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Karber, Kyle M. (Ph.D., Mechanical Engineering) 

Theory of Change for Off-Grid Solar Uptake in Emerging Economies –  

A Means to Identify Drivers and Barriers, and Develop Appropriate Interventions 

Thesis directed by Professor Michael P. Hannigan 

Abstract 

In Sub-Saharan Africa almost 600 million people currently live in the darkness of energy 

poverty, and millions more will be without energy access in 2030 due to population growth and 

slow grid expansion. Solar PV technology is a viable alternative to grid expansion, and off-grid 

solar products (<10W-1kW) are projected to make a significant contribution toward achieving the 

United Nations’ goal of sustainable energy access for all by 2030. Off-grid solar products will save 

people money, supply more and brighter light, create opportunities to generate income, and have 

a positive impact on health, education, gender equality, the environment, and quality of life. While 

numerous stakeholders have made substantial efforts to grow this market, progress has been 

hindered by a limited understanding of the processes which underlie solar technology adoption in 

emerging economies. I aimed to reveal these processes by developing and applying a holistic 

theoretical framework that illuminates the off-grid solar technology adoption process.  

I synthesized the relevant literature into an actionable theory of change that elucidates the 

fundamental mechanisms which drive solar adoption in Sub-Saharan Africa. I utilized this theory 

of change to integrate a broad array of data and model results originating from 324 surveys of 

current and potential solar users in Northern Tanzania. The theory of change allowed my 

colleagues and I to draw more concise and meaningful conclusions. We found that limited 

awareness of financial benefits was the main barrier preventing additional solar market growth in 

this area. The theory of change also provided guidance as I developed an intervention to address 

this barrier. I proposed an intervention, and rigorous evaluation thereof, which will raise 

awareness through first-hand experience with solar products, underscore the benefits through 
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automated text messages, and increase peer referrals through text-based incentives. This 

intervention could be implemented by the relevant stakeholders to potentially increase solar 

uptake, and contribute to achieving sustainable energy access for all by 2030 – the ultimate 

motivation behind developing and applying this off-grid solar theory of change. 
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1 Introduction 

Energy poverty is entangled with many other dimensions of poverty, from the businesses 

that stop being productive and the children that stop studying as soon as the sun goes down, to 

the errors that occur during nighttime emergency medical procedures veiled by kerosene’s 

flickering orange glow and acrid smoke that causes eyes to well; from agriculture, to information 

and communication technology for development; from gross domestic product, to women’s 

empowerment [1]. In an effort to tackle the interrelated issues which contribute to poverty, the 193 

member states of the United Nations General Assembly approved the Sustainable Development 

Goals in 2015, with the aim to eradicate poverty, protect the environment, and bring prosperity to 

all. Sustainable Development Goal 7 is to “ensure access to affordable, reliable, sustainable and 

modern energy for all” (SE4ALL) [2].  

Emerging economies in Asia, South America, and the Middle East are already on a 

trajectory to nearly achieve SE4ALL by 2030. This is not the case in Sub-Saharan Africa (SSA), 

where almost 600 million people currently live in the dark, and millions more will be without energy 

access1 in 2030 due to population growth and slow grid expansion. Viable grid alternatives and 

expanded efforts are needed to alter this trajectory and put SSA on a path to achieve SE4ALL. 

My efforts to increase electricity access in SSA began when I was an undergraduate 

student, working to develop a low-cost wind turbine design that could be constructed locally in 

Malawi. The design concept started out as a Savonius-type wind turbine that used a 55-gallon 

drum as a rotor, but I soon realized that its low-speed design was not well suited to making power. 

In search of a more appropriate design, I found an open-source plan for a handmade three-bladed 

wind turbine. I worked to adapt it to low-cost parts that I assumed would be available in country, 

utilizing junkyard car parts for some of the main components. When I traveled to Malawi and 

                                                
1 In terms of the SDG, energy access refers to electrical and heat (cooking) energy. Though I do not focus on cooking, 
I continue to use the term “energy access” for continuity and to encompass electrical and light energy. 
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Kenya in 2010 I learned that these “junk” parts carried prices higher than that of the new 

components specified in the original design.  

I had to refine my approach once again, but I had little opportunity to do so as graduation 

came and went, and the effort of a full-time job left little energy to put toward the project I had 

become so passionate about. This passion led me to CU Boulder, where I was fortunate to be 

able to further research and develop low-cost locally-produced wind turbines in graduate school. 

As I gained a better understanding of electrification issues in SSA, I believed that a pico-scale 

(~10W) wind turbine might better address the needs and budgets of individual households in 

developing communities. This technology could be cost competitive with existing pico-scale solar 

products, while creating more jobs in country. 

In 2014, I traveled to Tanzania to assess the feasibility of the pico-turbine. I was taken 

aback by the number of people using crude locally-made kerosene wick lanterns as their primary 

source of light, even though I knew the statistics: in the absence of electricity about two thirds of 

people in SSA use kerosene as their primary source of light. Households can spend 10-25% of 

their income on kerosene for light, since kerosene is very expensive in relation to its dismal light 

output [3]. Beyond the expenses and dim light of kerosene, there are many other disadvantages: 

indoor air pollution that impairs lung function and increases the risk of tuberculosis, asthma, and 

possibly cancer [4,5]; safety risks due to poisonings, fire, and explosions [4,5]; and greenhouse 

gas and black carbon emissions that have a significant contribution to climate change [6]. As 

such, the WHO Guidelines for Indoor Air Quality discourage the use of kerosene [7]. 
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Figure 1.1: Tanzanian woman with kerosene wick lantern made from a tin can. 

Unsurprisingly, Tanzanians had nothing but disparagement for kerosene lanterns. So why 

are so many people using them? It is not necessarily the lack of alternatives, as I saw many 

retailers in the area selling solar lanterns for as little as $7; these would pay for themselves in 

kerosene savings in a matter of months. During interviews and conversations with people, 

essentially everyone was aware of solar technology, and most had overwhelmingly positive 

opinions. So, the question in my mind was no longer “why are people using kerosene?” Instead I 

wanted to know “why aren’t people using solar?!” Furthermore, if people are not using the 

available, affordable, well regarded solar options, why would they use my wind turbine – an 

unfamiliar technology for almost everyone that I talked to? 

I went through four wind turbine iterations before realizing that solar technology was a 

more appropriate solution in the current time and given setting. This was a tough realization, but 

the underlying lesson was one of the more important of my graduate education. Another central 
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realization was that the issues impeding energy access in SSA could not be addressed by 

technology alone. I had to identify these impediments; I had to find out what is preventing people 

from ditching their smoky, dangerous, dim kerosene lanterns for clean, cost-effective, bright solar 

lanterns (and other solar products). 

 

Figure 1.2: Solar lanterns, some with phone charging capability (top), and 100W solar home system with 
lights, TV, radio, and portable lantern (bottom) [8–10]. 

These solar lanterns and phone chargers (<10W), solar home systems (10W-1kW), and 

solar microgrids (1kW-1MW) are projected to make the largest contribution to closing the gap 

between the status quo and energy access for all in SSA by 2030 [11]. My research focuses on 

the lanterns and phone chargers, often referred to as pico-solar, and solar home systems (SHS), 

collectively referred to as off-grid solar. At the consumer scale, these products save money, 

supply more and brighter light, provide opportunities for generating income, and have positive 

impacts on health, education, the environment, and quality of life [12]. An estimated 6 million pico-

solar products, and 600,000 SHS were sold in 2016 in SSA. In order to achieve SE4ALL the 

market for solar products will have to grow considerably, but sales are on a downward trend, 

falling by 12% between the first half of 2016 and the first half of 2017 [13]. While considerable 
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interest and effort is being applied to grow this market, there has been limited success. I believe 

this is because there is limited understanding of the processes underlying solar technology 

adoption in emerging economies.  

Rogers’ Diffusion of Innovations, first published in 1962, is the seminal work on technology 

adoption. This theoretical framework provides an understanding of the principles which govern 

how new technologies and ideas spread, and the rate at which they do so. It was originally 

developed to understand the diffusion of agricultural innovations in Iowa, but it has proven to be 

applicable to a wide range of innovations and countries [14].  

Eder, Mutsaerts, and Sriwannawit apply Rogers’ theory to the diffusion of microgrids and 

renewable energy, based on a case study in Uganda. They identify the main dimensions affecting 

users’ perceptions and the diffusion process as technological, economic, and social [15]. Other 

frameworks have been applied to technology diffusion in developing communities. For example, 

Tigabu, Berkhout, and van Beukering used Technological Innovation System to better understand 

the diffusion of improved cookstoves and biogas technology in Rwanda and Kenya [16].  

Hirmer and Cruickshank used a value chain framework to evaluate the sustainability of 

the pico-solar market. They identified the most important considerations at each stage in the value 

chain, and five means of improving the sustainability of pico-solar product implementation [17]. 

Ulsrud et al. used a cluster of theories related to the transition to sustainability through socio-

technical change to better understand a village-level solar power system in Kenya. Through this, 

they developed a five-step analysis framework for village-scale power systems [18]. Girardeau 

adapted a framework on LPG scale-up to identify the enabling environment factors that influence 

solar uptake in low-income countries, in order to improve solar programs. The environmental 

factors were the financial context, market development, program implementation, and 

government regulations [19].  

Other researchers have explored the factors that impact technology adoption but have not 

started with a specific framework in place. For example, Ahlborg and Hammar used a literature 
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survey and interviews to identify drivers and barriers of rural electrification in Tanzania and 

Mozambique. The drivers and barriers identified were organized into the following categories: 

financial, social, technical system management, local management, technology diffusion, actor 

performance, and rural infrastructure [20]. Barry, Steyn, and Brent used eight case studies in 

Tanzania, Rwanda, and Malawi to identify factors critical to the renewable energy technology 

selection process. They uncover 13 factors that should be considered when selecting energy 

technology for use in Africa [21].  

Other researchers have developed their own frameworks for understanding technology 

diffusion in emerging economies. Slaski and Thurber developed a framework for understanding 

the diffusion of improved cookstove technology, which focused on the end-user perspective. They 

found motivation, affordability, and level of engagement required to be the three dimensions of 

cookstove adoption from the adopter perspective [22]. A second paper by Hirmer and 

Cruickshank focused on the perspective of the end-user. They drew on psychology, sociology, 

and design literature to develop a user-value framework for community off-grid electrification 

projects [23].  

The above literature gives useful insights into various aspects of the technology adoption 

process. However, taken piecewise, it does not provide a comprehensive understanding nor 

adequate guidance to tackle the issues that are restricting growth of the solar market. Most of this 

literature focuses on other technologies, such as cookstoves and biogas, or different scales, such 

as grid extension and microgrids. Additionally, none of these studies provide an all-inclusive 

perspective of the technology adoption process, with some focusing on business aspects, others 

focusing on the adopter perspective, and many completely neglecting the adopter perspective. 

Perhaps the biggest limitation in the existing literature is that it does not provide an actionable 

framework for identifying not only the underlying issues, but also the solutions to these issues. 

My dissertation addresses these shortcomings by developing and applying a holistic theoretical 

framework detailing the off-grid solar technology adoption process. 
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In Chapter 2 I synthesized the above papers and other relevant literature into a 

comprehensive theory of change (ToC) that elucidates the fundamental mechanisms which drive 

solar adoption in SSA. The aim was to create a holistic, practical, and actionable theoretical 

framework for understanding off-grid solar diffusion. This is a meaningful contribution to the field, 

because my ToC provides a foundational understanding of solar adoption, which can be built 

upon by relevant actors to grow the solar market toward achieving SE4ALL. For example, the 

ToC can help guide research that identifies the drivers and barriers to solar adoption, then help 

develop appropriate interventions that address the barriers, enhance the drivers, and ultimately 

increase solar adoption. Chapter 2 takes the form of a paper draft that may be submitted to 

Renewable and Sustainable Energy Reviews after further revision.  

In Chapter 3 I applied the off-grid solar ToC developed in Chapter 2, in order to 

demonstrate its utility for guiding research and drawing conclusions. In this chapter I answer the 

following research questions:  

1. what are the drivers and barriers of off-grid solar adoption in northern Tanzania?  

2. does my off-grid solar ToC provide a useful framework for interpreting research results? 

I began to answer these questions by collaborating with an in-country research partner to carry 

out 324 household surveys in the Arusha and Kilimanjaro regions of Tanzania. These surveys 

provided useful insight into the perspectives and characteristics of solar adopters and potential 

adopters – perspectives that help explicate the change process underlying solar adoption, but are 

underrepresented in the literature. 

By analyzing select survey questions with a fixed-effects model, then using the ToC 

framework to interpret survey and model results, my colleagues and I were able to draw concise 

and meaningful conclusions from a broad array of qualitative and quantitative data. We ultimately 

found that lack of awareness of financial benefits and affordability challenges among the poorest 

of the poor were the main barriers restricting further solar market growth in this area. Attraction to 

solar products and wide product availability were the main drivers contributing to the existing level 
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of market penetration. Beyond identifying these drivers and barriers, and demonstrating the utility 

of the ToC, this research provides a useful contribution to the field in the form of valuable insights 

into the perspectives of (potential) solar adopters. Chapter 3 takes the form of a paper draft that 

will be submitted to Energy Research and Social Science. 

In Chapter 4 I applied the ToC to develop an intervention that can address the barriers 

identified in Chapter 3. The ToC was useful because it brought together a diverse set of literature 

containing a range of ideas and evidence for broadly addressing barriers, in order to create an 

“enabling environment” for solar adoption. By looking at the parts of the enabling environment 

that were relevant to the identified barriers, and thinking about them in terms of the local context, 

I was able to develop a viable approach for improving awareness and affordability. The ToC also 

identified the stakeholders who may be relevant to this intervention, so I was able to refine the 

intervention such that it could realistically be implemented by these stakeholders, to their benefit. 

Thus, I operationalized the intervention so that it could not only be rigorously evaluated, but also 

realistically implemented at scale. 

This resulted in a feasible plan for an intervention to address awareness and attraction, 

and potentially increase solar uptake in an effective and efficient manner. The fourth and final 

chapter takes the form of a hypothetical funding proposal to implement and evaluate a pilot 

version of this intervention, and serves as the conclusion of this dissertation. It shows the path 

forward not only in terms of the next steps of this research, but the potential direction of my career. 

This proposal also contributes to the field by outlining an intervention that could be realistically 

implemented, and successfully contribute to increasing solar uptake toward achieving SE4ALL – 

the ultimate motivation behind this dissertation. 
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2 Theory of Change for the Diffusion of Off-Grid Solar Systems in Emerging 

Markets 

Kyle M. Karber, Katherine L. Dickinson, S. Revi Sterling, Michael P. Hannigan 

2.1 Introduction 

Modern energy access is a critical component of improving quality of life and enhancing 

human development in the Global South. Energy consumption has been shown to increase 

economic growth in both the short and long term for low income countries [24], and electricity 

access is positively associated with human development, gender equality, education, poverty, 

and lower maternal mortality [25]. Unfortunately, an estimated 1.1 billion people cannot realize 

the benefits of electricity access, with almost 600 million of those without access residing in Sub-

Saharan Africa [11].  

Fortunately, the International Energy Agency (IEA) projects the total number of people 

without energy access will drop significantly by 2030, when accounting for current policies and 

stated policy intentions. In this business-as-usual (BAU) scenario, near universal access will be 

achieved in India, Southeast Asia, Latin America, and the Middle East. Meanwhile, much of Sub-

Saharan Africa (SSA) will be left behind. In this region, the total number of people without energy 

access will remain largely unchanged between 2016 and 2030.  While additional electricity 

generation, grid connections, and decentralized energy systems in SSA will increase electricity 

access from about 43% of the population in 2016 to 60% in 2030, the total number of people 

without access will increase slightly due to population growth. About 90% of those who will remain 

without electricity access will reside in rural areas of SSA [11]. 

The United Nations (UN) envisions a much different scenario: Sustainable Development 

Goal 7 (SDG7) is to ensure access to affordable, reliable, sustainable, and modern energy for all, 

by 2030. As such, the UN has launched the Sustainable Energy for All (SE4ALL) initiative to 

leverage partnerships, develop strategies, and provide support that will facilitate leaders, 
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accelerate action, and track success toward this goal [26]. The IEA explored the SE4ALL scenario 

to better understand how an additional 600 million people in SSA could gain energy access by 

2030, and what the implications would be. In this scenario, 72% of the additional people would 

gain access through mini-grid and off-grid energy systems, which will be primarily powered by 

solar photovoltaics (PV). However, the SE4ALL case would require total investment of $454 billion 

in SSA, which is more than quadruple the expected investment in the BAU case. Even in the BAU 

scenario, 45% of future investments in SSA will be in mini-grid and off-grid systems, with a 

majority of these decentralized systems being powered by solar PV [11].  

Since the deployment and use of decentralized solar systems needs to increase 

significantly in SSA, especially in the SE4ALL case, it is important to understand the drivers and 

barriers to the dissemination of this technology. Solar PV will be a leading technology for future 

electricity access in SSA and other areas of the world, partly because the cost of solar modules 

is rapidly decreasing – dropping 80% between 2009 and 2015 – making the technology 

increasingly affordable [27]. Additionally, decentralized solar technology is already widely 

available, and its modular nature makes it suitable for a range of needs and price points [11]. Off-

grid solar products can range from a pico-scale LED lanterns and phone chargers smaller than 

10 watts to multi-kilowatt solar home systems (SHS), with a large range of sizes in between. Mini-

grid or microgrid systems are on the kilowatt to megawatt scale and are large enough to provide 

energy access to households in a community, and power equipment for communal services, such 

as grain milling and water pumping [25,28]. 

This paper focuses on off-grid solar products, which we will primarily refer to simply as 

“solar” going forward. Part of the reason for focusing on off-grid rather than mini-grid is because 

off-grid solar currently makes up the largest portion of the market, and these smaller and more 

affordable systems will impact a larger number of people in the short term [27,29]. From the 

consumer perspective, these products save money relative to kerosene and other traditional light 
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sources, provide more and brighter light, provide opportunities for generating income, and can 

have positive impacts on health, education, the environment, and quality of life [12].  

Off-grid solar products are already providing basic energy access for millions of people in 

low and medium income communities, who would otherwise not have access to electricity. 

Businesses which reported sales to Lighting Global and the Global Off-Grid Lighting Association 

(GOGLA) have sold more than 30 million solar lighting products worldwide since 2010, providing 

improved energy access for almost 100 million people. These sales numbers only account for 

businesses associated with and reporting to these organizations, and they do not account for 

SHSs which are sold piecewise, rather than as a bundled kit; thus, the actual solar product sales 

numbers are significantly higher [30]. 

Although global sales of off-grid solar products increased 97% between 2012 and 2014 

and 9% between 2014 and 2016, there was a 15% decrease in sales of these products in 2017  

[13]. In order to reverse this trend, surpass population growth, and achieve the Sustainable 

Development Goal of universal access to modern energy services by 2030, the off-grid solar 

market will need to expand considerably. Therefore, it is important to understand the mechanisms 

by which solar dissemination can be broadened and accelerated in low and medium-income 

communities, especially in Sub-Saharan Africa. 

The overarching objective of this research is to convey an understanding of the 

fundamental drivers and barriers of off-grid solar adoption, and to help elucidate actions that can 

increase the uptake of solar products in SSA and other emerging economies. To achieve this 

goal, we examined literature relating to solar adoption from a range of perspectives, and 

synthesized it into a comprehensive theory of change. The secondary objective of this paper is to 

familiarize more people with the process of developing a theory of change (ToC). A systematic 

review found that there is no consensus on the definition of ToC, but it is “commonly understood 

as an articulation of how and why a given intervention will lead to specific change” [31]. Through 

the process of developing a ToC, the change agent (e.g. organization, government, etc.) acquires 
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a better understanding of how their activities contribute to achieving a larger goal, while 

accounting for contextual realities (political, social, etc.) [32,33]. 

The insight gained through the process of creating a ToC helps with planning effective 

interventions, and developing monitoring and evaluation programs. The resulting evidence-based 

theory also serves as a tool for communicating the change process in an understandable and 

credible manner. As such, it is advocated, employed, or required by many development agencies 

(e.g. USAID, DFID), prominent non-governmental organizations (e.g. Annie E. Casey Foundation, 

Bill and Melinda Gates Foundation), and funding agencies (e.g. World Bank, International 

Initiative for Impact Evaluation)  around the world [34–36]. Our off-grid solar ToC is a relatively 

unique application of ToC, in that these theories are most often created for specific projects or 

funding proposals, and are not usually published in the academic literature. However, ToC is 

broadly applicable and these theories are being increasingly used and published in a variety of 

fields, including education, health, and environmental research (e.g. [37–40]). 

2.2 Methods 

2.2.1 Theory of Change 

ToC is a tool or methodology that uses a process of critical evaluation and backward 

mapping to identify and communicate the conditions and actions that can lead to a desired 

outcome, thereby resulting in a logical, practical, and actionable theoretical framework detailing 

the mechanisms of change. When a change agent uses ToC as a planning tool, they should not 

start with a specific intervention (i.e. program, activity, initiative, action) in mind. Instead, they start 

by defining the desired goal, then work backwards to identify the necessary contextual conditions 

(e.g. social, political, environmental), and the various change pathways which may enable them 

to achieve their goal. Once the change pathways are identified, the change agent can evaluate 

the different change pathways and develop interventions for achieving their goal [41]. By critically 

evaluating the landscape in which their goal is trying to be achieved, without procedural 



13 
 

restrictions or preconceived interventions, the change agent gains a more unbiased and holistic 

understanding of the change pathways and their role in achieving the end goal. 

The change agent’s goal can often be broken down into the outcome and impacts, where 

the outcome is more directly related to the change agent’s intervention, and the impacts are the 

overall result of the outcome. Depending on the purpose of the ToC and the objective of the 

change agent, they may want to start with the outcome (e.g. increase off-grid electrification), or 

start with the impact (e.g. improve education and health outcomes) and work backward from 

there. We started with the outcome of increased off-grid solar use, for the reasons given in the 

introduction, then we used the literature to identify/confirm the impacts of solar in Section 3. It is 

important to note that solar technology is not the only way of achieving the outcome of increased 

off-grid energy access, and increased energy access may not be the best way of achieving certain 

economic, health, or other impacts. 

Change agents should draw on existing evidence to support the plausibility of their theory, 

including academic literature, available grey literature, program evaluation results, stakeholder 

and local knowledge, and results from pilot programs [31]. Change agents should also identify 

the indicators and evaluation methods they will use to assess the effectiveness of their 

intervention [41]. It is also critical that they subject their ToC to ongoing critical reflection; their 

theory should be continually revised as new evidence from ongoing program evaluation and other 

sources is considered, and as the political, economic, and social contexts change [42]. 

