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Abstract

For many of the nearly 771 million people currently without electricity access, distrib-

uted generation, rather than a connection to a large centralised grid, will be the norm.

Distributed energy such as stand-alone solar photovoltaic (PV) systems, mini-grids and

pico-lantern products are viable options used to complement or supersede grid-based

solutions since they can be deployed in smaller batches and avoid the need for the more

costly transmission and distribution equipment.

Success of an off-grid project, or programme composed of multiple projects, requires

that it is sustainable; it must survive long enough to achieve its design objectives

and promise of progress for its users. For society at large, failure of sustainability of

projects wastes the considerable investments made towards achieving universal energy

access – a direct outcome of the United Nations Sustainable Development Goal Seven.

For households and communities, failure undercuts potential socio-economic impacts

and limits the ability for people to live with basic dignities of education, health, and

economic opportunity – all of which require electricity access.

The record of sustainability of off-grid programmes are mixed, with some achieving

degrees of serviceability and others failing altogether. The literature describes a com-

plex web of interrelated sustainability factors at play in off-grid electricity access pro-

jects. They are commonly organised across economic, technical, social, organizational,

and external classifications. There is currently no general template or formula that,

if applied, produces a consistently sustainable project. An analysis of the literature

herein around project sustainability has revealed inconsistencies in the scope, defini-

tion, comprehensiveness of evaluation methods and toolkits to capture sustainability.

Literature at the project-level literature is mostly composed of anecdotal evidence.
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Chapter 0. Abstract

A review in the thesis of specific sustainability issues affecting projects confirms

ongoing challenges and refreshes the current understanding of sustainability. Three new

case studies are presented in the thesis which reveal new operational sustainability issues

and provide insights into the limitations that project design has on operations, all of

which are previously undocumented in the literature. The analysis of the literature finds

a knowledge gap which follows from a lack of systematic learning. This thesis addresses

this gap by proposing a sustainability framework to systematically understand, model,

and evaluate sustainability factors to better prepare future projects for success.

The framework links together the design, operations, and evaluation of an off-grid

project’s life-cycle using project-centric indicators. A learning dimension is overlaid

on the framework to set the groundwork for retaining comparable learning generated

from one project to the next. Each stage is driven by the findings from a novel model

developed for a generic off-grid project which extends the functionality of a techno-

economic optimisation for sustainability analysis. A virtual operator makes operational

decisions throughout a 20-year simulation of the project’s operations where time-series

data and indicators can be produced in order to evaluate performance. Several new

social and organisational aspects are introduced and have an impact during the opera-

tional stage: proportion of energy allotted for various end-uses, investment in training,

price setting, price elasticity, and socially-driven demand responses. The model more

accurately reflects the context of off-grid projects and captures dynamics that could be

used in the design stage to improve sustainability prospects. Simulation results over 23

distinct scenarios demonstrate the use of indicators during the operational stage and

validate the importance of operational sustainability issues. An extensive evaluation

of the generic project could be repeated on others in order to produce more robust

evidence for future toolkits. These contributions will be directly useful for a number of

audiences: project designers, project implementers, policy makers, and for the project

beneficiaries themselves.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Personal Motivation

In 2014, I had the opportunity to visit several o�-grid projects involving solar photovol-

taic systems at schools and health centres in the rural District of Chikwawa in Southern

Malawi. The projects were organised to be run by the community by an energy com-

mittee setup that ran the local operations. The purpose of the visit was to document

the projects' sustainability and impact on the lives of the bene�ciaries. During the visit

I interviewed community members who bene�ted from the project. This was both hum-

bling and thought-provoking as I spoke to the school headmaster, energy committee,

health assistant, parent teacher association liaison, student representative and several

senior teachers.

The community was clearly economically poor: many pupils had well worn clothes,

the roads were unpaved, and housing consisted mostly of structures with dried mud-

walls and straw roofs. Yet the project had brought change to the community. The

villagers explained how access to electricity at the school had enabled the young pupils

to study in the evening and invigorated the sta� by providing the basic necessity of

light. The pupils' opportunity to learn, and go on to better their livelihoods had been

advanced. As the community answered our questions, their pride of ownership and

sense of progress in the community was palpable. At a personal and professional level,
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as I have later been involved in the development of similar such projects, enabling this

development has been a source of immense satisfaction and accomplishment.

Despite my initial appreciation of the apparent outcome of the project, closer in-

spection of the state of the project revealed several concerns. I asked about the project

ownership, �nances, technical system operation, and community support. Capturing

this evidence was basis of the sustainability evaluation. It was recounted that the pro-

ject had functioned for a time but it had stopped working for over a year at the time of

the interviews. The reason for this seemed to be simple, a fuse on the charge controller

had failed, which prevented it from charging the batteries or supplying the system load.

The solution was obvious: use the savings the project had accumulated to replace the

fuse.

Further investigation revealed that the project had not saved any funds to replace

faulty equipment. The revenue generating activity (charging mobile phones) had ceased

when it was ascertained that a single bene�ciary had taken the funds generated up to

that point, adversely impacting the economic sustainability of the project. Inspection

of the wiring found that someone had bypassed the charge controller and connected the

panels directly to the battery and battery directly to the Direct-Current (DC) loads,

undermining the technical sustainability. It was likely the batteries were permanently

damaged, most likely by deep discharging and high rates of charging/discharging cyc-

ling. Furthermore, it turned out that the energy committee meetings, which was meant

to be managing entity responsible for the project, was poorly attended and rarely met,

mainly to recon�rm that nothing had been done (a sign of poor organisational sustain-

ability). With the system not bringing in any funds or providing electricity, eventu-

ally someone had stolen some of the panels, indicating a breakdown in social support.

Neither the thief nor panels were found. The Energy Committee pointed out that there

was no quali�ed technician in the village or surrounding area who could �x the system.

Moreover, they said they were hesitant to reach out to anyone since both they and the

Group Village Chief, the traditional leader, had said that they did not have authority

to \do anything" with the project (a weakness in the design of the project which did

not manage to create su�cient ownership). Instead, it was understood that the author-
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ity was in the hands of both the grantor, who supplied the original funding, and the

local installer, a technician from the closest town centre. The committee members were

worried that intervening in the project would upset this relationship with them and

the grantor. The committee had at �rst been able to use the funds generated from the

project to purchase uniforms for orphans in the community as well as some classroom

supplies { but even this was no longer possible. Thus the current state reduced the

overall developmental impact of the project.

How sustainable was this project? What appeared at a super�cial level to be

a simple problem and solution unravelled into a complex web of problems. It was

intuitively clear that these issues each combine to undermine the sustainability of the

project. Understanding the causal relationships associated with their occurrence would

be key to determining an accurate estimation of the level of project's sustainability.

With this question in mind, the team of researchers and support sta� for the project,

the `experts', then discussed the conclusions which could be drawn.

At �rst the argument was made that the quality of the equipment, which had broken

down, was the main issue. Higher quality, more robust equipment which could handle

the rugged installation was required. It was pointed out that user behaviour may have

played a part. Why did the fuse blow, was it because the users tried to connect too large

a load? Or perhaps it was the original design itself which was inherently under-sized?

Alternatively, one of experts argued that the weakness was the economic model.

The income generation scheme needed to bring in more revenues that could also be

transparently managed. These funds could have been used to easily replace the fuse

and other equipment which had broken. Given enough time, all equipment will break,

so clearly went the argument, it was the economic system at the root of the problems.

Yet another expert argued that project ownership and low skills was the root of

the problems. Since one person had managed to the subvert the funds for personal

use, the committee was not or could not act as owners in the best interest of the

project. Why were they not capable of �xing the technical fault or �nding someone?

Several observations were pertinent. First, they lacked technical skills to maintain the

system. Second, they lacked the authority to remove the individual taking advantage
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of the project and re-establish its purpose. Third, they acted as passive users rather

than owners; why did they not initiate any potential solutions to the problems that

they observed? Finally, it also became clear that the energy committee was �lled with

many members of the education committee. Their preference was to achieve near-term

educational outcomes by using the project as a source of educational funding although

this was at odds with maintaining a savings account to support the energy project.

Finally, another explanation came in the form of how the project was embedded

within the community. The theft of the panels showed that the legal framework was

not su�cient to protect the relatively valuable equipment along with their promise of

transformational change. The village social system, in which community coherence and

support systems often are the de�ning feature of village life, was insu�cient to protect

this asset. Furthermore, the agreement between Committee and Chief that the project

was owned by external groups suggested that the project was more like a foreign object

inserted into the heart of the community rather than community-owned development

asset. Thus, the project needs to be re-embedded into the community such that a sense

of wider ownership is built up along with a clear management role to protect it.

At the end of the evaluation, it was clear that making a judgment on the level of

sustainability and attributing this to any one reason was a complicated matter. While

intuitively it was apparent that many factors could be identi�ed as a contributing factor

to the projects sustainability and success, the extent of each factor's contribution was

not obvious. It was important to link to problems to results over the sequence of

events of that occurred over the project's timeline. The issues being faced at any one

time were the result of many decisions that had been made in the past. Furthermore,

the process of evaluation and potential conclusions that were made depended on the

evaluators and the weighting given to speci�c factors. Unsurprisingly this seemed to

follow the disciplines of the speci�c person: the engineers concluded that the technical

issues were at fault whereas the social scientists held that the project inception plan

and organisational aspects were ultimately the problem.
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1.1.2 Sustainability of O�-grid Projects, the Global Perspective

The narrative of the project shares similar challenges to many other projects installed

throughout the developing world today. The development community, engineers, and

local communities are aware that the sustainability of these projects is uncertain and

energy access practitioners have faced a steep learning curve when deploying o�-grid

projects. Today, the e�orts to achieve universal access to electricity are unprecedented,

but even while gains are made, many projects end in partial or total failure.

The learning process is ongoing but inconsistent. There is no one template to

ensure sustainability because projects are deployed in a complex environment that

is not fully understood, or su�ciently modelled, by project designers. Sustainability

evaluations, undertaken no more than two years after commissioning are the defacto

mode of learning. The short time period between commissioning and evaluation as well

as dependence on a single point in time to make this evaluation reduce the amount and

quality of what is learned. Unfortunately, to date there is no widely used methodology

for sustainability evaluations. Conclusions tend to be subjective as both the language

and emphasis varies from one evaluator to the next. Only a fraction of projects deploy

monitoring and evaluation metrics and these are individually customised to the project

by the designers. When used, these metrics are usually for the purpose of recording

impact performance, not sustainability. This shortage of data and method leads to

ad hoc evaluation approaches inexorably ending with an expert opinion. The cycle

repeats as the next practitioner reads the documentation on how to make their project

sustainable and starts o� with an incomplete picture. True learning on sustainability

is thus bottled up in the experiences of a handful of prominent practitioners who each

have a unique explanation and understanding of what makes their project sustainable.

As practitioners, academics, governments, and communities move towards the over-

all goal of providing electricity access for the 1 billion people today currently living

without access, providing sustainable solutions is an imperative to avoid lost invest-

ment | switching the lights on is one aspect of the energy access problem; keeping them

on is arguably even more challenging. The ability of projects to survive and thrive is a

key premise to attaining the global impacts that are targeted, but this premise has not
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been proven. Most importantly, the di�erence made to the lives impacted cannot be

understated; failure to provide sustainable electricity access will prevent development

of the poorest communities in accessing opportunities to live healthy and productive

lives. This thesis argues that the rhetoric of universal access can be achieved only by

realising that a systematic and consistent process of learning is needed to identify and

prove sustainable models for energy projects.

Project design methods that are weighted towards ensuring a sound techno-economic

system optimisation have not proven su�cient to ensure project sustainability as a

whole. Social, organisational, and external factors to a project are often too important

for the project's sustainability to overlook. A concerted e�ort is needed to promote

a systematic learning, where the impact of innovations can be evaluated holistically

and compared to other projects. This will improve the ability to tease out e�ective

innovations that have import on sustainability from conjecture, and ensure that they

have the evidence base to in
uence future project design.

