative and therefore more attractive to consumers. 

But for entirely unelectrified areas where consumers do not use any electrical appliance and rely 

on kerosene lamps – technology acceptance as well as poor affordability is a major challenge. 

Just like affordability is considered for price adjustment, it could also be treated as a risk against 

off-grid investment.  

 

Accelerated electrification efforts under SDG7 require closer attention to be paid to the ground 

realities of electricity provision. While in theory a diverse mix of technological solutions 

promises a cost-efficient path to universal electrification, there are market factors that may pose 

challenges to the actualization of this path. My dissertation addresses some of these factors 

through modeling-based analyses and charts a path out for a series of analyses exploring many of 

the questions discussed above. If the ultimate goal of universal electrification is to improve well-

being for those without electricity (nearly 1 billion people) – a narrow focus on techno-economic 

factors or even market factors could keep the well-being goal elusive. Technological diversity 

does not guarantee well-being for everyone, for multiple reasons. Some are technical, for 

example, in the absence of rigid regulatory regimes, it brings with it a wide distribution in 

electricity prices as well as limitations on the demand loads that could be served. There could be 

ways to incorporate such concerns in electrification planning, one of which I show in my 

dissertation. But the journey from planning to actual well-being is not straightforward. In my 
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theoretical chapter, I make an attempt to understand all the moral imperatives at play in the 

context of electrification. To revisit some expressions used before, collectively, the chapters of 

my dissertation are basically putting a magnifying lens at the ‘electricity frontier’ – a constantly 

moving line aspiring to bring the remaining un-electrified population into the fold of modern, 

reliable, and affordable energy. 
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Appendix A: Supporting plots and tables 

 

 

Figure A. 1: Poverty rate histogram (Source: Worldpop) 
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Figure A. 2: Poverty rate across Tanzania 
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Figure A. 3: Technology mix for universal electrification for Tanzania (OnSSET). The technology is chosen 

based on the LCOEs – the one with the minimum value for each location is selected.  
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Figure A. 4 Probability of grid arrival (based on the logistic curve for diffusion of technologies) 
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Parameter Value Unit 

Start year 2018 
 

End year 2030 
 

Hours per year 8760 Hours 

Grid cell area 1 km2 

MV line cost 9000 USD/km 

LV line cost 5000 USD/km 

MV line capacity 50 km 

LV line capacity 10 km 

LV line max length 30 km 

HV line cost 53000 USD/km 

MV line max length 50 km 

MV increase rate 10% % 

Grid connection cost (per household) 125 USD 

Grid cost ratio 10% % 

Mini grid O&M for T&D lines 3% % 

Mini grid distribution losses 5% % 

Mini grid Solar PV Base to Peak ratio 0.9 Ratio 

Mini grid Hydro Base to Peak ratio 0.5 Ratio 

Mini grid Wind Base to Peak ratio 0.75 Ratio 

Mini grid Diesel Base to Peak ratio 0.5 Ratio 

Mini grid Solar PV capital cost 4300 USD/kW 

Mini grid Hydro capital cost 5000 USD/kW 

Mini grid Wind capital cost 3000 USD/kW 

Mini grid Diesel capital cost 721 USD/kW 

Mini grid connection cost (per household) 100 USD 

Mini grid Solar PV technical life 20 Years 

Mini grid Hydro technical life 30 Years 

Mini grid Wind technical life 20 Years 

Mini grid Diesel technical life 15 Years 

Mini grid Hydro capacity factor 0.5 Ratio 

Mini grid Diesel capacity factor 0.7 Ratio 

Mini grid Solar PV O&M cost 1.5% % 

Mini grid Hydro O&M cost 2% % 

Mini grid Wind O&M cost 2% % 

Mini grid Diesel O&M cost 10% % 

Discount rate 8% % 

Standalone Solar PV technical life 15 Years 

Standalone Solar PV capital cost 5500 USD/kW 
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Standalone Solar PV Base to Peak ratio 0.9 Ratio 