Besides the basic approach and core principals outlined above, the process of creating a 

ToC is broadly defined, and these theories can serve a number of different purposes and focus 

on different perspectives. The four main purposes for developing a ToC are strategic planning, 

monitoring and evaluation, communication, and learning; a single ToC can serve one or more of 

these purposes. The different perspectives or levels of analysis for the ToC include the project, 

organization, sector, or country level [31]. The flexible nature of developing a ToC allows its 

content and the presentation thereof to be tailored to a multitude of topics and applications. 
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The solar adoption ToC detailed below focuses on the sectoral level, i.e. the off-grid solar 

sector, and its purpose is learning, planning, and communicating. Through the process of creating 

the ToC we learned a great deal about the state of the off-grid solar market in Sub-Saharan Africa, 

which helped identify change pathways that can potentially expand the market. By explicitly 

highlighting these change pathways, the ToC provides a basis for planning interventions to 

increase the uptake of off-grid solar. The solar ToC also serves to communicate this information 

to a wider audience, including change agents who can use it as the basis for a ToC tailored to 

their specific organization, goals, and context. The breadth of this sectoral ToC also helps to 

define and communicate the roles of various actors.  

2.2.2 Literature Review 

Our ToC was developed using relevant academic and grey literature on the topic of off-

grid solar technology adoption in SSA. This literature alone was not adequate to develop a 

complete ToC for solar adoption, so we included tangentially related studies, such as those on 

cookstove adoption in developing communities or community-scale microgrid electrification. We 

focused on literature pertaining to Sub-Saharan Africa due to the increased need in this region, 

but evidence from other regions was included where relevant. We focused on more recent 

literature as the off-grid solar market is continually evolving. 

We did not use a formal search methodology, but our literature search was primarily 

conducted through Science Direct and Google Scholar using a variety of relevant search terms 

including different combinations of synonyms, such as [solar OR photovoltaic OR energy OR 

electricity] AND [“developing countries” OR Africa OR “emerging markets”]. The snowball method 

was also used, whereby the most relevant and useful papers were used to find additional relevant 

sources. Sources were selected for detailed review based on the perceived relevance after 

reading the abstract or skimming the document. Initially, more than 100 documents were saved 

for further review, 27 of these were selected for detailed review and included in this paper. These 

27 sources helped identify about 50 additional relevant sources which are included in this paper.  
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In order to achieve the outcome of increased off-grid solar energy access, we needed to 

start with the perspective of the potential adopter/customer, as they ultimately drive the adoption 

process. Thus, we started developing our ToC by identifying the conditions that need to be met 

for the adopter to purchase a solar product, i.e. the “adoption conditions”. This aspect of the ToC 

was framed by the “the Four A’s”: awareness, attraction (acceptability), affordability, and 

availability, adapted from [43], because these categories represent the adopter’s perspective at 

a fundamental level.  

With an initial framework in place, we began reviewing the publications perceived to be 

the most relevant—those that applied or developed theories, frameworks, or basic concepts for 

understanding energy technology adoption in emerging economies [14–17,19–23]. The lead 

author used a qualitative data analysis software, MAXQDA, to organize the review process. As I 

read through papers, I used the software to highlight relevant passages and assign those 

passages a code, such as one of the 4 A’s. As I reviewed more sources and identified more 

relevant passages, I created new codes when existing codes did not represent the content of a 

passage. For example, I identified and coded relevant actors, contextual factors, and dimensions 

within the 4 A’s. Through the process of reviewing literature, I found the 4 A’s adequately 

encompassed all adopter level conditions that were identified and coded, so I did not change this 

initial aspect of the ToC framework. 

Besides starting with the 4 A’s, the organization of the ToC arose from the factors in the 

literature that I identified to be part of the change process for solar adoption. After reviewing 

approximately 27 relevant sources, I created an initial ToC outline from the codes identified 

therein. This initial ToC helped identify missing and underdeveloped topics, which guided the 

literature search going forward. As I found more factors influencing the 4 A’s, but that were 

external to the adopter perspective, I organized these external factors into the “enabling 

environment,” which directly relate to the adoption conditions, and represent intermediate 

conditions that need to be considered along various change pathways. As I reviewed additional 
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literature and identified additional codes, I continued to reorganize the ToC as necessary so that 

it captured new information, was more intuitive, had better logical flow, and better reflected the 

change process. The resulting organization can be seen in the ToC diagram in Figure 2.1. 

 

Figure 2.1: Off-grid solar theory of change diagram 

2.3 Identifying Impacts of Off-Grid Solar 

To begin the ToC we started by identifying the likely impacts of increased solar adoption, 

in order to verify that we are pursuing a worthwhile outcome. The most apparent impact of solar 

is additional lighting hours from a brighter higher-quality light source relative to kerosene and 

other traditional sources [12,29,44–47]. Beyond this, solar technology has economic, health, 

social, and environmental impacts, which are outlined in Figure 2.2.  
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Figure 2.2: The economic, social, health, and environmental impacts of off-grid solar. Note: citations 
following an asterisk indicate findings which dispute the impact. 

2.4 Adoption Conditions 

The adoption conditions are the four fundamental conditions that must be fulfilled in order 

for consumers to purchase and use solar products. Adopters need to know about solar products, 

have a desire for them, find them economically feasible, and be able to purchase them locally; 

they must have awareness and attraction for the product, which must be affordable and available 

[43]. The Four A’s are analogous to the 4 P’s of marketing (product, promotion, price, and place) 

[48], but from the perspective of potential adopters in emerging economies, rather than the 

business or marketing perspective. 

 
 

 

Outcome: Increased Uptake of Off-Grid Solar in Emerging Markets 

Impacts 

Economic 

Lighting fuel savings [29,44–47] 
Time savings [29] 
Increased productivity [29,45] *[46,47] 
Additional income [29,45] *[46,47] 
Job creation [29,48] 

 

Health 

Reduced indoor air pollution [4,5,7,29,44–
46,49–51] 
Fewer poisonings due to ingestion [4,49] 
Fewer fires, explosions, burns [4,46,49] 
Improved health care delivery [45] 
Increased food expenditures [45,47] 

 

Social 

Increased study time [29,45,52] *[44] 
Improved education outcomes [29] *[44,47] 
Access to communication [29,45] 
Access to information [29,53]  
Happiness/quality of life [46] 
Feelings of safety/security [29,46,54] 
Gender equitable development [29,55,56] 

 

Environmental 

Reduced GHG emissions [6,29] 
Reduced black carbon emissions [6,29] 
Some types of waste decrease [29], some 
increase [45] 
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Figure 2.3: Theory of change diagram highlighting adoption conditions 

2.4.1 Awareness 

Awareness is an undeniable prerequisite to the diffusion of solar technology in developing 

communities [21,49–51]. In general, before awareness reaches 20 to 30 percent of a population 

there is very little adoption, but increased in awareness beyond this leads to increased adoption 

[14]. The two main dimensions of awareness are knowledge of solar technology and its benefits, 

and the level of education of the adopter. 

Using the literature, focus groups, and interviews of experts who have experience with 

pico-solar, Hirmer and Cruickshank found that one of the key elements of sustainable product 

development for rural electrification is ensuring that end-users are aware of a product’s existence 

and its benefits. However, they found a large disconnect between how critical this awareness is 

and the extent to which it is addressed by practitioners. Further, they expressed the importance 

of raising awareness and understanding of a product’s benefits in transitioning to a technology 

“pull” by rural customers for pico-solar products. One of the experts interviewed said many end-

users do not realize they need the product, and the authors reason this was due to low levels of 
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pico-solar exposure. The authors concluded that the relative importance of this issue and the 

deficiency in addressing it are indicative of a major market failure [17]. 

Other researchers have noted the deficit of knowledge of off-grid solar products in SSA 

[15,44]. Based on the literature and in-depth interviews with stakeholders, Ondraczek concluded 

that lower awareness of solar products in Tanzania has led to lower uptake of the technology 

when compared to Kenya [50]. Amankwah-Amoah et al. found evidence in the literature that 

suggests people resist adopting this new technology due to a lack of information about the 

technology and its functionality [52].  

When researching knowledge and adoption of SHS in Nicaragua, Rebane and Barham  

found that knowledge of solar technology was most strongly predicted by the presence of other 

installed SHS [53]. They also found that having learned about SHS from an NGO or business was 

a positive determinant of SHS adoption. When performing an econometric analysis on data from 

the Kenya Integrated Household Budget Survey of 2005/06, Lay, Ondraczek, and Stoever found 

that the more prevalent SHS were in the district, the greater the likelihood that another individual 

would adopt the technology [54]. They recognize that number of factors could have contributed 

to this outcome, including the importance of local knowledge of SHSs when a user is deciding to 

adopt.  

These findings illustrate the importance of knowledge about solar technology in increasing 

the adoption of these technologies. However, raising awareness alone is not necessarily sufficient 

to increase adoption of solar technology. A household survey in rural Bangladesh showed that 

87% of solar non-users were aware of the technology [55]. Furthermore, even if awareness of the 

relative advantages of electricity access is high, this general awareness does not necessarily 

translate to solar electricity [15]. 

One of the possible contributing factors to a lack of awareness about solar products and 

their benefits is the education level of potential users, which can be a barrier to technology 

adoption in general [21,50]. Lay, Ondraczek, and Stoever found that a higher education level was 
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associated with an increased probability of using modern cooking and lighting technologies [54]. 

In Tanzania, Ikwaba found that the majority of SHS users completed secondary school education, 

and almost one-third had a university degree; none of the non-users had a university degree, and 

the majority had only completed primary school [56]. Education level was not only associated with 

the use of solar technology, but also the willingness to pay for that technology [57]. 

A possible reason for the link between education and solar use is that those with higher 

levels of education are better able to acquire and process new information [58]. This is reinforced 

by the observation that earlier adopters of technology tend to have more education and are more 

likely to be literate [14]. Another possibility is that education level affects adoption indirectly, by 

affecting income level or other related factors. Alternatively, higher education may facilitate 

gathering knowledge on the new technology, thereby leading to increased adoption. However, 

Smith and Urpelainen found no evidence that education affects the adoption of solar technology 

in Tanzania [51]. Therefore, it is unclear what role the level of education plays in adoption, if any.  

2.4.2 Attraction 

Beyond awareness, potential adopters must find these products attractive, thereby 

creating a demand for them. Currently, demand is not coming from the adopter side (market pull), 

but by businesses who are driving demand (technology push) [17]. For the market to grow and 

be successful, potential adopters must be motivated to purchase solar technology [17,51]. Though 

the demand for solar products may be lacking, the desire for electricity is evident [20]. Increasing 

demand for electricity may be driven in part by the rapid diffusion of mobile phone technology 

[54]. The demand for electricity needs to be more effectively translated into a demand for solar 

solutions, and a key part of creating that demand is increasing the attractiveness and perceived 

value of these products. 

Demand for solar ultimately begins and ends with the adopter, who must see the value in 

these products [21,22]. Users’ needs and desires must be taken into account when designing 

solar technology, in order to maximize their attraction to the product [59]. Through an extensive 
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literature review, Hirmer and Cruickshank adapted existing user-value theories to create a user-

value framework for rural electrification, which has been adapted to the structure of our ToC [23]. 

Certain aspects of the framework have been combined for simplicity and brevity: functional, 

epistemic, and emotional value are combined into a dimension called “functional and personal 

value,” and social and cultural value have also been combined into a single dimension. Other 

aspects of their user-value framework were relevant to other A’s, so they are discussed further in 

the applicable sections.  

Functional Value 

Value is user-subjective rather than objectively established, is inherent in the use of the 

products, and is weighed against what the user gives up to obtain the product [23]. Rogers refers 

to the trade-off of solar technology over competing or traditional options as “relative advantage” 

[14]. The relative advantages of solar need to be obvious to the adopter, and these advantages 

are often measured in financial benefits [15]. In economic terms, this would be the “net gain to 

the agent from adoption, inclusive of all costs of using the new technology” [58]. The economic 

aspects of functional value are explored further in the affordability section, but there are many 

non-economic factors that affect perceived value. 

The non-economic aspects of functional value include the product’s performance and 

personal compatibility [23]. The perceived compatibility of a new technology positively affects the 

rate of adoption [14]. A very important aspect of the performance and compatibility of off-grid solar 

products is their brightness [17,60,61]. Another desirable feature that would enhance compatibility 

is the ability to power a TV [50]. Other desirable features include reliability, adequate run-time, 

and mobile phone charging features [61,62]. To further enhance compatibility, the new technology 

should not be overly complex, but intuitive and easy to use with little instruction [14,23,63].  

Other non-economic aspects of functional value include the product’s convenience and 

service. Convenience includes time saved, such as avoiding time spent going to the market to 
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buy kerosene or charge a cell phone. It also includes the flexibility to meet variable and increasing 

energy demand. Service includes support, training, and maintenance [23].  

Personal value includes satisfying a desire for knowledge, provoking curiosity, and 

providing novelty and emotional value [23]. Not only is knowledge gained about the technology 

through its purchase and use, but opportunities to acquire more knowledge are increased due to 

additional light. In Kenya, there is a desire for a light switch and permanent bulb that are similar 

to those of a grid electrified house, because of the emotional value associated with a western 

lifestyle [23].  

Issues which can negatively affect user-value for solar products must also be taken into 

consideration. Households may place a higher value on grid electricity, thus their willingness to 

pay for solar products is lower [57,64]. Similarly, some see grid power as more effective at 

charging battery-powered lamps, which may be partly due to the need to charge the solar lamp 

daily, rather than only when necessary with grid charging. Functional value may decrease when 

accounting for time and effort spent on managing the charging process and mitigating concerns 

of theft, where necessary [60]. However, in some contexts the perceived reliability of SHSs makes 

them more attractive than a grid connection [54]. Other issues arise when SHSs are not installed 

properly or incorrect information is given regarding system performance, which results in 

disappointed consumers whose expectations of system value were not met [61]. 

Social and Cultural Value 

Societal norms, cultural values, and other social structures can influence an individual’s 

perception of a new technology. It is possible that tradition can be a barrier, and the “day-to-day 

culture” in rural areas can lead to disinterest in new technology [15,23,56]. If a population is 

skeptical of a new technology and reluctant to try it, the adoption process is hindered [50]. 

Furthermore, religion can be a deciding factor in purchasing decisions, and spirituality can lead 

to fear of unknown technologies [23,65]. However, this disinclination toward new technology is 
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either not universal, or can be overcome, as evidenced by the rapid diffusion of cell phones in 

Sub-Saharan Africa and the popularity of television and radio, even in rural areas [50]. 

The attractiveness of solar or other new technologies is influenced by how these products 

fit into the local value system. Adoption can be impeded if the technology is incompatible with the 

values of the target market [15]. The perspective of the local society on new technology can be a 

major impediment of adoption [66]. Conversely, the local perspective can facilitate adoption, as 

is the case with more open and tolerant villages in Sri Lanka [65]. It is critical that any interventions 

aiming to diffuse solar technology to a population get local buy-in and acceptance [23]. It is also 

important to remember that business strategies must be adapted to the local context, since the 

social dynamics will vary greatly from location to location, even within the same country [15]. 

Solar products can be seen as a status symbol, which can further elevate the perceived 

value of these products. Pode states that the growth in the SHS market in Bangladesh is 

attributable, in part, to the desire to improve lifestyle [67]. In Kenya there is a desire for a more 

Western lifestyle, with which electrification is associated [23]. In South Africa, increased social 

status is one of the benefits associated with electrification in rural areas [68]. In fact, early adopters 

of solar products were driven in part by their desire to distinguish themselves from their peers 

[14,23]. Thus, when looking at the relative advantage of a new innovation, the associated prestige 

influences an individual’s perception of the innovation.  

Though it may seem advantageous to promote solar products as a status symbol, this 

could also lead to conflict. Eder, Mutsaerts, and Sriwannawit observed discord between those 

who could afford a connection to a rural microgrid, and those who could not afford it in rural 

Uganda. The more affluent households used electrification as a status symbol, which increased 

the social divide in the community [15]. In other instances jealousy over SHSs has led to 

vandalism and theft [19]. 

The environmental sustainability of a technology can influence its perceived value as well. 

There were positive attitudes toward a biomass-based rural electrification scheme in Uganda 
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because the villagers believed it was better for the environment [15]. Growth in the SHS market 

in Bangladesh can be partly attributed to the reduction in indoor air pollution resulting from 

reducing or eliminating the use of kerosene for light [67]. However, environmental factors are not 

always influential on purchasing decisions [17]. As with most things in international development, 

it depends on the local context, as attitudes toward the environment are likely to be highly variable 

from place to place. 

Perceived Quality 

Another element influencing the attractiveness of solar technology is the perceived quality 

of these products. Quality, service, and sufficiency are identified as the dimensions of reliability, 

which is an important parameter that influence a potential customer’s value judgement [62]. 

Inadequate or inaccurate information about the reliability of a new product is a market imperfection 

that inhibits adoption [49]. Inadequate information on quality is perpetuated by the over the 

counter nature of solar product purchases, which limit the ability of customers to assess reliability 

before purchase [69].   

Low quality solar products are widely available on the market in developing communities 

[17,49,56]. Lighting Global created a product-testing and certification program for off-grid lighting 

products; of the 110 products submitted in 2014, only 45 met the minimum standards for quality 

[61]. Product submission was voluntary, so this already meager 41% pass rate does not include 

the multitude of low-quality products that were not subject to testing. Additionally, the real world 

failure rate is likely to be higher than those demonstrated in lab testing conditions [15,44]. In an 

RCT which deployed almost 700 Lighting Global quality-certified solar lanterns, around 10% were 

broken after 7 months [47]. 

Mills et al. took an in-depth look at lighting product quality issues in Kenya, and their 

potential consequences. They found that most low-cost LED flashlights have a lifespan of just a 

few months, and they were concerned that low-quality LED flashlights could create negative 

perceptions of solar lighting products, which also use LEDs; users of LED flashlights might 
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conclude that all LED products are low-quality, including solar LED lamps, leading to “market 

spoiling” for these products. This market spoiling issue is an instance of information failure, since 

consumers are aware that there are low-quality products on the market, but they cannot 

differentiate between high and low-quality off-grid lighting products [61].  

Mills et al. found statistically significant evidence of market spoiling occurring at the vendor 

level. These vendors were offered the business opportunity to buy a high quality solar powered 

LED lighting product for resale. 11 of the 12 vendors unfamiliar with LEDs chose to buy the solar 

LED lighting system, while 8 of the 11 vendors who had prior experience with low-quality LED 

products declined to buy [61].  

Market spoiling and information failure lead to a number of negative outcomes: some 

customers will experience losses due to premature failure of equipment; some potential 

customers will decline to purchase products which could be beneficial to them, as a result of 

negative perceptions of quality; there is a lower perceived value and therefore a lower willingness 

to pay for affected products; there is the potential for the market for solar products to be 

devastated in the early stages of adoption [61].   

Other researchers reinforce the danger of market spoiling (e.g. [17]). With regard to 

Rogers’ diffusion of innovation theory, there can be a “chasm” between the early adopters and 

the early majority: poor quality products cause early adopters to communicate negative opinions 

to the early majority, thereby decreasing sales, deterring adoption, and causing a disruption in 

the diffusion process [15]. Such an issue can prevent the solar market from developing.   

The market spoiling issue may be partly attributable to high-quality products having limited 

market share due to their higher price relative to low-quality products. Consumers tend to favor 

lower-cost options, which tend to be lower quality [17]. These low-cost low-quality products fail to 

perform to the customers’ expectations, which leads to a breakdown of the bourgeoning market, 

as described above. This issue is further compounded by low-quality imitations of high-quality 

products, which are readily available on the market [67]. These hard to identify products cause 
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further information failure when low-quality products are mistaken for what was supposed to be a 

high-quality product. 

Users may desire a warranty on their solar products, to reassure them that the products 

are high quality [61]. However, there is some evidence that consumers put little faith in a warranty, 

as it may be difficult for the consumer to act on the warranty, or it may not be honored due to the 

solvency and reliability of companies in a startup environment [25,70]. Though a warranty may 

not be the best solution, there needs to be some means of boosting consumer confidence in off-

grid solar product quality, in order to increase consumer’s attraction to these products.  

2.4.3 Affordability 

Affordability is one of the primary drivers or barriers of the diffusion of off-grid solar 

technology in emerging markets [50,66]. This importance is not only reflected by the focus on this 

topic in much of the literature, but also by the concentration of donor funding and policies [71]. 

However, in 2013 Bhattacharyya stated that "renewable energies are already cost-competitive in 

many parts of Sub-Saharan Africa," and that is even more true in 2017 as the cost of solar PV 

cells continue to drop [64,72]. Still, uptake is limited by dimensions of affordability beyond the 

upfront cost, including cost-effectiveness, ability to pay, payment flexibility, and the availability of 

financing and subsidies [23,50,67].  

Cost Effectiveness 

Kerosene expenditures for lighting can account for 6% to 12% of household income in 

emerging markets [45]. Thus, solar lighting products can provide substantial savings on kerosene. 

Grimm et al. carried out an RCT in Rwanda, which showed solar lamp users consumed 128% 

more light per day (lumen hours) while their kerosene expenditures were 70% lower [44]. 

Similarly, Adkins et al. found that lighting expenditures dropped by 86% the week following 

purchase of a solar LED lantern, while lighting hours increased by 63% [63].  

In Kenya, Malawi, Tanzania, and other countries, households pay the connection costs 

when they are initially connected to the grid, and these costs can be comparable to the price of a 
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solar home system. Though the upfront cost can be comparable, those with grid connections will 

continue to pay monthly based on their electricity usage, unlike SHS users [54]. Thus, when faced 

with similar upfront costs for a solar system or a grid connection, the solar system will be more 

cost effective. 

It should be mentioned that the amortized cost per unit energy for SHS is higher than that 

of a grid connection (not accounting for potential grid connection costs), but is much lower than 

that of kerosene [25]. This cost premium compared to the grid is irrelevant in rural areas where 

grid power is not an option. A diesel generator powered microgrid co-op in Tanzania was found 

to have a cost of electricity 15 times higher than the cost of grid electricity in a nearby town. This 

did not negatively affect the co-op, which saw an increasing number of subscribers due to the 

lack of alternatives as of 2002 [64]. This implies that the opportunity cost of forgoing electricity is 

significantly greater than the cost of grid electricity, thus making solar power cost effective where 

a grid connection is not an option or is unreliable. 

It is unclear if there is a good understanding of the financial benefits among potential solar 

users, which can include: direct savings on kerosene, phone charging, and batteries; possible 

indirect savings on healthcare due to reduced indoor kerosene pollution; and increased 

opportunities for income generation – either through increased work hours due to light, or 

productive uses of the energy generated [25]. Schäfer, Kebir, and Neumann believe that future 

implementation strategies should focus on financially productive uses of off-grid energy, which 

would further enhance cost effectiveness of the technology [59].  