1.1.3 Research Objectives and Novelty

This thesis argues that the o�-grid practitioner network and development community

needs a consistent approach to the documentation of learning around the sustainability

of o�-grid projects in developing countries. It is hoped that the contributions will in
u-

enceproject design methods { notably by using improved modelling methods that

are more holistic and representative of actual project experiences. In addition this work

highlights the considerations of project sustainability during operations , shifting

the focus of evaluations towards sustainability and capturing of indicators which can

be used periodically to reliably assess project sustainability. In particular, it addresses

the role that operator and customer decision-making plays to promote or de-

tract from sustainability. These organisational and social dynamics that occur though

a project's life-cycle demonstrate the feasibility of extending the techno-economic op-

timisation modelling that is common to o�-grid projects. This research advances the

indicator framework methods for sustainability evaluations to adhere to a new cri-

teria relevant to project-level sustainability. Finally, a conceptual framework for
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project sustainability is proposed to produce systematic learning that iteratively

builds the knowledge base on factors for failure and success.

A summary of the contributions of this thesis are listed in Table 1.1 below, along

with a statement explaining their novelty. This is provided here for the convenience of

the reader though it should be noted that further explanation of these contributions

are provided in Section 1.4.
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Table 1.1: Contributions and Novelty

No. Contributions Novelty

1. f ag Development of a new
de�nition of `sustainability'
of o�-grid electri�cation pro-
jects and f bg innovations of
sustainability indicator selec-
tion criteria

Origins of existing de�nitions are investigated and synthesised
with respect to relevance to o�-grid electricity projects in devel-
oping countries. The critical analysis �nds the existing usage of
the term unsuited for this context. As indicators have been used
to operationalising this de�nition, a gap analysis re�nes useful
aspects and new innovations are added (project sustainability,
comprehensive, comparable, robust)

2. Critical review of defacto stand-
ard methods: f ag indicator
frameworks, f bg sustainabil-
ity toolkits and f cg techno-
economic optimisations { for
sustainability design and evalu-
ation.

Gap analysis on each method revealed inconsistencies (i.e.
scope, de�nition, comprehensiveness) that ultimately limit the
relevance to context. Inconsistencies are apparent within each
method and equally between methods. This develops project-
centric de�nition of the term `sustainability' which is applied to
(3). This critique is accompanied with recommendations that
lay the foundation for the modelling and discussion in (4) and
(5).

3. New understanding of sustain-
ability issues including quant-
itative (insights into concentra-
tion of issues per factor, and oc-
currence of speci�c issues), and
qualitative (operational issues
and relationship between design
and operation).

Review covers 21 countries over a 18 year time-span. This up-
dates to prior comparisons is provides a fresh review of the cur-
rent state of sustainability. This considers the revised de�nition
as per (1). The meta-analysis of concentration of issues is new to
this context. Case studies reveal new operational sustainability
issues and provide insights to the limitations that project design
set on operations all of which are previously undocumented in
the literature. Additionally, one case study shows a (novel) re-
lation between provision of free social goods and demand for
electricity services from the project which is modelled later in
(5).

4. Development of a hol-
istic sustainability project
model and simulation.

A novel model is developed which extends the defacto standard
approach of techno-economic modelling to include social and
organisational dynamics throughout the project life-cycle. Spe-
ci�c novel features include an operator and customer decision-
making framework, incorporation of a wider range of sustainab-
ility categories, and application of the model to the operational
phase of a project. The model and subsequent insights revealed
from the simulations are each related novel contributions. The
dynamic context suggests di�erent strategies are viable at dif-
ferent project stages (such as pursuing a primarily pricing or
reliability strategy).

5. Development of a system-
atic sustainability concep-
tual framework for o�-grid
project learning

The framework links design, operations, evaluation stages of a
project life-cycle with project-centric indicators and addresses
gaps found in (2). Existing frameworks do not comprehensively
consider all stages. Proposes an overlay of learning, through
indicators, as it relates to each stage. Results from (4) are
shown to have value to a project in each phase and argue for
continuous improvement as projects complete the cycle.
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1.2 The Gap in Access to Electricity

Access to electricity in developing communities through o�-grid projects has become

a prevalent trend and is likely to be a major approach taken over the next several

decades. Although this o�ers new hope for communities to bypass the traditional but

painstakingly slow means to electri�cation, via central grid expansion, the relatively low

level of sustainability of o�-grid projects is of critical importance. This chapter aims

to provide a background to the �rst point by covering, �rst, an overview of the global

electricity access situation in order to establish the extent of o�-grid project coverage

today and the remaining task to achieve universal electri�cation. Second, since the

project development life-cycle reoccurs throughout the thesis, an overview of a generic

approach for an o�-grid electri�cation project development is described, informed by

the author's �eld experience. To the second point, the level of sustainability of o�-grid

projects, this is addressed comprehensively in Chapter 3.

At the time of this research, 771 million people live without access to electricity [1].

Globally those that are under-served come from developing countries and tend to be the

relative poorest populations within those countries. Nearly 579 million and 155 million

are without access to electricity in Sub Saharan Africa and developing Asia respectively

as shown in Table 1.2 (Source: [1]). Rural population in developing countries make up

a disproportionate number of those without electricity, at around 77.8% of the total

without access shown in Figure 1.1 (Source: [1]).

Electricity access is a critical input for many areas of life and enables many de-

velopment outcomes. The global development framework, including the UN sponsored

Sustainable Development Goals (SDGs) and in the previous iteration, the Millennium

Development Goals (MDGs), widely recognized that energy was a cross-cutting is-

sue [17{19]. Achieving universal access to modern energy has become a major inter-

national end on its own right through the United Nations Sustainable Energy for All

(SE4ALL) initiative. In SE4ALL, UN Secretary General Ban Ki-moon said \Energy

is the golden thread that connects economic growth, social equity, and environmental

sustainability" [20]. The goals of SE4ALL include ensuring universal access to mod-
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Table 1.2: Electricity Access in 2019, by Region (Adapted by author from: [1])

Region
Population without

Electricity
Electri�cation

Rate

Urban
Electri�cation

Rate

Rural
Electri�cation

Rate
millions % % %

WORLD 771 90 96 85

Africa 579 56 81 37
North Africa < 1 > 99 > 99 > 99
Sub Saharan Africa 578 48 76 29

Developing Asia 155 91 99 94
China < 1 > 99 > 99 > 99
India 6 > 99 > 99 > 99
Indonesia 2 > 99 > 99 99
Other SE Asia 36 91 98 85
Other Developing Asia 112 79 88 74

Central & S. America 16 97 99 87
Middle East 19 92 98 77

Figure 1.1: World Electricity Access by Region and Rurality, 2019 (Adapted by author
from: [1])

ern energy services, doubling the global rate of improvement in energy e�ciency, and

doubling the share of renewable energy in the global energy mix [19].

These global goals are clearly important to general economic development, and in

regions where lack of access is prevalent, to the eradication of energy poverty [21].

Energy poverty has been de�ned as \the lack of adequate modern energy for the basic

needs of cooking, warmth and lighting, and essential energy services for schools, health

centres and income generation" [18]. This de�nition points to the many facets of life

where energy access has a fundamental role to enable.

E�orts to capture the relative importance of energy towards development have pro-

gressed to various multi-dimensional indices. The Human Development Index (HDI),
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Figure 1.2: HDI and Energy Consumption, Per Capita, 2013 (Adapted by author
from: [2,3])

measures level of development through access to human capacities and has been shown

to be statistically linked to energy access1 [22{24]. A linear regression of the re-

lationship of HDI to Electricity access had an R2 of 0.811, indicating a remarkably

close correlation [25]. Although a causal relationship between access to electricity and

development outcomes is di�cult to determine, they are undeniably linked.

Other development indexes, such as the Global Multi-Dimensional Poverty Index

(MPI) actually include electricity access as sub-indicator [26]. In the 2012 IEA World

Energy Access report, a new index called the Energy Development Index was created

and is based on four sub metrics: household access to electricity, household access

to clean cooking facilities, public service access to energy, and access to energy for

productive uses [27]. The close relationship between the HDI and energy consumption

can be clearly seen in Figure 1.2 (Source: [2, 3]). Particularly for the range of 0 to 1.5

TOE/capita, a range populated predominately by SSA countries, a clear improvement

of HDI is associated with higher energy consumption.

In recent years, the understanding and measurement of what it means to have ac-

cess to electricity has become more granular, taking in the consideration of the quality

of customer's supply connection. Rather than a binary measure (grid access or not),

1Sub-metrics of the HDI include life expectancy, years of schooling, and gross national capita as
opposed to the conventional approach that depends solely on GDP/capita
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the new measure can characterise the quality of access for those that live in a continual

state of shortage and rolling blackout (e.g. 10 hours a day in Nigeria) as well as those

with very small supply (power capacities in the tens and hundreds of Watts). ESMAP

has re-de�ned electricity (and other energy) access to include a multi-tier matrix frame-

work where tier 0 corresponds to no access at all and tier 5 is equivalent to extremely

reliable grid access [7]2. The revised scale provides a more representative picture of how

households, communities and businesses are accessing energy in developing countries

facilitates more precise policy making. In Figure 1.3, the highest Tier 5 access, common

to the developed world, is much less prevalent than previously thought [4]. It is also

perhaps indicative of the increasing awareness of the practitioner community of impact

various levels of access have and the availability of technological solutions which can

be targeted towards a particular tier of access.

Figure 1.3: Binary vs. Multi-tier Access to Electricity [4]

The development community has recognised that for energy access to be e�ective,

it must match a�ordable solutions to the consumer needs [28]. Rural populations in

developing countries not connected to the grid depend heavily on local energy sources

such as wood fuel and charcoal for most of their energy needs. Cooking, is generally

the most energy-intensive activity of the household and accounts for about 90% of

all household energy use [29]. Nonetheless as technology prices reduce and renewable

electricity becomes cost competitive with traditional fuel sources, the transition to

2Described in more detail in Section 1.2.3
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modern fuels and electricity is an ongoing trend representing both an opportunity

development that includes cleaner fuels, such as renewable-based electricity, and a key

step towards modern lifestyles for the community.

1.2.1 Top-Down vs. Bottom-Up Experiences in Electricity Access

Given the scope of the challenge of providing electricity access to 771 million people, a

mix of solutions must be considered, from conventional means such as centralised grid

extension to deployment of o�-grid small scale renewables. The approach in developing

countries may likely follow a di�erent path than that of the developed nations, where

much of the received knowledge on grid development scenarios have been documented.

O�-grid options are becoming increasingly viable, especially for lower tier access. In

2016 Practical Action [30] calculated minimum costs for electricity access options for

four rural communities in Sub Saharan Africa and found that micro-grids, stand-alone

power systems, diesel mini-grids were the most economically viable and most reliable in

some circumstances. Although the calculated price per kilo Watt hour (kWh) for stand-

alone options varied from USD$1.26 -$1.48, while for grid extension was between$0.41

- $1.05, the study concluded that decentralized options can be \superior to the grid"

where downward price trends are present (solar) and timeliness of delivering a solution

is important [30, p.68]. Levin and Thomas use local market system prices to calculate

cost-e�ective deployment of Solar Home Systems (SHS) to achieve the ESMAP energy

tiers in Senegal, Ghana, and Kenya [31]. In almost all cases tier 1 access (3 - 50 Watt

systems with 12 - 200 Watt-hours of storage) is most cost-e�ective with SHS versus

centralised generation and in Kenya, SHS are becoming more competitive for tier 2

access (50 - 200 Watt systems with 200 - 1000 Watt-hours of storage).

In addition to the economics, the centralised approach faces many obstacles that

have served to impede progress. These may include poor institutional frameworks, low

productivity, low existing infrastructure and other capital stocks, poor fundamental

macroeconomic management, remoteness of populations and di�cult terrain, and low

political willingness/ability to change policy [32]. Rural electri�cation is a relatively

non-pro�table investment where the remoteness of the customers, low density and min-

14



Chapter 1. Introduction

imal consumption level mean the cost per capita to connect is much higher than urban

locales or dedicated industry [33]. Replicating the model of past grid development,

that have evolved to an open-access grid, highly capitalised, deregulated, and central-

ised markets, will require signi�cant progress against these obstacles �rst. Institutional

development needs ample political engagement and support of the industry to, for

example, liberalise pricing or to privatise an industry dominated by an ine�cient na-

tionalised company { it is a slow and sometimes gruelling process. Despite USD$350

million from the Millennium Challenge Corporation in 2011, the ongoing process of

grid extension has only achieved 5% rural electricity access [34,35].

Meanwhile, the international development community and local e�orts to develop

o�-grid energy access, often through NGO assistance, have continued to implement

projects at various levels and with some success. Although o�-grid approaches have

been cited as \inferior" [25] or \intermediate" [36, p.3], the solution has the advantage

of being relatively quick to implement. Comparing to top-down strategies where tech-

nical assistance is provided, such as through the World Bank or ESMAP, to national

entities (the energy regulator or nationalised power supply company), the local NGO

e�ort entry point has been communities and entrepreneurs [37]. This approach is fun-

damentally di�erent as the interventions must take the national framework as a given.