Standalone Solar PV O&M cost 1.2% % 

Standalone Diesel technical life 10 Years 

Standalone Diesel capital cost 938 USD/kW 

Standalone Diesel Base to Peak ratio 0.5 Ratio 

Standalone Diesel O&M cost 10% % 

Standalone Diesel Efficiency 28% % 

Mini grid Diesel Efficiency 33% % 

Diesel price 0.92 USD/litre 

Truck volume (Standalone systems) 300 Litres 

Truck consumption (Standalone systems) 14 km/litre 

Truck volume (Mini grid) 15000 Litres 

Truck consumption (Mini grid) 33.7 km/litre 

Lower Heating Value (LHV) 9.944549 kWh/litre 

 

Table A. 1 Values for technical parameters used in OnSSET. 
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Appendix B: Sensitivity analysis for Chapter 4 

I perform a sensitivity analysis, acknowledging the uncertainty in the values assumed for certain 

crucial input parameters. The intention of this sensitivity analysis is to check if change in values 

of specific input parameters, leads to a significant change in the output results, on which findings 

are based. For time constraints, I limited sensitivity testing to only these variables – as each 

scenario run demands approx. 4 hours for the model to run and then the equity/equality analysis 

to be performed on the modeling results. I checked sensitivity on three specific input conditions: 

discount rate value, future urban ratio value, and the electricity demand tiers for rural consumers. 

The following table shows the scenarios are described below: 

 

1. Sensitivity scenario 1 (SS1) : Future urban ratio increases by 10% 

2. Sensitivity scenario 2 (SS2) : Future urban ratio decreases by 10% 

3. Sensitivity scenario 3 (SS3) : Discount rate changed to 10% 

4. Sensitivity scenario 4 (SS4) : Discount rate changed to 6% 

5. Sensitivity scenario 5 (SS5) : Rural demand tier changed from 3 to 2 

 

The scenarios above test the sensitivity of the two sets of findings (ref. Fig. 1). First is of the 

OnSSET output – which includes the technology mix and the consumer population for each 

technology. This is shown in Table B.1. The second pertains to the core findings of the chapter – 

which are comparative analyses of the two justice approaches (equality and equity). I check a 

few specific indicators for the two justice approaches for each of the above sensitivity scenario. 

Rather than emphasizing the actual figures for the two approaches – I try to compare the 

scenarios with the study model in terms of the relative performance of the two justice approaches 
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on specific indicators. A simplified table is then produced in Table B.2. For reference, the 

numbers are included in Table B.3.  

 

Table B.1 shows that a change in the urban ratio (SS1 and SS2) by 10% leads to change of ~6% 

in the overall capacity requirement for electrification. An increase in urban ratio, by way of 

increase in overall demand, leads to more capacity. Most of the impact is on grid electrification. 

Expectedly, SS5 shows similar effect on capacity. Choosing a lower demand tier for rural 

population reduces the overall capacity needed for electrification, as well as move many more 

people over from grid to standalone PV. Changes in discount ratio (SS3 and SS4) – have 

negligible effect on OnSSET output. Marginal effect is seen when an increase in discount rate 

shifts some customers from standalone PV to diesel.  

 

As per Table B.2, the relative performance of the equality and equity approaches does not really 

change across the sensitivity scenarios. For example, a much larger urban population gets 

subsidy benefits in the equity approach in the study model, and this finding remains the same 

throughout the sensitivity scenarios. Equality approach leads to lower annual per capita savings 

than the equity approach – this also does not change throughout the scenarios. Having said that, 

SS5 does flip the findings (red) for some of the indicators. For instance, for SS5, more people 

bear the burden of price increase in the equity approach than equality one. Consequently, less 

people benefit from subsidy in the equity approach in this scenario. This is not surprising. As 

more people in rural areas get electricity from standalone solar PV, equality approach benefits 

(in terms of subsidy) a large rural population as compared to the equity approach. 
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Technology mix (OnSSET) Original SS1 SS2 SS3 SS4 SS5 

Total new customers (million) 64.41 64.41 64.41 64.41 64.41 64.41 

New customers (Grid %) 69% 69% 68% 69% 69% 25% 

New customers (Standalone PV %) 31% 30% 32% 31% 31% 74% 

New customers (Others %) <1% <1% <1% <1% <1% <1% 

Total new capacity (MW) 5843 6169 5517 5832 5842 3641 

New capacity (Grid %) 71% 73% 68% 71% 71% 69% 

New capacity (Standalone PV %) 29% 27% 32% 29% 29% 31% 

New capacity (Others %) <1% <1% <1% <1% <1% <1% 

 