Ability to Pay 

Even if a consumer finds solar products to be cost effective, financial constraints may 

prevent their purchase. A number of researchers have found income to be a factor for adoption 

of improved cooking fuel or modern energy services such as solar products [15,52,55,63,73]. Lay, 

Ondraczek, and Stoever found evidence to support the energy ladder hypothesis: a household’s 

energy or fuel choice depends critically on the level of income of the household, and as income 
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rises the household will move up from traditional fuels to transitional and modern fuel and energy 

options [54]. For those living in poverty, it would be difficult to make the step from kerosene and 

other traditional sources to a solar product, regardless of how cost effective it would be [20]. At 

the same time, the increasing purchasing power of the rural middle class has contributed 

significantly to the expansion of the solar market in Kenya [50]. However, a study that used a 

nationally representative survey in Tanzania found income only had a small effect on the 

likelihood of solar ownership, deviating slightly from the studies cited above [51]. 

A number of researchers cite the upfront cost of solar systems as one of the main barriers 

to their adoption [15,23,66], which leads to slower overall diffusion of this technology [52]. 

Fortunately, the downward trend in solar pricing is making these products more financially 

accessible [54,72]. Despite the decreasing costs of solar products, many consumers still do not 

have the cash to pay for these products upfront [67,73], and most transactions are cash over-the-

counter [64]. When cash and credit constrained individuals are accustomed to smaller daily 

purchases, preferences for today’s consumption override the relatively high upfront costs of solar 

products [17,25]. These individuals are also adverse to the financial risk of a large purchase, due 

to the variable nature of their cashflow [51]. This is reinforced by findings that SHS purchasers 

were more likely to have a steady income source [53]. Therefore, alternative payment methods 

are needed for those with low or variable income that precludes the lump-sum purchase of solar 

products.  

Payment Options 

The need for financing or other flexible payment options is frequently cited in the literature 

[17,20,49–52,62]. The liquidity constraints of potential customers hinders the adoption of solar 

products [58]. Some researchers regard the lack of affordable finance as the main barrier to 

adoption of SHSs and the success of solar enterprises in-country [67,71]. The importance of 

financing schemes is also reflected by customers’ desire for manageable monthly payments 

versus lump-sum payments up front [15,57,64].  
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Unfortunately financing is not available to most consumers in developing countries; in 

some countries as little as 10% of households have access to formal financial services [67]. Even 

those who do have access to these institutions would require a regular income stream and/or 

collateral to secure financing [62]. Furthermore, those who can secure a loan at a commercial 

bank may end up paying a high interest rate, which can range from 15% to almost 40%. The 

availability of financing for renewable energy technology is further limited by financial institutions 

who do not have a portfolio dedicated to these technologies, or who are not even familiar with the 

technologies [67].  

Even if there were local financing options with low interest rates that would allow 

customers to make monthly payments, they still may not be tenable for many. Alstone, 

Gershenson, and Kammen stress the need for payments similar to current payment streams for 

kerosene and phone charging – smaller payments multiple times per week that may be better 

addressed by a pay as you go system [25]. Pode states that many customers could not handle 

fixed monthly payments given their variable and uncertain income, which would require a more 

flexible payment system [67]. Schäfer, Kebir, and Neumann reported another potential SHS 

financing issue, wherein the duration of payments is longer than the battery warranty period. 

These customers would have to either pay the up-front cost of a replacement battery or revert to 

using kerosene, while still being responsible for the remaining payments [59]. Even if all of these 

financing hurdles were overcome, the adopter would still have to have a favorable attitude toward 

utilizing credit for the purchase a solar product [14]. 

Regardless of these potential drawbacks, there is some quantitative evidence showing 

that making payments in installments greatly improves uptake of improved cookstoves. Levine et 

al. performed an RCT that tested the effects of payment options and free in-home trials on 

cookstove adoption in Uganda. They found that adoption was more than six-times greater among 

those who were able to pay in four weekly installments, relative to those who had to pay in full 

upfront [49]. The impediment of lump-sum upfront costs is further evidenced by the case of grid 
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connection costs in Bolivia; when connection costs were amortized over five years, the number 

of new customers doubled [57].  

In addition to financing being available to the purchaser, it should also be available to the 

retailer. Many retailers do not have the liquidity to purchase additional solar products until current 

inventory is sold [17]. This issue is likely compounded by retailers’ lack of familiarity with solar 

products, or the uncertainty of the salability of these products in a nascent solar market. Therefore, 

retailers also need increased awareness and financing options in order to make solar products 

more available.  

2.4.4 Availability 

The availability of a product is an obvious prerequisite to its adoption. Availability of solar 

products, or the lack thereof is seen as a major impediment in the development of a sustainable 

market for solar products [17,50,67]. In fact, current efforts are often unable to reach the 

communities that need solar products the most [51]. Another issue is the availability of after-sale 

service, such as installation, maintenance, and spare parts, which can affect consumer 

confidence when purchasing and lead to systems falling into disrepair [23,59,74]. Below we 

discuss the dimensions of availability affecting solar products and service, including market and 

distribution issues, and explore the geographic factors that are associated with availability of these 

products. 

Market 

The present status of the market for solar products in low and medium-income countries 

may be an impediment to product availability. A number of researchers cite poorly developed 

solar markets as a factor constraining the availability and adoption of these products [17,67,71]. 

The issue does not only lie with solar, as rural markets are poorly developed in general. In 

combination with high levels of poverty and a weak customer base, there is limited demand for 

solar products [20]. Additional market limitations come in the form of ineffective marketing and 
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branding, and a lack of resources for scaling up, as well as a lack of expertise when products are 

sold through existing retailers [17]. 

While market issues limit the availability of solar products, the limited availability of solar 

products and accessories restricts further market development simultaneously. Solar products 

have a variety of applications beyond basic household needs. There needs to be a greater range 

of available accessories and appliances, because access to these complementary products can 

help drive adoption [23]. Furthermore, it is critical that high-quality products are available [61]. If 

businesses are only stocking the lowest-cost solar products, these products are more likely to be 

low-quality products, thereby contributing to the market spoiling issue.  

Although the current market for solar products in developing communities is underserved 

and underutilized, this market has great potential for growth. In fact, the market may be expanding 

at a rate that is not yet well represented in the academic literature. There is some evidence of this 

expansion in recent reports from the Overseas Development Institute, Lighting Global, and the 

Global Off-Grid Lighting Association [12,30,75]. This growth is likely due to a technology push, 

whereby businesses actively create demand for solar technology [17], but it is also possible that 

demand has increased since 2014 and there is greater market pull for solar products. 

Distribution 

One of the primary obstacles to the availability of solar products is the difficulties faced in 

distributing these products. This is especially true in rural areas where electrification rates are 

lower, there are fewer alternatives, and there is a low likelihood of improving energy availability in 

the foreseeable future [17]. Distribution issues are primarily a result of the dispersed rural 

population and poor transportation infrastructure.  

A number of researchers have cited the dispersed nature of rural households, and low 

population densities as a logistical challenge to distributing renewable energy technology in 

developing communities [17,50,51,59,66,70]. Additionally, urban based suppliers of renewable 

energy technologies may not be able to adapt to the needs of the rural population [67].   
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Poor transportation infrastructure is another major obstacle to distributing solar products 

in emerging markets [20,23,50,71,76]. McEachern and Hanson found that villages with the 

highest numbers of SHS users were accessible by a paved road [65]. Beyond transportation 

infrastructure, there are other infrastructure shortcomings that may affect the market for solar 

products, including unreliable grid electricity at production, distribution, and point-of-sale 

locations, and other issues with market and supply chain infrastructure [15,17,50,77]. As 

previously mentioned, Lay, Ondraczek, and Stoever found evidence of geographically clustered 

solar system in Kenya; they hypothesized that these clusters may arise, due in part to the 

availability of market and other infrastructure [54]. 

Distributed populations and poor infrastructure not only make distribution of solar products 

more difficult, but also more expensive [62,66]. The heavy weight of the lead-acid batteries 

needed for SHS increases the difficulty and cost of transporting these technologies [67]. This 

increases the amount of investment required and lowers the return. Another potential cause of 

the solar clusters seen in Kenya is possible lower costs of solar products in areas where the 

desired infrastructure was already in place [54].  

Location 

As previously mentioned, there is evidence of solar ownership emerging in clusters, and 

this may be a result of geographic variability in accessibility and infrastructure [54]. Some 

researchers have found adopters to be more likely to live near the electric grid [65,78]. Lay, 

Ondraczek, and Stoever found that approximately one third of SHS owners in Kenya also had a 

grid connection. These outcomes may be partly attributable to SHS dealers being more likely to 

operate near the grid [54]. Based on a literature review, Nieuwenhout et al. reported that most 

SHS purchasers live near dealers [79], though Rebane and Barham found the opposite to be true 

in Nicaragua [53]. Smith and Urpelainen found that both urban and rural households were equally 

likely to own a SHS in Tanzania [51].  
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There is not a clear relationship between solar ownership and location (rural, urban, near-

grid, off-grid), which likely depends on the local context. It also appears to depend on the stage 

of the diffusion process, i.e. the timing and market maturity. In an analysis of SHS diffusion in 120 

villages in Sri Lanka, McEachern and Hanson found that villages close to population centers with 

solar distribution hubs and loan offices were the first to adopt SHS; however, as time went on, 

solar companies increasingly targeted more distant villages. Ultimately, the remote villages had 

the highest SHS adoption rate, which is likely a result of greater demand due to the lower 

likelihood of the grid extending to these areas [65]. The difficulties faced when distributing these 

products to rural locations and selling them to underdeveloped markets require further 

consideration to ensure the successful dissemination of solar products for rural electrification.  

2.5 Enabling Environment 

In the context of the solar ToC, the enabling environment is composed of the external 

factors which most directly influence the adoption conditions, so they are an important step along 

the pathway to improve adoption conditions and increase solar uptake. The fundamental 

components of the enabling environment are: appropriate technology, which affects attraction and 

affordability; information systems, which affects awareness and attraction; and market 

infrastructure, which affects affordability and availability.  
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Figure 2.4: Theory of change diagram highlighting the enabling environment 

2.5.1 Appropriate Technology 

Appropriate technology is needed to make solar more attractive and affordable for 

potential adopters. The more compatible the technology is with adopters’ values, experiences, 

and needs, the faster adoption will occur [14]. When designing an off-grid lighting products, the 

users’ needs and preferences must be considered, to ensure that the technologies are compatible 

with local requirements [14,17,59,80]. This is problematic, because there is a relatively low 

understanding of user desires for technology in emerging economies [76]. This can be partly 

attributed to the high cost of good market research, which leads to the use of existing information 

or the opinions of experts [17]. This can lead to products that may not meet the requirements of 

potential adopters [17,21]. In this section, we will outline the main dimensions of designing 

appropriate technology which are seen as a universal guideline for developing appropriate solar 
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technology, and some examples of context-specific design requirements that are not universally 

applicable.  

Functionality and Features 

Though user preferences will vary from location to location, and local preferences should 

be further researched and assessed to maximize attractiveness, there are some universal design 

requirements. Solar products should be safe to operate and easy to use, given that rural 

customers may have limited knowledge of advanced technology [14,17,59,63]. It is also clear that 

potential users desire bright light, and dim lighting is a primary cause of dissatisfaction [60]. As 

such, one should not use dim kerosene lanterns as a benchmark for brightness [17], but it may 

be advantageous for solar lanterns to keep the familiar form factor of kerosene lanterns. 

There should be a range of different product offerings available to meet the varying needs 

and budgets of consumers [19]. Some consumers may be primarily interested in light, so a simple 

solar lantern would be best for them [17]; some consumers may be interested in a solar 

rechargeable flashlight for checking on livestock [61]; many consumers will desire the ability to 

charge a mobile phone [50,61]; night market vendors or night fishermen will require extra bright 

lighting products [60,70]; prepackaged SHSs should be adaptable to the nature of rural 

households, which may be composed of multiple buildings separated by some distance [69].  

There are additional design considerations which are often less tangible, but no less 

important to creating attractive solar products. One example is the desire for a more modern 

lifestyle, observed in Kenya; users desired a wall switch and a fixed lightbulb as they saw these 

as symbols of that lifestyle [23]. SHS kits often come with a length of wire which contains an inline 

switch and a simple bulb holder at the end, and it is meant to be tacked in place rather than 

permanently affixed. Such a product might not meet the aspirations of those interviewed in Kenya. 

Another aspiration is the desire to be able to own and power a television [50,73]. In short, users’ 

specific needs and desires should be assessed in order to include necessary features in the 

product design.  
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Resource Appropriate 

Solar technology must be adapted for the natural and man-made resources in areas where 

it will be deployed. For example, the intensity of the local solar irradiance must be taken into 

consideration when designing or selecting appropriate technology. Figure 2.5 shows the 

geographic variations in the estimated power density of the solar resource across Africa. There 

is a great deal of variability in the solar resource across the continent, and even within some 

countries; some areas receive less than one quarter the amount of solar radiation compared to 

other areas. Geographic variations in the solar resource influence whether or not solar technology 

is appropriate for a given location, and indicates sites where the technology is better suited.  

 

Figure 2.5: Annual average direct normal solar radiation in energy per area per day (kWh/m2/day) [81] 

The available solar resource also affects solar home system and component sizing, and 

economic performance of the system. The energy density of the local solar resource is important 

knowledge for evaluating economic viability, and for specifying system and component sizes. A 

location with half the daily irradiance compared to some other location will need twice as much 

solar panel area to capture the same amount of amount of energy; however, this location will not 

need to double the battery capacity if the end-use energy requirements are the same. This is 
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problematic because many SHS come prepackaged with a one-size-fits-all panel, battery, and 

other system components, so these systems are not optimized for the solar resource of a specific 

location – which will negatively impact the system performance or economic performance, 

depending on the location.   

Another consideration for system sizing is seasonal and short-term weather variability, 

which is especially true in areas that have a rainy season. The system should be sized for the 

reduced solar irradiance available during the rainy season, otherwise customers may be 

dissatisfied with the system performance, and batteries could suffer from deep discharge [59]. In 

general, undersized systems that supply an inadequate amount of energy will disappoint 

customers [62]. In Bhutan, SHSs are underperforming expectations because the solar irradiance 

data was collected for a limited geographic and time scale, then assumed to be the same for the 

whole country year round [66]. Similar issues should be avoided through an adequate 

understanding of solar resource availability, which will then inform proper system sizing and set 

customer expectations. 

Current and future grid availability is a man-made resource which affects the 

appropriateness of solar technology. If grid power arrives to an area where pay-as-you-go SHS 

are installed, SHS users may default on their payments in favor of a grid connection [29,65]. While 

there is some demand in areas where the grid is already present [54,65,78], these areas may not 

be the best target market for solar technology.  

Quality 

Product quality is a major concern, since low-quality products have the potential to hinder 

market development for solar products. Quality products will minimize premature product failure, 

which will help establish trust in the market [17]. Offering a warranty may or may not boost 

consumer confidence, but it should be a sign of a quality product, especially if consumers know 

how to make a warranty claim and that the warranty will be honored [70].  
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Many pico-solar products do not have the ability to prevent deep discharge of the batteries 

[61]. This is problematic because deeply discharging the batteries leads to shortened battery life, 

and batteries are the primary cause of premature product failure [17]. Therefore, the additional 

cost of battery protection circuitry could outweigh the cost of early product failure. Solar lanterns 

that contained protective circuitry still performed well after a year of daily use in Malawi [63]. 

Though SHSs should include a charge controller that prevents deep battery discharge, 

the batteries are still susceptible to damage when the installer does not include a charge 

controller, when it malfunctions, or when users bypass the charge controller to get additional 

runtime. Additionally, the charge controller should be designed to withstand the hot environments 

that may be present in SSA countries, and the effect of heat on batteries should be accounted for 

in the development process [59].  

Another cause of product failures is water intrusion that leads to electrical failures. This 

can be a result of low quality housings that are brittle and easily broken, or that were not designed 

to the proper waterproof rating. Failures are also prone to occur if the product was not designed 

to be robust against drops and other normal wear-and-tear, or if it has poor quality solder joints 

[61]. Quality can be assessed, in part, by submitting the products for testing by Lighting Global, a 

World Bank program which supports off-grid solar market development. However, field tests 

should also be done, as lab tests may not adequately reflect real-world performance [15,44]. 

Finally, it may be advantageous to design products such that consumers can easily identify them 

as high-quality and distinguish them from potentially similar-looking low-quality products. 

Affordability 

Making products affordable to the consumer is an important aspect of appropriate design. 

Affordability is not only the upfront cost of a product, but also includes the longevity, and the 

maintenance and repair costs over its lifetime. A product that is cheaper, but fails sooner or 

requires more service, is less affordable in the long run. Thus, products should be designed or 

selected with quality in mind. Creating a quality product can be difficult when trying to compete in 
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a market that is making products as cheap as possible to meet the willingness and ability to pay 

of the target consumers [17]. However, there is evidence that low-income consumers are inclined 

to pay a premium for quality products [15].  

Consumers’ income and willingness to pay should be taken into account when designing 

or selecting off-grid lighting solutions [21]. A survey in Malawi showed that the price of a solar 

lantern was about half a month of income for lantern owners, while it was about 2 months income 

for non-owners [63]. In an RCT in Kenya, solar lantern uptake was 29% at the market price of $9, 

37% when discounted to $7, and 69% when discounted to $4 [47]. Current location specific 

assessments of willingness to pay should be made. 

Solar product design should include features that increase willingness to pay. For 

example, a contingent valuation survey in Kenya showed higher willingness to pay for a SHS 

among people who reported an interest in starting a business [57]. Additionally, sizing solar 

systems to be appropriate for the needs of different household needs may increase willingness 

to pay, especially where economies of scale make the system more cost-effective for large 

households [51]. In general, developing an appropriate design that addresses customers’ needs 

and desires should increase willingness to pay. 

Serviceability 

Another important design consideration is serviceability. Unresolved technical issues 

result in unsatisfied customers [82], an outcome that could be mitigated by creating products with 

serviceability in mind. Difficulty reaching remote areas means that provisions should be made to 

simplify serviceability, so that basic service and repair can be done at the local level with limited 

technical skills [21,59]. Serviceability would be further enhanced by incorporating locally available 

materials and local knowledge [59].  

Another means of improving serviceability is to use standardized components across a 

range of products, to limit the amount of spare parts and specialized skill needed [17,21]. This is 

especially true for batteries, which are rarely serviceable on pico-solar products. Because battery 



40 
 

failure is a common and inevitable mode of failure, product design should allow for simple battery 

replacement using commonly available rechargeable batteries [63]. 

Sustainability 

Design for environmental sustainability may or may not be of value to the end-user, but 

this important criterion should be considered when creating off-grid solar products. The design 

should employ materials that minimize the environmental impact of the device. The product 

should be high quality and easily serviceable so that electronic waste, such as batteries, is 

minimized [17]. Sustainability is further enhanced by incorporating local materials, where possible 

[21]. 

2.5.2 Information Diffusion  

Providing reliable and accurate information on solar technology is important to enabling 

adoption, through increased awareness and attraction [15,25,51]. The adopter will seek 

information at various stages of the adoption process in order to minimize their uncertainty of a 

new technology [14]. Below we will discuss the types of information that are required and the 

means of disseminating that information. 

Required Information 

Consumers require information on costs and benefits, how to identify product quality, and 

how to use and perform basic maintenance on the product. Retailers will require information on 

how to successfully operate a solar business, and technicians will need information on how to 

install, service, and repair solar systems. 

Costs and Benefits 

Awareness of a product and its benefits is paramount to make the product attractive to 

customers, increase interest and confidence in the innovation, and create market demand 

[15,17,21]. The economic advantages of solar products relative to alternatives are a key piece of 

information that the consumer must understand [15,63]. As mentioned previously, purchases of 

kerosene for lighting can consume a significant proportion of household income, and a solar 
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lantern can reduce these expenditures significantly, while providing brighter light for longer 

periods. In addition to the ongoing expense, kerosene has a number of other disadvantages that 

should be communicated to potential adopters, including health and safety concerns [4,5] and 

issues with the quality of light [74]. 

Customers should have knowledge of the costs in addition to the benefits of solar 

products, including potential maintenance costs. They should also be informed about potential 

drawbacks and limitations, including expected runtime and the seasonal variation thereof. Once 

consumers have a realistic understanding of all the costs and benefits they can make a well-

informed decision about adopting solar technology. 

Identify Quality 

One of the current issues with the solar market is a lack of information about product 

quality, giving rise to information asymmetry [49,61]. Consumers are aware that there are low-

quality products on the market, but they are unable to identify these products and differentiate 

them from high-quality products. Customers should be given information that will help them 

differentiate product quality, such as a clear symbol on the label of products which are quality 

certified, so that they have more confidence in solar products and are less hesitant to make a 

purchase [61]. Customers who are empowered with the ability to identify product quality will not 

only be more likely to make a purchase, they will also be willing to pay a higher amount for a 

quality product [61]. 

Lighting Global has been successful in improving product quality through testing and 

certification, but they do not currently have a logo or “seal of approval” for use on product 

packaging as an indicator of quality. In the future, consumers should be provided with 

unambiguous indicators of quality, like a seal of approval, which could increase their attraction for 

high-quality products. Consumers should then be made aware of the existence of these 

indicators, how to positively identify them, and where these high-quality products are available. 
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Operation and Performance 

Misuse by the owner is a major factor that leads to early product failure, so it is important 

that owners are properly informed about how to use their solar products [17,19]. This includes 

information about the potential safety hazards of electrical systems that are used improperly [15].  

In addition to understanding the how to operate their solar products, users should be 

taught the basics of how the system functions [62]. This knowledge could help with identifying 

and troubleshooting problems in the future. Users should also be educated about devices that are 

compatible with their systems and how much energy these devices will use [15]. By better 

understanding these aspects of solar systems, early product failure will be reduced, and these 

systems will be used more efficiently and effectively. 

It is important that solar adopters have realistic expectations of the performance and 

limitations of their products [15,61,62]. If users are given incorrect or incomplete information about 

their system’s operation, they will not be able to use it for their intended purpose, or will otherwise 

be disappointed in the product [59]. 

Retail, Installation, and Maintenance 

Developing local capacity, including business, installation, and maintenance skills, is 

another important component of creating a sustainable rural energy systems [83]. Local capacity 

has not been increasing at a rate that matches increasing demand for solar products [69].  

