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Abstract

Solar Home Systems (SHSs) have revolutionised electricity access for offgrid communi-
ties, but have a number of significant limitations. They have limited demand diversity,
produce excess energy and lack a clear pathway to scale alongside growing energy de-
mand.

Electrical interconnection of existing installed SHSs to create minigrids could offer
a way to both scale up energy demand and make use of wasted energy. This bottom-up
approach has the potential to be flexible to the changing needs of communities, by using
SHSs as a starting point for wider electrification, rather than the end goal. Despite
this potential, little analytical work has been undertaken to model SHS interconnection,
particularly accounting for demand diversity and long term system performance.

This thesis presents a time sequential stochastic model of interconnected SHSs, to
investigate these systems under multi year operational timescales at high temporal res-
olution. It is shown for case study systems based on real SHS topologies that there
exists significant demand diversity, with small clusters of 20 houses with identical ap-
pliances exhibiting an average peak demand of less than 70% of the combined worst
case peak for individual SHSs. Excess generated energy is shown to be an average of
100 Wh a day for the smaller system types and 1000Wh a day for larger systems.

Interconnection of these systems demonstrates a significant reductions in LCOE
for all system types compared to islanded operation, through more optimal dispatch
of battery storage assets and use of excess energy. This resulted in a final LCOE of
$0.63/kWh for a network of 12 large SHSs - a reduction of 48.12% compared to islanded
operation and an LCOE $0.703/kWh for a network of 12 small SHSs - a reduction of

55.23% compared to islanded operation. This informed an investigation of possible
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Chapter 0. Abstract

operational business models for a network of SHSs, with three approaches proposed -
an Energy System Operator with direct control over all users systems, an Aggregator
model, where the system operator facilitates an energy market and a Peer to Peer model
with direct consumer to consumer energy trading.

This thesis provides a robust evidence base for SHS interconnection - demonstrating
that the approach can lower cost of energy and facilitate demand growth for offgrid
energy consumers and proposes appropriate business models to deliver this affordable

and clean energy.
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Chapter 1

Introduction

This thesis reports on the investigation into the limitations of one solution to providing
rural electricity access - the Solar Home System (SHS). They have limited demand
diversity, produce excess energy and lack a clear pathway to scale alongside growing
energy demand. The thesis proposes electrical interconnection of these systems to form
minigrids of distributed SHSs as one possible solution to these limitations and presents
an analytical framework to explore the bene ts to cost of energy and wider societal
bene ts of SHS interconnection.

Electricity access is undeniably vital to human development. The 8th United Na-

tions secretary general Ban Ki-moon famously referred to energy as [18]:

\The golden thread that connects economic growth, social equity, and en-

vironmental sustainability."
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Figure 1.1: The 17 United Nations Sustainable Development Goals [1]

This importance is re ected in the United Nations Sustainable Development Goals,
shown in gure 1.1. Goal 7 is \A ordable and Clean Energy" and one of the four

targets against which goal 7 is measured states:

\7.1 By 2030, ensure universal access to a ordable, reliable and modern

energy services"

Since both the inception of the UNSDGs and the start of this PhD in 2015, signif-
icant progress has been made to achieve target 7.1. More than two hundred million
people previously lacking electricity were connected between 2015 and 2017 [19], with
distributed solar minigrids and Solar Home Systems making connection of even the
most remote communities possible, where previously the extension of a national grid
could have taken decades [20].

However, this gure does not capture the full story. Access to electricity does not
always represent the same service. The cost, quality and scalability can vary greatly.
The ends of this golden thread are frayed.

Progress towards goal 7.1 is contingent on the de nition of \a ordable, reliable and
modern energy services" used. Connection to a 50 Wp Solar Home System is certainly

more a ordable in most cases than the alternative of burning kerosene or buying dry

3
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cell batteries to power a torch. The energy provided is reliable, within the limitations of
using no more than 4 LED lights and a few hours of TV and phone charging a day. The
services are based on \modern" technology. Yet this service is clearly not equivalent to
the national grid connection enjoyed by those in more economically developed countries.
Comparing these solutions only to the existing \traditional” fuels is disingenuous.

The bills paid by consumers using one of these o grid energy solutions can be 20
times greater per kWh than those connected to a national grid [20]. The magnitude of
the energy they can draw is much lower, prohibiting most productive, industrial and

income generating end uses of energy.

Figure 1.2: ESMAP Multi-Tier Framework for Measuring Energy Access from [2]

The human development bene ts of electricity access are not only dependent on
having access to any amount of electricity. The bene ts scale with magnitude and
cost. The World Bank established an energy tier framework, shown in gure 2.7, as
an attempt to de ne diering levels of electricity access. These tiers o er a more
comprehensive framework, moving beyond a simple, binary measure of have and have
not, but are not currently considered as a key part of the process of electricity access
planning. This process predominantly focuses on this short term target of providing
universal access for the lowest cost, without consideration of the tier of energy being
provided or the long term impact of selected solutions.

The appeal of the UNSDGs is that they o er a comprehensive, high level and
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simple targets. But if the goal of universal electricity access under its current de nition
is pursued without considering the long term rami cations, the end result could be a
more strati ed and unequal global society, where everyone technically has \access" to
electricity. It is easy to envisage a world where target 7.1 has been met, but the bene ts
are disproportionately allocated to those in urban locations and more economically
developed countries.

So what can be done to address this fundamental challenge? How can planning
approaches be adapted to consider a more nuanced view of electricity access? Given
that the prevailing drivers seem unlikely to change quickly, how can o grid distributed
resources be upgraded over time to provide higher tier energy access? What role can
technological innovation play in this process?

These are the key questions this thesis aims to address.

1.1 Research Scope

The core research question of this work is: "Can connecting together existing small
o grid energy systems to create minigrids o er improved performance and value over
standalone systems?"

This thesis will consider how the following factors impact the Levelized Cost of

Energy of a system, with a focus on the operational impacts on:

Demand and generation diversity between di erent clusters of real world system

types.

Dispatch approaches for generation and storage assets.
Battery lifetime and replacement
Business models for operating this novel system type

Increased use of energy both domestically and in exible productive uses

A range of factors are considered outside the scope of this work, but their impact

are investigated in discussions and highlighted in further work:

5
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Capital costs of installing and connecting communities low voltage DC networks
The impacts of distance between properties on losses,
Voltage and power ow simulations

Detailed technical examination of controller design and control schemes

1.2 Existing Solutions for Electricity Access

In order to understand the current and future trends in electricity access, we must rst
investigate the di erent methods for providing electricity access. These can roughly
be divided into three: grid extension, community scale o grid electri cation using

minigrids and household scale o grid electri cation via Solar Home Systems.

1.2.1 Grid extension

In traditional, modern power systems, infrastructure deployment occurs from a top-
down perspective, with centralized generation, large scale transmission assets and dis-
tribution networks providing electricity to domestic consumers and businesses.

This approach bene ts from the economies of scale o ered by large generation assets
and both temporal and geographical diversity in generation and demand but requires
a signi cant capital investment and is time intensive, with many locations in under
served countries unlikely to be connected to a national grid in the next 10 years. In
addition, many national energy systems are highly unreliable, with regular planned
and unplanned blackout [21]. Connection costs can be in the $100s or $1000s [22] for
domestic customers, prohibiting connection of even some communities close to existing
grid infrastructure, but unable to meet these costs of connection. The result for rural
o grid communities is uncertainty regarding whether the national grid will ever expand
to meet them and whether they will be able to a ord to connect if it ever does arrive.

The proliferation of distributed generation assets such as solar PV at the distri-
bution level and increasingly storage technology, is beginning to disrupt this approach

in many countries [23]. However, in developing countries this presents unique chal-
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lenges and opportunities in the deployment of solar PV, both on and o grid, which
will require innovative new approaches to electri cation planning strategies to ensure

appropriate coordination of bottom-up and top-down approaches.

1.2.2 O grid Electri cation

O grid energy systems are islanded energy systems not connected to a national scale
grid [24]. This enables quick deployment to those in remote and rural locations that
the national grid has not reached or where the service provided is highly unreliable.

The system types investigated in the work are divided into two main categories,
Solar Home Systems and minigrids. Both systems comprise generation and storage,
which is designed to meet a predicted user load in the most cost e ective and reliable
manner for both the system developer and the end user.

On the smallest end of the scale is the Solar Home System. These systems comprise
a solar panel, typically between 10-100 Wp, a battery between 10-100 Wh, a charge
controller and a range of DC loads [25]. These loads include high e ciency LED
lighting, phone charging, and often TVs, radios and productive appliances such as hair
clippers.

As the batteries, panels and most loads operate at DC, the system is designed to
operate natively at DC. This o ers signi cant e ciency bene ts, due to the removal of
the requirement for inverters to convert from AC to DC for many of the loads on the
system. These systems can be deployed quickly, with relatively low upfront investment
in even very remote locations, but provide only 'basic' tier 1-2 electricity access [26],
often limited to only basic lighting and phone charging.

Minigrids represent a middle ground between SHSs and national grid infrastructure.
They can range from 1 kW to multi MW systems and can serve a range of demands,
from domestic lighting and phone charging to healthcare centres, schools and larger
productive and industrial applications [27]. Minigrids are most suitable in locations
with a high population density where the economies of scale associated with centralised
generation and the bene ts of demand diversity can best be realised.

The limitations of a microgrid is the increased cost of energy when compared to the
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economies of scale possible by connection to a national grid and signi cant planning un-
certainty, particularly in relation to planning reinforcements to accommodate demand
growth [28]. In addition, there are many unaddressed challenges surrounding appropri-
ate and sustainable business models, as well as system operation and maintenance in

areas often with limited skills capacity [29].

1.3 Summary of Motivation

The sections above form the key motivation for the work described in this thesis. To

summarise;

Access to electricity can be shown to have a strong correlation with and impact

on multidimensional poverty indicators.

Improving electricity access can form part of an enabling environment to improve
the lives of many people, particularly those in remote and rural areas of develop-
ing countries, and help to address the stated aims of the UNSDGs to achieve a

sustainable, equal and a ordable energy for all.