The politics, laws and regulations, technology, supply chains | aspects that make up

the institutional arrangement | are typically not meant to change as a result of the

intervention. Instead, these projects are undertakenin spite of the challenges due to

the institutional arrangements currently present because there is a strong will of com-

munities and supportive NGOs to champion the projects. Funding and mandates of

NGOs address the needs of the most impoverished and focus on development areas that

are complementary, not duplicative, to local government's own initiatives. For electri-

city access goals, this means targeting relatively remote areas where grid extension is

unlikely and where there are otherwise no other means to achieve rural electri�cation.

Of course, this focus ampli�es the challenge due to the weak institutional arrangement

and rurality of the intervention.

Considering the gains in electricity access made over the last decades, it is relevant
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to consider the context of those gains. The e�orts within China, which has achieved a

rapid rate of rural electri�cation, in terms of sheer numbers of people gaining access, are

truly impressive. In the early 1990s the country provided electricity access to nearly 500

million people, led by government and a sympathetic institutional context [38, 39]. In

contrast to many current o�-grid e�orts that can be characterised by their decentralised

nature, the Chinese case demonstrates o�-grid electri�cation success due to strong local

engagement and a strong central government commitment over a considerable period

of time [40].

India is another country which has made strides towards achieving rural electricity

access and in recent years has had an acceleration of progress. Reportedly, 100% of

villages have been electri�ed by 2018 [41]. India's rural electri�cation history extends

to the late 1950s when focus began to shift towards village electri�cation. Early e�orts

were focused on pump system electri�cation, and general village electri�cation only

became more prevalent in the 1970s [42]. Since the late 1990s and early 2000s the em-

phasis on rural development through electri�cation has further accelerated e�orts with

a series of legislative acts and central and state government support. Notably, these

include the establishment of institutional structures (e.g. Ministry of Power, Ministry

of New and Renewable Energy, and Rural Electri�cation Corporation), electri�cation

requirements for public facilities, and considerable funding schemes. However, despite

a substantial institutional structure and recent progress, it is far from achieving uni-

versal access and has serious sustainability questions. The WEO estimates over 240

million Indians (and 25.6% of the rural population) [43] lack access to electricity even

though almost all the villages nominally have `access' { clearly the distinction of access

at the village does not equate to 100% access by households [41]. Furthermore, it has

been noted that the model has several long-term risks: under-estimated original on-

going costs, red tape, potential for unreliable service quality, and insu�cient revenue

generation [42].

In many developing countries, a similar strong central government role is not easily

realised, nor are the policies in place that might enable further development of the

sector (as shown in the Figure 1.4, source: [5]). Enabling regulatory policies and �scal
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incentives or public �nancing have many gaps, and even those countries that do higher

policy coverage (such as Nepal) still struggle to enact change. As a result, the replication

of the Chinese model of success, or the Indian substaintial yet strained progress, seems

improbable without �rst addressing structural change at the national level.

Figure 1.4: Renewable Energy Policies in Low-Income Countries [5]

1.2.2 Investment and forecasts of o�-grid penetration

There are many strong supporters of o�-grid energy solutions for developing countries

who expect that small-scale renewables based options will play a major role [36, 44].

For rural populations with low density and separated from urban centres by challenging

terrain, distributed generation is the only realistic and immediate solution available.

The IEA has estimated that to achieve universal electricity access by 2030 will require

a nearly $50 billion per year investment in their Energy for All scenario [38, p.481].

In this scenario, 70% of new rural electricity access is expected to be in the form of

mini-grids or with small, stand-alone o�-grid solutions where it is assumed that grid
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extension is too costly [38, p.483].

The likelihood of the IEA Energy For All scenario coming to fruition appears plaus-

ible because of several factors: the proliferation of low cost electricity supply techno-

logy (solar photovoltaics, Lithium-based battery systems, low cost small scale power

regulation electronics), availability of highly-e�cient consumer appliances, and excite-

ment over a shift in focus to small-scale, consumer or community level implementation,

rather than centralised grid investment. Bazilian et al. review the measures and cur-

rent status of solar photovoltaic economics including the concepts of levelised cost of

energy (LCOE) and `grid-parity' as they observe a dramatic reduction in solar module

prices since 2008 [45]. By 2010, manufactured prices fell below$1/W USD, the point

where grid parity could be achieved. With a long-term learning rate of photovoltaics of

around 20%, which relates the price of PV modules compared to production levels over

time, it is likely that the technology will continue to become more competitive in the

future [46]. Due to these global economic trends, it is widely held that decentralised

solutions will be the most viable option for securing electricity access goals [47{51].

The advances of the supply side have been matched by equally important technolo-

gical advances a�ecting demand for electricity. The proliferation of a�ordable, highly

energy e�cient, and highly desirable consumer devices such as mobile phones, music

players, light emitting diode (LED) lighting has now thoroughly extended to develop-

ing country markets [52]. The economics in individual households to replace obsolete

lighting with new generation LED lanterns is compelling. Despite a higher initial costs,

payback periods have been under one year for a decade [53]. Organisations such as

Lighting Africa have led improvements in quality standards to ensure more robust

products are reaching the market [54]. Innovative �nance and use of digital currency in

Rwanda and Kenya now allow for payments to be made over mobile phones for items

such as basic lighting, a radio, and even larger consumer goods such as TVs and re-

frigeration [55]. The technological change is a great bene�t for individual consumers,

where cleaner technologies can replace unhealthy or unsafe energy sources, for example

with submersible LED �shing lamps replacing kerosene alternatives [56]. Many of these

new developments stem from important worldwide trends, such as massive competition
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among the global mobile handset manufacturers targeting secondary growth markets

in developing countries, and key innovations such as the commercialisation of lithium-

based storage technology and LEDs. The International Finance Corporation, which

advocates commercial solutions to solve the electricity access problem, estimated a po-

tential yearly market of USD $37 billion if traditional energy uses were transitioned to

modern options in developing countries [57].

As a result of the revitalised global impetus to achieve universal electricity access,

favourable economic conditions for small scale renewable generation technology, and

electricity using consumer devices, o�-grid options are more plausible then ever as

the solution of choice for future electricity access. When current estimates of o�-grid

penetration for new energy access is converted into persons, 77.8% of 771 million or 617

million are in rural areas. An estimated 70% of these, or 432 million, are expected to

be electri�ed with an o�-grid source, which represents an enormous market and need.

It also provides clear mandate for the focus of this research. However, as is discussed

in detail in Chapters 2 and 3, the track record of sustainability of many projects is in

question, which poses a major risk to this investment achieving its goal.

1.2.3 Classi�cation of O�-Grid Electricity Projects

The sustainability framework in this thesis argues for a revised approach to the im-

plementation of o�-grid electricity projects in developing countries. It is therefore

important to identify the types of projects for which this framework is applicable.

This section describes the project development life-cycle and presents classi�cations of

projects based on technology, sizing, and functionality.

Project Development and life-cycle

O�-grid electri�cation projects are viewed in this thesis through the lens of a life-

cycle involving major stages such as concept, design, development, implementation,

and aftercare as shown in Figure 1.5 (Source: Peter Dauenhauer). Key sustainability

considerations throughout the development process that are featured in this thesis are

highlighted in yellow.
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Figure 1.5: Generalised Project Development Stages

The Project Concept development is the entry point for a project and is initiated by

many potential sources. Bottom-up sources include communities or community groups,

local enterprises, NGOs working alongside communities, or sub-national administrative

divisions (for example a district or municipal led initiative). Examples of top-down

sources are national government, external governments, bi-lateral or multi-national

funders, or utilities. The project concept entails an identi�ed need or opportunity and,

at minimum, implies an assumption of the project feasibility that has an acceptable

level of risk. More advanced feasibility activities include resource assessment, demand

assessment, business development, and socio-economic impact studies.

Project design determines critical inputs to the technical equipment selection, �n-

ancial model, organisational arrangement, and relationship with the local community.

Power generation technology is selected to make optimal use of the available energy

resources that are required to meet energy demand expectations. The local geography

determines the feasibility of various options for power distribution. Generally, more dis-

persed populations require standalone systems, micro-/mini-grids whereas areas with

a relatively dense population and a potential for a larger load will be better suited for

grid extension. In addition to the technical design, accompanying design is needed for

the ownership model, �nancial model, training plans, and community involvement, if

20



Chapter 1. Introduction

relevant. Since there is often a distinct lack of basic data in these areas, data collec-

tion campaigns are needed to determine aspects such as willingness and ability to pay,

local energy resources (i.e. to a greater degree of granularity than is available from

general sources), community mapping, and environmental assessments. Many projects

in developing countries are also funded on the expectation that a speci�c impact is

achieved through the project, for example \increased livelihoods", so baseline studies

are conducted for use in quantifying the starting point, prior to the implementation.

It is during the project design stage where many of the basic assumptions and lim-

itations of the project are determined. For example, equipment choice is dependent

on predicted load demand and level of renewable resource; these choices may also be

di�cult or expensive to change over time if the underlying assumptions turn out to be

inaccurate.

The funding model creation connects the proposed system design and expected

impact to funders. Historically, funding electricity access projects has been dominated

by bi-/multi-lateral donors which usually require a robust reporting framework to gauge

the e�ect of the project. Hence a project may need to meet certain criteria to be

acceptable to these funders. For example, it may be a requirement that the project

involves a speci�c renewable energy technology, ensures equal participation of women

in the project, or targets communities with a certain poverty level. Private funding for

such projects, in contrast, is in its early stages due in part to the low returns, ongoing

sustainability issues (and lowered risk appetite), and lack of general knowledge from

conventional �nanciers on o�-grid business models. Therefore, many projects tend to

be funded on a grant basis where initial capital costs are wholly covered by the donor

and the focus of the project is on maintaining service as the assets age.

Procurement consolidates all project components and installs equipment on site.

The use of certi�ed installers with a track record and a procurement process that is

transparent is critical to ensuring the installation is as designed. Component selection

needs to be monitored where renewables markets are less developed as there is in some

cases wide availability of non-genuine components that have a poor manufacturing

quality. Additionally, procurement initiates complementary activities at the community
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and organisational level, were necessary, including community sensitisation, marketing

and sales, business development, training, setup of supply chains, and legal/contractual

arrangements.

As shown in Figure 1.5,Implementation (or Normal Operations ) of a project

occurs after its commission and is an ongoing state whereby normal business routines

occur: employment of sta�, customer management, accounting, training, sales and

marketing, pricing, business planning, technical operations, maintenance and repair,

and re-investment for up-scaling. The ownership model and experience of the project

will determine emphasis on each routine and only the most advanced will excel at

all aspects. A basic, minimalist community owned model that depends on volunteer

sta� may have limited scope for keeping detailed accounts and conducting regular

business analyses such as cash-
ow analysis. It is in the implementation phase of the

project where operational and strategic decision-making occurs based on the day-to-day

experience of the project.

After-care and Evaluation Activities are optional and dependent on the own-

ership model and project funding. Most projects are designed under the assumption

that sustained operation, in some cases inde�nitely, will occur. However, additional �n-

ancial support resources may be available, during procurement and shortly thereafter,

for the project to work with an external organisation to build capacity and monitor its

performance. After this funding is spent, external oversight diminishes, and the project

enters anafter-care phase whereby self-su�ciency is assumed. Another interpretation

of this state is just normal operations without additional support. Evaluation is part

and parcel of donor funded projects during which external evaluators gather data from

the project and o�er feedback, guidance, and analysis of the project. Since evaluation

is costly to conduct, inclusion is not consistent. However, it is primarily in the eval-

uation stage where much of the formalised learning has been gathered. The choice of

evaluation metrics are dependent on evaluator's objective and nature of the project;

for example metrics can include: number of pupils at a particular school, kilo-Watt

hours served, households connected to system, or �nancial performance indicators of

the project. Additionally, the intention of the evaluation can vary from an objective
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Figure 1.6: Major Components of a Typical O�-grid System

review of the project progress against its baseline to a review of the process of the

intervention (which resulted in the project) or a sustainability evaluation.