Well informed local retailers are critical to the growth of the solar market. Often times solar 

products are sold through existing retailers who may need more knowledge to effectively run a 

business selling solar products [17]. The entrepreneurship skills of local solar retailers should be 

enhanced, and specific knowledge pertaining to successfully marketing and selling solar products 

in their target market should be provided [17,20,63]. Understanding the benefits of selling quality 

products, being able to identify these products, and passing that knowledge to the customer are 

key components of the necessary expertise [61].  
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There is a gap in the knowledge transfer between producers of solar products and the 

technicians that install these systems, which can lead to improper installation. Examples include 

panels installed in the shade or at the wrong angle, improper sizing and combination of 

components, and even installation of SHSs without charge controllers or with automotive batteries 

[56,59]. Not only is there a shortage of knowledge among existing technicians, but there is a 

shortage of technicians in general, especially in remote areas [56]. 

Users should also be made aware of maintenance issues and be able to perform basic 

maintenance and troubleshoot basic problems. In a survey of SHS users in Tanzania, none of the 

households had received information on basic maintenance, such as cleaning dust off the panels 

and maintaining the water level in the batteries [56]. 

Means of Information Diffusion 

Now that we have identified the information relevant for enabling the adoption of solar 

products, we will discuss ways to disseminate that information. Outlets for such information 

include training and education, marketing and information campaigns, peer influence, and first-

hand experience. 

Training and Education 

In order to address the shortage of human capital, long-term investments in training and 

education programs for renewable energy systems is needed [19–21]. Technical schools, such 

as the one Simiyu et al. investigated in Kenya, are necessary to build the knowledge and skills 

needed to support the market for solar products; this ten-day program consists of theoretical and 

practical lessons, including the basics of solar operation, sizing, and installation, as well as 

operation and maintenance information to pass on to the end-user. To be in step with the Kenyan 

solar market, a section on solar lanterns was added, including assessing brightness, and how to 

disassemble and repair solar lanterns [69]. Technical schools across Sub-Saharan Africa should 

adopt solar focused curricula, such as this. 
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Information about solar systems can also be disseminated to a wider population through 

primary and secondary school curricula. These lessons could educate the youth about the various 

benefits of renewable energy options, the theory of solar PV operation, and other school 

appropriate knowledge. Sunny Money, an NGO working to distribute solar lanterns in SSA, 

operates through local primary schools. In this way, they are able to provide information about 

the technology and its benefits [84]. 

Less formal means of education, such as community based workshops and physical or 

digital guides, could be an effective means of providing information in the short term. These 

sources could effectively communicate basic information on installation, use, preventative 

maintenance, and repair. Additionally, graphical maintenance and repair guides could be provided 

to locals who have general technical knowledge [17]. User manuals should also be provided to 

consumers in a format that is easily understood, so they are aware of any required maintenance, 

and can troubleshoot basic problems. Relevant information should also be provided by 

businesses to users and installation partners as part of the transaction process. 

Marketing & Information Campaigns 

Marketing and awareness campaigns are needed to help consumers make rational 

choices regarding their energy sources [21]. The solar market is hindered by ineffective branding 

and marketing, which is often left to retailers that may lack the skills and resources needed to 

properly market and sell these products. The importance of marketing needs to be communicated 

to those in the value-chain, and the ownership of marketing responsibilities needs to be clarified 

[17]. 

Marketing for solar products can occur through media outlets, such as television, radio, 

and newspaper, but these communication channels can be costly [15]. The specific means of 

undertaking marketing or information campaigns in emerging markets is beyond the scope of this 

paper, but is well represented in the literature [85–90]. Because consumers are subject to many 

false marketing messages, information from traditional sources may be viewed with skepticism 
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[49]. Additionally, marketing efforts may only result in temporary increases in adoption, and 

sustained adoption will only occur if the product is compatible with local preferences [80]. 

Nevertheless, attempts should be made to employ effective marketing and branding 

campaigns. Mass media is an important means of providing information, and is especially 

influential in the early stages of adoption [14]. Manufacturers of high-quality products should brand 

their products such that they are recognizable and distinct from other brands on the market [61]. 

Consumers should be made aware of product certifications that can help them identify quality 

products and gain confidence in their performance [17].  

Peer Influence  

Another means of information dissemination occurs through peer influence, which can 

occur through observation, word-of-mouth, and social pressure [19]. Conventional marketing 

channels are expensive, unlike peer-to-peer communication – which has previously been 

employed by projects in Uganda and Bangladesh [15,67]. Rogers states that mass-media is a 

more effective means of diffusing knowledge of a new technology, but that peer influence is a 

more effective means of shaping attitudes about a new technology [14]. 

As previously mentioned, there are instances of solar technology being adopted in a 

geographically clustered manner, and this could be a result of peer influence affecting the 

diffusion process [54]. Graziano and Gillingham also found significant clustering of solar systems 

in Connecticut, which they determined are not the result of income or population distributions. The 

results of their study suggest that the clusters are a result of social interaction and visibility of 

installed systems [91]. In a study of knowledge related to solar technology in Nicaragua, Rebane 

and Barham found that the presence of SHS in an area is the strongest predictor of solar 

knowledge. These findings suggest that solar clusters and exposure to nearby systems is likely 

to have has an impact on the diffusion of information on solar technology [53]. 

In addition to the effect of peer influence suggested by solar clusters, there is direct 

evidence that peer networks are an important source of knowledge. SHS users surveyed in Kenya 
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most often learned about these systems from friends, relatives, and neighbors [78]. Nieuwenhout 

et al. carried out a literature review on solar PV in various developing countries, and found that 

the most effective ways of spreading awareness are through interpersonal communication and 

observation of installed systems [79]. There is evidence that peer influence is more convincing 

and more effective at achieving understanding, compared to traditional channels [15]. However, 

peer networks may simply be more influential when the benefits and drawbacks are not as obvious 

[80]. It is important to note that even non-users are a significant source of information diffusion, 

especially when there are few users in a community [92]. 

There is some evidence that peer influence may affect adoption behavior in addition to 

increasing knowledge. In general, peer influence is more persuasive in the decision to adopt a 

new technology, compared to mass-media [14]. Though not specific to solar or developing 

communities, Skinner and Staiger found that a measure of social capital is one of only two factors 

associated with the rate of adoption of the four innovations studied: computers, tractors, hybrid 

corn, and beta-blockers [93]. In Connecticut, time and distance dependent neighbor effects 

influencing the rate of solar adoption [91]. In rural China, Pan and Veronesi found that farmers 

who know more adopters of biogas technology are more likely to adopt. They also found that 

trusted individuals, such as friends and relatives, affected adoption through the provision of 

information, while less trusted individuals affected adoption through their adoption behavior [94]. 

However, these studies may not adequately address the challenges in identifying peer effects, 

namely correlated unobservables, homophily (self-selection of peers, who may have similar 

traits), and simultaneity (one affects their peers and their peers affect them simultaneously) 

[91,95]. 

Furthermore, there are other studies which did not find peer influence to affect adoption 

behavior. In a study of the diffusion of microfinance, Banerjee et al. develop a model that accounts 

for diffusion of information and diffusion of behavior separately; they found that neighbors only 

act as a source of information and do not directly influence adoption through endorsement [92]. 
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Similarly, in a study on cookstove adoption in Uganda, Beltramo et al. found that peer effects can 

increase the odds of strongly favoring the cookstove, but this does not appear to translate to 

increased cookstove adoption [95]. Because there is limited evidence on the effect of peer 

influence on the adoption of solar technology in developing countries, it is difficult to draw a 

conclusion. Regardless, there is substantial evidence that peer networks are an important means 

of information diffusion across a range of innovations.   

Unfortunately, negative information can also pass through peer networks just as easily, 

which could lead to decreased adoption. In fact, Miller and Mobarak found that households are 

more likely to acquire negative information about cookstoves from peers, and that negative 

information is more influential when customers are inherently distrustful of new products [80]. This 

is especially problematic for peer influence on solar products given the widespread quality issues 

discussed earlier.  

The slow rate of information diffusion is another potential downside to peer networks [17], 

though there is potential for it to be a rapid process [58]. Information diffusion through peer 

influence is a naturally occurring process, but there are ways for practitioners to tap into peer 

networks and potentially accelerate the diffusion process. One means of activating peer networks 

is through opinion leaders – people who are influential in their community [14]. These opinion 

leaders could be provided with information, but it may be more effective to provide them with a 

discounted or complementary solar product [65]. Opinion leaders are not universal and will need 

to be locally identified, but they may include local government or religious leaders, wealthy 

individuals, and elders, among others [14]. Another possible way to access peer networks is by 

installing and showcasing solar technology at a public venue, such as a house of worship, so that 

the community may experience the benefits [65]. 

Experience 

First-hand experience with a product is possibly the most effective way of communicating 

its relative advantages. Technological innovations are more likely to be adopted if they can first 
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be experienced, even on a limited basis [14,15]. If consumers are offered an in-home trial, they 

are able to assess fuel savings, brightness, and product quality through experience. Sunny Money 

operates through primary schools and allows student to check out solar lanterns for studying at 

home. Households are able to gain knowledge about the product, and are more likely to purchase 

a solar product [96]. Simply being able to handle a solar product increases willingness to pay, but 

an in-home trial increases willingness to pay even more [61]. The effect of being able to 

experience a product before purchase is further illustrated by the RCT Levine et al. carried out in 

Uganda; purchase of improved cookstoves was about seven-times higher with a no obligation in-

home trial, and about eleven-times higher with an in-home trial and four weekly payments [49].  

2.5.3 Market Infrastructure 

Certain physical and non-physical infrastructure is needed to make solar products 

available and affordable. A well-developed solar industry will not only make products more widely 

available, but will also help lower prices for solar products [50]. A healthy and functional solar 

market will have a structure that includes financing or pay as you go (PAYG) options, retail 

locations, a functional and efficient supply chain, and services for installation, maintenance, and 

repair. 

Payment Mechanisms 

Many people in Sub-Saharan Africa cannot afford the upfront cost of solar products, and 

there are limited options for financing [67]. Many consumers require payment schemes that are 

similar to their current spending patterns for kerosene and other fluctuating expenses 

[15,23,25,57,67]. In addition to not resembling current expenditure streams, bank loans are hard 

to get for many people in developing countries, and have interest rates from 15% to 40% [67]. 

Appropriate financing options should be available at local finance institutions that are easily 

accessible, in order to facilitate purchases and the development of the solar market [20,70]. 

Microfinancing is a broad term for a number of informal alternatives to bank loans, 

generally characterized by less stringent requirements and smaller loans amounts, which promote 
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financial inclusion. Off-grid renewable energy systems are increasingly linked to microfinance 

[59,63]. Growth of the SHS market in Bangladesh was driven in part by preexisting microfinance 

structures [67].  

Savings and credit cooperatives (SACCOs), which are similar in principal to credit unions, 

represent one means of obtaining microcredit in emerging economies. In additional to having 

more flexible loan requirements and repayment terms, SACCOs have interest rates significantly 

lower than banks in the region [67]. A program in Kenya allows salaried employees to have SHS 

payments deducted from their monthly paycheck, which gives high confidence in lending [82]. 

Unfortunately, interest rates can still be high with either these schemes, and these programs are 

limited to co-op members and salaried employees, respectively [67,82].  

The rent-to-own or pay-as-you-go (PAYG) option for solar products allows customer to 

pay in regular installments until the product is paid off – microcredit offered at the point of sale. 

This increasingly popular business model makes solar energy accessible to many consumers in 

Sub-Saharan Africa [29,52]. In 2015, there were at least six companies working to establish PAYG 

options for SHS sales in Kenya alone [82]. Mobisol, a German solar company operating in East 

Africa, offers their SHS with PAYG options, which pay off the system over a period of three years 

with a total payment 25% higher than the cash-and-carry price; thus the interest rate is relatively 

reasonable at less than 10% per year [97]. 

In three research studies that used PAYG options in Malawi, Uganda, and Kenya, 

repayment rates were 80%, 92%, and 100% respectively. The effective interest rate was about 

6% in the first study, while interest was not charged in the latter two studies [49,60,63]. In the 

study in Malawi, retailers were not happy with the PAYG option, in part because it was difficult 

and time consuming to try to collect payments from the 20% of people who defaulted. Additionally, 

demand for solar lanterns was greater than supply in this instance, so retailers made preferential 

sales to those who could pay cash [63]. 
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Current PAYG models usually include the ability to make/receive payments remotely. With 

the majority of households in SSA having a mobile phone, and most cellular providers offering 

mobile payment services, making payments via mobile devices is becoming increasingly common 

for off-grid PAYG [25,29]. In Uganda, Eder, Mutsaerts, and Sriwannawit found that 28 of 31 

interviewees said that they would have no issues with mobile payments for their microgrid service. 

Those interviewed believed mobile payments are safer than cash, that they would save them 

time, and that this payment method is very transparent with little ability for fraud [15]. In addition 

to being able to receive payments remotely, current PAYG models include some means for 

disabling the system if payment is not received. Though this can be done manually in person, 

PAYG systems are often able to be disabled remotely via a connection to the mobile network or 

locally with Bluetooth [29].  

Another emerging business model is the fee-for-service or solar-as-service (SAS), where 

consumers pay monthly to rent a solar system owned by an energy service company, i.e. a 

perpetual lease. In fact, it was the most frequent ownership model represented in a systematic 

review of solar energy in low and middle-income countries [19]. Because the lease term is 

indefinite, SAS providers can charge lower monthly payments relative to PAYG schemes. 

Additionally, customers do not have to worry about their system breaking, since the energy 

service company will take care of it. However, customers can have a cultural preference for 

owning the system, favoring the PAYG option [29]. 

In addition to consumer finance, distributors and retailers need access to credit. These 

businesses have limited liquid assets, so they may find it difficult to reliably distribute or stock 

solar products. The resulting issues with product availability creates problems with customer 

satisfaction and/or loyalty, further hindering the market for solar products [17,67]. However, not 

all retailers will find financing schemes desirable. In Malawi, retailers were reluctant to use credit 

available to them from a solar cooperative, instead preferring to pay cash [63]. As an alternative, 
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distributors could collect payments from the retailer after the products are sold, rather than up-

front.   

Retail Locations 

Local vendors are a vital component of a successful solar market, and they are a limiting 

factor where there is unmet demand [63]. Often times, solar products are sold through existing 

retailers [17]. Sometimes even villagers themselves are undertaking marketing and distribution of 

solar products [67]. These local retailers are better equipped to adapt to the local context, and 

such a distribution model increases the number of outlets where solar products are available [15]. 

Additionally, consumers may have greater trust for local providers [57]. To further enhance trust, 

confidence, and loyalty, vendors should stock high quality products, even if they cost more. 

Additionally, retailers should seek out information that will improve their effectiveness in solar 

product sales. 

Physical retail locations are not always necessary; in the Avon model employed by Solar 

Sister, women are provided training and a “business in a bag,” and sell solar products door to 

door [52]. A similar sales agent model is widely employed due to the ease of establishing new 

outlets, and the lower cost relative to a physical retail location. One potential issue with this model 

lies with difficulties in reaching rural areas and corresponding difficulties for customers to follow 

up with the sales agent. Also, limited demand for solar products make these agents unable to 

sustain their business through solar sales alone [17]. 

Distribution Network 

A reliable distribution network is essential to supply high-quality solar products to meet 

growing market demand. In-country distribution networks should expand their ability to reach 

remote areas in order to increase market coverage [50]. There should also be provisions for 

including spare parts and warranty service in the distribution network [63]. Infrastructure 

shortcomings and the financial capacity of the businesses in the supply chain are the main 

impediments to its functionality [17,50,76].  
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It may be possible to leverage existing distribution networks for more efficient, reliable, 

and cost effective product supply [17,70]. For example, the Coca-Cola Company has an extensive 

supply network in SSA which serves rural and remote locations through over 3,000 independent 

local distributors utilizing their Micro Distribution Center model [98]. Solar products and packaging 

could be made compatible with the existing beverage crates, so that delivery trucks can be loaded 

with a combination of soda and solar for delivery along the usual supply routes. Even if the 

physical distribution networks cannot be co-opted, existing logistic and distribution expertise can 

be applied to off-grid solar supply chains. The Coca-Cola Company has shared their expertise 

with governments in several SSA countries, to the benefit of medical supply chains in those 

countries [99]. 

Further advantages in cost and reliability may be realized through the integration of 

distribution networks in neighboring countries. Local production and/or assembly of products and 

system components would help contribute to a robust supply chain [50]. If production facilities 

were established in country, parts and service would also be more locally accessible [17,59]. The 

wide availability of communication technologies has the potential to integrate and streamline 

distribution networks, including tracking products [25]. 

After-Sale Service 

After-sale service, including installation, maintenance, and repair services, are an 

important part of ensuring the long-term sustainability of the solar market. Currently, these 

services are lacking, affecting performance and reliability, and causing systems to fall into 

disrepair [19,20,56,59,67,74]. Too much emphasis is placed on design and sales, and not enough 

attention is given to post-sale service [17]. 

One solar product provider in Tanzania recruits local motorcycle taxi drivers to work as 

part-time repairmen. They are provided with training and a smartphone. When a customer has a 

maintenance issue, a nearby motorcycle taxi is dispatched to the customer via the smartphone, 

which then provides a visual troubleshooting and repair guide, based on the customer’s complaint 
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(interview). Two solar providers in Kenya utilize locally available technicians, while a third 

company attempts to assess and repair systems remotely, using their dealer network to return 

and replace faulty systems when necessary [82]. 

The knowledge of how to service and repair solar systems will be ineffective without 

access to the necessary parts. It can be difficult to acquire spare parts, especially in rural settings, 

and this has contributed to failed systems [59,66,67]. Options for returns and warranty service 

should also be more accessible [17,63]. The availability of these materials and amenities would 

help enhance perceptions of quality for solar products.   

2.6 Change Agents and Their Roles 

Change agents are the actors and stakeholders who are capable of cultivating an enabling 

environment for increased solar adoption through their actions and interventions. Change agents 

primarily influence the adoption conditions by contributing to an enabling environment, as seen in 

Figure 2.6, though in some cases they can directly influence the adoption conditions (e.g. 

government influencing affordability through subsidies or reduced tariffs, not shown in figure). In 

this section we identify the relevant change agents, identify the primary roles that need to be filled, 

and rate the interest and influence for each of the change agents to fulfil these roles. Here, we 

outline the roles in a general way because the change agents themselves will be better equipped 

to identify specific programs and interventions based on their organization’s mission and 

strengths.  
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Figure 2.6: Theory of change diagram highlighting change agents 

Our discussion of the relevant change agents is partly organized along the supply chain, 

similar to [17]. The primary businesses in the solar supply chain are designers and manufacturers, 

distributors, retailers, and service providers [17,29]. However, a single business can encompass 

more than one, or even all of these functions [29]. There are a number of change agents which 

are not part of the supply chain, but they have the capacity to support businesses in the supply 

chain. These supporting actors are investors and financiers, governments, non-governmental 

organizations, bilateral and multilateral aid organizations (aid orgs.), and mobile 

telecommunication companies. 

We used a stakeholder mapping technique to identify which of the above stakeholders 

should be engaged as part of the planning strategy for a given program or intervention. A 

stakeholder map is a four-quadrant plot of all relevant stakeholders, and they are located based 

on their level of interest, from low to high on the x-axis, and their level of influence, from low to 
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high on the y-axis. Stakeholders who land in the upper-right quadrant should be engaged as part 

of a program, and those in the upper-left or lower-right quadrant should be kept informed. Because 

all of our stakeholders and role would not fit in a single stakeholder diagram, we have created a 

matrix (Figure 2.7) of mini stakeholder diagrams estimating each of the actors’ interest and 

influence for each of the roles that may be applicable to them. Though a stakeholder’s interest 

and influence are usually rated on a continuous scale, we are simply representing them as high 

or low, since they are subjective estimates. 
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Figure 2.7: Matrix showing the main change agents, and qualitatively rating their influence and interest in 
the primary roles associated with positively affecting the enabling environment for solar adoption. 
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Designers and Manufacturers are largely responsible for appropriate technology because 

they have high interest and influence in each of the main roles associated with appropriate 

technology. It is very important that all of the businesses in the supply chain understand the needs 

of the user, implement a way to receive feedback from customers, and share that information with 

other actors in the supply chain. Since the retailer has direct contact with the customer, they could 

be the point of contact for receiving feedback from customers. They are also key in helping 

customers distinguish high quality products from low quality products, but they must be properly 

informed in order to do so. Most of the businesses in the supply chain should make contributions 

to information diffusion. Businesses in the supply chain are also critical to many roles in market 

infrastructure, as they are the basis of this infrastructure. 

Investors and financiers are market-based actors that support businesses in the supply 

chain by providing them with debt and equity financing, so that these businesses have the 

resources necessary to fulfil their roles. This is one of the most critical roles, but it is currently one 

of the biggest obstacles to the growth of the off-grid solar market [100]. Governments may be the 

source of significant impediments, such as political and economic instability, but they have the 

power to be a key player in enabling solar adoption. 

Non-governmental organizations (NGOs) are philanthropic and not-for-profit organizations 

that are independent of governments, such as the Bill and Melinda Gates Foundation. Bilateral 

aid organizations which receive funding from one country (e.g. United States Agency for 

International Development, Department for International Development – United Kingdom) and 

multilateral aid organizations which receive funding from multiple countries (e.g. World Bank, 

United Nations Development Program) can be NGOs or governmental agencies that focus on 

human and economic development around the globe. These actors can also fall into the category 

of financiers, as in the case of the World Bank and International Monetary Fund. The main role of 

NGOs and aid orgs is to fill the roles that are neglected by other actors, who may be unreliable, 

ineffectual, or unwilling to take the lead role. For example, due to the current shortcomings with 
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private-sector investment, aid orgs will need to provide financial support until the solar market is 

better established. In this way, they are instrumental in priming the market, making it more 

attractive for businesses and the other supporting actors to fulfil their roles in the future. 

Mobile telecommunication companies (telecoms) enable payment mechanisms for solar 

products through mobile payments, which can be SMS based [29]. They can also use their brand 

recognition and distribution networks to contribute to marketing efforts and building supply lines 

for solar products. Consumers themselves and local facilitators are also important for enabling 

appropriate technology by providing feedback, and for participating in information diffusion by 

receiving relevant knowledge and sharing it with peers.  

Coordination and collaboration is needed among the relevant change agents, because the 

adoption conditions should be addressed simultaneously to maximize the uptake of off-grid solar 

products. This is also evidenced by Figure 2.7, which shows that a given role may have more 

than one actor with a high level of interest and influence. Additionally, there may be actors who 

are unable or unwilling to fulfill their roles, so other actors will need to identify these shortcomings 

and address them. For example, local retailers are important actors for a number of roles, but 

they may not have the power to carry out some of these roles. These actors need the support of 

other actors to provide financing options for customers, maintain an adequate stock of solar 

products, and advertise these products. Much of this support should come from financiers and 

businesses in the supply chain, as these actors stand to benefit from having more effective retail 

outlets. These issues are non-existent for businesses that are integrated along the supply chain, 

from development to retail. 