Table B. 1 Sensitivity analysis (Technology mix): The table compares the five sensitivity scenarios with the original outcomes in terms of the OnSSET 

outputs they produce. Only SS5 shows a significant change as compared to the distribution of the customer population across technologies.  
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Subsidy related indicators Equality    > / < / =    Equity 

Original SS1 SS2 SS3 SS4 SS5 

Price increase (total population) > > > > > < 

Price decrease (total population) i.e. 

subsidy beneficiaries 

< < < < < > 

Price increase (urban pop %) > > > > > >> 

Price increase (rural pop %) < < < < < << 

Price decrease (urban pop %) << << << << << << 

Price decrease (rural pop %) > > > > > >> 

Annual burden per capita > > > > > >> 

Total annual burden >> >> >> >> >> >> 

Total savings (by subsidy 

beneficiaries) 

< < < < < < 

Savings per capita (Annual) < < < < < < 

 

Table B. 2 Sensitivity analysis (Justice approaches): The table compares the sensitivity scenarios with the original outcomes with respect to the core findings about 

the justice approaches analyzed in this study. SS1 to SS4 do not lead to any changes in the relative performance of the two approaches. SS5 produces different results by 

some indicators. 
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    Original Original SS1 SS1 SS2 SS2 SS3 SS3 SS4 SS4 SS5 SS5 

    Equity Equality Equity Equality Equity Equality Equity Equality Equity Equality Equity Equality 

Price increase 

(total 

population) Million 38.42 40.40 38.69 42.17 38.25 39.04 38.57 40.04 38.43 40.91 47.97 35.67 

Price decrease 

(total 

population) Million 45.24 43.25 44.98 41.50 45.42 44.63 44.84 43.34 45.26 42.79 35.72 47.89 

Price increase 

(urban pop %) % 32% 42% 35% 46% 29% 38% 34% 42% 30% 42% 10% 42% 

Price increase 

(rural pop %) % 14% 6% 11% 4% 16% 9% 12% 6% 16% 7% 47% 0% 

Price decrease 

(urban pop %) % 10% 0% 12% 0% 9% 0% 8% 0% 12% 0% 32% 0% 

Price decrease 

(rural pop %) % 44% 52% 42% 50% 46% 53% 45% 52% 42% 51% 10% 57% 

Annual burden 

per capita US $ 

 $                     

23.3  47.77 23.11 47.23 23.41 47.35 26.76 56.32 20.07 39.41 9.73 65.51 

Total annual 

burden 

Million 

US $ 

 $                  

895.9  

 $         

1,930.4  

 $             

894.4  

 $         

1,992.2  

 $             

895.5  

 $         

1,848.7  

 $         

1,032.4  

 $         

2,255.4  

 $             

771.3  

 $         

1,612.7  

 $             

467.1  

 $         

2,336.9  

Total savings Million 

 $                  

895.2  

 $             

747.1  

 $             

894.4  

 $             

765.2  

 $             

895.5  

 $             

725.7  

 $         

1,026.6  

 $             

863.3  

 $             

771.3  

 $             

626.8  

 $             

467.1  

 $             

244.8  

Savings per 

capita (Annual) US $ 

 $                     

19.8  

 $                

17.3  

 $                

19.9  

 $                

18.4  

 $                

19.7  

 $                

16.2  

 $                

22.9  

 $                

19.9  

 $                

17.0  

 $                

14.6  

 $                

13.1  

 $                   

5.1  

 

Table B. 3 Sensitivity analysis (comparison in numbers): The comparison between the actual results from the original and the five sensitivity scenarios (as a 

basis for Table B.2)
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Appendix C: Game specific outputs (chapter 3) 

 

 

 

 

 

 
(a) 

(c) 

Figure C. 1 Game specific outputs for Game 1. (a) Probability of off-grid investments across distance from grid and type of geography 

(rural/urban); (b) Game outcome as probabilistic electrification coverage (or lack thereof) in terms of number of connections across 

distance from grid; (c) Spatial visualization of the game outcome; (d) Comparison of game outcome with the baseline. Such results for 

all games are provided as supplementary information 
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