Overview of Technical Classi�cations of O�-Grid Projects

At a technical level, an o�-grid electrical project involves the deployment of power

generation, distribution, control and storage technology in an autonomous manner. A

typical arrangement of an o�-grid system is shown in Figure 1.6. This contrasts from

a central grid which involves large scale power generation, high-voltage transmission,

advanced control and protection of equipment, and regulated power supply. Most

developing countries will have a central grid but often this will only supply urban and

industrial centres.

O�-grid systems can be classi�ed in various ways: by generation technology, by

generation size, or by functionality. IRENA has speci�ed �ve levels of o�-grid systems

based on generation sizing, capabilities and complexity including stand-alone systems,

pico-grid, nano-grid, micro-grid and mini-grid as shown in the Table 1.3 (Source: [13]).

The spectrum of technological options for o�-grid systems is relatively wide as

the scale of a micro-grid can range from a collection of a few connected households,

completely isolated from the centralised grid, to a medium scale scheme micro-grid that

connects thousands of customers as shown in Figure 1.7 (Source: adapted from EUEI

PDF Mini-grid Policy Toolkit [6]). Furthermore, there has been an ongoing discussion
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Table 1.3: IRENA Classi�cation of O�-grid systems [13]

Size
(kW)

Capability Complexity

Stand-
alone
systems

0 - 0.1

Pico-grid 0 - 1 � Single controller

Nano-grid 0 - 5 � Single voltage
� Single price
� Controllers negotiate
with other across gate-
ways to buy or sell power

� Both grid-tied and re-
mote systems
� Preference for DC sys-
tems
� Typically serving single
building or single load
� Single administrator

Micro-grid 5 - 100 � Manage local energy sup-
ply and demand
� Provide variety of
voltages
� Provide a variety of qual-
ity and reliability options
� Optimise multiple-out en-
ergy systems

� Incorporate generation
� Varying pricing possible

Mini-grid 5 - 100,000 � Local generation satisfy-
ing local demand
� Transmission limited to
11 kV

� Interconnected customers
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about the relative merits for developing country applications of DC versus AC micro-

grids [58,59]. Small scale DC-based systems reduce the need for additional conversions

and hence have the potential for higher e�ciency, but lag behind AC-based systems that

have conventionally been cheaper, more familiar with designers and technicians, and

have a signi�cantly more developed market for appliances. Tenenbaum et al. estimate

switching from AC to DC devices would save 33% on energy consumption and 14% on

reduced conversion losses [60].

The technical systems of a project can drive the business model. For maintenance

routines, simple, essentially `black box' solar lanterns can be supported by a limited

technical maintenance and well established supply chain for speci�c vendors [53]. The

next level of system complexity, solar home systems require more extensive user train-

ing, or more likely a fault-based maintenance scheme, such as was trialed in Zambia [61].

Distributed maintenance schemes, where operators contract maintenance and replace-

ment from installers as required, are being experimented with in Kenya and other

countries by BBOXX Ltd, PowerGen and SteamaCo [62{64]. Embedded remote data

system data-loggers are becoming more prevalent and assisting with more granular

and near real-time maintenance functions [65]. Relatively larger scale o�-grid systems

often require in-house asset management and maintenance capabilities [66]. Monet-

isation options become greater with more energy available. Added business acumen

is needed manage the various lines of business from productive uses of energy (refri-

geration, agricultural processing, etc.) when, as some project choose, these are kept

under the umbrella of the organisation itself rather than focusing on direct energy sales

only [67,68].

Generation scaling Classi�cation of O�-grid Projects

With respect to scale, o�-grid projects can vary from a small stand-alone solar PV home

system or small business of less than 100 Watts to micro-grids capable of providing

a near-centralised grid service for hundreds of homes and generating capacity in the

hundreds or thousands of kilo-Watts. With this potential range of scale, the economics,

complexity, particular technical and organisational arrangements can be quite varied.
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Figure 1.7: Micro-/Mini-grids space compared to alternatives [6]

Hence, while the classi�cation is based on the technical aspect of generation sizing,

the complexity, in terms of other factors like organisational requirements, is equally

important.

Smaller systems tend to simplify technology options and are driven by a�ordability

limitations and low skill requirements by operators and users. The smallest systems,

including rechargeable LED solar-lanterns, and mobile phone charging kits are essen-

tially \plug-and-play" and as such require very little training and no installation, for

example [69]. Systems that require installation and maintenance, starting with be-

spoke stand-alone systems, provide increased capability but require ongoing mainten-

ance. For rural, dispersed populations, these highly distributed options are usually the

most economically feasible as they obviate the need for medium- or high-voltage power

transmission and distribution.

Scaling up to the tens of kilowatts (or larger) are systems which could be based

on a variety of generation technology and will require the inclusion of voltage step-up,

limited distribution, power system protection (if even basic), and a capable organisation

for managing day-to-day operations and maintenance. These systems are suited for
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relatively dense loads in geographical areas which are otherwise unfeasible to connect

to the main grid.

Functionality Classi�cation of O�-grid Projects

In addition to scale and technology, the functionality of the system can be used to

classify the project. In past years, a binary scale of connected (to the main grid) or

not connected was used to distinguish electricity access. To this end, ESMAP's Tiered

Classi�cation provides a breakdown of level of functionality of a particular system, as

shown in Figure 1.8 [7]. The ESMAP is globally applicable and speci�es functionality

attributes such as power capacity, availability, reliability, quality, and so on | from

which a system can be classi�ed. O�-grid systems in developing countries described as

solar home systems typically vary between Tier 1 and Tier 3 while mini-/micro-grids

vary between Tier 3 and 5.

Using the ESMAP classi�cation, functionality can be derived for a system, whereas

IRENA's classi�cation provides additional speci�c capabilities. For example, mini-

and micro-grids can provide a variety of voltages, potentially allow for more advanced

tari� structures, optimise multiple generation sources, and may even have capacity to

interconnect with the main grid. At the extreme other end, the simplest o�-grid devices

may be limited to speci�c usage applications (lighting or mobile phone charging) and

strict limits on consumption levels.

O�-grid electricity projects, in their various classi�cations, are di�erent from other

electricity projects conducted in developed countries or grid-extension projects in de-

veloping countries. They are often targeted at rural villages with little to no access to

�nancial services, non-existent infrastructure, low technology, and primarily unskilled

labour. These factors have prevented conventional grid extension electri�cation and

remain critical barriers to o�-grid electri�cation. O�-grid projects typically face low

absolute load demand, low ability-to-pay, geographic constraints and di�cult terrain,

dispersed populations, and an extremely small industrial base. In addition, unhelpful

macroeconomic conditions of the country such as high interest rates, in
ation, or access

to capital further hinder their success.
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Figure 1.8: ESMAP Multi-tier Matrix for Access to Household Electricity Supply [7]
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1.3 Organisation of Chapters

Chapter 1 presented a narrative of current implementation of o�-grid projects in de-

veloping countries and showed that investment in o�-grid projects will be a signi�cant

driver of future electricity access projects in the future. However, continued investment

is not enough to achieve universal access to electricity in a reasonable time frame. This

chapter discusses the classi�cation of a general o�-grid project in terms of size, cap-

ability, and the context in which they are typically deployed { within a development

project { which are critical to understanding the sustainability challenges that they face

throughout their lifetime. Finally, the speci�c motivation of this thesis is presented in

full: that the sustainability of o�-grid projects is a complex problem requiring, �rst, a

better understanding of the factors of success and their interrelationships and, second,

a new framework for learning about the impact of sustainability interventions that are

tested.

Chapter 2 addresses the inconsistent approach to de�ning and measuring sustain-

ability by arguing for a new de�nition of sustainability that responds to weaknesses

found in existing approaches taken in the literature. A project-centric view of the

de�nition is developed in distinction from popular outcome-centric de�nitions that, in

the view of this thesis, have created a degree of confusion when applied in the practical

sense to sustainable project design or evaluation. Several prominent literature sources

are critiqued: sustainability toolkits, sustainability indicators, and system design op-

timisation. The approaches are analysed with respect to their contribution towards

understanding project-centric sustainability. Although each source serves a purpose in

ensuring long-lasting sustainability of projects, each have weaknesses that ultimately

leave a gap that projects fall through. Nonetheless together, and with the novel im-

provements suggested within this thesis, they are the building blocks of a framework

for sustainability and justify the latter sections of the thesis.

Chapter 3 provides the evidentiary background of the levels of sustainability of o�-

grid projects. An extensive analysis of projects drawn from the literature include a

survey of o�-grid project sustainability experiences worldwide, and an in-depth study
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from three individual projects involving Non-Governmental Organisations (NGOs) in

which the author of this thesis was involved. The review con�rms a wide range of sus-

tainability challenges facing projects. An analysis �nds mixed sustainability perform-

ance overall with over 80 distinct sustainability issues, and perhaps more importantly,

an inconsistent approach to de�ning and measuring sustainability itself. It is these

challenges and the gaps found in the current approach to designing projects for sus-

tainability at which this thesis is targeted. The chapter also highlights the importance

of the operational phase of a project towards sustainability. It is shown that there

is a complexity within the connections of available information, decision-making, and

operator actions to ensure ongoing sustainability.

Chapter 4 develops a computer simulation of an o�-grid stand-alone PV project

to demonstrate the value of an informational layer and decision-making throughout

the project life-cycle. Simulation design choices are discussed with respect to the im-

plications for project sustainability, which are then contrasted versus techno-economic

optimisations. The simulation is unique as it models a wide range of mechanisms not

usually present in simulations including: organisational skill management, social and

economic interactions with customers and the wider community, and operator decision

sets de�ning the strategic decisions they make a�ecting sustainability. An extensive dis-

cussion of the results of the simulations follow. These are used to provide new insights

into the relationship between project design, ongoing operation, and learning phases.

Additionally, important implications on the modelling approach commonly taken in the

literature are summarised along with the role of indicators for practitioners undertaking

future projects.

Chapter 5 develops the implications of the research and focuses on making them

meaningful for speci�c stakeholders: project designers and implementers, practitioners,

researchers, and �nally, policy makers. The chapter proposes a sustainability framework

for o�-grid projects in developing countries. The framework is expressed as a process

map that captures the sustainability planning and implementation at each stage in

the project life-cycle. Through the framework and discussion, the chapter responds

to the gaps identi�ed in the literature by connecting them to the work done in this
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thesis. Although the novel analysis conducted up to this point focuses on speci�c

details, this chapter stretches the analysis to the high level perspective of: how do the

stakeholder enact systematic change in project development with the goal of improving

sustainability on each iteration? The chapter �nishes by proposing extensions to the

research in the thesis to address the identi�ed weaknesses and address remaining gaps

in the literature.

The concluding Chapter 6 draws out the novel learning, insights, and conclusions

from this research.

1.4 Contributions of this Research

The overarching objective of this thesis is to draw out and propose approaches to sys-

tematically address sustainability issues a�ecting o�-grid projects in developing coun-

tries. The contributions, listed below, are relevant to o�-grid project designers, imple-

menting organisations, policy makers, and the academic community working in the area

of energy access. The contributions (shown as a list in Table 1.1 are complementary to

each other and build towards the high-level objective:

1. A consistent approach to achieving sustainable o�-grid projects requires a con-

sistent de�nition and use of the term `sustainability' amongst stakeholders. This thesis

provides aproject-centric de�nition of sustainability so that it can be applied to

o�-grid projects in a relevant way. To do this, the origins of existing de�nitions in the

literature are investigated and a new de�nition is synthesized. The term `sustainabil-

ity' is ubiquitous, has many competing meanings, and even in the context of o�-grid

energy projects in developing countries, is often used imprecisely. Although stakehold-

ers involved in these projects inherently desire the continued survival of their projects,

the inability to adhere to a single workable understanding of the term undermines the

ability to learn about and improve it. This contribution answers the questions: What

is sustainability in the context of o�-grid electricity projects in developing countries?

How can sustainability be measured at a project level and meaningfully compared?

2. An extensive review and comparison of defacto standard methods used

in project sustainability, including: techno-economic optimisation for sus-
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tainability, indicator frameworks, and sustainability toolkits is undertaken to

capture the roles these sources play in the life-cycle of projects, speci�cally as it pertains

to sustainability issues. This thesis �nds inconsistencies in these approaches toward un-

derstanding sustainability which manifest in di�ering design methods, monitoring and

evaluation methods, and the learning which is produced from successive projects. This

serves to undermine their relevance when applied to the context of o�-grid project

sustainability. This thesis argues that these inconsistencies amount to gaps in what is

otherwise a foundation for a sustainability framework and seeks to recast these sources

more squarely into the context of o�-grid project sustainability. The review of each

approach can be considered a novel contribution in its own right. This critique lays the

foundation for the modelling, development of a systematic sustainability conceptual

framework, and discussion which follows. The approach has been to provide actionable

recommendations whenever gaps are identi�ed. Speci�c �ndings within each approach

are enumerated in Table 1.4.