2.7 Conclusion 

The primary objective of this paper was to use the theory of change methodology to build 

a practical understanding of the adoption process for off-grid solar PV technology in Sub-Saharan 

Africa and other emerging economies. We developed a holistic and actionable theoretical 

framework that elucidates the fundamental mechanisms which drive solar adoption in SSA. Our 
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ToC provides foundational knowledge of the solar adoption process, which can be built upon by 

actors who can influence the change process. For example, the relevant change agents can use 

our generalized, sectoral-level ToC to guide their development of an organizational or project-

level ToC that they can use for strategic planning and developing monitoring and evaluation 

protocols. In a more applied sense, the ToC can help guide research that identifies the drivers 

and barriers to solar adoption, then help develop appropriate interventions that address the 

barriers, enhance the drivers, and ultimately increase solar adoption. 

The secondary objective was to familiarize a wider audience with the principles and 

process of developing a ToC through the example provided in this paper. In doing so, we 

demonstrated how the ToC methodology can yield a comprehensive yet elemental understanding 

of a complex change process. We also showed that the Four A’s framework within our ToC 

fundamentally encapsulates the broad range of factors that drive or prevent solar uptake, since it 

adequately encompassed the myriad adoption conditions identified in the literature. Our theory of 

change is likely to be relevant to adoption of other technologies in emerging economies, because 

of its elemental nature. 

There is limited evidence on the specific actions that will lead improvements in the 

enabling environment and increased solar adoption in emerging economies. This ToC serves as 

a guide for gathering such evidence, since it provides valuable insight into the change process. 

The Four A’s should be used to frame research to determine what issues need to be addressed 

from the perspective of the adopter. Once any deficient adoption conditions are identified, the 

enabling environment (factors) will guide change agents toward identifying appropriate actions 

and developing effective interventions. The outcome of these interventions should be rigorously 

evaluated in order to build evidence that can be used to validate and revise the ToC, and assess 

its real-world utility. 

Even if we confirm that this ToC is a valid and useful starting point for relevant actors to 

develop effective interventions, off-grid solar is not necessarily the best solution for achieving 
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energy access in all contexts. While solar is expected to have a number of significant impacts and 

enable advancement in other areas critical to human development, it is not a development 

panacea, and increasing solar use or energy access in general may not be the most efficient way 

to achieve various economic, health, social, and environmental impacts. Thus, it is imperative that 

change agents working in this field have robust monitoring and evaluation plans, not only for the 

immediate outcome, but the short and long-term impacts. Such evidence will help determine the 

most efficient ways of achieving a desired impact. 
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3 Drivers and Barriers of Off-Grid Solar PV Uptake in Northern Tanzania 

Kyle M. Karber, Katherine L. Dickinson, S. Revi Sterling, Michael P. Hannigan 

3.1 Abstract 

In Physics, energy can be thought of as the capacity to do work, and this definition is no 

less true in the context of poverty; electrical energy is a fundamental ingredient for working toward 

economic, technical, gender, and human development on a global scale. The dearth of energy 

access in Sub-Saharan Africa, including Tanzania, is a major impediment to realizing a future 

without poverty. As such, our research sought to identify the drivers and barriers of solar PV 

adoption in order to increase energy access in Tanzania and beyond. We used the Four A’s—

awareness, attraction, affordability, and availability—to frame our assessment of the state of the 

solar market in the Arusha and Kilimanjaro regions of Tanzania. Through survey research, we 

found that attraction was a major driver of solar adoption. Availability was not a significant barrier, 

probably thanks to the actions of major international solar retailers in the area. Affordability was 

not a significant barrier for the majority of our sample, thanks to payment plans for solar home 

systems, and the favorable economics of solar lanterns. Despite this, affordability is still a barrier 

for the poorest of the poor. A lack of awareness of the benefits of solar, especially financial 

benefits, appears to be one of the biggest barriers that remain. We recommend that stakeholders 

disseminate information on the financial benefits of solar products, and make payment plans 

available on lower-cost solar products, not just solar home systems.  

3.2 Background and Motivation 

Modern energy services are critical to improve quality of life and enhance human 

development in the Global South. A country’s access to electricity is positively related to 

development indices for gender equality, education, poverty reduction, and maternal mortality. If 

used efficiently, even the first few watts of electricity have high marginal benefits for household 

health, education, and poverty reduction [25].  
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In Tanzania, access to electricity remains low. In 2016, the electrification rate in mainland 

Tanzania was 32.8% overall and 16.9% in rural areas (including grid and solar power) [101]. The 

estimated cost to extend the grid to rural areas ranges from 550 to 4300 USD per customer, with 

an average of 1547 USD, in 19 different regions examined in Tanzania [102]. As a result, grid 

expansion remains slow, with access increasing from 5.7% to 6.6% in rural areas between 2012 

and 2016 [101,103]. 

Households require energy to provide several basic services, including cooking, lighting, 

and heating (in some climates). In the absence of clean energy sources, households rely on fuels 

and technologies that have significant health and environmental impacts. For example, use of 

solid fuels for cooking contributes to household air pollution which is estimated to cause 4 million 

premature deaths per year [104]. In the case of lighting, 22% of Tanzanians turn to kerosene and 

45% use disposable or rechargeable batteries for light [101].  

There are many disadvantages to kerosene lanterns, including indoor air pollution [4,5], 

safety risks [4,5], dim flickering light [74], cost [105,106], and greenhouse gas and black carbon 

emissions [6]. As such, the World Health Organization Guidelines for Indoor Air Quality 

discourage the use of kerosene [7]. Battery powered light sources introduce significant ongoing 

expenses and environmental problems with disposal [107].  

Solar photovoltaic (PV) lighting products (henceforth referred to as solar) may be a viable 

alternative for off-grid populations in Tanzania. There are many benefits to using solar over 

kerosene lanterns: zero emissions at the point of use, no safety concerns, and brighter light than 

kerosene lanterns. Additionally, solar has less waste compared to battery-powered lights. It is 

estimated that a 13 USD solar lantern would pay for itself in kerosene savings in three months in 

Tanzania [108].  

Data from [101,103] show that there has been a significant increase in solar use in 

Tanzania between 2012 and 2016, especially in rural areas (Figure 3.1). Meanwhile, the use of 

kerosene has dropped steeply and the use of disposable or rechargeable battery powered 
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lanterns and flashlights has increased significantly. It is unclear if solar rechargeable lanterns are 

included in this category. Regardless, it is evident that the solar market is growing in Tanzania, 

and we aim to understand why. Through our research, we intend to uncover ways to accelerate 

growth of solar in Tanzania and beyond. 

 

Figure 3.1: Sources of light in rural (left) and urban (right) Tanzania, from the 2012 Housing and 
Population Census and the 2016 Energy Access Situation Survey2 [101,103]. 

The main objective of this paper is to shed light on the drivers and barriers to solar 

adoption in Tanzania. We focus on households’ decisions to purchase solar lights, using the “Four 

A’s”: awareness, attraction3, affordability, and availability, which provide a framework for 

understanding the adopter perspective [43]. In the next section, we define the Four A’s framework 

in more detail, with references to relevant literature. Next, we describe our data collection 

methods, survey instrument, and analysis methods. Then we provide the results of our research, 

and in the discussion section we derive additional insight from the results by applying the Four 

A’s framework. 

                                                
2 The published results of the 2016 survey totaled more than 100%, because more than one source could be reported. 
For this figure, we normalized the 2016 results to total 100% so that they could be compared more directly to the 2012 
results—which only reported the primary source, and totaled 100% 
3 In the original framework defined by Anderson and Markides, the second A stands for “acceptability.” We modify this 
to “attraction” in this context because we think it better captures the concept of what draws consumers and drives 
demand. 
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3.3 Framework 

Anderson and Markides developed the Four A’s framework because they found that much 

of what drives successful business innovation in the Western world does not apply in emerging 

economies.  Instead of finding new customers, developing new products, or employing new 

business models, innovators in emerging economies need to establish market basics to serve the 

underserved. This can include sourcing appropriate products that are affordable and attractive, 

creating distribution channels to ensure product availability, and generating demand among 

customers who lack product awareness [43]. Because the Four A’s framework succinctly 

captures the fundamental elements of business success in emerging economies, we used it to 

guide our assessment of the state of the solar market in Tanzania.  

Having awareness of a technology is an important prerequisite to adoption. Despite this 

importance, little is being done to raise awareness, in part due to the limited marketing capacity 

of retailers and the associated expense [17]. As such, there is a lack of awareness and 

knowledge, which negatively affects uptake of solar products [15,52]. Awareness of benefits is 

especially critical [15,17,21].  

Solar products must be attractive to potential customers in order to create demand for 

them, allowing the solar market to grow and be successful [17,51]. To generate attraction, solar 

products should be compatible with the needs, desires, and culture of potential adopters, who 

must see the advantage of these products relative to their current sources or other alternatives 

[15,23]. Consumers desire products which have bright light, are reliable, have adequate run-time, 

and can charge a mobile phone [17,60–62]. Another feature that can enhance attraction is the 

ability to power a TV [50]. 

Affordability is seen as one of the most important factors in the diffusion of solar products 

in emerging markets [50,66,71]. Researchers have shown that uptake of solar has been higher 

among wealthier households [47,54,63]. Although solar products are becoming increasingly cost-
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effective, affordability is still limited by the ability to pay upfront costs, and limited access to credit 

or flexible payment options [23,50,67].  

Limited availability of solar products in emerging economies hinders the development of 

a sustainable solar market, and vice versa. In addition to being limited by market demand, 

availability is impeded by poor transportation infrastructure and distribution networks, and low 

population densities in rural areas [17,50,67]. Availability is higher in urban areas, but there are 

conflicting results on whether distance from urban areas is a determinant of solar uptake 

[51,53,54,78]. At the national level, policies such as import duties on solar products can affect the 

availability and affordability of these technologies [109,110]. 

While it is helpful to conceptualize each of the Four A’s separately, there are also important 

factors and processes that cut across and link these different drivers. Two examples are product 

quality and peer networks. To the extent that the solar products that are available in emerging 

markets are low quality [17,49], these products have the potential to decrease attraction and 

thereby hinder the development of solar markets over time. Even low-quality LED flashlights have 

the potential to spoil the market for solar lighting products, since they also use LEDs. Thus, it is 

imperative that high-quality solar products are available, and that potential buyers are aware of 

quality issues and can positively identify high-quality products [61]. 

Similarly, peer networks may have a role to play in increasing awareness of and attraction 

to solar products. People most often learn about solar technology from family, friends, neighbors, 

and observations of nearby systems [78,79]. Previous studies have observed geographic 

clustering of solar and explored how this clustering may affect awareness and attraction [53,54], 

but further research needs to be done to establish causal links between peer influence and solar 

adoption. 

3.4 Methods 

In order to identify household-level drivers and barriers of solar adoption in Tanzania, we 

carried out surveys of solar users and non-users in the Arusha and Kilimanjaro regions. We did 
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not develop our survey instrument using the Four A’s, but we did use this framework when 

interpreting the results. The Four A’s lens was useful for developing a generalizable and 

actionable understanding of which factors may be contributing to increased solar use in Tanzania, 

and which may be constricting growth.  

3.4.1 Location and Sample Selection 

This research took place in Tanzania, a coastal country in East Africa with an estimated 

population of 54 million (2017), and land area of 885,800 km2 (slightly more than double that of 

California). More specifically, the research took place in the Arusha and Kilimanjaro regions 

(Figure 3.2), which border Kenya to the North and had a population of 1.69 million and 1.64 million 

respectively, as of the 2012 census [111,112].  

Within the Arusha region is the city of Arusha, which had a population of about 416,000 

(2012). Within the Kilimanjaro region is the city of Moshi, which had a population of 184,000 

(2012). The two cities are about 80 km apart and connected by a two-lane road that continues 

550 km to the southeast to Dar es Salaam – the economic capital of Tanzania and the most 

populous city in East Africa at an estimated 5.1 million people (2015) [111,112]. For more 

background on Tanzania, including grid network maps and electricity generation fuel makeup, 

see Appendix 6.1.1. 

The boundary of our study was a 60 km radius of both the city of Arusha and Moshi, and 

excluded the Arusha city and Moshi municipal districts. These areas were of interest because two 

international solar retailers are active here, Mobisol and Mpower (Off-Grid Electric), in addition to 

a number of local retailers. Thus, our results shed light on solar adoption in a context where active 

market development is ongoing.  

In an attempt to maximize the representativeness of our sample population, while 

maintaining a feasible study design, a random cluster sample was used. Initial randomization 

occurred at the ward level, since village or census data were not available. There were 45 wards 

within the study area in the Arusha Region, and there were 101 wards within the study area in the 
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Kilimanjaro Region. We randomly selected nine wards from each region, but we were only able 

to carry out surveys in eight wards per region4, which are identified in Figure 3.2. Two villages 

were randomly selected within each ward, and 10 surveys were carried out in each village.  

  

Figure 3.2: Map of study area with sampled wards in the Arusha region in orange and sampled wards in 
the Kilimanjaro region in purple. 

Since census data were not available, the village chair was asked to generate a list of 

households from memory. Creating the list proved to be a somewhat difficult task, so we deemed 

30 households to be sufficient, from which 12 were randomly selected for survey recruitment. The 

village chairs were aware that solar was the focus of our study, but we instructed them not to 

consider households’ energy sources when generating their lists. However, we acknowledge that 

the set of households easily recalled by the village chair may differ systematically from the full 

population of households in a village, such that our survey sample is not necessarily 

representative of the latter. This is a limitation of our study, which we discuss further when 

interpreting our results.  

                                                
4 We were unable to contact three wards in the Arusha region, so an additional three wards were randomly 
sampled. 
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3.4.2 Survey 

We carried out a mixed-methods survey over the course of three weeks in January and 

February of 2016. Surveys were conducted in Swahili by two local enumerators. The survey 

consisted of questions on demographics, current light sources, knowledge of solar topics, 

opinions of solar, perceived product quality, peer networks related to solar, income, and assets. 

These survey topics are summarized below, and the complete list of questions are shown in the 

supplemental material. 

The primary respondents for these surveys were heads of household, regardless of 

gender. In instances where only one head of a household was available, or one was more 

immediately available than the other, we surveyed that person. When both heads of a household 

were present, we allowed them to complete the survey together or choose who would respond. 

About 12% of those surveyed did not identify themselves as a head of household, so these 

responses were not included in the analyses described below.    

Participants were asked what their primary and secondary light sources were, then were 

asked follow-up questions specific to their primary light source, including their lighting/energy 

expenditures and level of satisfaction. If they used solar as a primary or secondary source, they 

were asked if they used a solar home system (SHS) or solar lantern, then they were asked 

questions specific to these technologies. Example SHS questions included size, brand, year of 

purchase, and items powered. Example solar lantern questions included cost, number owned, 

and number that have broken. Solar users were also asked open-ended questions, including why 

did you choose to use solar?, and who was most influential in your decision to use solar?. Non-

users were asked open-ended questions, including why don’t you use solar?, and what have you 

heard about solar?. 

There were 11 knowledge question statements on the survey, including I know about the 

different types of solar products, and I know the price of a solar lantern. Response levels were 

completely agree, agree, or disagree/don’t know. Using a five-point Likert scale proved 
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problematic, as our translation for the neutral level was confused with the don’t know5 (disagree) 

level in the context of knowledge questions, so the neutral, disagree, and completely disagree 

levels were combined. There were three questions on the desire for more knowledge, including 

the type of information desired.  

There were 14 opinion question statements on the survey, including solar products save 

me money, solar products improve health, and solar products are sold nearby. Response levels 

were completely agree, agree, neutral, disagree, and completely disagree. Because there were 

so few disagree and completely disagree responses for opinion questions, these levels were 

combined with the neutral level for analysis6.  

There were eight product quality questions included on the survey, including what is the 

expected lifetime of a flashlight/solar lantern/SHS?, and I can identify product quality. The eight 

peer network questions included on the survey included, how many of your family members use 

solar?, and what are their opinions? Additionally, respondents were asked basic questions about 

their demographics, income, and assets.  

3.4.3 Data Analysis 

We started by computing descriptive statistics (frequencies, means, etc.) for key variables. 

We examined bivariate relationships between solar ownership and several other variables, as 

well as other bivariate relationships, like education and grid use, and gender and household 

decision making. We used chi-square and Pearson correlation coefficients to test for significance 

in bivariate relationships, and p-values for these tests are show in the figures in section 3.5.3. For 

multivariate analyses, we used logistic regression to assess the relationship between solar use 

(binary outcome) and the predictors (survey question responses). To account for within region 

                                                
5 Our Swahili translation for the neutral response level was somewhat synonymous with “don’t know.” This 
became an issue, but only for the knowledge questions because neutral and disagree responses both 
meant “don’t know” in the context of these questions. The neutral level did not cause issues for the opinion 
and other question categories, e.g. solar products save money? -> don’t know==neutral.  
6 For other multiple-choice survey questions with response levels selected by less than 10% of respondents, 
those levels were combined with the nearest response level. 
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(Arusha, Kilimanjaro) correlation, we used a generalized linear mixed model with a logit link 

function, also known as a mixed effects logistic regression. The equation for this model for 

individual 𝑖 in group 𝑗 with one independent variable is:  

 𝑙𝑜𝑔𝑖𝑡(𝑝𝑖𝑗) =  𝛽0𝑗 + 𝛽1𝑗𝑥1𝑖𝑗 +  𝜀𝑖𝑗 (1) 

where 𝛽0𝑗 and 𝛽1𝑗 are random coefficents which are a function of group 𝑗. The group-level 

coefficients are given as:  

 𝛽0𝑗 = 𝛽0 + 𝑢0𝑗 and 𝛽1𝑗 = 𝛽1 + 𝑢1𝑗 (2 & 3) 

where 𝛽0 and 𝛽1 are the mean intercept and coefficient, and 𝑢0𝑗 and 𝑢1𝑗 are the group 

level errors, i.e. the random effects. Thus, this model accounts for both the within group variance 

and the between group variance simultaneously. Substituting equations 4 and 5 into equation 3, 

rearranging, and representing in matrix form yields:  

 𝑙𝑜𝑔𝑖𝑡(𝑝) = 𝑿𝛽 + 𝒁�⃑⃑� + 𝜀 (4) 

where 𝑿 is a matrix of independent/predictor variables, 𝛽 is a vector of fixed effects, �⃑⃑� is 

a vector of random effects, 𝒁 is the random effects design matrix, and 𝜀 is a vector of error terms 

[113].  

Assessing household wealth with a single question about income can be unreliable in rural 

areas where many households practice subsistence agriculture. We used principal components 

analysis (PCA) to generate a relative socio-economic status index from household assets and 

other wealth related questions, following the methodology outlined in [114]. We used the first 

principle component7 from the PCA to place households into quartiles which represent four levels 

                                                
7Although higher order principle components can be included, we used the first principle component 
because it is assumed to be a measure of economic status [114], and because the component weights 
from the first principle component did not result in a wealth indicator that favored one region over the other, 
while the second principle component resulted in the Kilimanjaro region appearing much more wealthy. The 
primary asset in the Arusha region was cows, while goats and chickens were far more prevalent in the 
Kilimanjaro region due to cultural and geographic differences. The second principle component put more 
weight on assets that were more common in the Kilimanjaro region, while the first principle component 
weighted the respective assets more evenly.  
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of wealth (first quartile: least poor, fourth quartile: most poor). Six variables were included in the 

PCA: weekly income, number of days to save ~7 USD, and the number of cows, goats, chickens, 

and acres of land. 

3.4.4 Model Specification 

We used the Four A’s to guide our selection of independent variables for inclusion in the 

regression analysis. We wanted to include one or two predictors from each survey category, so 

that our model would not overfit or be too complex to converge. The primary considerations for 

choosing a predictor were its perceived importance in the context of the literature review, 

response rates, missing values, and the distribution of responses – e.g. if 90% of the responses 

to a question were completely agree, then that question was not included in the model. The 

selected variables are shown in Table 3.1. 

Table 3.1: Questions and question statements included in the regression analysis. 

Category and Question Potentially Relevant A’s 

Knowledge  
I know the benefits of solar products Awareness, Attraction 

Opinions  
I will purchase a(nother) solar product in the future Attraction 
Solar products are sold nearby Awareness, Availability 

Product Quality  
I can identify between high quality and low quality 
solar lanterns 

Awareness 

There are high-quality solar lanterns available at the 
market 

Awareness, Availability 

Peer Networks  
How many of your family members use solar 
products? 

Awareness, Attraction 

How many of your family members have told you 
about their solar product(s) breaking? 

Awareness, Attraction 

Wealth  
Wealth indicator (by quartile) Affordability 

Other  
Distance from village to the nearest major city8 Availability 
Education level Awareness 
Household size Affordability 

                                                
8 Straight line distances were calculated from each village office to the nearest major city (i.e. Arusha or 
Moshi) using GPS coordinates. 
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Variables found to be significant in the full model were included in a reduced model to see 

how significance and effect sizes changed when fewer variables were included in the model. 

Since fewer variables were included in the reduced model, fewer respondents were excluded due 

to blank responses9. This allowed us to check the robustness of our results as the useable sample 

size increased. 

3.5 Results 

3.5.1 Descriptive Statistics 

Table 3.2 shows the characteristics of our sample: age, household size, income regularity, 

house wall material, house roof material, and ownership of cellphones, cars and motorcycles. Our 

measured household size of 6.0 is higher than the Tanzania average of 4.7 (2012), possibly 

because we were in rural areas where households tend to be bigger. This same explanation could 

apply to education levels, which we found to be lower than those of the 2012 census that showed 

81.7% completed primary school. Household wall and roof materials were more comparable to 

census values specific to Arusha and Kilimanjaro, see the supplemental materials for a table with 

this comparison [115]. We expect some deviation from census values, since we do not have a 

representative sample. 

 

 

 

 

 

 

 

                                                
9 Respondents with a blank response for any question included in the model were removed from the 
analysis. 



73 
 

Table 3.2: Descriptive statistics. 

Gender 45.1% Female 54.3% Male 

Age Mean: 43.4 Range: 20-90 

Household Size Mean: 6.0 Range: 1-26 

Income Regularity 95.7% Variable 2.2% Wage/Regular 

Education   
Did not complete primary 17.6%  
Completed primary school 57.7%  
Completed secondary school 14.2%  
University or trade school 3.7%  
Blank 6.2%  

House Wall Material:   
Brick 53.7%  
Mud 30.9%  
Other 2.4%  
Blank 12.7%  

House Roof Material:   
Metal 83.3%  
Grass 4.6%  
Blank 12%  

Households with one or more:   
Cellphones 98% 94% (blanks as zero) 
Cars 3.7% 3.4% (blanks as zero) 
Motorcycles 
 

17% 16% (blanks as zero) 

3.5.2 Solar Use and Other Light Sources 

The breakdown of primary light sources by gender and by region is shown in Figure 3.3. 