Signi cant progress has been made in the past 20 years to address the lack of
access, both through large scale infrastructure projects such as expanding national
grids and increasingly through decentralised solutions such as minigrids and Solar
Home Systems. O grid energy systems can quickly and cost e ectively meet the
initial lifeline needs of communities, but are usually designed as one size ts all

solutions, lacking plausible paths to upgrade.

The access to electricity provided by these interventions can range in cost, quality

and reliability. This can mitigate much of the bene t.

There is little consideration surrounding how to upgrade these systems as the
needs of communities change over time, other than upgrading systems on an

ad-hoc basis.



Chapter 1. Introduction

Therefore this work presents evidence of SHS interconnection as an appropriate
solution to this problem, which takes a long term view of planning and results in

systems that:

Are cost-e ective for developer and consumer
Can exibly accommodate growth in household demand

Connect more customers to a reliable energy supply

1.4 Bottom-Up Electri cation

This thesis presents the results of investigation into an alternative methodology for
planning, upgrading and improving the provision of electricity access for o grid sys-
tems in areas with more than one SHS or minigrid in close proximity. This is achieved
by electrically interconnecting islanded systems using low voltage DC networks, to
build larger interconnected systems. This approach is referred to as swarm electri -
cation, bottom up electri cation or system interconnection respectively in the existing
literature [26], which is investigated in more depth in chapter three.

This interconnection can take place at a number of scales, from interconnection
of SHSs in villages to form community minigrid, to larger scale interconnection of
multiple minigrids over larger distances. Figure 1.3 shows the potential progression
of a set of systems, beginning with isolated SHSs which are then interconnected to
from a distributed microgrid, utilising the excess generation of each system and the
created demand diversity to o er an improved service to each customer. Additional
centralised generation and storage can then be added, in line with the changing demands
of the community. After this, a number of proximate microgrids can be interconnected,
further increasing the demand and in some cases generation diversity and allowing

coordinated dispatch of assets.
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Figure 1.3: The process of bottom-up electri cation

This approach o ers a number of potential bene ts, each of which will be explored

further in this thesis:

Connecting a larger number of energy users can increase diversity of demand,
smooth peak demand and atten demand pro les. This is particularly impactful

in cases where systems with diverse demands are connected but bene t can also
be demonstrated for systems with identical loads and behaviour patterns due to

the stochastic behaviour of users.

Unlock unutilised energy in oversized systems such as large SHSs commonly de-

ployed in East Africa, which can waste more than 50% of generated energy [30].

Smart utilisation of assets can optimise dispatch of shared generation and storage

to mitigate the variability of renewable sources and increase system reliability.

Reduced cost of energy due to more optimal dispatch of both battery storage and

diesel generators to minimise utilisation.

10
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Allow more cost e ective future investment in centralised or shared generation
and storage assets that can be utilised by all interconnected systems, rather than

needing to upgrade each system separately, as is the case currently for SHSs

Facilitate a more incremental approach to investment in rural electri cation,
aligned with and driven by evolving community needs. SHSs or other small
systems can be deployed quickly to meet the urgent human development needs
of communities with the intention of interconnection as an optional upgrade at a

time matching the changing needs and ability to pay of communities.

Less speculative investment is required upfront, reducing investor risk, as addi-
tional capital can be invested into communities with proven ability and willingness
to pay and demonstrated growth in energy demand. This can be key to engaging

the private sector in such projects and to meeting the targets of SDG 7.

Allow new and innovative business models such as peer to peer energy markets
o er the possibility of increased energy literacy and engagement with production,

as well as possibilities for increased community cohesion.

The literature detailing existing work on interconnection of o grid energy systems
is explored in greater detail in chapter 4. Work on bottom-up or swarm electri cation
covers technical discussion and simulation of systems on an operational timescale of
minutes to days and covers detailed technical analysis of how to connect systems.
There is a signi cant gap in o ering a methodology to allow the long term perfor-
mance of system interconnection to be assessed quantitatively against a range of metrics
informed by the Multi Tier Framework. This methodology can facilitate comparison

with traditional reinforcement in a range of situations and inform planning.

1.5 Thesis Overview

This thesis considers how to asses the viability of upgrading o grid energy systems via

the novel approach of electrical interconnection of islanded systems.

11
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Chapter two outlines the importance of electricity access to human development

and establishes and compares current approaches to providing electricity access.

Chapter three explores how electricity access is planned, elaborating on the dif-
ference between bottom-up and top-down approaches to planning before investi-

gating the most prevalent planning methodologies and tools and their limitations.

Chapter four introduces the concept of bottom-up electri cation and lays out the
theoretical framework motivating its investigation, with reference to the shortfalls
in exiting approaches presented in chapter three. Existing work in this area is
reviewed and examined, with the aim of clearly identifying academically valuable,
novelty and relevant gaps in literature and locating the contributions of this work

within that context.

Chapter ve outlines a proposed stochastic methodology utilizing Time Sequential

Monte Carlo Simulation for quantifying the impact and uncertainty associated

with interconnection of islanded o grid energy systems. The requirements of the
methodology are rst explored and a number of potential approaches suggested.
The selected methodology and attendant model is then further detailed, with each
modular component of the system described and validated with relevant results.
These modules are then combined into a full model, which can be applied to
evaluate interconnection of o grid energy systems of all sizes on a number of

metrics.

Chapter six applies the developed methodology to SHSs in order to investigate
the limitations of these systems and the potential merits of interconnection. It
is established that under the expected demand growth of 8% per year set out
in widely used planning methodologies, SHSs become unsuitable in less than
10 years without signi cant retro tting. It is also shown that SHS generate
excess energy which could be utilised by interconnection. It is then established
that battery replacement is a dominant cost for SHSs and that more optimal
battery management and dispatch in an interconnected network could lead to

lower LCOE. Finally it is shown that signi cant diversity of demand is present

12
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in aggregated clusters of SHSs. All of these factors form the motivation for the

investigation of interconnection in chapter seven.

Chapter seven then applies the model and methodology to the interconnection of
microgrids. First the more complex question of dispatch in systems with multiple
forms of generation is addressed then a number of indicative case studies explore
the impact of di erent numbers of interconnected systems and battery dispatch

approaches on LCOE

Chapter eight discusses the wider context of the ndings in chapters six and
seven, delving into the possible business, ownership and operational models for
interconnected system, market operation, policy and planning implications and

recommendations.

Chapter nine concludes the work, summarising the key results and ndings and

presents potential further topics for investigation.

1.6 Key Contributions
The key contributions of this work are:

Literature based exploration of the limitations of SHSs in delivering modern en-

ergy services and SHS interconnection as a route to address these issues.

Development of a novel, time sequential Monte Carlo simulation methodology to
investigate questions of demand and generation diversity of SHSs and the impacts

of SHS interconnection in a stochastic manner.

Application of this methodology to a range of di erent case-study SHSs - demon-
strating the presence of demand diversity, excess energy generation and the life-

time limitations of the systems due to battery degradation.

Modelling of interconnected SHSs under a range of system dispatch regimes,

demonstrating signi cant potential to extend battery lifetime and reduce LCOE

13
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Investigation of operational business models for interconnected SHSs, informed

by both simulation results and literature.

1.7 Publications

1.7.1 Papers and Reports

Soltowski, B., Bowes, J., Strachan, S., & Anaya-Lara, O. (2018, June). A
simulation-based evaluation of the bene ts and barriers to interconnected solar
home systems in East Africa. In 2018 IEEE PES/IAS PowerAfrica (pp. 491-496).
IEEE.

Bowes, J., Booth, C., & Strachan, S. (2017, August). System interconnection as a
path to bottom up electri cation. In 2017 52nd International Universities Power

Engineering Conference (UPEC) (pp. 1-5). IEEE.

Bowes, J. Pay-As-You-Go and Mobile Money Services for O Grid Solar PV
in Malawi Status, Barriers and Opportunities A Working Paper produced by
the University of Strathclyde through the Scottish Government funded SOGERV
project October 2018, https://strathclydee4d. les.wordpress.com/2018/11/malawi-
payg-report- nal.pdf

Davies, Kathleen, Alfred Alsop, and Jonathan Bowes. "Poverty Mapping in Sub
Saharan Africa Using Night Time Light Pollution Data.", in IEEE Global Hu-
manitarian Technologies Conference 2020

1.7.2 Conference Posters and Presentations
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1.7.3 Awards and Prizes
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Chapter 2

A Review of Existing Approaches

to Providing Electricity Access

2.1 Introduction

This chapter establishes the landscape of electricity access, presenting its contribution
to human development and the prevailing solutions used to provide electricity.

Section 2.2 presents the empirical evidence linking electricity access and positive hu-
man development outcomes, the scale of the challenge of achieving universal electricity
access and current trends and progress in the area.

Section 2.3 addresses the issue of overlapping de nitions used to describe di erent
ways of providing electricity access. The terms minigrid, microgrid and nanogrid are
often used interchangeably but for the purposes of this work, unambiguous de nitions
are established.

Section 2.4 presents the most common forms of electricity access provision: macro-
grids, microgrids and Solar Home Systems (SHSs). The relative strengths and weak-
nesses of each are explored.

Finally section 2.5 contrasts the approaches presented in section 2.4, leading onto a
deeper discussion of how the decision making process of electricity access planning in

chapter 3.
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2.2 Energy Access

840 million people (11% of global population) lack access to electricity as of the most
recent available statistics in 2017 [19]. A further 2.4 billion live with connections deemed

unreliable or un t for purpose [5].

Figure 2.1: The 17 United Nations Sustainable Development Goals

Low cost and reliable energy is considered vital to human development. The United
Nations Sustainable Development Goals [1] (UNSDGSs) highlight electricity access as
one of their 17 high level global goals (number 7), with a sub target of achieving
universal electricity access by 2030.

Electricity access transcends goal 7 to form a vital enabling environment for progress
on a number of other goals. Clean, a ordable and reliable energy can facilitate a wide
range of life changing technologies: medical devices and vaccine cold chains; education
through internet access and lighting to study; improved agricultural yields through
water pumping and agrotech. Enumerable other synergies link electricity to each of the

other UNSDGs [31].
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Figure 2.2: Electricity access vs HDI [3]
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Figure 2.3: Primary nal energy usage vs HDI [4]

2.2.1 Energy and Human Development

A strong correlation can be demonstrated between Human Development Index (HDI)
[32], a compound measure of poverty comprising health outcomes, GDP per capita and
educational attainment and access to electricity, shown in Figure 2.2 [3].