3. Establishing a literature review of o�-grid experiences in developing countries is

undertaken to produce anevaluation of the current levels of sustainability . Many

projects are poorly documented when it comes to sustainability. The available literature

has largely taken the form of case-studies and in many cases these do not expressly

address sustainability or de�ne a method for sustainability evaluation which would allow

general comparison. Instead, judgments are made depending on author discretion. The

review identi�es the sustainability issues identi�ed in the literature, organises the issues

by sustainability category and conducts an analysis on the concentration of category

(economic, organisational, technical, social, environmental and external) by authors.

The analysis establishes a wide range of problems: 84 distinct issues are identi�ed and

an average of 7.5 issues identi�ed per article. The projects that are included cover a

range of projects worldwide and both of older vintage and more recent projects. The

analysis also �nds evidence that sustainability evaluations currently tend to concentrate

their coverage of issues into one category. This supports one of the motivations of this

thesis that sustainability weaknesses are still a major issue and there is not a general

consensus on how to ensure sustainability.
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Table 1.4: Sustainability Literature Sources

Approach Gaps Recommendations

Sustainability
Toolkits

� Limited evidence base and fo-
cus on best practice, or success-
ful projects, rather than sustain-
ability problems
� Over-dependence on `sustain-
ability -by- design' culture
� Ambiguity of sustainability
factors within individual and
between toolkits
� Poor de�nition of the interrela-
tionships between sustainability
factors as well as dynamic e�ects

� Expand evidence base to con-
sider a wider range of projects,
and project sustainability issues,
including problematic cases
� Improve guidance on measure-
ment of objective sustainability
factors
� Emphasize sustainability guid-
ance that occurs in the opera-
tional and evaluation stages

Sustainability
Indicators
Frameworks

� Overemphasis on sustainable
development, outcome-centric
indicators
� Insu�cient justi�cation of rel-
evance of proposed indicators

� Utilise base criteria frame-
work by Ilskog comprised of �ve
themes { simplicity, transpar-
ency, robust, comprehensive and
fair [10].
� Utilise scoring rubric to in-
creases objectivity in sustainab-
ility scores, proposed originally
by Katre and Tozzi [70].
� Strictly separates project-
centric sustainability indicators
from aspiring project out-
come/sustainable development
indicators, proposed �rst by
Bekker and Gaunt [11].
� Use absolute scales rather than
relative scales to combat out-of-
sample relevance of sustainabil-
ity evaluation results, raised by
Lillo et al. [71].

Techno-
economic
Optimisa-
tion

� Overemphasis design phase
sustainability issues
� Major simpli�cation of non-
technical issues that are non-
etheless important for sustainab-
ility

� Integrated model incorporat-
ing important elements from all
sustainability factors
� Incorporate relevant operator
and customer decision-making
� Model sustainability issues
that arise during the operational
phase of a project
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4. A novel modelling approach for sustainability of o�-grid electrical projects

in developing countries is developed and used for the simulation of a project life-cycle.

The novel features include an operator and customer decision-making framework, incor-

poration of a wider range of sustainability categories (adding social and organisational

components), and the model's applicability to the operational phase of a project. The

model simulates 23 scenarios of an o�-grid solar PV project over a 20-year project life-

cycle. With an abbreviated set of project-centric indicators, the model demonstrates

the importance of adopting indicators that are utilised during all phases of a project.

The implications extend beyond the model and its immediate results; use of an inform-

ational layer and consideration of sustainability issues that arise during the operational

phase can be critical for project success. The analysis argues for an iterative design

process prior to �eld deployment that increases the likelihood of sustainability. Addi-

tionally, by coordinating the use of indicators in the design, operations, and evaluation

phases of a project, the means for systematic learning around sustainability can be

achieved.

5. A sustainability conceptual framework is developed, culminating from

earlier contributions, which signi�cantly extends the foundational components identi-

�ed in the literature. The framework proposes linking the stages of a project life-cycle

(design, operations, and evaluation) through project-centric sustainability indicators.

Comprehensive consideration of all sustainability factors occurs at each stage. During

the project design stage, indicators are used together with advanced simulations to pre-

dict sustainability and subsequently revise the design. During the operations stage, the

indicators are needed to make operational decisions to improve the ongoing sustainab-

ility. During the evaluation stage, time-series data that include the indicators, can be

used to evaluate the current sustainability as well as the validity of underlying assump-

tions such as impact of price changes or service availability on community acceptance of

the project. A learning stage is proposed and is relevant when considering the cycle of

learning from one project to the next. Here, the best-practices are captured, analysed,

and synthesised into toolkits. Unlike past iterations of toolkits, the concept of the

toolkit is improved by incorporating synthesised learning from comparable projects {
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data-sets that are linked to the very indicators that were used throughout the project's

life-cycle stages.
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Understanding Sustainability

This chapter is aimed at investigating the \sustainability" of o�-grid projects in de-

veloping countries. While primarily a literature review that explores the origins and

di�erent perspectives from the literature, the chapter o�ers several contributions that

extend concepts in the literature.

The review is centred on three main sources that touch on project level sustainability

(outlined in Table 2.1). These includetoolkits targeted at o�-grid projects, indicator

and evaluation frameworks , and techno-economic optimisations . Throughout

the project life-cycle, from conception to end-state (be it failure or continued operation),

these sources play a critical role in ensuring and judging a given project's level of

sustainability. It is argued that while each source demonstrates an important facet

of how the term is understood and used, they lack consistency in usage that leads to

challenges when trying to formally capture project sustainability, much less actively

address it. The literature review is intended to be constructive by identifying the

valuable elements of each source that can be applied at a project level while noting

and weaknesses in the method. Table 2.1 summarises the overall role of each literature

source.
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Table 2.1: Sustainability Literature Sources

Source Description

Toolkits Practically oriented guides to assist the project
planning, design and implementation of a sus-
tainable o�-grid electricity project. Existing and
prominent toolkits are based on institutional know-
ledge gleaned from a selection of case studies or
based on iterative project experiences.

Sustainability Indicators
Frameworks

Designed to enable a systematic and quantitative
evaluation element for projects and programmes.
Indicators require a layer of data gathering to be
implemented alongside projects/programmes in or-
der to be e�ective. Captured indicators are com-
bined into an index to give the sense of the current
project sustainability levels relative to other pro-
jects.

Techno-economic Optim-
isation

Modelling of physical systems to optimise system
sizing and technology selection. The optimisa-
tion function is typically to minimize net present
costs of assets with reliability and environmental
constraints. Available through a number of o�-
the-shelf software packages or calculated manually.
Non-technical or economic elements require extens-
ive assumptions are generally not included.
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The chapter starts in Section 2.1, by proposing a de�nition for sustainability in the

context of project-centric sustainability. This is contrasted against alternative historical

de�nitions.

Section 2.2 selects o�-grid electricity project sustainability toolkits (or simply `toolkits')

that have been prominently published by major development organisations, for critical

review. The review identi�es gaps and develops enhancements to re-envision the role

of toolkits, with respect to project-level sustainability.

Section 2.3 presents and discusses the origins and e�ectiveness of modern sustain-

ability indicator frameworks to capture project sustainability, primarily through eval-

uations. Indicator frameworks remain linked to the sustainable development origins

(outcome-centric), though some aspects have evolved pragmatically, such as the use of

a criteria for the selection of relevant (project-centric) indicators. This section captures

the current best practices and argues for improvements to address the identi�ed gaps.

Indicator frameworks have the most academic rigour and are a strong foundation to

revise the de�nition.

In Section 2.4, the approach of techno-economic optimisation of system design to

ensure sustainability of projects is explored. Software aided design of o�-grid projects

is now a standard. The approach leans on the technical aspects and ties in �nancial

modelling but requires strong assumptions for aspects (social, organisational, external)

outside the technical space of project design. Although the approach provides a con-

vincing result, the remaining aspects of project design that interact with the techno-

economic systems remain largely disconnected from modelling. A narrow role of the

approach, limited to the laboratory setting, is contrasted against a wider role where

other sustainability aspects are more explicitly modelled alongside technical and eco-

nomics aspects. Current limitations of the approach are identi�ed and provide the basis

for the modelling work of this thesis in Chapter 4.

2.1 A Project-Centric de�nition for `Sustainability'

This section explores the origins of the term `sustainability' in the context of electri�c-

ation. Due to its ubiquitous use in many disciplines, it is necessary to de�ne a working
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de�nition of the term \sustainability" here. This is proposed through the interpret-

ations of recent usages of the term that can be applied more readily to the context

o�-grid electricity access projects in developing countries.

Key Insights from Section

ˆ The popular origins of the term `sustainability' are global, broad, and unstruc-

tured. As a result it is di�cult to apply directly to o�-grid electricity access

projects.

ˆ Practitioners in the domain o�er insights on how it can be applied. These add

an emphasis on local context, interpret the de�nition as indicators, and stress

self-su�ciency.

ˆ A project-centric de�nition is proposed that is argued to be more relevant for

researching o�-grid electricity access project sustainability.

The term `sustainability' was �rst popularised by the 1987 Brundtland report: \de-

velopment that meets the needs of the present without compromising the ability of

future generations to meet their own needs" [72]. At the onset, the term sought to

balance environmental impacts with economic development which were often at odds

with each other. Sustainability is understood as a long-term and global issue: how to

avoid the major environmental catastrophes such as global warming and furthermore

how to do so fairly among the di�ering populations living today and future popu-

lations. Seghezzo identi�es sustainability as the balance betweenintra generational

justices, inter generational justice and identity or happiness [73]. Within this usage

of the term, `sustainable development' is closely related; meaning the development of

societal systems in such a way to not overly impact the sustainability of the whole

system.

This section argues that the popularly accepted de�nition does not provide enough

structure or clarity to be applied directly to the sustainability situation for o�-grid

electricity access projects. Almost immediately after its introduction, the practitioner

base has re�ned what sustainability means, but it continues to lack the clarity needed

for wide adoption.
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The challenge is threefold: �rst, the popular usage is so broad and general that

attempting to directly adopt the de�nition is not practical. Therefore, the broad in-

tentions of the term must be distilled into one which has direct meaning to the domain

of o�-grid electricity access.

Second, the highly localised nature of any single o�-grid electricity access project

requires that the local context is emphasised. Therefore, the de�nition must re-balance

the global intentions of the term into one which is directly relevant to local communities

which implement the projects.

Third, since projects depend on inputs and support from both local and non-local

elements during its design and ongoing operations, external factors must have adequate

representation. Therefore, the de�nition must have the ability to clearly demarcate

the internal and external elements that factor into a project's sustainability. It must

be 
exible in its interpretation since any given o�-grid project may have a di�erent

relationship between itself and external actors.

Insights from Practitioners

Although the Brundtland de�nition clearly had implications for electri�cation, it re-

quired interpretation to become practical. To this end, organisations interpreted the

de�nition by de�ning metrics which, combined, represented sustainability. Examples

abound from large organisations including the UN [74] and IAEA [15], to the many re-

searchers and practitioners who composed their own indicators [25,33,70,71,75{81](see

Section 2.3 for a review of these indicators). These applications suggest that a gradient

of sustainability metrics over relevant factors are required to capture the de�nition.

Examples of re�nement of the term to a local context can be traced to electri�c-

ation practitioners in the 1990s. Jones and Thompson related the Renewable Energy

for African Development Model (REFAD), a programme by the US government to

work with Southern African Development Community (SADC) on rural electri�ca-

tion [82]. They revise the Brundtland de�nition to include an interaction with the

local community: \meeting the basic needs of the current generation within their own

socio-political framework and resource base, in a manner that enhances their quality
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of life and respects cultural traditions" [82, p. 105]. In application of this de�nition,

Jones and Thompson stress the importance of the context { sustainability requires local

capacity building, end-user involvement, address local needs, include local government,

and have local maintenance services. Sanghvi and Barnes similarly stressed the involve-

ment of local communities in the sustainability of early World Bank rural electri�cation

programmes [83]. The insight here is that local considerations must be put on an equal

footing as global considerations.