We found that 46.6% of our sample used a solar product for their primary source of light. There 

was not a significant difference in light source by gender of the respondent (p = 0.49), but there 

was a significant difference by region (p < 0.001), with 60% of respondents in Arusha and 33% of 

respondents in Kilimanjaro using solar. When accounting for solar used as a backup source of 

light, a total of 56.5% of respondents used solar technology.  



74 
 

 
Figure 3.3: Primary light sources by gender (left) and region (right). 

The next most used primary light source among our respondents was kerosene, and grid 

use was nearly as prevalent, with very few respondents using batteries. If we assume the grid 

was unavailable in villages where we surveyed zero gird users, then three-fourths of the villages 

had grid availability in at least part of the village. The high level of grid availability is likely due to 

the research area’s proximity to major cities.  

Figure 3.4 shows the types of solar products used and the uses for SHS. Nearly two-thirds 

of solar users were using a SHS, and about one-third were using standalone solar lanterns. The 

median SHS size was 60W, and 92% reported using their system for cell phone charging, 55% 

were powering a radio, and 29% were powering a TV, with virtually all using their system for light.  
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Figure 3.4: Types of solar products (left) and SHS uses (right). 

Solar lantern users had 1.8 lamps on average, and about one-third had a lantern break in 

the past. Lantern users spent an average of 7.53 USD to purchase their products. In comparison, 

kerosene users spent an average of 6.82 USD per month on kerosene. Respondents who used 

batteries as their primary light source spent an average of 3.60 USD per month. If a solar lantern 

displaces 50% of kerosene or battery expenditures, it would pay for itself in a little over two months 

or four months, respectively.    

The map in Figure 3.5 shows village level uptake of solar products, where the different 

colored markers represent the proportion of solar use among households surveyed in each 

village. There is not a visually perceptible relationship, either positive or negative, between solar 

use and distance from the village to a major city (i.e. Arusha or Moshi), or distance to a major 

road. 
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Figure 3.5: Village markers where darker red corresponds with a higher proportion of solar users 
surveyed. The number in parenthesis in the legend indicates the number of villages with that proportion of 

solar use. 

3.5.3 Select Independent Variables 

Knowledge 

The overall level of knowledge of solar topics was generally low for the 11 knowledge 

questions. Users always had higher levels of self-reported knowledge of solar topics relative to 

non-users, and this difference was statistically significant for all 11 questions. However, a 

considerable proportion of users still lacked knowledge. An example of this is, I know where to 

buy solar products (Figure 3.6); about two-thirds of respondents did not know where to buy a solar 

product, and almost one-third of users also did not know—despite having purchased one. 
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Figure 3.6: User and non-user responses to the statement, I know where to buy solar products. 

Another measure of knowledge is, I know the benefits of solar products, as shown in 

Figure 3.7.  Most users said that they know the benefits of solar products, and very few said they 

do not know the benefits. This question had the highest number of completely agree responses 

for both users and non-users, among the knowledge measures, though almost half of non-users 

were still neutral or disagreed.  
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Figure 3.7: User and non-user responses to the statement, I know the benefits of solar products. 

Another knowledge question statement was, I know the price of a solar lantern, which was 

followed by what is the cost of a solar lantern?, if respondents agreed to the former. The average 

response to the latter was 6.25 USD. We believe some respondents thought we were asking 

about DC LED lightbulbs often used in SHS, so if we exclude responses below 2 USD, the 

average was about 9 USD. These values are comparable to the average lantern purchase price 

in our sample (7.53 USD), and the approximate price of an entry-level d.Light solar lantern in 

Arusha or Moshi (7 USD). However, more than two-thirds of non-users said they did not know the 

price of a solar lantern. Without this knowledge, it would be difficult to be aware of the financial 

benefits relative to kerosene. 

I know how solar energy works and I know how to use solar products had a high number 

of agree responses for users, relative to some of the other knowledge questions. For measures 

such as these, users may have simply gained knowledge through the purchase and ownership of 

a solar product; we cannot conclude that higher levels of knowledge lead to higher levels of 

uptake. However, 88.6% of respondents (89.4% of users and 87.8% of non-users) completely 
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agreed that they would like more information about solar technology. The primary topics of interest 

were the benefits of solar products and how to identify high-quality products. 

Opinions 

Overall opinions were high among both users and non-users, though users generally had 

higher opinions compared to non-users, and this difference was statistically significant for 13 of 

the 14 opinion measures. An example of this is, solar products (would) save me money (Figure 

3.8); more than 90% of users and more than two-thirds of non-users completely agreed. This 

would suggest that most non-users should understand the financial benefits of solar, but it would 

be difficult to accurately gauge financial benefits for the large proportion of non-users who did not 

know the price of a solar lantern. Many of the other opinion questions have similar response 

patterns, including: solar products increase study time, solar products have bright light, and solar 

products are good for health. 

 

Figure 3.8: User and non-user responses to the statement, solar products (would) save me money. 

Another opinion question statement is, solar products are sold nearby, as shown in Figure 

3.9. About one-quarter of users and one-half of non-users were neutral or disagreed. This 

question had the highest neutral/negative response rate among the opinion measures. The high 
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number of negative responses may be a result of actual proximity to available products, or a lack 

of awareness of nearby purchase options. Additionally, the significant difference in responses 

between users and non-users may be a result of users being closer to solar retailers. 

 

Figure 3.9: User and non-user responses to the statement, solar products are sold nearby. 

Another opinion measure is, I will buy a(nother) solar product in the future. Nearly 90% of 

solar users agreed, which demonstrates a high level of satisfaction with their current products. 

More than two-thirds of non-users also agreed, indicating a high level of attraction for solar 

products. Responses to this question were not significantly different for users and non-users. 

Because of the strong positive responses to this question, and the overall high opinions of solar, 

it appears that attraction has been a driver of solar uptake in this area of Tanzania. It is likely that 

non-users have faced other barriers, which attraction alone cannot overcome. 

Product Quality 

Participants were asked how long they expected flashlights, solar lanterns, and SHS to 

last, in order to gauge their awareness of product longevity and potential quality issues. The 

median reported life expectancy was four weeks for battery powered flashlights, two years for 

solar lanterns, and five years for SHS. The difference in expected life among users and non-users 
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was similar for flashlights (p = 0.76), as well as solar lanterns (p = 0.57). However, there was a 

statistically significant difference in mean life expectancy of SHS for solar users (8.9 years) 

compared to non-users (5.4 years) (p = 0.006). The two-year life expectancy of a solar lantern is 

reasonable, as it corresponds with the length of many warranties on such products. It is possible 

that market spoiling has been mitigated in part by increased awareness of warranty periods and 

expected longevity.  

About two thirds of respondents expect battery powered flashlights to last less than one 

month, which is comparable to research findings in Kenya, where flashlight users reported an 

average lifespan of three and a half weeks [116]. However, we did not find evidence of flashlight-

related market spoiling in our study, since their short life expectancy does not appear to negatively 

impact the expected life of solar products. It is possible that the commonality of LED technology 

was not enough for consumers to associate low quality flashlights with solar products. However, 

both users and non-users primarily agreed with the question statement, there are low-quality 

products available, about one-third of solar lantern users reported a prior product failure, and very 

few could identify high quality products (Figure 3.10). Thus, product quality and market spoiling 

are still concerns. 
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Figure 3.10: User and non-user responses to the statement, I know how to identify high-quality products. 

Peer Networks 

Almost all users and non-users reported that their family, friends and neighbors had high 

opinions of solar (Figure 3.11), though these peer opinions were slightly higher among users, and 

this difference was statistically significant. Users and non-users also had a high proportion of 

respondents who have heard convincing reasons to use solar. Additionally, very few users or non-

users reported hearing about products breaking from their peers. These results imply that peer 

influence alone cannot drive adoption, at least in the presence of other barriers. However, peers 

may still be an important means of increasing awareness. 
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Figure 3.11: User and non-user responses to the question, what are your family members’ opinions of 
solar?  

Wealth 

To assess households’ ability to afford solar products, we examined measures of 

households’ financial assets and purchasing power. Figure 3.12 shows the the distributions of 

responses to questions that assess households’ income, savings, and credit access: their usual 

weekly income, the amount of money they could potentially save in a week, and the amount of 

money they could potentially borrow in a week. Weekly income was slightly higher for users, and 

possible weekly savings was slightly higher for non-users, but these differences were not 

statistically significant. Thus, purchasing power was quite similar for users and non-users. The 

mean potential weekly savings for users (7.18 USD) and non-users (8.55 USD) was comparable 

to the price of a solar lantern (approx. 7 USD). 
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Figure 3.12: Reported weekly income (left), where the red line represents the median, the + represents 
the mean, the green line represents the 2015 GNI/capita/week [117], and the orange line represents the 

poverty line (1.90 USD/day); possible weekly savings (middle), and possible short-term loan (right). 

We used PCA to develop a relative wealth index using household assets. The first principle 

component explains 25% of the variance in assets included in the PCA. The largest weights of 

the first principle component were acres (0.55), goats (0.48), and cows (0.42). All weights of the 

first principle component were positive except number of days to save 15,000 Tsh. The mean 

income, number of cows, acres of land, and kerosene expenditures for each of the quartiles is 

shown in Table 3.3. The decreasing trend of the means of asset variables corresponds with 

decreasing wealth quartile, which is expected given that the wealth index is comprised of weighted 

combinations of these variables. However, kerosene expenditures display the opposite trend, with 

the least wealthy spending the most on kerosene. It is possible that wealthier quartiles are able 

to spend more on secondary sources like batteries and candles. 

Table 3.3: Income, select assets, and kerosene expenditures by wealth quartile 

 Wealthiest 
Quartile 

Second 
Quartile 

Third  
Quartile 

Least Wealthy 
Quartile 

Mean Weekly Income (USD) 33.34 15.00 13.56 9.00 
Mean Number of Cows 20.2 4.4 2.3 0.8 
Mean Acres of Land 6.7 1.9 1.2 0.5 
Mean Weekly Kerosene Expenditure 
(for primary users only, USD) 

1.39 1.29 1.46 1.75 
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The distribution of light sources by wealth quartile (Figure 3.13) shows that kerosene and 

battery users predominantly fall into the least wealthy quartile, while SHS users predominantly fall 

into the wealthiest quartile. Uptake of SHS was the lowest in the least wealthy quartile, but solar 

lanterns were still used by a sizeable proportion of the least wealthy. Note that since we don’t 

have a representative sample, we may not actually capture the poorest of the poor, who may find 

solar lanterns less obtainable than the poorest people in our sample. The proportion of people in 

the third quartile using each of the light sources was almost evenly distributed. Thus, the second 

poorest quarter of our sample does not appear to be financially restricted from the use of solar 

lanterns or SHS.  

 

Figure 3.13: Distribution of light sources within each wealth quartile (left), and the distribution of light 
sources above and below the poverty line (right). The black lines represent the proportion of people in 

each wealth category (0.25 in each quartile, 0.53 below poverty line and 0.47 above). 

To get another perspective on the relationship between wealth and light source, we looked 

at the proportion of users for each light source who fall above and below the poverty line, in terms 

of self-reported income (Figure 3.13). Of those who use kerosene and batteries, about two-thirds 

were below the poverty line and one-third were above. Of those who use solar lanterns, nearly 

three-fourths live below the poverty line and only one-fourth were above. The median income of 

solar lantern users was about 7 USD/week, while the median income of kerosene and battery 

users was about 9 USD/week. This suggests that income below the poverty line was not a barrier 
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to solar lantern adoption, and that the majority of people who can afford to use kerosene and 

batteries can afford to buy and use solar lanterns.  

Of those who use SHS, about 20% more live above the poverty line, and their median 

income was about 15 USD/week. Of those who use grid power, about 15% more live above the 

poverty line, and their median income was about 14 USD/week. Thus, it appears that those who 

can afford grid power can afford a SHS. Tanzanian households which were connected to the grid 

between 2000 and 2015 paid between 140 and 230 USD on average (median) for their connection 

[101]. Currently, this amount of money would be sufficient to purchase a modest SHS.  

Open-Ended Questions 

Solar users were asked an open-ended question about why they chose to use solar 

products, and 170 respondents gave 313 total reasons. Non-users were asked an open-ended 

question about why they do not use solar products, and 131 respondents gave 154 total reasons. 

The responses to these questions were categorized, and these results are shown in Figure 3.14, 

with users on the left and non-users on the right. 

 

Figure 3.14: Users reasons for using solar, and non-users reasons for not using solar, reported as a 
proportion of respondents who gave an answer to this question. 

Solar users predominantly cited financial reasons, with the bulk of those responses being 

about the high cost of kerosene. The next most frequently cited reason was related to the 
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functionality of solar products, with most of these responses being about the benefits of light and 

phone charging. Reasons involving children were the next most common, with nearly all of these 

being about children studying. Additional reasons for using solar included health, security, and 

the lack of grid availability.  

“Other” reasons for using solar included general positive comments about the technology, 

general negative remarks about kerosene, environmental reasons, and quality of life. Only two 

people cited peer influence, “seeing others using it,” making it the one of the least common 

responses. This may indicate that peer effects were not present, or if peer effects were actually 

influencing uptake, it may not have been obvious to those being influenced. This is also supported 

by responses to another open-ended question, who was most influential in your decision to use 

solar?, where 27% of users said myself, 17% said neighbor, and 17% said husband/wife. 

Interestingly, financial reasons were the number one response for non-users as well as 

users. Almost all the financial reasons given by non-users were about having low income or solar 

being too expensive. This is in line with a study in Kenya, where 94% of households cited 

affordability as their barrier to solar ownership [47]. As we saw in the previous section, non-users 

reported income similar to that of users. Thus, the perception of the affordability of solar can be a 

driver or barrier depending on the perspective of the (potential) adopter. Non-users may have less 

information on the financial benefits of solar products, or they may not have realistic information 

on the cost of these products. If non-users had a better understanding of the financial benefits 

and costs of solar products, they might find these products to be financially favorable—as users 

do.  

The second most common reason given for not using solar was that the household already 

has electricity. However, the market for solar products for grid users should not be overlooked. 

Because of the unreliable nature of the grid in Tanzania and elsewhere in Sub-Saharan Africa, 

many grid users rely on kerosene, battery powered flashlights, and candles when the power goes 

out. Grid users should be aware of solar products, and their benefits as a backup light source. 
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Many in this sample were already aware, as nearly one-third of grid users in this sample use solar 

as a secondary light source, and four respondents use solar power as their primary light source 

and grid power as their secondary light source. 

The third most common reason for not using solar was related to the lack of information 

or education on solar. The next most common reason was unknown or limited availability, 

accounting for about 5% of responses. This reinforces findings in Kenya where only 1% of 

households said they did not use solar because of availability [47]. “Other” reasons included a 

few general negative statements about solar, that they are waiting for a grid connection, or that 

they plan to buy a solar product in the future. There were two respondents who reported that they 

no longer use a solar product because they previously had one that broke. While this is a small 

number, efforts should still be made to mitigate market spoiling due to low quality solar products.  

3.5.4 Model Results 

The odds ratios for predictors of solar use from our regression model are shown in Figure 

3.15.  
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Figure 3.15: Odds Ratios for predictors in the regression model, including 95% confidence intervals. 

*p≤0.05 ***p≤0.001 

Knowledge 

The only knowledge question statement included in the model was, I know the benefits of 

solar products, and the distribution of responses to this statement are shown in Figure 3.7. The 

agree and disagree/don’t know responses to this statement were significantly and negatively 

associated with solar use, in comparison to the reference response of completely agree. The odds 

of solar use among respondents that said they know the benefits of solar (completely agree) was 

about 50 times higher compared to those that said they do not know the benefits (disagree), when 

controlling for other predictors. This finding suggests that there is greater attraction to solar 

products among people who are aware of the benefits. This reinforces existing literature which 

places an emphasis on increasing knowledge of the benefits of solar. It is also possible that this 
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is simply the result of solar users gaining knowledge of the benefits after purchasing a solar 

product. 

Opinions 

The first opinion question statement included was solar products are sold nearby, and the 

distribution of responses to this statement are shown in Figure 3.9. A neutral/disagree response 

to this question was significantly and negatively associated with solar use, in comparison to the 

reference response of completely agree. The odds of solar use among respondents that said 

solar products are sold nearby (completely agree) was about four times higher compared to those 

that said solar products are not sold nearby (neutral/disagree), when controlling for other 

predictors. The second opinion question statement included in the model was I will purchase 

a(nother) solar product in the future. The self-reported likelihood of making a future solar purchase 

was not significantly correlated with solar use once we control for other covariates.  

Product Quality 

The first product quality question statement included was, I can identify between high 

quality and low quality solar lanterns. Although more users agreed to this ability, we did not find 

evidence of a relationship between solar use and being able to identify solar product quality, once 

we controlled for other covariates. Though the ability to identify quality is seen as important in the 

literature, it may not be a driver of solar adoption. The second product quality question statement 

included in the model was, there are high-quality solar lanterns available at the market. Although 

more users agreed to this, we did not find evidence of a relationship between solar use and the 

perception of high-quality products being available once we controlled for other covariates. 

Peer Networks 

The first peer network question included in the model was how many of your family 

members use solar products? More users reported knowing more than 20 family members who 

use solar, while more non-users reported knowing four or fewer family members who use solar, 

but this could be attributed to a number of causes that may result from geographic or other 
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underlying factors. In the model, we did not find evidence of a relationship between solar use and 

solar-related peer network size once we controlled for other covariates.  

The second peer network question included in the model was how many of your family 

members have told you about their solar product(s) breaking. Around one-quarter of both users 

and non-users said that their family members have told them about their solar products breaking. 

This could be a result of predominantly high-quality solar products being purchased, or because 

negative information is less likely to pass through the peer network, possibly because of cultural 

norms in the survey location. This predictor was not significant in the model, thus we did not find 

evidence of a relationship between solar use and negative information about quality passing 

through peer networks once we controlled for other covariates.  

Wealth 

The only wealth variable included in the model was the PCA derived wealth indicator. The 

least wealthy quartile was significantly and negatively associated with solar use, relative to the 

wealthiest quartile reference level. The odds of solar use among respondents in the wealthiest 

quartile was about five times higher compared to those in the least wealthy quartile, when 

controlling for other predictors. Other levels for this variable were not significant, which reinforces 

that affordability was primarily a barrier for the least wealthy households in our sample. 

Other 

The distance to the nearest major city was the first “other” variable included in the model, 

and it was not significant. This inconclusive result, and conflicting results from previous studies 

may indicate that rural areas do not necessarily have lower solar uptake. This position is 

supported by research in Sri Lanka, which showed that availability was initially higher in 

population centers with solar distribution hubs, but as time went on availability in rural villages 

increased, and uptake was ultimately higher in these areas [65]. Need and demand in remote 

areas may be great enough to overcome potential issues with availability in these areas. In the 

case of our research, it is also possible that our study area did not extend far enough from the 
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cities to see a drop-off in availability and uptake. Additionally, we do not know how availability 

may have expanded and changed in this area over time.  

The second “other” variable included in the model was education level. Those who 

completed primary school, was found to be significantly and negatively associated with solar use 

in comparison to those who did not complete primary school. The odds of solar use among 

respondents who did not complete primary school was 11 times higher compared to those who 

finished primary school, when controlling for other predictors. This finding contradicts previous 

research which found a positive correlation between level of education and solar use [54,56]. 

Though significant in the full model, there was not a significant difference in solar use by education 

level in the bivariate analysis, so this could be a spurious correlation. However, we did find a 

significant (p = 0.002) positive relationship between education and grid use; among those who do 

not use solar power, grid power is used by 18% of those who did not complete primary school, 

42% of those who completed primary school, and 66% of those who completed secondary or 

above. These educated solar non-users may have contributed to the model outcome above. 

Gender was the third “other” variable included in the model and it was not significant. 

Since we surveyed heads of household regardless of gender, it follows that gender of the 

respondent would not be correlated with the overall household choice to use solar, even if one 

head is more influential in the decision than the other. We asked respondents about the degree 

to which they make household purchasing decisions, and responses to this question were not 

significantly correlated with gender. Household size was the fourth “other” variable included in the 

model and it was not significant. Although previous research has found household size to be 

positively associated with solar adoption [51], we did not find evidence of this in our sample. 

3.5.5 Robustness Checks 

There were 11 questions and 199 observations/respondents included in the full model, so 

125 observations were removed due to respondents not identifying as the head of household, or 

blanks on one or more questions. There were 237 observations included in the reduced model 
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which only included variables which were significant in the full model: level of education, 

knowledge of benefits, and wealth quartile. In this reduced model all of these variables were still 

significant, even with 9 fewer questions and 19% more observations, but there was a noticeable 

change in the odds ratio for most of the variables, as shown in Table 3.4. 

Table 3.4: Comparison of significant results from full model to results from the reduced model. 

  

The reduced model was also run with grid users removed, females only, or males only. A 

response of disagree to I know the benefits of solar products was relatively robust to these 

changes, as was the fourth wealth quartile, though men in this wealth quartile were much more 

negatively associated with solar use in comparison to women or the other models. Education was 

not a significant predictor of solar use for women, but it was for men. A neutral/disagree response 

to solar products are sold nearby was not a significant predictor of solar use for men, but it was 

for women. Our overall results, especially the interpretations thereof, are not particularly sensitive 

to gender or the responses of grid users.  
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Table 3.5: Reduced model compared with models with grid users removed, females only, or males only. 

 
 

3.6 Discussion and Conclusions 

To integrate and summarize our results, we return to the Four A’s framework. Our results 

show that overall knowledge of solar was low, there was a strong desire for more information, and 

having knowledge of benefits was strongly associated with solar use. Although we cannot 

establish causality with this study design, these findings suggest that raising awareness of solar 

technology could lead to increased adoption, especially awareness of benefits. Financial benefits 

should be a primary focus, including kerosene savings and productive uses of energy. 

Additionally, potential adopters should be made aware of product cost, so they can accurately 

weight it against the benefits. 

Our results show that overall opinions were high, desire to make a future purchase was 

high, peers had a positive influence (if any), and market spoiling was not an issue. Thus, we find 

that attraction was a driver of uptake in this context, but it cannot override other barriers which 

were present. Although product quality was not diminishing attraction to solar, we are still 

concerned with the availability of low-quality solar products on the market, and any future market 
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spoiling effect they may have. This could be mitigated in part by raising awareness on how to 

identify high-quality products, among both consumers and retailers. 