It is generally accepted that a two way causal link exists between these two factors,
with electricity facilitating improvements in HDI and a greater likelihood of more de-
veloped nations (with higher HDI) having a higher incidence of grid connection [33]. To
put it simply, the more energy people have access to and use, the higher their quality
of life becomes and as their quality of life improves, the more energy they require.

Correlation can also be demonstrated between HDI and primary energy consump-
tion, shown in Figure 2.3. This implies a coupling of energy use and development
outcomes, although this trend encompasses all primary energy use, not just electricity.

As with electricity access, the correlation between primary energy use and HDI does
not directly imply a causal link. This aligns directly with the coupling of energy use and
economic output traditionally seen in manufacturing led economies [34], although this

direct link between GDP and energy intensity is observed less in "transition economies"
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moving to more service led models of economic value [35].

Both the proportion of electricity connection and primary energy use per capita
have a demonstrable correlation with HDI and accepted mechanisms exist to explain
this correlation [36]. Therefore, to improve human development and achieve the aims
of a prosperous, sustainable and equal planet, the provision of electricity access must
be considered in more detail, both in terms of connection rate and magnitude of energy
provided.

To understand the mechanisms of impact for electricity access in more detall, it is
useful to investigate the impact at national and sub-national levels. [37] investigates
the relationship between HDI and electricity access in 50 countries between 1990 and
2009 and shows a bidirectional causality between the two metrics over the long run and
recommends that electricity provision should be a focus of public service provision in
order to improve human development. [38] show that the potential for economic devel-
opment within a community is directly enabled by not only the provision of electricity

access, but its reliability and cost.
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2.2.2 Progress Towards Universal Electricity Access

Figure 2.4: Global electricity access trends. Data from [5]

Figure 2.4 shows the trend of access as a percentage of population since 1993. Globally,
access to electricity has been increasing systematically since recording began in the
early 1990's [5], shown in Figure 2.4. Even since the beginning of the work presented
within this PhD, the proportion of people lacking access has shifted from 14% to 10%
representing a reduction in absolute terms of more than two hundred million people.

A large proportion of these gains to date can be attributed to top down initia-
tives expanding national grid infrastructure undertaken by the World Banks, National
Governments and other international bodies [39]. These initiatives tend to dispropor-
tionately target those in urban areas, in densely populated areas close to existing grid
infrastructure. As a result, 97% of urban population globally have electricity access, in
contrast to only 78.6% for rural populations.

In addition, the bulk of those lacking access are located in developing countries in
the global south shown in Figure 2.6, creating a signi cant global inequality in access

to electricity and the human development gains enabled by reliable and cost e ective
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energy access. Increasingly, o grid solutions are providing access for more remote and

rural communities and this thesis will focus on this technology vector.

Figure 2.5: The rural/urban split in electricity access [6]
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Figure 2.6: Map of world trends in access to electricity [7]

Despite this inequality, the trend represents signi cant progress towards achieving
universal electri cation. However, current projections show that the UN's "leave no-
one behind" objective will fall short, with 650 million people remaining without access

to electricity by 2030 [19]. 90% of these people will be located in Sub-Saharan Africa.

2.2.3 The Binary Electricity Access Measures

Most measures of electricity access rates are based on a binary measure of \electricity
access" [5], considering populations with a connection as the basis for calculating elec-
tri cation rates. It is this measure that results in the often quoted gure of 840 million

people without electricity access, but it does not tell the whole story. This approach in
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gathering gures made sense under the assumption that all connections at equal, made

to a reliable national grid, but fails for two reasons:

Many national grids are unreliable, expensive to use or connect to and un't for

larger industrial applications [40].

A signi cant portion of new connections are not being made to national grids,
but instead to minigrid and SHSs o ering a range of costs, reliability, power and

energy limitations depending on system design and context [26].

There remains signi cant doubt that electricity access as a binary measure, without
consideration of quality, reliability, cost and a range of other factors have a meaningful
impact on multi-criteria poverty indicators [41].

Some attempt to formalise a more nuanced approach to measuring the quality of
energy access has been made in the \ESMAP Multi-Tier Framework for Measuring
Energy Access", which acknowledges the importance of considering \the reliability and
quality of the energy being accessed" [2].

Figure 2.7 shows the "ESMAP Energy Tier Framework" for household energy estab-
lished in Beyond Connections: Energy Access Rede ned [2] which attempts to de ne
6 tiers covering a range of quality of service assessed against a range of key metrics.
The report also outlines similar frameworks for clean cooking technology and produc-
tive uses of energy, allowing di ering solutions to be compared not just on their ability
to provide a binary measure of "electricity access” but also the magnitude, quality,

a ordability and other metrics vital for human development.

Instead of viewing energy access as this binary measure, it should be acknowledged

that there are actually "degrees' of access available, depending on the type of system

end users have access to.
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Figure 2.7: ESMAP Multi-Tier Framework for Measuring Energy Access [2]

2.3 Nomenclature and De nitions

De nitions of o grid energy systems vary greatly and terms such as minigrid, microgrid
and nanogrid are often used interchangeably in di erent contexts across literature and
practice.

The usage of the pre xes nhano, mini and micro imply the size of the system de nes
it, but no clear and constant delineation exists. Systems many orders of magnitude
di erent in energy consumption can be referred to by the same name.

The technical, social and economic challenges faced by di erent systems depend
more on the presence or absence of a distribution network or connection to a national
scale grid and these factors will be used to delineate the di erent system types inves-
tigated in this work.

This section contains a short discussion of each term, based on the available litera-
ture and use in practice and establishes consistent, distinct and clear de nitions. Each
approach to providing electricity access will then be discussed and compared in more

detail in section 2.4 below.
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2.3.1 National Grid or Macrogrid

A national grid or macrogrid is a country scale system for the provision of electricity
consisting of a transmission network, distribution network and large-scale centralised
generation, although smaller scale distributed generation has become integrated with
national grids with the growth of renewable technology. The key factor di erentiating
a macrogrid from a minigrid is scale, optionally de ned by the voltage level of network

infrastructure or peak power demand.

2.3.2 Minigrids and Microgrids

Sources of di erentiation between the two system types could include voltage level,
geographic size, number of customers, capacity to connect to a national grid, installed
generation and storage capacity, but there is no established standard de nition of a
minigrid or microgrid nor the di erence between them.

For the purpose of this work, the following de nitions will be used, taken from
established sources. A microgrid is de ned by the US Department of Energy (DOE)
as [42]:

A group of interconnected loads and distributed energy resources within
clearly de ned electrical boundaries that acts as a single controllable entity
with respect to the grid. A microgrid can connect and disconnect from the

grid to enable it to operate in both grid-connected or island mode.
And a minigrid is de ned by the European Union Energy Initiative [29] as:

A small-scale electricity generation (10 kW to 10MW) which serves a limited
number of consumers via a distribution grid that can operate in isolation

from national electricity transmission networks.

These de nitions classify both microgrids and minigrids as consisting of generations,
distribution and loads, with the option for storage. The key di erence is the presence in

a microgrid of a connection to a larger macrogrid, allowing a net ow of power between
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the two systems. An always islanded system with no connection to a macrogrid is

termed a minigrid.

2.3.3 Nanogrid

A nanogrid can be considered as analogous to the minigrid but serving only a single
location or household without a distribution network. A nanogrid is therefore comprised

of generation, loads and optionally electrical storage [43].

2.3.4 Solar Home Systems

A Solar Home System (SHS) is a nanogrid comprising solar photo voltaic panels as
its only form of generation, battery storage and loads serving a single household or

demand such as a shop or small business [44].

2.3.5 Pico Solar Product

Pico solar devices are currently the most prevalent and smallest o grid energy solu-
tion. They consist of a small lamp, solar panel and battery all integrated into a single

enclosure [45].

2.4 Types of Electricity Access Provision

In order to investigate innovative approaches to electricity access planning, it is rst
necessary to understand the existing approaches, how, why and where they are used
and their relative strengths and weaknesses. EXxisting provision of electricity access is
driven by this binary measure, but a more multidimensional view of electricity access,
acknowledging quality of connection will be taken in this comparison

The ve most commonly utilised approaches to meet energy needs are: Traditional
energy sources such as combustible fuels; connection to a macrogrid; connection to a
minigrid; Solar Home Systems and pico-solar products. We will take nuanced view of
their relative place within existing electricity access planning while establishing their

limitations.
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2.4.1 Energy Use in Non-Electri ed Communities

Regardless of the provision of electricity access, every human has energy needs that
contribute to their wellbeing. These include cooking to make the nutrients in food
more easily available to the human body, consuming the food, warmth, lighting and
increasingly the ability to charge phones and other electronic devices deemed integral
to a happy and productive existence.

Globally, it is estimated that 643 million people without access to electricity are
covered by mobile networks [8]. This represents more than half of those without elec-
tricity access. A higher proportion of the global population now having access to Global

System for Mobile Communications (GSM) signal than electricity, as shown in 2.8.

Figure 2.8: Percentage of global population with access to a range of technologies
(from [8])

This means that these consumers are charging phones by other means, either paying
those in shops or houses with electricity access of some form or using dry cell batteries
[46]. Both of these options present signi cant economic cost and dry cell batteries
represent a signi cant environmental challenge for safe processing and disposal.

Lighting services can be provided by torches powered by the same dry cell batteries
or by lamps burning fuels such as Kerosene [47]. Indoor air pollution results in 4 million
preventable deaths a year [48]. Alongside cooking, pollution from kerosene lamps is a

signi cant contributor [49] to this pollution and also present safety concerns due to re
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risk [50].

[51] shows the use of dierent o grid sources for lighting on non-grid connected
communities in 2016, clearly showing the range of energy services utilised across East
Africa. LED lamps powered with dry cell batteries are widely utilised in the sample,
with between 27% and 100% of respondents in 6 sample countries reporting their use.

[9] also examines energy use in pre-electri ed communities and shows the trend in
falling use of kerosene and the increase in use of dry cell batteries, showing that even

in non-electri ed communities the vectors for lighting are rapidly shifting.