Sustainability has been alternatively conceptualised as \surviving and thriving"

which seeks to highlight the self-su�ciency of the project. Louie et al. provide a

de�nition along this vein: \potential for a system or project to endure, build a self-

perpetuating capacity within a community, and ultimately reach the end of its pre-

de�ned life span or evolve into another bene�cial form" as developed by Louie et al [84].

Similarly Terrapon-Pfa� et al. de�ne it as follows: \ Sustainability in the present case

is concerned with measuring whether the expected bene�ts of a project. . . are likely

to persist after donor funding has been withdrawn" [85]. Both examples serve to an-

chor the object of sustainability in the project itself rather than larger units { part of

sustainability is achieving a level of project self-su�ciency.

Project-centric Sustainability

Given the re�nements captured through the literature a new de�nition is proposed

here that is suitable for research around o�-grid electricity project sustainability. At

a high-level, a `project-centric sustainability' de�nition is an o�-grid electricity access

project's ability to endure within the local context. Furthermore, the de�nition has the

following characteristics:

ˆ `Internal' operations vs. `external' considerations

ˆ Established performance metrics

ˆ Local vs. distant external considerations

ˆ Bene�cial outcomes are avoided by default

ˆ No pre-de�ned end-state
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It is instructive to discuss the nuances of these characteristics in more detail. By

demarcating what is internal versus external, the subject of sustainability is much

more clearly captured. `Internal' are the project's own organisation and assets while

`external' refers to all other considerations. The ambiguity of the web of associated

systems that may in
uence a project but are not part of the project can be separated

out. This segmentation is still 
exible to organisational arrangements that may di�er

from project to project or external relationships which can be quite varied.

Established performance metrics refers to the quantity, quality, reliability of power

supply and delivery as well as the �nancial viability of the organisation. All organ-

isations that provide o�-grid electricity access can almost universally compare these

metrics. They underlay all design and operational decisions an organisation may make.

As such, when one compares sustainability of two projects, they are comparing against

these metrics. These metrics compare similarly to the ESMAP Energy Access Tiers [7].

External considerations, or externalities, are di�erentiated between `local' and `dis-

tant'. All projects are impacted by the context in which they operate. The literature

stress that the locality of the project should be emphasised { the community, local so-

cial and institutional structures, local politics, and local supply chain are local external

considerations. In other words, the proximity of these issues are local. Meanwhile `dis-

tant' external considerations are not proximate but in many cases cannot be ignored.

Country macroeconomics, national or international political consequences, global sup-

ply chains, and to some extent weather are all examples of distant externalities. In
a-

tionary conditions in a country can deeply impact the operation of a project, even if

the project itself is not the cause of the in
ation. Whether an external consideration

is labelled as local, distant, or not included is dependent on how closely it is related to

the internal operations of the project. Local externalities are closely coupled, distant

externalities are loosely coupled. Externalities that are not coupled are not included.

Bene�cial outcomes of a project include are widely-varied but can include: incomes

of the bene�ciaries, jobs created, share of women employed, project GHG emissions,

and even achievement of speci�c electricity access outcomes such as street lights sup-

ported or schools with lighting. A project can exist, successfully, without achieving
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many or all of these outcomes. While many projects capture a project's performance

against bene�cial outcomes as part of sustainability determination, their inclusion is

not always justi�ed (see Section 2.3). In contrast, a project can be labelled `impact-

ful' if achieves its development outcomes. In the cases where the evidence supports

inclusion of a feedback-loop, whereby achieving a development outcome improves the

project's sustainability versus its performance metrics, then it would be considered a

local external consideration.

The intention of stating that there is no prede�ned end-state or expected evolution

for a project is to remove life-cycle assumptions. Moreover, it requires that future

forecasts of a project's sustainability are needed. A project is more sustainablecurrently

by higher current performance metrics. It is more sustainable infuture states by higher

future, simulated, performance metrics. In many ways this is an agnostic view of how a

project may play out its life-cycle. It makes no judgements as to whether manufacturer

design requirements were met or whether the project was decommissioned and replaced

with a grid connection, and if that is considered a positive outcome by the project

designers or bene�ciaries. Comparisons to expectations and value judgements of how

a project may ultimately end are a compatible, if separate, discussion that can build

on the measure of sustainability.

This proposed de�nition has several bene�cial features which di�erentiate it and

support a practical understanding of the term. First, by utilising established per-

formance metrics, comparisons between projects are more direct since the units and

measures can be compared one to one. Second, it provides a structure to modelling

e�orts which are core to understanding sustainability. This makes it easier to remove

irrelevant connections to a project. Internal aspects can and should be modeled in great

detail, while external considerations may be handled di�erently. One can assume that

local externalities are likely to be relatively more endogenous to a model of the project

{ that the project is able to a�ect these externalities and vice versa. In contrast, distant

externalities are likely to be relatively more exogenous { taken as a given and unable

to be a�ected by the project.
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Conclusion

This section has demonstrated that the de�nition of sustainability has seen continual

revision since its inception. The Brundtland de�nition was globally oriented, broad and

ambiguous, by design. For use in electri�cation, practitioners have stressed locality, use

of metrics, and self-su�ciency when applying the de�nition. Building on this direction,

this thesis has proposed a more structured de�nition for use in o�-grid electricity access

contexts.

The proposed `project-centric sustainability' de�nition is an o�-grid electricity ac-

cess project's internal ability to endure and/or survive within the local context. Fur-

thermore, the de�nition has a number of characteristics which help to make relatively

more structured other de�nitions in the literature. These include demarcation of in-

ternal operations versus external considerations, established performance metrics, a de-

marcation of local versus external considerations, avoiding bene�cial outcomes (when

establishing sustainability), and establishing how to handle the end of the project life-

cycle.

It is argued that the proposed de�nition more readily supports modelling e�orts

which go hand in hand with understanding sustainability. Furthermore, it recommends

established performance metrics in which to compare project sustainability. The de�n-

ition is used throughout the thesis: in the remainder of Chapter 3, sustainability ex-

periences are documented and classi�ed, in Chapter 4 a model is proposed which utilise

established metrics for project decision-making, and in Chapter 5 the de�nition is cent-

ral to the objectives of the proposed sustainability framework.

2.2 Sustainability Toolkits

Concerted e�orts to establish templates or guidance documents have been developed

in recent years aimed at the consolidation of learning from past projects. These guides,

handbooks, manuals, and other equivalent labels are referred to collectively as `toolkits'

in this thesis. Toolkits are framed from the perspective of designer, implementer,

practitioner or manager rather than the evaluator or academic. Yet they are a critical
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link to the learning process from these other perspectives. Toolkits are informed from

past experience, leaning heavily on the academic resources and impact evaluations, but

with the objective to generalise these results into a repeatable process. Hence, toolkits

synthesise project learning and o�er a guideline for best practises.

The section has two key objectives. First, this section reviews the content of several

prominent toolkits and then discusses how they handle the concept of sustainability as

it relates to o�-grid electricity projects. Weaknesses are identi�ed which serve as gaps

in the guidance. Second, proposed toolkit design features are presented to address the

gaps. This is later revisited in Chapter 5 in the development of a more comprehensive

sustainability framework.

Key Insights from Section

ˆ Links to the evidence base are limited { particularly on project pitfalls and learn-

ing from failures. Successful models are used as supporting evidence for guidance

which may not be representative to the generalised project experience.

ˆ Insu�cient details exists on the interrelationship of indicators that are used to

de�ne and establish sustainability of projects. A lack of internal consistency, or

external validation with other toolkits, undermines their value.

ˆ Toolkits target sustainability considerations during the project design stage versus

the operational stage. As a result, the dialogue on operational options and ulti-

mately decision-making for practitioners is reduced.

The reviewed toolkits are published by the World Bank [8], AFREA [9], EUEI [6],

and GIZ [86{88]. Why are these toolkits selected? They are the most prominent and

widely cited sources that are publicly available for practitioners and have explicit goals

to address sustainability. Though other resources exist, they tend to cater to speci�c

technologies and avoid detailed sustainability content.

2.2.1 World Bank Sustainable O�-Grid Projects Toolkit

Perhaps the most prominent toolkit is from the World Bank [8] and is a 21 page opera-

tional guidance note aimed at World Bank sta�. Although published in 2008, it remains
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the most widely cited source. In it, `Sustainability' is de�ned as the ongoing \operation

of o�-grid electri�cation projects over the long term" [8, 2], a de�nition consistent to

the de�nition established in this thesis (see Section 2.1). The toolkit is divided into two

sub-sections: the �rst is Critical Factors in Project Design , the second isGuidelines for

O�-Grid Project Designers . Findings are drawn from direct experiences from World

Bank projects originating from 19 cited countrywide programmes from the late 1980s

to early 2000s and indirectly from a pool of another roughly 40 projects funded by the

World Bank that contained o�-grid elements. 1

This review concludes that the World Bank toolkit provides interesting but ulti-

mately diluted generalised guidance and disconnected anecdotes rather than a com-

prehensive framework that could be practically used for project design. Its stated

intention to avoid prescriptive design leaves the guidance around sustainability factors

only loosely inter-connected to be of much practical use. Furthermore, the sensitivities

of the sustainability factors and model variations are not well de�ned. In short, the

toolkit treats sustainability as a black box which has many ingredients but no clear

recipe for success.

The Context

In this section the thrust of the document is to present the World Bank learning around

topics that are part of the institutional arrangements the Bank sees as necessary for

successful projects. The topics are wide ranging and capture an breadth of experience.

For example, the comparing technology optionstopic considers strengths and weak-

nesses when use of diesel generators, methods for mitigating intermittent (renew-

able) resources, matching technology options to geo-spatial population density such

as through a centralised generating system or solar home systems, and the need for

agnostic treatment of technology.

Under the Enhancing a�ordability topic, the authors discuss the role of subsidies

in o�-grid projects. In rural areas where populations are considerably poorer than

1These include: Bangladesh, China, Argentina, Tanzania, Sri Lanka, Philippines, Mexico, Costa
Rica, Chile, Honduras, Tunisia, Nicaragua, Papua New Guinea, Solomon Islands, Vanuatu, Fiji, Mar-
shall Islands, Senegal, and Bolivia
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urban areas, the authors frame the argument supporting subsidies to be given for

o�-grid projects on social-equity grounds and the need to be e�cient, targeted, and

e�ective. A range of subsidy rates have been used in World Bank projects, from 10 -

90% depending on the country, for solar home system projects.

A topic on Business models for o�-grid service promotes private operators as a

method to achieve relatively timely access in remote areas versus national utility driven

grid extension. Private operators need to be adequately incentivised, supported with

substantial technical service, and could be owned and operated through several prom-

inent models: community-based, public private partnerships in coordination with the

government, or government contracted rural service agreements which are regulated.

Several other subsections with topics continue with experience and practical guidelines.

This �rst section is a mix of generalised issues and potential options to address

them interspersed with tidbits of references from past projects. It speci�cally avoids

any hard prescription of a singleright approach, espousing design decisions on a case

by case basis { \the note does not seek to prescribe solutions for success" [8, p. 5] and

\designing sound o�-grid electri�cation is far from an exact science" [8, p. 3].

Where references are presented, these can be quite idiosyncratic: in Argentina a

franchise model for rural electri�cation works because of the country's \long experience

with concessions for concentrated electricity markets" [8, p. 15]. In the Philippines, a

contracting mechanism for PV system installations was highlighted. This arrangement

bundled commercial sales to households, businesses and public institutions with a 5-

year maintenance and repair contract with a feature of \non-exclusive opportunity to

sell SHS to households" [8, p. 16]. There is no guidance on whether this model could

or should be promoted elsewhere. Therefore, the references that are provided can

be regarded as useful anecdotes but are not generalisable when considered in future

projects.

The general guidance in this section does not formalise the relationships between

sustainability considerations and as a result leaves these vague. This is hardly practical.

Although sustainability considerations are recognised2 the e�ort to draw these together

2 For example the note says (paraphrased): \[A] range of critical decisions... a�ect sustainability.
These decisions include technology choice, ensuring a�ordability, social safeguards and environmental
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and consider how they may impact each other is absent. An example is highlighted to

discuss this issue in more detail.