Our findings indicate that affordability is only a significant barrier to solar lantern adoption 

for the poorest households. The short payback period of solar lanterns makes them economically 

attractive, except for those who lack awareness of the financial benefits, and those who have 

small kerosene and battery expenditures (i.e. the poorest households). Thus, affordability can be 

a driver or a barrier, depending on a person’s perspective, level of awareness, and wealth. This 

runs somewhat counter to the literature, which emphasizes affordability as a significant barrier to 

solar uptake. Still, payment plans for lower-cost solar products might enable the poorest 

individuals to afford these products.    

The higher price of SHSs can present a larger financial barrier to solar use relative to 

kerosene or solar lanterns, but our findings indicate that affordability was not a significant barrier 

to SHS uptake, except for the poorest households. The relative affordability of SHS could be 

attributed to payment plans offered by international solar businesses operating in the research 

area. Thus, we find that affordability is not a major barrier to SHS adoption when payment plans 

are in place, which is in line with previous literature that stresses their importance. 

Our research shows that respondents’ actual distance from a major city was not 

associated with solar use, and very few non-users cited availability as a barrier. However, 

respondents’ perceived distance to solar products was negatively associated with solar use. 

Availability does not appear to be a major barrier in the study area, except for those who may 

lack awareness of their nearest solar retailer. We perceived solar products to be widely available 

in this area. There may have been less product variety in distant locations, but the demand for 

solar products was still present in the most remote villages, since the need may be even greater 

in rural areas that have limited prospects for grid access. Availability may even be considered a 

driver of solar adoption, due to the efforts of solar businesses operating in the area. 
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It is likely that the range of our study was not far enough to see availability drop off with 

distance from supply hubs in the cities. Future research should address this by including study 

areas that are further from supply hubs. Additionally, international solar enterprises have likely 

had a significant impact on availability and other A’s in the study area, which should be taken into 

consideration when interpreting these results. Our household selection process generated a 

sample that is not representative of the overall population in these villages. It is unclear what bias 

this might have introduced in terms of awareness, attraction, affordability and availability for our 

sample compared to the population of Arusha and Kilimanjaro regions. Though our results are 

not generalizable to these regions, or Tanzania as a whole, they still demonstrate the utility of the 

Four A’s framework, and provide valuable insight into an interesting subset of Tanzanians.  

The Four A’s framework has proven useful for identifying the drivers and barriers of off-

grid solar adoption in emerging economies. Using the Four A’s as a lens to focus and interpret 

our results, we were able to make more concise, meaningful, and actionable conclusions. Future 

research should rigorously evaluate these conclusions in order to validate the utility of the Four 

A’s framework as a tool for guiding technology adoption studies in emerging economies. 
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4 Impact Evaluation Proposal for an Intervention Devised to Increase Market 

Penetration of Off-Grid Solar Products 

4.1 Introduction 

After applying the Four A’s to our Tanzania survey data, we found that awareness and 

affordability among the poorest individuals were the adoption conditions most likely to impede 

solar adoption in the research area. If we apply the off-grid solar theory of change (e.g. Figure 

2.1) to this finding, we see that all three aspects of the overall solar enabling environment can 

contribute to improved awareness and affordability: information diffusion, market infrastructure, 

and appropriate technology.  

To increase awareness among potential solar adopters, we need to improve information 

diffusion, by providing the required information we identified through our research. Economic 

advantage over alternatives is a key piece of information – a notable point in the ToC, which was 

reinforced by our research in Tanzania. Potential customers must also be aware of the actual cost 

of such products; this is a fundamental piece of information needed to evaluate economic 

advantages (i.e. cost-benefit), yet more than two-thirds of non-users in our sample lacked 

awareness of the cost of a solar lantern. While knowledge of financial benefits is a key adoption 

condition, other required information can be easily disseminated if we establish a viable and 

efficient means of information diffusion. 

Effective means of information diffusion in emerging economies are not well established 

or researched. Since traditional marketing campaigns are costly and relatively unproven in these 

contexts, I propose novel alternatives in this chapter. The rest of this chapter takes the form of a 

hypothetical program evaluation funding proposal which focuses on my suggested means of 

information diffusion.  

The proposal also calls for evaluating the impact of payment mechanisms, a key piece of 

market infrastructure which contributes to affordability. However, the need for payment 
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mechanisms is well established (see Chapter 2), so the affordability component is not a primary 

focus in the hypothetical program evaluation proposal to follow. The proposal is based on an 

International Initiative for Impact Evaluation (3ie) proposal outline, and 3ie text appears in purple.  

3ie is an NGO that “promotes evidence-informed equitable, inclusive and sustainable 

development. [They] support the generation and effective use of high-quality evidence to inform 

decision-making and improve the lives of people living in poverty in low- and middle-income 

countries. [They] provide guidance and support to produce, synthesize and quality assure 

evidence of what works, for whom, how, why and at what cost.” 
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4.2 Organizational Information 

Name of agency that is implementing the programme or policy that will be evaluated (hereunder 
called the implementing agency)  
 
Lighting Africa, a subset of the World Bank Group 

Organisation type (of the implementing agency)  
 
International Development Organization  

Name of programme or policy that will be evaluated  
 
Free Trial and Text Campaign on Increasing Market Penetration of Off-Grid Solar Products 

Please list names of other implementing agencies that may be involved in implementing the 
programme or policy and/or in delivering the programme to beneficiaries, if applicable. 
 
d.Light (solar product developer and wholesaler)  
 
Tigo (mobile telecommunications company) 
 

4.3 Summary 

4.3.1 Context and relevance 

a. Describe the programme or policy and the key intervention(s) that the study will evaluate. 
 

b. Describe the importance and relevance of the research topic (please provide the most 
relevant and important contextual justification, which may include, but not be limited to 
details about the climatic, cultural, economic, ethnic, geographic, infrastructural, 
institutional, political and/or social factors). 
 

c. Explain the expected policy relevance of the research questions for policymakers and 
implementing agencies; Potential implications of the evaluation for policy, programming, 
and practice. 

More than a billion people live without access to electricity, and the majority reside in Sub-

Saharan Africa (SSA). In 2016, members states of the United Nations adopted the 17 Sustainable 

Development Goals (SDGs) with the aim to eradicate poverty, protect the environment, and bring 

prosperity to all. One of the goals is to provide sustainable energy access to all by 2030 (SE4ALL), 

and this goal in turn enables many other SDGs that will be more readily achieved with widespread 

access to clean energy. Unfortunately, we are not on a trajectory to achieve this goal in 12 years, 

given the slow rate of grid expansion and restricted growth of the off-grid energy market. 
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Off-grid sources of energy, especially solar PV technology, are critical to achieving this 

goal, especially in Sub-Saharan Africa, where increases in grid access are outpaced by 

population growth. Off-grid solar products fall into two categories: solar home systems (SHS) that 

provide 10 to more than 1000 Watts of power, which can be used for lighting, cell phone charging, 

radios, fans, televisions, among other things; pico-solar products that provide less than 10 Watts 

of power for lighting and cell phone charging (sometimes).  

Unfortunately, sales of pico-solar products have slowed in SSA in recent years, even 

though these products are the most affordable and well suited as near-term replacements for dirty 

dangerous kerosene lamps – which are the predominant source of light among the off-grid 

population in SSA. In order to reverse this trend we are developing and evaluating innovative and 

cost-effective market-based approaches to accelerate solar adoption in SSA. 

Our proposed pilot program aims to increase uptake of pico-scale solar devices, which will 

displace kerosene, disposable batteries and other inferior light sources, and contribute to 

achieving the goal of SE4ALL. The program will employ a three-pronged approach to increase 

awareness and attraction of solar products:  

1. We will provide a two-week free trial, wherein potential customers can gain firsthand 

experience of the benefits of solar products with no cost or risk.  

2. We will use an automated SMS platform to send text messages to participants, which 

provide information on the benefits of solar, especially with regard to how much money 

they are saving on kerosene – both during the free trial and regularly thereafter for those 

who purchase a lantern. 

3. We will use incentives (e.g. mobile phone airtime credit) to encourage customers to share 

this information with their family, friends, and neighbors (peers), who will be provided with 

an incentive (discount on solar product) to enroll in the free trial.  

We will refer to interventions 2 and 3 as a “text campaign” going forward, and the following 

is an example text message: “You have saved about $1.25 on lighting and phone charging in 1 
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month of using your solar product. Tell your family and friends how much you have saved, then 

ask them to text this special code: ZADVBHHG to 123-456-7890. They will get a 5% discount on 

a solar product, and you will receive $1 in airtime credit for each person that purchases a solar 

product after texting this special code.” This will incentivize the diffusion of information on financial 

benefits among peers, while also promoting additional enrollments in the free trial. In the future, 

our program will increase affordability, especially for the poorest individuals, by providing them 

with the option to pay for a lantern in four weekly installments (payment plan). 

Though they provide relatively little energy, pico-solar products will provide a better quality 

of light/life until people can afford larger solar products or are connected to the grid. These 

products will deliver meaningful savings on kerosene and battery expenditures, with payback 

periods as short as 3 months [108]. The short payback period of solar lanterns and other pico-

solar products will enable these technologies to completely displace kerosene lighting without 

relying on subsidies. This will have a meaningful impact on climate change in the short-term 

because kerosene lanterns produce a significant amount of black carbon, a short-lived pollutant 

that is 700 times more potent than carbon dioxide. 

4.3.2 Evaluation questions of interest 

a. List the main research questions, associated outcomes and impacts of interest. 
b. Identify the relevant subpopulations that will be examined in this evaluation. 

The main evaluation questions of interest are: 

1. Can solar retailers significantly increase pico-solar sales by providing a free-trial period 

and employing a text campaign? 

2. How does pico-solar use affect kerosene and other lighting expenditures? 

The primary outcome of interest is uptake of solar products as a result of our program. 

The primary impact of interest is reduced expenditures on kerosene, batteries, and other lighting 

related expenses. 
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The subpopulation of interest in this evaluation is the off-grid population of northern 

Tanzania, so we will exclude urban areas from the study. The effectiveness of the text campaign 

aspect of our program relies on mobile phone ownership and the ability to receive and read texts, 

so this subpopulation is our primary focus. As of 2017, 88% of adults in Tanzania had mobile 

phone access [118]. Those who do not own mobile phones will not be excluded from participating 

in the free trial aspect of the program, or from being referred by peers in person. Going forward 

we will devise ways to better reach households who do not own mobile phones. 

4.3.3 Empirical data and methods 

a. What mix of methods will be used to test assumptions and make causal claims in the 
programme theory of change? 

b. What is the identification strategy (how will the attributable change caused by the 
programme or policy be estimated)? 

c. What are the key quantitative and qualitative sources of data for this study? 
d. What is the sample size that the study will use to examine its key questions? Please 

indicate for which outcomes the study is powered. 

We will use a randomized controlled trial (RCT) to establish causality when evaluating the 

impact of our program and validating our theory of change. We will also use qualitative methods 

to answer secondary questions, improve our understanding of the “why” behind our evaluation 

outcome, and gain insight into how the program can be improved going forward. Our program 

evaluation will be split into three phases: 

In Phase I, we will randomly select 16 wards from all non-urban wards across northern 

Tanzania into an equal number of treatment and control groups, and randomly select 45 

households from within each ward. Households in the treatment wards will receive the option to 

participate in the free trial and text campaign outlined above. Uptake among treatment and control 

households, lighting expenditures, and number of peer referrals are the primary quantitative 

outcomes of interest in Phase I, and the study is powered to assess the first two. Households in 

both groups will be surveyed and briefly interviewed in order to build our understanding of the 

reasoning behind their decision, and to provide insight into some of our secondary questions. If 
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our program has a significant effect on uptake compared to the control we will proceed to the 

Phase II evaluation. 

In Phase II, we will attempt to replicate the success of Phase I through market-based sales 

by recruiting local retailers to offer our program and products. We will randomize at the ward level 

only and will encourage all relevant retailers in a given ward to participate in our program. 

Participating retailers in treatment wards will offer the free trial and text campaign to customers at 

the point of sale. The primary outcomes of interest are the number of solar sales, and number of 

sales resulting from peer referrals. We will use a factorial RCT design to compare the effect of 

the free trial, the text campaign (i.e. texting information on benefits and incentivizing peer-to-peer 

information sharing), and the combination of both, and the study is powered accordingly. In this 

phase we will also quantify the costs associated with a free trial and text campaign, thereby 

allowing us to assess the cost-benefit of these interventions. In this phase, qualitative data will be 

collected from solar retailers regarding their opinions of our program, their desire to participate, 

and what they would like to change. Additional qualitative and quantitative data will be collected 

from customers through a brief interview at the point of sale.  

In the Phase III evaluation we will test the effect of a payment plan in combination with the 

most effective or most cost-effective treatment identified in the Phase II evaluation. We will also 

explore the possibility of phasing out the free trial component to see if the text campaign can 

sustain adoption after a certain number or proportion of adopters has been reached in an area. 

In this phase we will work to expand the program to other countries in Sub-Saharan Africa. We 

are not yet requesting funding for this phase, as we believe the success of our Phase I and Phase 

II evaluations will enable us to forge partnerships that will allow us to carry out the Phase III 

evaluation through the support of market-based actors. 

4.3.4 Evaluation Context 

Briefly describe the policy or implementation topic that the proposed impact evaluation will 
address. In what way is the evaluation likely to inform national, regional or global policy contexts. 
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If relevant, please describe how the evaluation will specifically help address important policy or 
programmatic challenges being faced by the implementing agency. 

 
The UN SDGs and SE4ALL represent a global call to action. Lighting Global is working to 

answer this call by supporting market development for solar products. These efforts include 

providing market intelligence that demonstrates the business opportunities in this sector, and 

imparting quality assurance through our quality standards and testing programs. We intend to 

further support business development by providing information on best practices and innovative 

approaches for selling solar products. Through this pilot program and evaluation, we will develop 

new tools for marketing and raising awareness in an effective, affordable, and scalable way. If our 

program proves to be effective, we will work to promote the use of free trials and the text campaign 

platform among local and international solar businesses through cooperation with the relevant 

stakeholders. In this way, we will broaden the impact of our program and accelerate action toward 

achieving SE4ALL.   

4.4 Theory of Change 

Our program was developed using the guidance of our theory of change (Figure 4.1), 

which elucidates the change pathways for achieving increased uptake of off-grid solar products.  
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Figure 4.1: Theory of change for increased off-grid solar adoption through a text campaign and a payment 
plan 

4.4.1 Prior Formative Work for the Evaluation 

Has any prior formative or preparatory work been done to inform the questions and targeted 
outcomes for this evaluation? If yes, describe it in brief. You may (also) attach one document to 
expand on the formative work. Previous formative work may include literature review, field work, 
prior implementation experience, discussions with practitioners and implementers, and relevant 
descriptive statistics. 
 

We developed our theory of change (ToC) based on an extensive literature review. We 

previously carried out survey research in Tanzania in order to identify the barriers to solar adoption 

in the context of this ToC. We identified awareness, especially awareness of financial benefits as 

a significant barrier to solar adoption. As such we have developed the proposed pilot program as 

a means of addressing the issue of awareness. 

Another barrier we identified through this research was affordability of the poorest of the 

poor. At the same time, we found that wealth was not a barrier for most individuals, even among 

those living well below the poverty line. As such, we believe that a payment plan is not required 

in order to see a significant impact in Phase I and II evaluations. Since a payment plan will better 

allow us to reach the poorest of the poor while further enhancing the program’s impact on solar 

adoption, it is the subject of our Phase III evaluation. 
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4.4.2 Knowledge Gap 

Please briefly outline the knowledge gap for the implementing agency or other key 
decisionmakers at the relevant levels (community, national, regional and global) that the proposed 
evaluation will address. 

While there are many innovative business models in the solar marketplace in emerging 

economies, they have not yet shown a proven path to success. Additionally, many of these 

business models focus on technical innovations, while they may be failing to address the 

fundamental drivers of successful strategic innovation in emerging economies: awareness, 

attraction, affordability, and availability. In terms of affordability, we know that pico-solar products 

are cost effective relative to kerosene and disposable batteries, but the upfront cost can be an 

issue in the absence of a payment plan. We know that the issue of availability will be addressed 

as the solar market develops and becomes more financially viable. We are lacking knowledge in 

regard to the most effective, affordable, and scalable ways of increasing awareness and attraction 

– something we will change through the proposed evaluation. We will share our findings with the 

relevant decisionmakers. 

4.5 Evaluation Design 

4.5.1 Evaluation Questions 

Please list the evaluation question(s) of the proposed study. Also list the primary and secondary 
outcomes and impact variables that the study will assess. 

Note: outcome/impact variables are underlined 

Phase I Primary Questions: 

• Does a free trial and text campaign significantly increase solar adoption? 

• How does solar use affect kerosene and battery expenditures? 

• Does the text campaign lead to participation in the free trial among peers? 

Phase I Secondary questions: 

• What is the rate of product damage and theft? 

• Does the baseline level of solar use affect the impact of this program? 
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• Additional secondary questions can be found in Appendix 6.2.2 

Phase II Primary Questions: 

• How are solar sales affected by the free trial alone, the text campaign alone, and the 

combination of both?  

• Which of these interventions are most cost-effective? 

• Does the text campaign lead to increased participation in the free trial among peers? 

Phase II Secondary Questions: 

• Does our program lead to increased use of mobile phones in treatment wards, including 

mobile money transfers, not including texts and money sent as a direct result of the program? 

• How does solar use effect kerosene and battery expenditures? 

• Additional secondary questions can be found in Appendix 6.2.2 

Phase III Primary Questions: 

• Do payment plans significantly increase solar sales? 

• Additional Phase III questions can be found in Appendix 6.2.2 

4.5.2 Mixed Methods 

For 3ie, it is important that researchers employ a mix of methodological approaches and data 
sources to assess the factual and counterfactual and the intended and unintended consequences 
to help answer questions relevant to implementing agencies and decisionmakers: Describe the 
range of quantitative and qualitative methods, data collection tools and techniques that will be 
used in the impact evaluation. If relevant, please describe any secondary data that may also be 
used. Elucidate how various data types and sources will be integrated to generate, analyse and, 
interpret results. 

We will use mixed methods in our evaluation. We will use a randomized controlled trial to 

answer most of our primary questions, by measuring the effects of our program relative to the 

counterfactual represented by the control group. We will use additional quantitative methods, such 

as regression modeling to answer some of our secondary questions. We will use qualitative 

methods, such as interviews with household members, in order to answer other secondary 

questions and gain additional insight into the success or failure of our program. We will also use 

qualitative methods to validate and enhance our understanding of the quantitative results, and 
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improve our program going forward. We will employ participatory research methods to include the 

perspectives of local solar retailers. 

Phase I will require an initial census of households within each of these wards, in order to 

locate the pool of households from which we will draw our random sample. We will take this 

opportunity to quantify the lighting sources in use across the ward at baseline, and briefly collect 

basic demographic data. We can use this information to compare the characteristics of the 

treatment group to those of the control group, and compare the characteristics of households 

randomly selected within a ward to those of the entire ward. 

We will make an initial visit to each of the randomly selected households in order to carry 

out a brief survey to gather relevant demographic, socioeconomic, knowledge, and opinion data. 

We will ask the households to track lighting expenditures over the next two weeks and 

compensate them appropriately for their time and effort in doing so. Where possible, we will 

attempt to collect this information via text message on a regular basis, but physical log sheets will 

also be made available. 

After two weeks we will then return to each of the selected households and deliver a brief 

scripted sales pitch. At this point treatment households will be offered a no-obligation free trial 

with their choice of one of three d.Light products - see Appendix 6.2.1 for more details. We will 

inform them that we will return in two weeks, at which time they can either pay for the product or 

return it. Control households will be offered the product for immediate purchase, but we will also 

inform them that we will return in two weeks, at which time they will have another opportunity to 

make the purchase. This gives both groups the same amount of time to save money. 

After our sales pitch and offer, we will carry out a brief interview to get a better 

understanding why they accepted or declined our offer. We will ask all households to continue 

tracking their lighting expenditures over the next two weeks. In two weeks we will return to see 

which treatment and control households have decided to accept the offer. At this point we will 
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conduct another brief interview and collect any lighting expenditure data that was physically 

logged.  

Immediately after the free-trial period we will calculate/estimate the amount of money that 

free-trial participants saved over the course of two weeks. We will text this information to those 

who chose to adopt, along with a message encouraging them to share this information and a 

special ID code with their peers. If peers text us the unique ID code and decide to purchase a 

product they receive a discount and their referrer will receive an appropriately sized airtime 

voucher as an incentive. We will track the number of peers who text us, and the ID codes.  

We will begin Phase II with a participatory approach that includes local stakeholders, 

especially existing solar retailers. We will work with retailers in a subset of control and treatment 

wards, before beginning the Phase II treatment in any wards. Through this collaboration, we will 

better understand if there are more pressing issues that local retailers are facing which need to 

be addressed in advance of our program. Local collaborators will also help shape the customer 

survey/interview, such that it is a length that they are comfortable with and provides information 

that they are interested in. Engaging local retailers is an important aspect of scaling up the impact 

of our program in the future, so it is critical that we include their perspectives in the evaluation and 

adjust the program based on their insights. 

Local solar retailers who choose to participate in the program in the treatment wards will 

offer free trials and enroll customers in the text campaign. Participating retailers in treatment and 

control wards will carry the same d.Light products10, keep records of their solar product sales, and 

briefly survey solar adopters. We will appropriately compensate retailers for their time and effort, 

beyond the profit they stand to make selling our products.  

                                                
10 Possibly different from the three products used in Phase I, based on feedback from retailers and 
customers. Retailers can continue to carry their other products, but only ours will be eligible for the free 
trial. 
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We will assess costs incurred due to the free trial, including losses due to damage, theft, 

non-payment, and delayed payment during the free trial11. We will also assess costs associated 

with accepting payments via mobile money, and sending text messages and offering incentives 

for the text campaign. Additionally, we will survey and interview participating retailers to assess 

the extra time and effort required to administer our program, not including the effort in executing 

customer surveys. This will allow us to assess the cost-benefit ratio for each of the treatments 

from the perspective of solar retailers. We will also account the benefits that mobile telecoms may 

realize, and leverage these benefits to gain financial and logistical assistance from telecoms when 

going to scale 

The variety of data sources and collection methods will add confidence to experimental 

findings, assuming they align, thereby strengthening internal validity. Integrating the different 

sources and methods will also provide a richer understanding of the change process, and give 

insight into potential improvements that could be made going forward. Additionally, our qualitative 

methods will allow us to capture unintended consequences that might not be captured by our 

quantitative impact metrics. 

4.5.3 Identification Method and Internal Validity 

Please describe the identification strategy that will be used to measure the causal change in 
outputs, outcomes and/or impacts that this evaluation aims to quantiatatively estimate. Please 
discuss how key sources of bias (placement bias, selection bias, attrition bias) and other sources 
of bias, including externalities, spill overs, contamination issues, including Hawthorne effect and 
John Henry effects will be controlled, mitigated or eliminated. 