Figure 2.9: Trends in non-electri ed communities energy services for lighting from [9]

We should also consider cooking, the largest energy demand for most o grid con-
sumers. 3 billion people globally still cook with solid fuels. This requires either buying
or collecting fuels such as charcoal or wood, requiring money, time or both [52].

eCook or battery assisted electric cooking is an area of increasing interest, seeking to
utilise the historic fall in battery and solar PV module prices and high e ciency electric
cooking devices like pressure cookers to shift this solid fuel demand to electricity [53].

As we can see, even communities classi ed as without electricity access have a range
of energy services they use every day. A lack of consideration of the existing energy use
and the connected culture, behaviours and economics is one of key ways the common
idea of electricity access as a binary measure breaks down.

Many of those classi ed to be without access to electricity do have access, albeit in

an inconvenient or expensive manner, and many of those classi ed as having access to
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electricity rely on traditional solid fuels as the source of energy for signi cant propor-
tions of their primary energy use, such as cooking or portable lighting. This exempli es
the importance of moving beyond a binary when considering electricity access and aim-
ing to understand the speci c contexts and needs of communities and individuals and
motivate the need to consider incremental bottom-up energy infrastructure to support

changing needs of communities.

2.4.2 Grid Extension

A macrogrid, as de ned above, has three key components: generation, transmission

and distribution, shown in gure 2.10.

Figure 2.10: Traditional macrogrid topology [10]

Generation is based on utilisation of large, centralised generation usually in the form
of large power plant, such as hydro or fossil fuel combustion [54], although distributed
renewable generation is becoming increasingly prevalent, presenting new barriers and
opportunities explored in section 2.4.2 on smart grids.

High voltage lines, referred to as transmission move bulk power over large distances,
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from the locations of generation to consumers. The voltage levels of these networks
vary around the world, but range from 100 kV to more than 400 kV.

Due to a high level of reliance on these networks, they are generally secured to N-
1 [55] security levels in developed countries, meaning that any single line can fail and the
system can still operate a maximum capacity. This option signi cantly improves system
reliability, but in developing countries the additional cost of ensuring N-1 security is
often prohibitive [56].

Lower voltage distribution networks connect houses, businesses and industry. In
the UK the voltage levels of distribution networks vary from 132kV to 230V.

In most countries there is signi cantly more km of distribution network than trans-
mission, as these networks must reach each consumer. For example in the UK there in
20,000km of transmission networks and 2,000,000 km of distribution These networks
tend not to be secured to n-1 due to the the relatively lower impact (in terms of cus-
tomer minutes lost and interruptions) caused by the loss of one line in the event of a
system fault.

In most developing countries, existing grid infrastructure is concentrated around
densely populated urban areas, with rural locations under served, leading to the ur-
ban/rural split in access outlined in 2.5.

For the purpose of this work we de ne grid extension as:

\The construction of transmission networks and/or distribution networks

and additional generation (and other ancillary assets) and its connection to
an existing national scale grid in order to connect new users or generation
capacity. This may require reinforcement of existing network sections to

accommodate increased power ows and/or improve reliability.
The advantages of this approach are signi cant:
Macrogrids are capable of providing tier 5 energy to consumers.

Macrogrids generally provide the cheapest cost of installed generation and Lev-
elized Cost of Energy in most situations where they are installed, due to economies

of scale [7].

31



Chapter 2. A Review of Existing Approaches to Providing Electricity Access

Energy is often subsidised by government, particularly in the form of common
"lifeline" tari s, where an amount of energy can be consumed each month at
a reduced rate [57] [58], providing a signi cant social benet for the poorest

consumers [57].

The large geographical coverage of macrogrids can allow more optimal placement
of renewable energy resources, dependent on locational wind speeds or solar in-
solation. This can also result in increased diversity of generation and demand,

helping to mitigate the variability of renewable generation.
More diverse and numerous customer base can result in greater demand diversity.

Grid extension is the most established method of electricity access provision, with
many decades of operation experience globally and established business models,

market mechanisms and ownership models.

Ability to support large demands such as heavy industrial applications of energy,

both in terms of available power and cost of energy.
Despite this, grid extension can have a number of disadvantages:

The process of extending a grid is capital intensive. It was estimated in 2015
that the total cost of providing electricity access for 100,000 people utilising grid

extension would cost $150,000,000 [59].

Planning and deploying grid infrastructure can take signi cant time, in some
cases many decades. In the context of grid extension aiming to provide universal
electricity access, the length of time taken by a solution is an important metric, as
it will result in people being without the established human development bene ts
of electricity access. This particularly impacts on those in the most remote areas,

who's needs will be met last by grid extension, potentially exacerbating inequality.

Uncertainty about grid extension plans can result in investors and governments

being unwilling to provide interim solutions, such as minigrids due to fear of lost
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investment and stranded assets in the case of eventual grid extension making a

microgrid redundant [60].

In less densely populated areas, more geographically dispersed populations re-
sult in greater cost for distribution network infrastructure per household, as the
network must be longer. In locations far from existing grid infrastructure, grid

extension cost is more expensive, as the network must cover more distance.

The combination of these two points are one of the key reasons for the often
observed rural/urban split in electricity access % in developing countries [61], [62].
The cost of deploying networks in urban centres with dense populations means
that the most cost e ective approach to providing electricity access and increasing
the gures of population % access to electricity with grid extension is to focus on
urban and peri-urban locations. This is also exacerbated by the “inability to pay'

of rural communities.

Grid connection costs are often high. In many locations, consumers must pay a
fee to get their house connected to the national electricity grid. These costs can
often be signi cant [12] and un-a ordable for many communities. This can lead
to the phenomenon of so-called \under the grid" communities, people who live
close to a national grid infrastructure but are unable to connect due to prohibitive

connection costs.

Macrogrids traditionally utilise thermal generation based on fossil fuels as a key
component of their generation mix, emitting CO2 resulting in the electricity and
heating sector being responsible for 25% of global emissions attributed to anthro-
pogenic climate change [63]. Although there is a shift away from this in many
developed nations as grid scale wind and solar become cost competitive [64],
macrogrids are still reliant on thermal plant to provide dispatchable generation
and inertia [65]. In order to meet the ambitions targets of the Paris Agree-
ment [66], a signi cant shift in how macrogrids are designed and operated will be

required.
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This reliance on fuel also makes macro-grids vulnerable to price variations in
fuel and supply chain issues in most countries, which lack domestic fossil fuel

production on the required scale.

Macrogrids are vulnerable to cyber attacks. They represent a single point of
failure for a countries energy infrastructure, in contrast to the distributed nature
of the other solutions explored here. To date, there have been a number of high

pro le examples of cyber attacks on grids [67].

In the case of blackouts, the process of "blackstart" for a macrogrid can be com-
plex and time consuming, requiring the islanding and synchronisation of the grid,

region by region. This process has historically taken a number of days, [68] leav-
ing a large number of consumers without energy and impacting society, including

signi cant consequences for public health [69]

In many developing developing countries there are signi cant capacity shortfalls
already existent in the national grid, either in terms of power, energy or both,

resulting in both planned and unplanned blackouts [70]

Smart Grids

In recent years, there has been signi cant technological change in how macrogrids op-
erate, away from utilising only a few large, centralised generators to a more distributed
approach. These changes will have interesting consequences for how future power sys-
tems may be planned and deployed in developing countries.

Distributed renewable generation such as solar PV and wind, connected on the
distribution network along with \smart" technologies including remote monitoring,
demand side management and storage are resulting in a shift from centralized to de-
centralized operation [71] and from one way power ows from generation to consumer
to complex and changing two way power ows.

Under this paradigm, many distribution network feeders often resemble self su -
cient systems of generation, storage and demand, connected to a large network from

which they can import and export energy as required.

34



Chapter 2. A Review of Existing Approaches to Providing Electricity Access

This increased complexity is exempli ed by the move from calling those responsible
for the planning and operation of distribution network Distribution Network Opera-
tors (DNOs) to Distribution System Operators (DSOs) [72], re ecting the changing
challenges of this new, more complex, technologically enabled system.

The impacts of these technologies is gradual on existing grids, as technologies are
retro tted to infrastructure not designed with \smartness" in mind. For developing na-
tions with less existing infrastructure, this technological shift can be seen as a potential
opportunity to design networks from the ground up to take advantage of technological

developments and more e ectively integrate distributed energy resources.

2.4.3 Minigrids

This shift towards local generation is also observed in the rising popularity of minigrids.
Minigrids o er an alternative to grid extension. They do not require connection to a
macrogrid, making minigrids suited for locations far from existing macrogrid infras-
tructure, where the majority of those classi ed as unelectri ed are located [61].

The economics of deploying minigrids have shifted in recent years due to falling
cost for distributed generation [11] and battery storage [73]. This economic shift has
led to the rise of renewable minigrids, utilising solar, wind and other renewable forms
of generation, hybridised with battery storage and diesel generators for backup.

The advantages of minigrids for providing electricity access are:

Minigrids can be purposely designed to best utilise geographically varying local
renewable generation resources, such as hydropower, solar photovoltaic or wind. If
properly designed this can result in both lower cost of energy and more sustainable
and reliable systems, reduce requirement the delivery of fuel and the risk exposure
price volatility of fuels such as diesel and gas, which can a ect those microgrids

and fossil fuel burning microgrids.

For remote locations far from an existing macrogrid, deploying a minigrid can
be signi cantly quicker than waiting for grid extension, although slower than

deployment of individual SHSs.
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Figure 2.11: Cost of Solar PV modules between 1980 and 2014 [11]

Minigrids provide more reliable, higher quality energy than SHSs.

Can support larger loads, small industrial loads and other productive use activi-

ties.

Generating and consuming energy in the same place removes the infrastructure
cost, operational cost and losses associated with bulk energy transfer via a trans-
mission network. minigrids therefore require less capital investment than grid
extension in more remote locations, further from exiting macrogrid infrastruc-

ture.

Less generation/storage capacity to serve a community than the combined gen-
eration/storage capacity required of SHSs to serve the same community, due to

interconnection and demand diversity.
Minigrids present a range of unique challenges:

Both macro grids and solar home systems have established and proven business
models supporting their deployment but this is less true for minigrids. One of the

key challenges for their successful deployment is establishing a viable business
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model that is both economically and technically sustainable as well as being
acceptable for the community in question. In order to achieve sustainability
a minigrid must be able to cover repayment of initial capital cost as well as
maintaining funds for maintenance and repairs. Payback periods can be long and
investment considered risky, which has resulted in more third sector engagement

in their development than private sector engagement.