In the note, guidance with respect to the preference of community-based models

is that \isolated areas are unlikely to attract private-sector interest" [8, p. 14]. It

then goes on to suggest a need for added \technical assistance in design and feasibility

studies, training, and social organization" [8, p. 14] and then cites an example from

Nicaragua which installed seven 2 kWp solar battery charging stations. The Nicara-

guan project had government investment in the initial costs with users making monthly

payments to sustain the �nances. The model proved di�cult for many users to reliably

keep up with and hence an e�ort to raise farmer incomes followed with hope that this

would translate in higher ability to pay for the systems. If one considers this speci�c

experience, the general guidance is insu�cient to capture the post-installation sustain-

ability decisions that were made. Conversely if one follows the speci�c experience,

the decision-making around further investment in regional economic development must

be better captured into the design/design expectations. Furthermore, neither angle

addresses the concurrent issues of: correct level of subsidy, the technology decision-

making, type and composition of productive and institutional applications, etcetera {

the other generalised topics.

The Design Map

The second section introduces a concise model described as an o�-grid electri�cation

project framework for sustainability. This is composed of a design map (see Figure 2.1,

adapted from: [8]) and supportive text. It identi�es necessary aspects for sustainability

for example: practical technology choice, provision of training, community involvement,

maximising productive uses. Unlike the previous section, this one is almost entirely

generalised.

Both the map and the key success factors3 provide excellent advice for any o�-

grid project. Since it is concise and relevant, it is unsurprising that the map itself

considerations, ... taking advantage of opportunities to initiate and enhance productive activities and
institutional applications... consider ways to use appropriate business models, determine necessary
regulatory actions, and explore opportunities for international co-�nancing" [8, p. 6].

3`Sustainability factors' is used interchangeably with `success factors'
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Figure 2.1: World Bank Sustainability Design Map (Re-rendered by author from: [8])

is cited most often in other texts. The elements can be classi�ed under sustainability

factors (i.e. technical, social, economic, organisational, and environmental). The design

map provides guidance for high-level decisions such as technology selection and scaling

considerations (concentrated mini-grid or distributed solution), much like in the �rst

section. Unfortunately the issues noted previously with generalised guidance are not

resolved in this section.

One challenge is that the low level of detail of the success factors prohibits them from

being applied more generally. For example, forprivate-sector participation in a project ,

the \simplest delivery mechanism or business model (or mix thereof) commensurate

with local realities should be applied" [8, p. 20]. Sensitivity of the design is needed to

respond to \capabilities of the service providers, adequately address their risks, provide

technical assistance" [8, p. 20] to list a few. All of these suggestions are clearly valid

but subject to signi�cant subjectivity should they be followed { both in terms of scope

and method.

A second challenge is that the linkages between each success factor are not de�ned.

Neither the map or text discusses the connections between, for example, practical

technology choices, maximising opportunities for productive applications, appropriate

delivery mechanisms, community awareness or consistency with the rural electri�cation

plan. The mix and emphasis of each is of critical importance to a given project's success.
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Instead they are shown as a dimensionless unit and simply relating, somehow, to a black

box representing sustainability.

Third, and related to the second challenge, is how one would handle de�ciencies

in a success factor or plausible variations of the design. It is lacking sensitivities or

some means to handle sensitivities. If projects waited to be \consistent with rural

electri�cation plans" [8, p. 19] then lack of an o�-grid component to the plan would

invalidate the majority of installed projects. Equally, if an opportunity to maximize

productive applications was not a major part of a project, does it necessitate failure?

Fourth, there is almost no intention to address sustainability success factors which

arise outside of the design stage of a project. The closest attempt is when the toolkit re-

commends long-term support for the supply of spare parts and quali�ed repair services.

However, the recommendation is primarily focused on establishing that such a service

exists as a requirement to the design stage. Provision of training is also discussed, but

again, the toolkit's recommendation is restricted to training during the design stage.

Though the document is open with its intention, project design guidance, the negligible

mention of operational issues leaves open many potential questions which could have a

critical impact on project success. Perhaps the top question would be on the guidance

as a result of a major change in the design stage expectation of projects, for example

the unexpected reduction in community involvement? One exception to this from the

�rst section is the Nicaragua case study, whichcould havebeen cited as guidance in

this project stage as it involved responding to the observed situation (low ability to

pay) with a relevant response (local economic development activities) { instead it is

unutilised.

Toolkit Conclusions

The World Bank technical note was reviewed in this section with a focus on its ability

to capture and provide guidance for o�-grid electri�cation projects. The document

contains a vast amount of guidance, with each individual item unequivocally relevant

to project sustainability. However, this critical review found several weaknesses which

limit its overall value towards project sustainability:
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ˆ Speci�c references to projects are used as anecdotes and do not stand in for

generalised guidance.

ˆ Generalised guidance is insu�ciently coordinated to be practically useful and in

some cases inconsistent with the presented speci�c references. The guidelines

avoid prescription by design instead suggest a case by case application.

ˆ A low level of detail of the success factors prohibits them from being applied more

generally. This leaves signi�cant subjectivity on how should they be followed {

both in terms of scope and method.

ˆ The linkages between each success factor are not de�ned { though the mix and

emphasis of each is of critical importance to a given project's success

ˆ Sensitivities around application of success factors leave the impact of many po-

tential variations on a design unclear. A de�ciency of even one factor has an

unknown sustainability impact.

ˆ Operational stage sustainability guidance is largely unaddressed.

With respect to project sustainability, the totality of guidance in the World Bank

Note is disappointing. Its stated purpose of avoiding hard prescriptions has dominated

its guidance and in doing so, sidestepped much of the critical detail practitioners and

researchers need for extending the results. Instead, the guidance traverses topic to

topic while o�ering pared down generalities, disconnected anecdotes, and avoidance of

sensitivities. A detailed analysis of these ambiguities and nuances is needed.

While it may be true that supporting case studies for each project has detailed ana-

lysis, the lost opportunity here is that the toolkit stopped short of fully synthesising

the results such that they were accessible by future practitioners. In the WB toolkit,

sustainability resides in a black box, with issues that a�ect project sustainability re-

cognised but only nebulously connected to the project's life-cycle. In order to learn

from past projects and systematically improve the chances of future projects, it must

be duly investigated. This thesis addresses the same black box that the World Bank

Toolkit e�ort fell short in their analysis.

How should sustainability guidance in the World Bank toolkit be viewed of in light of

this conclusion? This guidance should be carefully reviewed as there is ample room for
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interpretation. A model which does not fully �t the World Bank vision must evaluated

ad-hoc or with some other (external) expertise. At the same time, for a prospective

project which does �t the model, how will it manifest in the local context? Each topic

and item of guidance presented has wisdom, but there is a signi�cant burden for the

reader when drawing and de�ning their connections.

2.2.2 AFREA Photovoltaics for Community Service Facilities Toolkit

Another resource designed speci�cally for sustainability guidance in the establishment

of community PV projects was produced by Africa Renewable Energy Access Program

(AFREA) in association with the World Bank and ESMAP [9]. The guidance points

out that \[t]he key aim should be sustainability, which at the minimum is the reliable,

cost-e�ective operation of a system over its design lifetime" [9, p.5]. It organizes a

phased approach which includes rapid pre-assessment, implementation planning, install,

and long-term ongoing operation. The guidance provides very detailed suggestions

throughout this process based on the authors' experience in four developing countries

(Zambia, Mozambique, Philippines, and Tanzania). Although the emphasis of the

document is dedicated to community solar projects, the guidance around non-technical

and development aspects is widely relevant to other projects.

A case study in Zambia is referenced in order to describe the sustainability gaps

present. In this case it included poor choice of technology, failing to account for fu-

ture grid extension plans, procurement and implementation delays, poor standards of

system design and installation, non-transparent design process, wrongly sized systems

(both over- and under-designed), under-de�ned system ownership, no system perform-

ance tracking and supervision, user and operator skill levels with renewables, low com-

munity involvement, adverse environmental hazards left un-addressed, and instances of

theft and vandalism. The attention to potential failure points is strongly emphasised

throughout the toolkit, both with speci�c examples and generalised guidance [9, p.7].

The AFREA toolkit's guidance towards speci�c sustainability pitfalls, sustainability

focus throughout the project life-cycle, and practical focus make it an excellent refer-

ence source for project development steps. Sustainability issues are addressed during all
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Figure 2.2: AFREA Project Development Stages (Adapted by author from [9])

stages of the project life-cycle: rapid assessment, preparation, procurement, and long-

term operation of the project (see Figure 2.2). For example, during the system design

stage, the design margins (arbitrary excess sizing) discusses the reliability and cost

trade-o� of the project [9, p.25]. Long-term sustainability planning includes considera-

tions for technical operation through the establishment of maintenance contract based

on established performance metrics and non-technical issues. Non-technical issues that

are addressed include provision of training and skill maintenance, and a continued role

for community involvement in the project.

The AFREA toolkit is comprehensive and has few weaknesses from a sustainability

standpoint. However, the handling of indicators for performance monitoring provides

only limited detail for implementation. Although it states \system performance and

maintenance should be carefully recorded: : : o�er the promise of rapid responses to

problems and sound monitoring, contributing to reductions in operating costs, improved

reliability, and longer-term sustainability", the selection of indicators and relationship

between these indicators, decision-making and results are not established [9, p.50].

As a result, the relevance of the toolkit in guiding long-term sustainability rests

primarily on its design guidance. After the design of the system using the toolkit, there

is no further guidance on the operational challenges which arise. This leaves a critical

question unanswered: how does the operator respond to the performance indicators

and measure the results of subsequent changes they make?

Another weakness is lack of systematic project experiences: \there is no compre-

hensive compilation of projects with PV systems in community facilities, nor any ran-

domized testing. . . " [9, p.20]. Futhermore, the authors identify the problem of \paucity

of relevant time series data on the comparative operation of PV systems installed using

various technical and institutional approaches" [9, p.5]. This issue is related to the
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prior weakness and points to the need for attention to data management and analysis

post-design.

2.2.3 EUEI Mini-Grid Policy toolkit

The EUEI Mini-Grid Policy Toolkit [6] is a high pro�le toolkit published by a part-

nership of Renewable Energy Policy Network for the 21st Century (REN21), Alliance

for Rural Electri�cation (ARE), EU Energy Initiative (EUEI PDF), and Africa-EU Re-

newable Energy Cooperation Programme (RECP) in 2014 and covers topics around the

design, implementation, and policy frameworks of mini-grids in developing countries.

Although it is targeted towards African policy makers, it introduces many sustainab-

ility concepts for mini-grids. Policy prescriptions for design and potential scale-up of

mini-grids in Africa cannot be separated from the sustainability issues underlying them.

Sustainability issues that are discussed include: low data availability, tari� setting

that misses key elements of the cost structure, in
exible tari�s, no spare parts, general

mismanagement to plan for operations and maintenance, lack of continuation following

the donor-cycle, licensing red tape, low skills for managers, operators, technicians,

insu�cient policy and regulatory frameworks. Additionally, a series of macro-level risks

are presented including political risks4, social risks5 , economic risks6, and others [6,

p.68-70].

The EUEI toolkit summarises guidance from a selection of literature sources and

summaries of international experiences7. Areas of coverage include operational/ownership

models, overview of typical economic conditions, tari� structures, �nancial considera-

tions, overview of stakeholders (consumers types, operators/utilities, �nanciers), and

extensive policy and regulatory guidance. As the document is aimed primarily towards

African policy makers looking to scale up mini-grid roll-out, only limited attention is

paid to exploring the past sustainability issues and connecting the prescriptions to the

4Such as regime/government instability, policy changes, industrial action, taxation or import duty
changes, legal, and regulatory changes such as obtaining permits, energy regulation risk, and health
and safety.

5Risks to fauna/
ora, pollution, waste, criminality, non-acceptance
6 Including lack of �nance availability, interest rate risk, credit risk, currency risks
7See [6, p.25]. This includes Kenya, Mali, Namibia, Senegal, Tanzania, Zimbabwe, Brazil, China,

India, Nepal, and Philippines.
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Figure 2.3: EUEI Toolkit Business Model Cons (Sustainability issues), (Re-rendered
by author from [6, p.37])

symptoms, instead it favours highlighting of successful models.

The toolkit handles sustainability generally with only several explicit discussions

around particular sustainability issues. These issues are most readily framed as draw-

backs for potential business models as shown in the Figure 2.3 (Re-rendered from [6,

p.37]). Although these issues have been proposed, how they occur, nuances in their

manifestation, and how they can be addressed are not fully addressed in the document.

This critique can be repeated for the risks presented earlier [6, p.68-70]. Again the em-

phasis on supporting policy making rather than implementation or project developers

can partly explain this lack of attention.