We will employ a randomized controlled trial in all three phases of our proposed 

evaluation. This will allow us to establish causality when evaluating the outcome and impacts of 

our program. Randomization will minimize selection bias, and through the course of our research 

we will work to minimize issues that could contribute to selection and withdrawal bias. For 

                                                
11 These losses were minimal in a study of free trials on cookstove adoption in Uganda, with buyers paying 
90% of what was owed overall for the free trial offer, and 97% of what was owed for the free trial + payment 
plan offer. 
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example, we will make a concerted effort to follow up with households who are not home when 

we visit, rather than excluding or replacing them.  

Ascertainment bias has the potential to influence our Phase I results, since enumerators 

will know which group a household is assigned to in order to provide the correct sales offer. We 

will train enumerators to be aware of potential biases they may introduce consciously or 

unconsciously during the sales pitch or data collection, so they can work to minimize this bias. 

Fortunately, our primary outcome measures are objective and should not be subject to observer 

bias. Ascertainment bias will be less of an issue in the Phase II market-based approach, as 

retailers will be unaware of the offers that are being made by retailers in other wards. We will 

minimize ascertainment bias that may be introduced by researchers after data collection by filing 

a research plan before collecting data, abiding by the planned analyses, and keeping researchers 

blind to the group identities until the analyses are complete. 

We will minimize spillover effects by randomizing at the ward level, and we will account 

for possible spillover effects at this level by testing if outcomes in control wards are a function of 

distance to treatment wards. By minimizing spillover effects and blinding households to their 

treatment assignment, we will minimize the John Henry effect. The Hawthorne effect could 

introduce bias in the door-to-door approach of Phase I, but it should not be a significant source of 

bias in Phase II because of the market-based approach and its less overt observations.  

4.5.4 Sampling Strategy 

Please describe the sampling strategy that will be used for this impact evaluation.  

For the first phase of our evaluation, we will employ a cluster sampling method where the 

primary sampling units are randomly selected wards, which are composed of two to five villages 

in most cases. Wards in urban areas will be excluded from the sampling pool. Wards will be 

randomly selected into treatment and control groups. We will not randomize treatment at the 

household level because we do not want spillover effects to impact the purchasing decisions of 

households who know that their neighbor received a different offer. Additionally, ward-wide 
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treatment is more realistic since our program will be available to whole villages and wards when 

implemented at scale.  

Though the program will be implemented at the ward level, measurements will be made 

at the household level for the Phase I evaluation. We will obtain a complete list of households 

within each selected ward with a door-to-door census at the beginning of the evaluation. We will 

then randomly select households within the primary sampling units, so that we obtain a 

representative sample. In Phase II we will randomly select a new set of wards and randomly 

assign them to one of three treatment groups or the control group.  

4.5.5 Sample Size Calculations 

Please present the sample sizes that you will use to estimate your main outcomes. To discuss 
these sample sizes, provide parameter values for the following variables that will be used to inform 
your calculations. Also provide justifications for using these parameter values. 

a. Expected baseline values (mean and variance) for main variables 
(output(s),outcome(s)and/or impact(s)) being assessed by this impact evaluation; 

b. Expected effect size or minimum detectable effect; 
c. Levels of alpha and beta (significance and power) assumed; 
d. If relevant, number of clusters and intracluster correlation coefficient and justification; 
e. If relevant, expected takeup rates; and 
f. Expected treatment and study sample attrition. 
g. If relevant, subpopulations that will be examined. Please indicate if the evaluation is 

powered to examine consequences for these subgroups. 
 
Our Phase I trial will have 8 treatment wards and 8 control wards, and each will contain 

45 households, for a total sample size of 720 households. This sample size was based on power 

calculations for key outcome variables: proportion of households accepting our offer and savings 

on lighting expenditures. 

We estimate offer uptake in the control group to be 10% based on average uptake for a 

the GiveWatts program, which offers solar lamps through schools in Tanzania and Kenya [119]. 

We set the minimum detectable effect to 10%, as a smaller effect might not be worth the effort 

and expense involved in implementing this program at scale. We believe that our program will 

have impact in excess of this because cookstove uptake was 7 times higher among those offered 

a free trial as part of an RCT in Uganda (cookstove uptake was 11 times higher among the those 
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offered a free trial and payment plan) [49]. Solar products have fewer barriers to adoption 

compared to cookstoves [22], thus it is reasonable to assume that our intervention will at least 

double the uptake of our solar offer. Assuming a conservative value of 0.25 for the coefficient of 

variation, and setting the number of households within each cluster at 40, we calculate that 7.35 

clusters (wards) are needed in each group in order to achieve a two-tailed significance level of 

0.05 and power of 0.80.  

Using values of 8 clusters per group, 40 households per cluster, 0.25 for the intra-cluster 

correlation coefficient, 0.05 for the significance level, and 0.8 for power, we find that we will be 

able to detect an effect in lighting expenditure as long as the standard deviation of the effect is at 

least 3% smaller than the magnitude of the effect. For example, if the effect on lighting 

expenditures is a $1 reduction, the standard deviation of this effect would need to be $0.97 or 

less in order for our study design to have 80% or greater power to detect this effect. A recent RCT 

in Tanzania showed that solar lanterns saved 486 TSh ($0.22) on lighting expenditures in a typical 

week, with a standard deviation of 187 TSh ($0.09) [119], thus our study design would have a 

high likelihood of being able to detect this effect. Further details on our sample size calculations 

are shown in Appendix 6.2.3. 

We expect to have no attrition at the ward level, and we have increased the household 

sample size to 45 per ward in order to account for possible household attrition. We will calculate 

the sample size required for the Phase II evaluation based on the results of Phase I.  

4.5.6 Impact Heterogeneity 

List specific subpopulations for whom you hypothesise there may be diverse effects of the 
programme or policy. Among these, also mention those that will be measured by this evaluation. 
Of particular interest to the evaluation are socially and structurally marginalised and vulnerable 
subpopulations as well as other priority subgroups affected by the programme or policy. These 
may include (but are not restricted to) differentiated data and analysis for gender and age 
subgroups. 

We hypothesize there may be different effects for subpopulations based on their current 

source of light. Our program might be more effective for kerosene users compared to battery 
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users, because the financial, health, and well-being benefits of going from kerosene to solar are 

larger than the benefits of going from battery power to solar. In this way, our program will positively 

affect those who are the most marginalized in terms of their lighting source and level of energy 

access. 

We also hypothesize there may be different effects for subpopulations with different levels 

of wealth. Solar uptake among the poorest quarter of the population may be lower relative to 

wealthier individuals in the Phase I and Phase II trials, but this marginalized population will be 

targeted in the Phase III payment plan evaluation and when scaling-up the program. We will 

collect information on sources of light and assess wealth during our baseline and follow-up 

surveys, and account for these sources of heterogeneity in our regression analysis. 

4.5.7 External Validity 

In order to clarify the potential transferability impact findings, please describe the extent to which 
the chosen study sample represents the broader context and subnational, national and/or 
international populations.  
To what extent will it be possible to use the results of the evaluation to inform this broader 
(outofsample) context? Please briefly present reasons that this may be valid or reasons for being 
circumspect in transferring impact findings. 
 

The theory of change underlying our program is generalizable to other countries in SSA. 

Furthermore, our program addresses fundamental preconditions to adoption which need to be 

addressed across SSA, namely awareness and affordability. Thus, if our program proves 

successful in Tanzania, we believe it will prove successful in other countries where there is a 

significant off-grid population who has limited awareness of the benefits of solar and limited 

access to payment plans. The degree to which it is successful in other locales is likely to vary 

depending on factors such as the current level of market development and penetration for solar 

products, levels of grid access, governmental policies, political and economic stability, etc. The 

prevalence and use of mobile phones across different countries is another factor that would affect 

the impact of the text campaign, and thus the external validity. Additionally, our evaluation is not 
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generalizable to urban areas since we excluded urban wards, but these populations may be less 

in need of off-grid energy solutions. 

4.6 Policy Relevance 

Please describe the process employed by the team while preparing this proposal that ensured 
the involvement of and engagement with the agency implementing the programme or policy. Also 
mention other key actors that are expected to use the findings of this study. Please list these 
actors and indicate how they contributed to the development of the proposal if at all. How is this 
engagement reflected in the evaluation questions you have proposed above? 
 

We developed a stakeholder map (Figure 4.2) in order to identify the key actors who would 

be interested in the findings of this evaluation. We reached out to these actors, some of whom 

became involved in this pilot project: Tigo and d.Light.  
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Figure 4.2: Stakeholder map identifying important actors. 

Tigo is a mobile telecommunications provider, who will facilitate in developing the 

automated text messaging platform that will be the basis of our text campaign. They also have a 

mobile money tool, Tigo Pesa, which will allow customers to pay for solar products via text 

message – an enabling technology for collecting payments after the free-trial period in Phase II. 

Our question about the possibility of increased use of mobile phones and mobile money transfers 

in treatment wards is of interest to this stakeholder, and will be important for engaging other mobile 

telecoms when going to scale. 

d.Light develops, manufacturers, and wholesales a variety of pico-solar products and 

SHS. They will supply the range of products we will offer in the course of our program evaluation. 

They are interested in enhancing the effectiveness of retailers, which will have positive impacts 

on other businesses in the solar supply chain, including themselves. d.Light has contact with a 

number of retailers, large and small, and they will promote the use of our program among these 

retailers, pending the outcomes of this evaluation. If our program has positive impacts, we will be 

able to engage other solar businesses who will contribute to scaling up the program, and allow 

us to evaluate it in different countries and contexts.  

4.6.1 Influence on policy, programming and practice 

One demonstration of how the study may potentially influence change is that key decisionmakers, 
including the implementing agency, programme managers and beneficiaries are aware of, 
understand and can make use of the evaluation findings. Please briefly indicate what attributes 



117 
 

of the implementing agency, context and timing of the evaluation make it likely that the study and 
its findings will inform programme or policy decisionmaking? 
Please also highlight the planned role of the evaluation team in ensuring timely engagement with 
stakeholders during the study period that is likely to ensure ownership and understanding of the 
study and promote the uptake of its findings among key decisionmakers and beneficiaries. 
 

It is critical that we alter the trajectory of solar uptake in order to reach the goal of SE4ALL. 

Our program could prove to be a viable strategy for increasing uptake of pico-solar and other off-

grid solar products. Thus, the outcome of this evaluation will influence policy, programming, and 

practice for a range of stakeholders who would benefit from such a strategy, including those who 

are involved in the solar market and those who promote clean energy access and human 

development in general. In order to appeal to these stakeholders, we have developed a program 

that is easily scalable. A key part of the program operates via mobile phones which already reach 

88% of adults in Tanzania [118]. The automated nature of the text campaign requires minimal 

input from retailers, making it appropriate for small local retailers and large multi-national retailers 

alike. 

The program will benefit a number of stakeholders, who will be capable of promoting and 

spreading the use of the program. For example, mobile telecoms will benefit from increased 

revenue generated through the text messages and mobile money payments made directly as part 

of the text campaign and payment plan. It is also likely that mobile telecoms will see indirect 

benefits, such as increased phone use among customers who can maintain their phone charge 

with a solar product, and increased use of mobile money as people become more familiar with it 

through making payments for solar products. Mobile telecoms will be key allies in scaling up the 

program, since they already well established in terms of influence, brand recognition, and 

distribution networks. 

Additionally, we believe that the core aspects of this program (free trial, text campaign, 

and payment plan) could be easily adapted to larger solar products and other products that 

contribute to improved lives and livelihoods. That is because the program addresses the 

fundamental drivers and barriers of product adoption in emerging economies in a potentially 
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generalizable way. As such, this program evaluation may influence the policy, programming, and 

practice of a wide range of stakeholders. Additionally, we will inform and assist regulators who 

can develop policies and regulations to enable greater programmatic impact.  

4.7 Projected Impacts 

The economic, health, social, and environmental impacts of solar lighting and phone 

charging products are outlined in the table below. Many of these values come from a RCT with 

2067 households in the Magu district of Tanzania (each district is made up of several wards). 

Appendix 6.2.4 contains a table with additional evidence of impacts, including evidence from other 

countries and evidence from less rigorous studies. It is worth noting that our lighting expenditure 

savings estimate is much more conservative compared to industry estimates, which are shown in 

the table in the appendix. 
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Table 4.1: Impact of pico-solar products 

ECONOMIC 

Financial savings 

Lighting and phone charging per product $19.92/year [119] 

Additional Income or Productivity  

Increase in household income  25% ($95/hh-year) [119] 

Job creation per million lanterns 17,800 [120] 

HEALTH 

Indoor Air Quality - indoor concentration of PM2.5 relative to wick lamps 

With improved cookstoves or outdoor kitchens 39% to 79% lower  [121,122] 

With traditional cooking methods 7.5% lower [119] 

SOCIAL 

Women's Empowerment 

Women working outside the household  26% higher 
[119] 

Women earning income outside the household 16% higher 

ENVIRONMENTAL 

CO2 equivalent emissions avoided (including black carbon and CO2) 

Kerosene wick lantern 941 kg CO2e/year 
[6,44,123,124]  

Kerosene hurricane lantern  124 kg CO2e/year 

If our program evaluation proves successful we will work to promote its use in Tanzania. 

We estimate an increase in annual sales of 100,000 products in the first year of the program, 

which would increase to 1,000,000 additional products in the fifth year relative to sales in the 

counterfactual scenario. For reference, an estimated 1.2 million pico-solar products were sold in 

Tanzania in 2016. The projected annual and cumulative impacts are shown in Table 4.2. 
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Table 4.2: Projected impacts as the program is rolled-out in Tanzania over five years. Impacts do not 
include baseline sales in these years, just the increased number of sales that result from the program.  

Year 1 Year 2 Year 3 Year 4 Year 5 Cumulative12 

Increased Annual Sales 100,000 250,000 500,000 750,000 1,000,000 2,600,000 

Saved Lighting Expenditures  
($ million/year) 

1.99 4.98 9.96 14.94 19.92 101 

Increased Income  
($ million/year) 

9.50 23.75 47.50 71.25 95.00 480 

Additional women earning 
income (#/year) 

8,550 21,375 42,750 64,125 85,500 222,300 

CO2 equivalent emissions 
avoided13 (metric tons 
CO2e/year) 

33,847 84,617 169,233 253,850 338,467 1,709,257 

We estimate that we could increase sales by a total of 2.6 million products over the course 

of the first five years of the program in Tanzania alone. As a result, rural households would 

experience over one-half billion in cumulative financial benefits, with almost one-quarter million 

additional women earning an income that contributes to their financial independence and 

empowerment. In order to have a meaningful impact on indoor air quality, this program would 

need to be implemented in conjunction with a clean cooking intervention. Still, 1.7 million metric 

tons of CO2 emissions would be avoided, which is the equivalent of 364,000 passenger vehicles 

driven in the US over the course of a year. Since we intend to promote the program in other 

countries, the total benefit will be much greater, and it will help put us on track to achieve SE4ALL 

by 2030. 

4.8 Timeline 

The general timeline for Phase I & II is shown in Figure 4.3, and the detailed timeline for 

Phase I is shown in Figure 4.4. 

 

                                                
12 Assumes a three-year product lifespan, which is 1.5 times the length of typical warranty periods on pico-
solar products 
13 Assumes one-third of sales displace a kerosene wick lantern and one-fifth displace a kerosene hurricane 
lamp, with the rest replacing disposable batteries and supplementing, rather than replacing, kerosene. 
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Figure 4.3: General timeline for Phase I & II 

 

 

Figure 4.4: Detailed timeline for Phase I, where light grey represents travel, green represents time off, and other colors are indicated in the figure.  
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Phase I runs from July through October of 2019, with preparations for Phase I occurring 

in the preceding months, and data analysis occurring in the following months. We chose this time 

period because harvest season is from July to September (see Figure 6.4) [125]; since agriculture 

is the primary source of income for many Tanzanians, it is likely that they will have more available 

income during these and the ensuing months, and may be more likely to make a purchase at that 

time. We will also carry out Phase II during the same time period in 2020. Our research results 

will not be generalizable to the whole year, but they will be relevant to the period of time when 

people might be more likely to purchase a solar product, even in the absence of our intervention. 

Treatment and control wards will be visited simultaneously so that seasonality will not affect 

internal validity. 

In order to meet this timeline, we will need two teams of enumerators with four 

enumerators on each team. Each enumerator will have to visit 5 to 6 households each day, which 

is within reason. Enumeration in Phase I will require approximately 3,000 to 4,000 person-hours, 

not including travel time.  
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6 Appendix 

6.1 Chapter 3 Appendix 

6.1.1 Tanzania Background 

 

 

Figure 6.1: Current (2016) map of the Tanzania national grid. Note: there was no legend associated with 
this map [126]. 
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Figure 6.2: Projected 2020 map of the Tanzania national grid [126].  

 

Figure 6.3: Tanzania electricity generation by fuel [127]. 
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6.1.2 Model Results 

Table 6.1: Full model results 
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6.2 Chapter 4 Appendix 

6.2.1 d.Light Products Offered  

(information and pictures from http://www.dlight.com/solar-lighting-products/) 

“S3” – Approx. $8 retail 

4-12 hrs of light per charge, 4x brighter than kerosene, integrated solar panel, effective 

work or spotlight – for children’s studies, for example. 

 
“S30” – Approx. $8 retail 

3-12 hrs of light per charge, 6x brighter than kerosene, integrated solar panel, general 

purpose whole room lighting 
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“S300” – Approx. $20 retail 

4-16 hrs of light per charge, 10x brighter than kerosene, separate solar panel, mobile 

phone charging capability, general purpose whole room lighting, four brightness settings 
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6.2.2 Other secondary questions 

Phase I 

• What is the free trial to paying customer conversion rate, and does the conversion rate differ 

for those referred by peers? 

• Does the number and size of local solar vendors affect the impact of this program? 

• Are local solar retailers interested in participating in a Lighting Global sponsored program that 

would enable them to increase sales by offering free trials and sending automated texts on 

the benefits of solar which also encourage peer adoption? 

• Can we accurately model reported kerosene/battery expenditures based on survey 

information (e.g. household size, number of kerosene lamps and other light sources, etc.), so 

that we can send future participants messages with their estimated savings without collecting 

their detailed expenditure data?  

Phase II 

• What are the ongoing answers to the Phase I secondary questions? 

• How does the number or rate of non-referred free-trial participants (primarily early adopters), 

correlate with the number or rate of peer-referred participants? i.e. is there a tipping point 

where peer-referrals will adequately catalyze adoption going forward? 

• How do we attract the early adopters to participate in the free trial until we reach the 

hypothesized critical point of peer-driven adoption? 

• How can we effectively recruit local solar retailers to participate in this program?  

Phase III 

• Do payment plans increase adoption of solar products among the poorest of the poor? 

• Can we phase out the free trial and rely on text-based peer information sharing to drive 

adoption? 

• Are the results of our Phase II evaluation generalizable to other countries and contexts? 
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6.2.3 Sample Size Calculations 

All sample size calculations, including the equations and tables below come from [128]. 

The equation for calculating number of clusters per group for Phase I based on proportion 

accepting our offer with a clustered (two-level) random sample and a binary outcome is as follows: 

 

Table 6.2: Variables used in the equation above. 

 

The equation for verifying the sample size calculated above will have adequate power to 

detect effects in lighting expenditures based on a clustered (two-level) random sample and 

continuous outcome is as follows: 
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Table 6.3: Variables used in the equation above. 

 

The equation for calculating the necessary sample size for a simple (single-level) random 

sample with a continuous outcome will be used in Phase II, and is as follows: 

 

Table 6.4: Variables used in the equation above. 
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6.2.4 Impact Estimation 

Table 6.5: Additional impact estimation sources. 

Economic Mean std. dev. Source 

Annual savings on lighting and phone charging per product 

Average of 3 experimental studies in 
SSA 

12.56 6.72 Grimm 2014, Rom 2017, 
Aevarsdottir 2017 

Results from 2067 household RCT in 
Tanzania 

19.92 
 

Aevarsdottir 2017 

Average of 13 values from 8 sources 53.95 38.86 
 

Additional Income or Productivity  
   

Experimental results from Tanzania  
   

Increase in household income 25% 
 

Aevarsdottir 2017 

extra time spent earning money 19% 
 

Aevarsdottir 2017 

phone charging income per 1000 
products 

184 
 

Aevarsdottir 2017 

Job creation per million lanterns 17800 
 

Mills 2016 
    

Health 
   

Indoor Air Quality - PM2.5  
   

Before-after study of 20 households in Kenya (relative to kerosene light sources) 

children exposure 73% 
lower 

 
Lam 2017 

adult exposure 50% 
lower 

 
Lam 2017 

Main room concentration - 4 day 
average 

61% 
lower 

 
Lam 2017 

Pupils room concentration - 4 day 
average 

79% 
lower 

 
Lam 2017 

Kitchen concentration - 4 day average 4% lower not 
significant 

Lam 2017 

88 households in Uganda 
   

solar households relative to kerosene 
open wick lamp households 

39% 
lower 

 
Muyanja 2016 

solar households relative to kerosene 
hurricane lamp households 

not significant Muyanja 2016 

2067 household RCT in Tanzania 
(sampling duration/averaging period not 
provided) 

7.5% 
lower 

 
Aevarsdottir 2017 

    

Social 
   

Women's Empowerment 
   

Results from 2067 household RCT in 
Tanzania 

   

Women working outside the household 26% 
higher 

 
Aevarsdottir 2017 

Women earning income outside the 
household 

16% 
higher 

 
Aevarsdottir 2017 
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Environmental 
   

Black carbon emissions 
   

wick g BC/year 1344 
 

Apple 2010, Mills & Jacobsen 
2011, Lam 2012, Grimm 2014 

hurricane g BC/year 177 
 

Apple 2010, Mills & Jacobsen 
2011, Lam 2012, Grimm 2014 

CO2 emissions 
   

wick kg CO2/year 44 
 

Apple 2010, Mills & Jacobsen 
2011, Lam 2012, Grimm 2014 

hurricane kg CO2/year 57 
 

Apple 2010, Mills & Jacobsen 
2011, Lam 2012, Grimm 2014 

CO2 equivalent emissions (including 
black carbon and CO2) 

   

wick kg CO2e/year 941 
 

Apple 2010, Mills & Jacobsen 
2011, Lam 2012, Grimm 2014 

hurricane kg CO2e/year 124 
 

Apple 2010, Mills & Jacobsen 
2011, Lam 2012, Grimm 2014 

 

6.2.5 Seasonality 

 

Figure 6.4: Seasonality of harvest in Tanzania [125]. 
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