There is a need for capacity building to ensure the necessary skills within com-

munities to operate and maintain systems.

Green minigrids require exploitable renewable energy resources. For communities
in Sub-Saharan Africa, solar resource tends to be high, but can result in unreliable

performance due to seasonality of weather.

Uncertainty about demand within communities makes sizing minigrids a chal-
lenge. If the generation or storage are undersized, the system will be unreliable.

Too large and the system will not able to sell enough energy to recoup its costs.

Minigrids can be designed to provide a range of tiers of energy access, dependent
on the speci ¢ needs of the community in question, typical from tier 2 - tier 4. In some
cases tier 5 energy access can be provided, such as on the Scottish island of Eigg [74],
although the cost of providing tier 5 electricity on Eigg is almost $40,000 per connection

which is prohibitively expensive for most communities in developing countries.

2.4.4 Solar Home Systems

Solar Home Systems (SHSs) are standalone, o grid solar photovoltaic (PV) systems,
serving a single house or other load, such as a school or health center. Most consist of
a set of solar panels, a charge controller, battery and loads, often operating natively
at DC, requiring specialist appliances or the use of an inverter. SHS's are designed
to provide basic energy access, such as lighting and phone charging at a relatively low
cost. SHSs commonly range in size from 10Wp- 200Wp. Typically SHSs can provide
tier 1-3 electricity access, with service beyond this requiring prohibitively large and

expensive batteries and solar PV [75].
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There has been huge growth in the market for solar home systems over the last few
years. In 2016 over 4 million new SHS's found homes in Bangladesh, providing basic
electricity access to over 16 million people [76].

The advantages of SHSs include:

SHSs can be quickly deployed. Each system requires no attendant infrastructure
to be installed and can be safely tted with relatively little training due to the
inherently safe SELV system voltages [77] (i.e. typically 48V, 24V or 12V) and
their simple \plug and play" design, although this is still dependent on installation

standards and training.

Serving each house locally, without constructing a distribution network removes
of the costs associated with the procurement, installation and maintenance of a
network, making them particularly cost e ective in locations with geographically

dispersed populations.

There can also be resilience and reliability bene ts, as there is no single point
of failure for a community as there could be for a system featuring centralised

generation or storage.

Systems can even be redeployed relatively easily to other communities in the case
of grid expansion or the installation of a minigrid o ering better quality of service,

mitigating some of the risk of stranded assets.

SHSs have a lower upfront capital cost than minigrids or grid extension, with

2015 Global Tracking Framework stating that providing 100,000 new consumers
with electricity using SHSs would cost only $20,000,000, compared to the cost
of $150,000,000 for grid extension. [59]. This is appealing if the aim of an inter-
vention is to achieve the highest number of electricity connections, but does not

compare like for like in terms of the tier of electricity access provided.

SHSs also have a range of disadvantages compared to other modalities of electricity

access:
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The lack of any benet from diversity means each individual system must be
sized to meet peak demand for the connected loads, resulting in greater installed
generation capacity for a given load than either of the other approaches discussed

here [78].

SHSs are even more reliant on storage than minigrids, and require more installed
capacity for a given peak load in household, due to the lack of diversity of gener-

ation or demand and to account for days of autonomy.

SHSs tend to be e ective mainly due to the low energy demand from highly
e cient DC appliances like LED lighting, phone charging, fans and radios, but

this means they have limited ability to support higher power and AC loads.

The predominant business model for SHSs, particularly in East Africa is a "Pay As

You Go" model, de ned in this work as:

Pay As You Go Energy: Any system or business model where consumers do
not pay entire cost of an o grid energy system upfront. This can include

models where consumers have no ownership of the system pay only for
energy consumed, micro nance loans used to buy systems that are repaid

over time or rent to own agreements.

This model has e ectively enabled the rapid deployment of SHSs globally, over-
coming many of the traditional challenges of providing electricity for remote and rural
communities. The SHS market has quickly grown over the past 10 years, but there are
inherent risks to its long term success built into one of the prevailing models of opera-
tion. For many PAYG customers, the provider stops receiving income from consumers
at the end of their contract.

The prevailing method for upgrading systems is to sign the customer up to a new
contract, replacing or supplementing the existing panels and batteries with larger com-

ponents. This is outlined in the GOGLA report [79].
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2.4.5 Pico-Solar Products

Pico solar products are the smallest classi cation of o grid electricity access solution,
consisting of a small solar panel, battery, lamp and sometimes USB charging port
integrated into a single casing. They are designed to be left outside in sunlight during
the day to charge and to provide lighting and phone charging at night, rather than being
permanently installed as with SHSs. They are commonly marketed as replacements for
traditional kerosene lamps as a cheaper source of nighttime lighting and can provide
tier 1 energy on the ESMAP energy tier access framework.

The advantages of pico-solar products include:

Low upfront capital costs mean many customers in developing countries can a ord
to buy these products with cash, removing the requirement for more complex Pay
As You Go business models requiring more nancial capability and expertness to

operate.

Their low cost means they can easily be purchased for cash in many communities.
This facilitates rapid deployment and can also facilitate local businesses to sell
these products where the large cost and more complex business models of SHSs

and minigrids are prohibitive [12].
Pico-Solar products require no installation and only basic training to use.

Pico solar products are also common in humanitarian disaster relief applications,
where their small size, low cost and portability are an asset, facilitating quick

deployment and easy transport [79].
Despite these advantages, pico-solar products have signi cant limitations:

The most fundamental issue with pico-solar lanterns is that they only provide
very low power and do so intermittently. Each device can only be used in one

room or location at a time, often only providing enough light for a single user.

They require the user to actively remember to move the device outside to charge.

This can result in opportunities for the device to be damaged while being moved,
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risk the device may be placed in shaded or partially shaded locations, or the

possibility of users forgetting to charge the device.

Although a large number of high quality products do exist, many of them a liated
with GOGLA, there have been many cases of low quality products proliferating
in SSA. This has had signi cant impact on the perception of the solar industry

as a whole and pico solar products on particular.

2.4.6 Upgrading and Scaling Systems

O -grid energy systems tend to be designed for a single predicted community need,
informed by modelling, surveys and heuristics. This demand is both hard to predict
and volatile [80]. Many systems fail because they do not correctly predict the electricity
demand, resulting in a system that is too optimistic (oversized) and therefore too
expensive or too conservative (undersized) and so inherently unreliable.

The conventional option open to the microgrid operators in accommodating demand
growth is load-related grid reinforcement; removing and replacing existing cable and
plant with higher rated equivalents. This can be costly and time-consuming, and can
result in the stranding or decommissioning of existing assets as they are replaced with
larger alternatives.

Some of this risk can be mitigated by planning systems with the intention of upgrad-
ing them over time as a clearer understanding of the community needs is developed.
For example, many system designs now feature oversized cables and inverters compared
to the predicted initial minimum requirement, as the marginal cost of these oversized
assets is considered a justi able cost to mitigate against full replacement of a system if
the community demand grows [81].

For SHSs, the existing upgrade paths are less well established, due to the lack of
maturity of the industry, but prevailing trends follow the paradigm of replacing battery
and generation assets with higher rated alternatives in line with demand growth [12].
This approach, shown in gure 2.12, can be favourable for the companies providing the
SHSs as it amounts to selling a slightly larger version of the same product to the same

consumer a number of times, but can prove costly for the end user.
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Figure 2.12: Proposed upgrade path for o grid solar consumers from [12]

Due to the lack of diversity of demand and generation exhibited by SHSs, 100%
of demand must be met at the level of each household. More than 50 % of generated
energy [82] is dumped in some popular designs for SHS commonly deployed in East
Africa, due to the design paradigm of over-sizing PV panels. Upgrading the size of
systems as proposed in [12] does not address this wasted resource.

There is a clear motivation to utilise SHSs and minigrids to quickly and cost e ec-
tively meet the needs of remote and rural communities, but exible upgrade paths to
improve the quality of electricity access and mitigate the uncertainty associated with
the o grid energy market must move to the core of design thinking to realise the full

potential of o grid energy in a development application.
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2.5 Comparison of Existing Electricity Access Solutions

Making a comparison between the di erent forms of electricity access outlined above is
challenging due to the ability of each solution to provide a range of di erent qualities of
service. Despite this, some generalisations can be made to allow comparison between

5 di erent solutions.

Figure 2.13: Minigrid space

Figure 2.13 from [83] visually represents the perceived trade-o s when consider-
ing di ering methods of electri cation, showing the perceived impacts of ve di erent
variables on the nal cost of energy in a qualitative manner.

The graph shows that the levelised cost of energy for grid extension in densely
populated location, close to an existing group is low, but the cost of extension increases
exponentially as the distance and sparsity of the consumers served increases.

In contrast the cost per household providing energy through SHSs is considered
higher in dense or urban populations but the increase in costs to sell more dispersed

population is relatively small, creating an in ection point where it becomes cheaper
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provide individual SHSs than to build the extensive distribution infrastructure required
to reach its population.

Minigrids in this example occupy a middle ground between these two solutions,
serving populations far from existing grid infrastructure, but with a high enough density
population to justify the additional costs of installing distribution network.

This image is oversimpli ed and does not capture the nuance of the situation. For
example so-called under the grid consumers, located close to a national grid, but unable
to a ord connection are not considered. In addition, it does not consider the quality of
service provided by each solution or the long term economic or development impacts

of that energy.

2.6 Summary

Energy access is a cornerstone of human development, but the simply having a con-
nection does not necessarily enable the full intersectional potential of electricity. The
cost, reliability and magnitude of the energy access also play a key part the puzzle.

Many di erent approaches can be utilised to provide electricity access. The changing
landscape of technology and the challenge of connection remote and rural communities
has led to innovation in 0 grid energy systems dependant on renewable energy. These
0 grid solutions provide a range of di erent levels of service, but are often treated
as synonymous by national and international data gathering and tracking frameworks
such as the UNSDGs

The process of deciding which solution is appropriate in each context falls under

the remit of energy access planning and is covered in detail in the next chapter.
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Planning

3.1 Introduction

This chapter investigates how the deployment of power systems and electricity access
are planned and outlines the limitations in these approaches.