Many of the presented sustainability issues receive only a cursory mention through-

out the supportive text. For example, the toolkit identi�es low skills (see community

model 4 in Figure 2.3) as an issue with community models [6, p.37] and o�ers the

high-level guidance that capacity building should be included in technical assistance
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and a training curricula developed [6, p.98-99]. Absent, for example, is any guidance

on levels of speci�c skills and their potential impact on project sustainability { they

simply must exist. Unlike other toolkits, there are no indicators o�ered that could be

used to measure the level of skills and connect them to other sustainability issues.

Several other examples lack su�cient depth. For example { lack of tari� 
exibility,

is addressed indirectly by presenting the tari� options which do provide 
exibility (pay

as you go, demand based tari�) [6, p.49-50]. The problem of theft and distribution

losses is solved by \involving local communities from the start" [6, p.58] and by leaving

\some decision-making power to the community through discussions (sometimes also

negotiations) on eye level between the mini-grid operator and community representat-

ives" [6, p.58].

It is explained that customer con
icts arising from a monopolistic concession for a

mini-grid occur when customers have no recourse to complaints and inherently have a

weak position due to a design of the concession [6, p.93]. Although more thoroughly

explained than other issues, it still does not have su�cient detail as to how to measure

and respond to such con
icts should they occur. Further, there is no guidance on how

it actually a�ects project sustainability should the issue be unaddressed or even occur.

Other issues, such as community acceptance and scarcity of data for technical/economic

system design, receive only light coverage. Impact, considerations, and mitigation

approaches for the risk of non-acceptance by local communities, another issue, are not

discussed.

EUEI Toolkit Conclusions

For policy makers, the EUEI toolkit takes a view that sustainability is mostly a foregone

conclusion. Although the issues and risks are acknowledged, they are not a pressing

concern. Risks and business model concerns exist but are binary in nature and the

toolkit has little guidance on handling them when they occur. Instead, the EUEI

toolkit quite clearly centres policy design as the process which ensures sustainable

projects [6, p.101-113]:

\Today's main barriers for mini-grid deployment are not related to techno-
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logy, but to economic, �nancial, regulatory aspects as well as institutional

and human capacity. Past experiences have revealed challenges with the

sustainable operation of mini-grids. However, examples from both Africa

as well as from other regions have shown that these problems can be over-

come, in particular through business driven approaches" [6, p.15].

For secondary audiences including project developers, practitioners, and researchers,

the following weaknesses limit the value of the toolkit:

ˆ Insu�cient support for handling sustainability issues outside of regulatory frame-

work development.

ˆ No measures or indicators that could be used to track project sustainability.

ˆ Unexplained de�nition of the interrelationships between issues.

ˆ Evidence base is limited and disconnected from toolkit.

ˆ Sensitivities around application of success factors leave the impact of many po-

tential variations on a design unclear. A de�ciency of even one factor has an

unknown sustainability impact.

ˆ Operational stage sustainability guidance is largely unaddressed.

2.2.4 GIZ Toolkit

GIZ's series of three handbooks published between 2014 - 2016 [86{88] constitute a

toolkit aimed at primarily solar-PV based mini-grid design development. The content

focuses on three main areas: site selection, licensing concerns, and system sizing aspects.

The toolkit's evidence base is drawn almost entirely from GIZ's experience in Kenya. In

2013, an evaluation of 14 sites was completed for projects involved in the$720 million

Scaling-Up Renewable Energy Programme (SREP) for Mini-grids [89] and funded by

the Climate Investment Fund.

At a high-level, the toolkit o�ers only implicit guidance on sustainability. By prepar-

ation of the documents and templates, following the project design recommendations,

and site selection method, sustainability is assumed to be higher. Major limitations

include identi�cation of speci�c sustainability issues, recognition of sustainability gaps
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in the sector, and use of precise metrics to capture sustainability.

The site selection section [86] concerns �ve main categories of site selection:

physical geographical location, identifying productive uses of energy, determination of

willingness/ability to pay, demand forecasting, and security issues. The site selection

methodology evaluates locations versus a total of 19 considerations organised under

the categories. The scores and weighting are not speci�c and can be revised for each

site selection. Metrics include such items asPayment for Services, Distance to Power

Sources, Payment for Servicesand others.

Although the categories and metrics are relevant to sustainability, the scoring ap-

proach is problematic { limiting reproducibility. As an example, scores onPayment for

Services can be selected from 1 (Low), 3 (Average), and 5 (High). There are no ex-

planations on exactly what the score means or guidance on relativity to other projects,

making them subjective. Further, the same metric also stands in for both ability to

pay and willingness to pay, presumably 2 sub-metrics of the overall score which again

have no guidance on how to weight these against each other. The de�nitions of metrics,

for example, ability to pay includes vague descriptions like \prevailing economic activ-

ities" and \disposable income". These methodological issues are further compounded

as there is no guidance on how to weight the high-level categorical metrics on their

sustainability relevance. The connection to sustainability of the categories is never es-

tablished despite the claim at the onset that site selection has a \heavy impact, among

other factors, on attracting both public and private investments and the overall sus-

tainability of system" [86, p.5]. Although the site selection section introduces the use

of metrics for evaluating a project's sustainability, its framework is weak in terms of

clarity, relevance to sustainability, precision, and reproducibility.

The licensing section [87] of the toolkit concerns the regulatory requirements of

a mini-grid and other institutional arrangements needed for sustainability. The sec-

tion captures learning from the process of licensing a mini-grid in the town of Talek,

Kenya. The relevant authorities that are involved in licensing, required documentation,

and outline of the procedures are described. While most of the section is of practical

importance, sustainability issues are only implied by the requirement to complete of
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speci�c documents { there is no discussion of speci�c sustainability requirements. Li-

censing requires a �nancial model, an environmental impact assessment, and \project

report by a competent engineer" [87, p.12], but these resources are not evaluated to

forecast sustainability. As a result, this section is of primary importance to the project

design stage and does not directly concern sustainability.

The sizing section [88] concerns the technical system sizing of a mini-grid. The

document covers current and aspirational demand estimation, input data needed for

a techno-economic system design software (HOMER), demand management options,

and an overview of the software tools. The practical design steps are logical and neces-

sary to the design a sustainable project, but are not su�cient. Primarily, the toolkit

guidance seeks to deepen the understanding of demand forecasting in the context{

how to arrive at an e�ective demand from a variety of data sources such as surveys,

how to incorporate willingness to pay into demand forecasting, types of system design

software, and introducing tari� options. The section makes it clear that sustainability

is at stake:\When sizing a �nanceable and long-term viable mini-grid, future growth

in the e�ective electricity demand has to be considered" [88, p.30] and \De�ning an

acceptable tari� structure for the residents of the rural community is crucial for the

�nancial viability of the project" [88, p.40].

Practical guidelines are provided for PV array sizing, battery sizing, limited in-

verter speci�cations, battery operation, and others, but the bulk of design decisions

are accomplished through a list of recommended software packages8. In combination

with the considerations of demand forecasting, tari� design, sizing rules-of-thumb, and

software resources the toolkit covers the techno-economic considerations relatively well.

This section comes closest to tying together a sustainability model, but falls short in

its treatment of other factors besides technical or economic and only minimally at-

tempts to address speci�c sustainability considerations. There is no discussion around

operational issues, development of performance indicators, or the interaction between

sustainability factors.

8 Including: Mini-grid builder, Homer Pro, and SMA Sunny Design. See Section 4.2.4 for a more
extensive discussion of how such software packages overlap sustainability considerations in the context
of o�-grid electricity access projects.
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In summary, GIZ's toolkit treats sustainability implicitly through the outlining of

steps to site, license, and design a mini-grid. While its emphasis on practical guidance

for design is apparent, the main gaps were:

ˆ Insu�cient recognition of sustainability gaps that the toolkit seeks to address.

The guidance implies that it addresses sustainability, but only indirectly.

ˆ Poorly designed indicators lack reproducibility and are applied only to project

siting.

ˆ Unexplained de�nition of the interrelationships between issues.

ˆ Evidence base is extremely limited to the Kenyan experience.

ˆ Operational stage sustainability guidance is largely unaddressed.

2.2.5 Discussion of Toolkit Gaps

In this section, four prominent toolkits were reviewed to determine how they provided

guidance towards sustainability issues for o�-grid projects in developing countries. Fig-

ure 2.4 illustrates the types gaps that were found in the scores the toolkits. Each toolkit

is scored against 7 factors and discussed further below (emphasised with bold). Overall,

the AFREA toolkit tended to have the highest scores and o�ers the strongest guidance

for project sustainability. There were notable weak points particularly around the

guidance for the use of indicators within project that could be used to generate robust

evidence.
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Figure 2.4: Comparison of Toolkit Gaps

A broad evidence base to draw from is the basis of toolkit guidance. The best

documented was the World Bank toolkit, which captured learning from many pro-

grammes globally and had supportive project documentation. However, most toolkits

tended to have evidence sourced from only a handful of country experiences. Com-

monly, the successful case studies are referenced versus those that had sustainability

challenges.

Connecting the evidence base to the guidance demonstrates that learning

from past projects is e�ectively translated into forward looking recommendations. With

the exception of the AFREA toolkit, guidance virtually ignored the evidence base and

was only implicitly connected to actual data.

Though it could be assumed thatsustainability gaps would be recognised by

the toolkits created in part to address sustainability, this was not the case. Instead

the actual sustainability issues tended to be glossed over, typically by focusing on the

positive aspects of a case study rather than providing explanation why particular guid-

ance was important. Chapter 3 �nds that sustainability issues continue to hamper
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projects, suggesting that further research is needed to be better understand the inter-

related factors. While sustainability remains in question, identi�cation of the actual

issues that are being addressed will support more purposeful learning.

Guidance tended to be more relevant to a project'sdesign stage versus opera-

tional stage amongst the toolkits. This review �nds that there was over-reliance on

the design of a project. The dependence on design produces a premise with the guid-

ance of `sustainability-by-design'. It can be granted that design decisions are critical to

sustainability and serve to create operational limitations that can made later on, espe-

cially related to technology adjustments, but equally it would be unfair to portray the

project as set in stone. With respect to operational stages guidance only the AFREA

toolkit provided detailed guidance on post-installation sustainability challenges and

decisions making support.

Measurable sustainability factors are needed to quantify the levels of project

sustainability. With the exception of the AFREA toolkit, no other toolkit speci�ed

how sustainability was measured in explicit terms. Furthermore, no toolkit discussed

how to connect the indicators to sustainability factors or tracked them throughout the

project. As a result there was no guidance on how to evaluate the sustainability of pro-

jects using indicators. This leaves the interventions or purposeful innovations taken in a

project di�cult to evaluate. In some cases, the indicators themselves are overly broad,

for example when in the EUEI toolkit, de�ning the community involvement factor,

it is never clari�ed whether community ownership of a project, community contribu-

tions, early or continued involvement by the community (etc.), or all, represent this

factor [6, p.60]. The GIZ toolkit had large gaps where critical factors, cited in other

toolkits, were hardly mentioned (community involvement, supply chain/replacement

parts, training/skills, etc.). The AFREA toolkit, which most readily addressed opera-

tional guidance, still limited this to technical maintenance { overlooking any indicators

for other sustainability issues such as load creep, theft, and vandalism [9, p.52]. Where

it had indicators, the AFREA toolkit tied these to project-centric metrics , which

are needed in order to evaluate whether a given project is sustainable.
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Figure 2.5: Proposed \Repository of Sustainability Knowledge" Toolkit Format

2.2.6 Proposed Toolkit to Improve Sustainability

In response to the weaknesses identi�ed, several enhancements are recommended for

toolkits that would improve their credibility and relevance for practitioners implement-

ing o�-grid projects in developing countries. Recommendations are summarised �rst

followed by a more in-depth discussion.

First, the evidence base from which sustainability guidance is given should be better

connected in the toolkits. Guidance based on single case studies lose relevance outside

that speci�c context { a broad evidence base is required (as per the AFREA and World

bank toolkits). Moreover, recognition is needed within the toolkit on the gaps in the

literature that might a�ect a given project's sustainability prospects. This will help

ensure design and operational decisions are not made on false assumptions and, at the

same time, point to areas where more learning is needed.

Second, de�ning sustainability factors (and sub-factors) should include measurable

scales. Without this, sustainability becomes subjective, di�cult to track and to estab-

lish learning. All the toolkits agree in the importance of measurement of sustainability

factors, but the guidance is inconsistent. Building on the AFREA toolkit for example,

one sustainability issue identi�ed is \Misuse, poor maintenance. . . " [9, p.7] and a main-
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