The limitations in existing planning form the motivation for investigating the role
of interconnection in providing high quality and a ordable electricity access for all.
This chapter also explores who is doing the planning - NGOs, private companies or

governments and the di ering motivations and priorities these actors.

3.2 Top-Down vs Bottom-Up Planning

In order to fully investigate the advantages of an integrated approach to building elec-
tricity infrastructure, it is rst important to understand the di erence between top-
down and bottom-up planning approaches as academic concepts and investigate how
this aligns with existing practice in electri cation planning. This section will briey
look at top-down and bottom-up approaches in policy implementation to establish their

relative merits and uses within electri cation planning.

3.2.1 Policy Cycle

Policy implementation is conceptualised in the form of a ve stage policy cycle, shown

in gure 3.1 [84]. A top-down approach to policy is driven by a centralised decision
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Figure 3.1: The classical policy cycle

maker, usually a government.

Stage one is the setting of an agenda through discourse. The motivating evidence
for stage one in electricity access is strongly established both at the national and inter-
national level, outlined in chapter 1 and is represented as a high level global agenda in
goal 7 of the Sustainable Development Goals.

Stage two is policy formulation. Through the passing of legislation by a centralised
body, high level aims are set to achieve the goals established in stage 1. In the context
of electricity access, stage two generally takes the form of national level targets for
access percentage and a path to achieve this.

Stage three is the implementation stage. This involves developing and deploying a
detailed plan to meet the goals set out in stage two. In the context of this work, we
are most interested in this stage, where the detailed decision on how to achieve aims
established in stage 1 and 2 are made and can utilise either a top-down or bottom-up
approach.

Stage four is evaluation and measurement of existing policy. In the context of
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electricity access, we can look at progress towards universal electri cation as the main
measure being utilised to inform future policy. The tier of electricity access provided
by interventions is not currently strongly integrated into this cycle and changing the
focus in evaluation could be an e ective way of implementing positive change.

Stage ve is either the evaluation and re-contextualisation of the policy, depending
on the results of the evaluation. This can mean stopping e ort to implement a policy if
the initial goals have been achieved or beginning another iteration of the cycle, informed

by the ndings of previous cycles if the goals have not been fully met.

3.2.2 Top-Down Policy Implementation

The seminal work in this eld [85], de nes a top-down approach to policy implementa-

tion as:

" A top down approach starts with a policy decision by governmental (often

central government) o cials and then asks:

(1) To what extent were the actions of implementing o cials and target
groups consistent with (the objectives and procedures outlined in) that
policy decision?

(2) To what extent were the objectives attained over time, i.e. to what

extent were the impacts consistent with the objectives?

(3) What were the principal factors a ecting policy outputs and im-
pacts, both those relevant to the o cial policy as well as other politi-

cally signi cant ones?"

A top-down approach is considered suitable in the situation where one body has
total oversight of the implementation. The examples given in the paper include the
the UK's Open University program and the California Coastal Commission's ecological
preservation activities. In the context of electricity access, provision provided by a
centrally planned national grid tends to follow this top-down approach.

A number of weaknesses are identi ed in this methodology. There is a focus on the

aims and needs of the centralised policy maker, resulting in an inability to adapt to the
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di ering needs of communities [17]. This can result in ignoring the speci ¢ needs of in-
dividuals or communities. This can be particularly detrimental to marginalised groups
within communities and those with less political capital who are unable to engage in the
high level discourse that sets national agendas in a top-down implementation model.

Top-down approaches can be counterproductive in a case where there is no constant
or dominant policy for a prolonged period of time, due to changing governments, where
multiple interrelated, contradictory policy initiatives exist or where multiple agents are
responsible for implantation of di erent elements of a policy program.

The current state of the o grid energy market can mostly be considered to fall into
this category. Government, private sector and NGOs actors are all involved in often
overlapping initiatives operating from a top-down perspective, with di ering motiva-

tions and targets.

3.2.3 Bottom-up Policy Implementation

An alternative to top-down implementation is a bottom-up approach. [86] identi es
bottom-up policy implementation as a new paradigm emerging in the late 1970s, aiming
to address the perceived weakness of the top-down approach.

Bottom-up policy implementation is de ned in [86] as:

"The bottom-up approach of Hjern et al. [86] starts by identifying the net-
work of actors involved in service delivery in one or more local areas and asks
them about their goals, strategies, activities, and contacts. It then uses the
contacts as a vehicle for developing a network technique to identify the local,
regional, and national actors involved in the planning, nancing, and exe-
cution of the relevant governmental and non-governmental programs. This
provides a mechanism for moving from street level bureacrats (the 'bottom’)

up to the 'top' policy-makers in both the public and private sectors"

The bottom-up approach to policy implementation involves beginning with under-
standing the individual needs of a community and that context and needs of these

communities di er across the area in question. The specic solution space for each
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context is explored, with direct participation and buy-in from each community, before
deciding on an approach.

A bottom-up approach can capture the social, political and economic nuances of
a particular context and form policy informed by the ground truth and experience
of communities, rather than only the view of academics, politicians and bureaucrats.
Bottom-up policy also includes the local stakeholders in all stages of the policy cycle,
reviewing and reevaluating the e ects of any intervention with direct buy-in from an
informed community.

The focus of a bottom-up approach on the di ering needs of communities result in
this being an e ective approach to combat the limitations of the top-down implemen-
tation outlined above. With reference to electricity access a participatory community
approach can move beyond treating access to electricity as a binary measure and con-
sider the speci c needs and desires of communities. There is potential to consider a
more detailed range of technical factors, such as reliability, quality and magnitude of
supply in decision making, rather than simply aiming to minimise cost per connected
customer.

A bottom-up approach is not without disadvantages. It requires signi cant resource
to properly engage with the range of stakeholders required to make informed bottom-up
decisions and this process can still be biased by the implementing bodies motivations.
There is also a requirement for education and capacity building within communities
to ensure that stakeholders have enough knowledge to e ectively become involved in
consultation, but this could also be considered a positive, increasing knowledge and
engagement.

Considering only each communities local needs in isolation, without consideration
of the bigger picture does not generally allow the same level of strategic oversight as
a top-down approach. This can result in a situation where a series of locally optimal
choices lead to a globally sub-optimal solution and in the case of multiple implementing

bodies can result in duplication of work and wasted resources.
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Table 3.1: Comparison of top-down and bottom-up approaches to policy implementa-

tion adapted from [17]

Top Down

Bottom Up

Initial Focus

(Central) Government decision,
e.g., hew pollution control law

Local implementation structure
(network) involved in a policy
area ,e.g., pollution control

Identi cation of major
actors in the process

From top down and from govt
out to private sector

From bottom (govt and
private) up

Evaluation criteria

Focus on extent of attainment of
formal objectives

Less clear. Anything analyst
chooses which is relevant to
the policy issues or problem

Overall Focus

How does one steer system to
achieve policy-maker's

Strategic interaction among
multiple actors in a policy

intended policy results? network.

3.2.4 Comparison of Bottom-up and Top-Down Approaches

In practice, few implementations are fully top-down or bottom-up, but rather a hybrid
of the two approaches, with an emphasis towards a given approach.

The choice between top-down and bottom-up planning is often a question of scale
and resource, with large scale problems being unsuitable for bottom-up planning, due
to the additional resource required to perform the direct engagement with stakeholders
required in a bottom-up implementation.

Top-down solutions are also preferable in cases where a policy intervention is ho-
mogeneous across a population, without varying local needs. For example, the imple-

mentation of vaccination

3.2.5 Electri cation Policy

Traditionally, electricity access has been planned from a top-down perspective. This is
due to the centralised structure of traditional electricity systems, discussed above and
was practical when the only option for electricity access was connection to a macro-
grid, which could provide electricity access suitable for a range of di erent stakeholders.
Macrogrids are not generally constrained by energy supply. Any individual connection
is unlikely to cause a signi cant issue, beyond potential need for local network reinforce-

ment. Aggregated changes in demand may trigger the requirement for more generation
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assets, but these choices can be made from a top-down perspective. There is generally
no requirement for direct community engagement from a bottom-up perspective of all
stakeholders when connecting new customers to a macrogrid.

O grid energy systems are far more sensitive to small shifts in supply and demand
and the nature of access provided by connection can vary signi cantly particularly in
the case of o grid electricity access. Macrogrids connections are generally expected
to provide tier 5 electricity access, but minigrids and SHSs can provide a much wider
range, of services, so understanding the requirements of the target community is vital
to ensure the system is not oversized and therefore too expensive or undersized and
unt for purpose.

Bottom-up planning is generally not being appropriately utilised in the o grid space,
where the success of interventions are still assessed by a binary measure of connection
numbers. One size ts all SHSs are commonly designed and deployed from a top-down

perspective.

3.3 Overview of Planning Approaches for Electricity Ac-

Cess

Power system planning covers a wide range of activities at a number of di erent scales,
with the end goal of meeting the electricity demand of end users within a given area in
the most reliable, cost e ective and sustainable manner [29].

With the emergence of o grid solutions for electricity access, new planning ap-
proaches and decision support tools to assist in the implementation of policy aims have

emerged. These tools can roughly be divided into large geographic area planning tools.

3.4 Large Area Planning

The aim of large-area planning tools is to provide a top-down, joined up plan of how
energy will be provided across a nation or region, detailing the system type, technologies
and basic designs for all consumers in the area under investigation, while meeting an

objective function, often system cost or LCOE.
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It is acknowledged in [87] that a combination of both centralised and decentralised
solutions are required to achieve universal electri cation. Large-area planning tools
for electri cation generally address the need for both approaches, utilising a combina-
tion of geographical information on existing infrastructure, heuristics and optimisation
techniques to divide a given geographic area and specify the system types at locations
within that area, by selecting between SHSs, grid extension and minigrids. The solu-
tions are devised to meet an objective function within de ned constraints, usually to

minimise LCOE over the chosen area and time horizon.

3.4.1 High Level Algorithm

All large-area approaches follow a similar general approach, although the level of so-

phistication and detail in the underlying model varies.
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Figure 3.2: Decision process for energy access solutions [13]

Figure 3.2 details a simplied and generalised ow chart of a heuristic based ap-
proach for a speci c location. The overall aim is to create a minimum cost plan for
providing every consumer within the area under investigation access to electricity. This
process is repeated across every location in the area under question to create complete
plan of system type and basic design over the target area. For each location, a demand
is calculated, based on estimated population data sources such as census data.

The rst decision made is between extending an existing macrogrid or providing an
o grid solution. This depends on a range of factors, including distance from an existing
macrogrid, the cost of extending the grid over a given distance and the size of demand
present.

If o grid solutions are chosen, the next choice is between minigrids or individual
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SHSs, decided on the basis of dispersion of households and the presence of larger pro-
ductive loads. For dispersed populations with only domestic demand, SHSs are selected.
For more concentrated or clustered communities with larger loads present, minigrids
are selected as the appropriate system type. The speci ¢ system level design then takes
place, detailed below in section 3.5.

This approach requires a high level of visibility of both demand and renewable
energy availability across the area in question, and the lack of high spatial and temporal
resolution information, such as census data and weather station recordings, in particular
for developing countries, has been cited as a barrier to this approach to large area
planning [88]. Technologies such as satellite imaging and GIS are beginning to I
this data gap, particularly for measuring renewable energy resource from solar and
wind [89], but the accuracy of population and other demographic data is lagging.

A number of tools have been created that utilise the same general methodology and
include other features to produce more accurate and complete plans. They are detailed

below.

3.4.2 Reference Electri cation Model

Researchers at MIT have developed a tool called the Reference Electri cation Model
[90]. The tool de nes a system type and design down to the granularity of individual
customers for a given geographical area. A choice is made between grid extension,
minigrids or standalone solutions and the tool speci es basic system designs for each
location.

The working paper [91] on the tool details its capability. The tool rst groups the
user de ned demands into clusters using a systematic bottom-up greedy algorithm in
order to de ne the boundaries that will be considered.

This choice avoids the need for user de ned clusters or population centres to be
entered, but can potentially result in clustered populations that would not otherwise
be grouped in practise, for example across administrative boundaries. Although this
algorithmic implementation is bottom-up, from a planning perspective, this still consid-

ered a top-down approach, as the communities in question are not directly engaged in
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the planning process. Cost for grid extension and an optimally sized minigrid solution
are then calculated for each cluster independently and the lowest cost option adopted.
For clusters below 50Wp demand a standalone SHS is considered.

This approach does not use a heuristic threshold distance from grid beyond which
extension will not be considered, but instead calculates the cost of each of the three
possible modes of electri cation independently for every cluster and compares them.

[91] also makes the point that any planning tool only exists to support decision
making and give an initial overview of optimal approaches and the local factors such
as cultural, political and legal factors should be taken into account in any case.

The Rwanda National Electri cation Plan is an example of a country master plan
for electricity access, following the top-down approach of dividing a country into grid
and o grid locations and was constructed with input from the REM tool [92].

This model considers demand growth over time as a xed percentage increase, but
does not mandate incremental investment in infrastructure and does not include any
consideration of stochastic demand diversity or the requirement to upgrade network

infrastructure downstream of the extended network to accommodate increased demand.

3.4.3 OpeN Source Spatial Electri cation Toolkit (OnSSET)

ONnSSET [93] is a another planning tool that uses geographic information and heuristics
to decide between grid extension, minigrids and SHSs as the minimum cost solution for
electricity access.

This tool o ers more sophisticated consideration of electricity access quality, align-
ing its solutions with the ESMAP Multi Tier Framework, [19], but still uses the lowest
LCOE as the objective function for each location in question. Notably the tool also
considers hydro power along side solar PV and wind, unlike the other tools presented
here.

The tool considers locations on a 1km by 1km resolution across Sub-Saharan Africa
and calculates the cost of providing a given tier of electricity access for each location
in question.

The tool makes no explicit attempt to address demand growth over time, other
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than setting population density in each unit to the projected population in 2030 to
account for population growth, instead allowing the user to set the tier of electricity

access desired at any given location, explicitly allocating the expected demand.

3.4.4 Network Planner

Network Planner [94] is an online tool developed by Colombia University. The tool
takes user de ned inputs for costs of infrastructure (generation, storage, grid extension
cost, ect) and demographic information nodes on the system, including load types and
demands and existing network infrastructure. Nodes are then de ned as minigrids,
o grid or grid connected locations based on an aim to minimise cost.

The tool also attempts to account for demand growth over time, allowing users to
de ne a fraction per year growth factor. Although costs are analysed over a chosen time
horizon, the tool returns a system type to be installed at the beginning of this time,
meaning that for large load growth scenarios, a highly oversized system will initially be
installed to account for the eventual demand growth.

The tool simulates energy on a yearly resolution, using the metric of kWh/hh/year
as the baseline for demand and varying this value based on a binary demographic
de nition of "poor" or "non-poor”. A user de ned "coincidence factor" is then used to
de ne the peak demand seen on the system as a proportion of total demand, in order
to size assets required on the system.

Network planner is now out of date and no longer supported, but presents the rst
signi cant attempt to create this type of tool and has in uenced the development of

future tools explored here.

3.4.5 Limitations

All of the top-down, geo-spatial approaches above have signi cant limitations in the
scope of their implementation. The authors all emphasise the role of these tools as
decision support rather than prescriptive planning tools, but there is still scope to
improve how well they can ful | this role.

All the tools consider distance to existing grid infrastructure and use that as a
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starting point for considering grid extension. In reality, a distribution line can not
easily be connected to any point on a transmission line. The extension must take place
from existing substations and transformers, which will only exist in a limited number
of locations along a line. So called "under the grid" consumers, close to a transmission
line but unable to connect to the national grid due to the lack of enabling infrastructure
are symptoms of this [95]. The cost of a single secondary transformer in "under the
grid" locations in Kenya is estimated to be $21,820, resulting in a cost per consumer
of connection of $2427, even in locations already close to 11KV distribution lines. This
means the cost of grid extension is being systematically underestimated in the above
tools.

There is an inherent inequality in the quality of access provided to users and the
quality of service provided by di ering approaches, and it is clear that SHSs and mini-
grid both provide lower tier of energy access in general than macrogrid extension. Those
in more remote and rural areas will therefore bene t less from the human development
impacts of electricity access.

Demand growth is also considered in a simplistic manner, not representative of the
reality of o grid energy systems. Due to the small size of systems, the inclusion of a
single appliance can represent s signi cant step change in demand, far beyond the 8%
growth per year used in the tools above. The aim of the UNSDGs is to create a fair
and sustainable world for all, and it is di cult to envisage a world where these goals
can be met without providing high tier electricity access to all people.

Therefore, there will be a requirement for households designated as SHS locations in
the tools above to move up the energy tier ladder over time, representing signi cantly
greater. This di erence is particularly stark in the case of SHSs, where the introduction
of a single new appliance such as a fridge can more than double the annual demand for
a tier 1 SHS [96].

These techniques consider the cost of installing the most appropriate and cost e ec-
tive assets in each location, assessed over a given time horizon, but without considering
the full potential increase in demand that can happen over this time, or the option of

incremental investment.
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3.5 System Level Planning

System level planning takes a more local view, and provides detailed technical designs
of systems to meet the requirements of local communities. This section will go into
more detail on a number of planning tools and approaches, identify their limitations in
the context of rural electricity access.

The challenge addressed by these tools and approaches is the optimal sizing of
the storage, generation and other assets of the system to meet a prede ned objective
function, within the scope of the general system type already having been decided. As
with large area planning, the function is most commonly LCOE, but the system will

be modelled in more detail than in the large area approaches outlined above.

3.5.1 General Approach

Figure 3.3: Generalised design ow for hybrid renewable minigrids

Figure 3.3 shows the high level design approach for system level design of o grid en-
ergy systems. The rst step is gathering of local data in the form of meteorological
information on renewable energy resource. For solar demand, this can simply take the
form of utilising publicly available global data-sets, but for resources that vary more

drastically based on local condition, such as wind and hydro power, a campaign of
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ground measurements may be required.

This takes place alongside the gathering of data to establish demand and load
pro les through community focus groups, surveys and other forms of bottom-up com-
munity engagement. This information can be used to synthesise load pro les. Where
the load pro les in wide area planning are basic estimate based on population and de-
mographic data, the load pro les used for system design should be informed by directly
by the end user. In many cases the overheads required to fully engage communities is
considered too signi cant and historic load data or indicative load pro les will be used
instead.

Next is the application of the data into a model of the system. These underlying
models can vary signi cantly in sophistication and are discussed in more detail in the
methodology chapter 6.

The bounds of the system optimisation must then be set. This involves setting a
number of constraints that must met, such as carbon emissions and reliability and the
election of allowable technologies. This combination of technologies and constraints
constitutes the solution space of possible systems that is then searched for a suitable
or optimal system design.

[97] reviews the landscape of software for optimisation of o grid renewable energy
systems, reviewing the use of 19 di erent tools. The most commonly used are outlined

below.

3.5.2 HOMER

HOMER (Hybrid Optimization Model for Multiple Energy Resources) is the industry
standard software for the design and sizing of minigrids [97] featuring a range of en-
ergy sources. HOMER is designed for a range of applications, including mingrids in
developed settings, such as for remote industrial applications like mines, it can also be
used e ectively utilised for rural electri cation design It is a simulation and optimisa-
tion tool takes into account technical speci cations, available technology and economic
considerations to assess the viability of a range of solutions for the problem presented

over a given time horizon.
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It does this for a range of limitations, such as % share of renewable energy, reliability
requirements and other factors. HOMER can also perform sensitivity analysis on a
range of variables, giving some understanding of uncertainty. It outputs a range of
designs, with LCOE and other metrics presented for the given location and constraints

Systems are simulated on an hourly basis in a time sequential manner, accounting
for the e ect of energy storage and will size converters, storage and generation assets
and uses historic, location specic data for renewable generation resources like solar
PV and wind.HOMER can assess both AC and DC systems as well as hybrid systems,
making it suitable for a range of technologies and generation and storage types.

Functionality was recently added to assess minigrid to national scale grid intercon-
nection, but does not currently feature the ability to assess interconnection between to
islanded microgrids. The national grid is treated as an in nite buss, allowing the grid
to buy power at a determined tari .

There are a few signi cant limitations to HOMERs capability. The rst is the
time resolution of one hour which is too large to capture many of the dynamics of
diverse consumer behaviour. Secondly, it can not model interconnection between grids,
only connection by a minigrid to a national grid that is considered a perfectly reliable,
in nite source of energy.

Although the tool facilitates the inclusion of user de ned pro les, it defaults to a
small number of 'indicative' load pro les, potentially reduced the users perceived need

for end user engagement to develop load pro les.

3.5.3 Hybrid2

Hybrid2 [98] is another optimisation tool for hybrid energy systems with a focus on wind
energy generation. The tool utilises a stochastic time series methodology to account for
uncertainty and variability in wind energy. The tool o ers detailed optimisation and
investigation of dispatch strategies for generation and storage and a far more detailed
technical system model than that of HOMER. While sophisticated, the tool is far less
user friendly than HOMER and is no longer supported, resulting in its use in practical

case studies being limited.
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3.5.4 RETScreen

RETScreen is a tool developed by the Canadian government, focusing on the economic
optimisation of energy systems. The tool is not speci cally focused on o grid or mini-
grid systems, so lacks much of the detailed technical speci cation o ered by HOMER,
but covers a wider rang of economic considerations, such as risk analysis and cost of
carbon emissions. The key technical limitation for RETScreen is the analysis only con-
siders monthly averages for demand and generation, rather than the hourly resolution

of HOMER and Hybrid2.

3.5.5 Other Optimisation Approaches

There are many other academic papers exploring the optimisation of storage and gener-
ation assets utilising a range of di ering optimisation techniques that are not currently
intergrated into the tools above. Each is aiming to reduce the overall system cost over a
prescribed time horizon, while meeting certain constraints for reliability. Investigating
the relative merits of di ering machine learning and Al techniques for system optimi-
sation is beyond the scope of this work, but all of them aim to use an underlying model
of the systems energy balance over time, with inputs from load pro les and historic
weather data.

[99] presents a comprehensive review of di erent sizing and optimisation techniques
as applied to o grid renewable based energy systems. [100] uses neural networks to
optimise parameters based on an underlining deterministic time sequential model. [101],
[102] and [103] all make use of a genetic algorithm, a biologically inspired optimisation
algorithm particularly suited to search-spaces with multiple local optimums [104], such
as complexity multi-energy minigrids.

All of these approaches are dependent on the validity and relevance of the under-
lying model and the validity of the results is dependent on the search space of the

optimisation.
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3.5.6 Standardised Designs for SHSs

These design approaches are generally not applied for SHSs, with manufacturer prefer-
ring to o er a small number of standardised design. This is because the additional cost
of designing bespoke systems to meet each users demand ends up being more expen-
sive than using a few standardised designs, which can benet from economies of scale
minigrids are yet to achieve [75]. The exact sizing of theses systems is subject to an
iterative process of consumer engagement to settle on the most suitable design.

The downside of this is that consumers will generally be sold the system that is the
smallest in the range that will meet their needs, which could still be signi cantly larger

than their exiting needs, upfront.

3.5.7 Limitations

The landscape of optimisation and design tools for o grid energy systems is widely
developed. The key limitations are in the underlying models and range of available
choices that exist to form the search space.

One of the key limitations is that these tools are not designed to easily integrate
collected date from direct community engagement, and make no consideration for incre-
mental investment alongside demand growth, aiming instead to size the system optimal

upfront for the given time horizon.

3.6 Who is Doing the Planning?

Any planning methodology can only inform decision makers, acting as a decision sup-
port tool. The person making the decisions still applies their assumptions, biases and
motivations. Action will therefore be in uenced by the goals and motivations of those
decision makers.

We must therefore consider who is making these planning decisions, what motiva-
tions and incentives they may have and how this may a ect the choices made. The
three main stakeholders who are making choices are governments, the private sector

and NGOs. The motivations are not monolithic in each case, but useful commonality
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can be established. It is worth noting that although the community in question is a

stakeholder in each case, they are generally not the ones making the nal decision.

3.6.1 Government

We will work under the assumption that the majority of countries we are interested
in operate under a functioning representative democracy, as this is the most common
form of government in Sub-Saharan Africa [105].

Under this model, elected representatives make choices on behalf of those they
represent and are responsible for decisions pertaining to electricity infrastructure.

Politicians are generally motivated to make decisions leading to re-election, both to
ensure that they keep their jobs and in uence and to prevent an ideologically opposed
government from taking power.

Election terms vary, but tend to be in the region of 3-6 years. This can result in
shifted incentives, emphasizing projects that can result in visible results within the
length of one term and can be seen by the largest number of people or most politically
advantageous demographic to aid re-election.

In terms of electricity access, this incentive towards shorter term projects, combined
with the potential lack of continuity leads to an increased emphasis on grid expansion
to locations which can be quickly connected and quickly deployable o grid solutions,
but can result in solutions optimised for the short term, without capacity for long term
growth.

Governments in developing countries are also incentivised by the international com-
munity, the UNSDGs and other data collecting campaigns towards quantity of electric-
ity connections over quality, as these high pro le tracking campaigns only consider
binary gures for electricity access. Governments wish to be seen by the international
community to be making progress, and the easiest way to do this currently is by focusing
on number of connections.

Despite this, governments are not bound by direct nancial pro tability as the
private sector is. The value of an intervention to the government can align with a

number of goals, including education, health outcomes, economic development and
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more, meaning that even interventions that do not recoup their direct costs from tarifs
can be considered if the bene ts to the wider ecosystem are taken into account.

On the other hand, governments can have the most \joined up" or \top-down" view
of the three main implementers, due to their ability to set policy and legislation for an

entire country.

3.6.2 Private Sector

In many countries, such as Rwanda, the largest implementer of o grid energy systems
are private companies. The majority of existing large o grid companies are \for good"
enterprises, motivated to implement positive change through neoliberal economics, the
key motivation of any private company must fundamentally be pro t.

The o grid sectors is a rapidly growing and companies are incentivised to achieve a
high share of this emerging market, leading to an emphasis on rapid growth, favouring
quickly deployable solutions such as mini grids and SHSs. Di culty obtaining working
capital and high interest rates in many developing countries additionally incentives
systems with lower capital costs and shorter playback times, again incentivising short
term thinking.

This growth focus can also result in companies overstretching and failing, such
as Mobisol, whose German parent company, responsible for subsidiaries in Rwanda,
Kenya and Tanzania, went into insolvency in 2019, in order to restructure [106], leaving
signi cant questions regarding the continued maintenance and operation of the systems
of their existing customers.

Many of the largest implementers are from outside the countries in question, which
can lead to a range of issues.

The rst issue is a potential lack of deep understanding of the end users needs - in
particular long term changes in energy demand. A common trend in international de-
velopment 'tech X' solutions, conceptualised in isolation from their context which have
resulted in unsuccessfully interventions that could have been foreseen with engagement
with end users as seen with the widespread challenges faced by the implementation of

clean cook stoves [107]. Many of the most well established companies in the area do
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have strong and long term relationships with customers and a deep understanding of
their needs, but there is potential, particularly in emerging markets, for less scrupulous
actors to prioritise short term gains.

The second issue is the extraction of value from developing countries to companies
in developed nations. The ethics of proting from the rural poor and introducing a
debt burden through private sector intervention are complex.

There is also a strong interaction between government and the private sector. The
private sector is in uenced and constrained by government policy, taxation and legisla-
tion to align with the incentives presented above. A lack of long term messaging from
government about planned grid extension can lead to reduced private activity in loca-
tions close to existing grid infrastructure, for fear of being superseded by an expanding

grid.

3.6.3 NGOs

The third implementer is the Non Governmental Organisation (NGO). The key mo-
tivations of these institutions vary from private companies: NGOs are driven by the
positive community impact of an intervention rather than its pro tability, although the
aim of long term nancial sustainability of an interventions is often a motivating factor.
Despite this mission for implementing positive social impact, NGOs rely on donor
funding (individuals, corporations or governments) to operate, and are therefore ac-
countable to these entities [108]. They are motivated to target interventions resulting
in visible short term gain, even if the intervention may be less e ective or even negative
in the long term, as discussed in [108].
They are also subject to the same issues regarding lack of local perspectives outlined

for private companies above.

3.6.4 Decision Making Implications

It is clear from this investigation that the three main implementers of power system
planning in developing countries each have motivation to act in a short term manner.

This can be best observed in the SHS market, where a one size approach for system
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design consider only the needs and demands at the time of installation, with no conces-
sion made for how the system can grow. The same behaviour short term focused can
be observed in government led SHS deployment in Bangaldesh [109], with more than 4
million SHSs being installed under the government funded investment bank IDCOL.

The only plans for system upgrade are replacement [12] or grid connection. This
can be explained by the lack of certainty within the sector regarding what the future
of these systems looks like beyond the time horizon of their initial nancial payback.

Selling consumers an entire new system to replace a SHS that has become unt for
purpose is in the direct interest of a private company, once the costs of an initial system
have been recouped.

In order to realise the long term development bene ts of o grid energy, upgrade and
growth plans must be built into the planning process. This could include considering
larger inverters, batteries or cables to facilitate future demand growth, considered at
the time of system design as in many of the approaches above, but this results in

increased upfront cost.

3.7 Summary

In the future it is clear it will be necessary to reconsider electricity access provision in
areas currently connected or planned to be connected to low tier electricity access.

None of the 19 tools outlined in [97] o er consideration of interconnection between
islanded systems, but this work aims to outlining the motivation for integrating this
approach into system level planning by developing a modelling framework for evaluating
and guantitatively assessing its viability.

The contributions of this work aim to address many of the shortcomings with exist-
ing planning. Interconnection of existing SHSs to form nodes on a distributed minigrids,
utilising the already installed assets has the possibility to provide a lower cost solution
than rebuilding or installing new systems from scratch.

Despite this, little work has been undertaken to establish the quantitative value
of this interconnection. Much of the published academic work, explored in chapter 4

focuses on a qualitative assessment of the value of interconnection. This work aims to
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outline the motivation for integrating this approach into system level planning by de-
veloping a modelling framework for evaluating and quantitatively assessing its viability.

This approach can be implemented into future iterations of the policy cycle for
existing installed systems and integrated into future planning for new systems from the
beginning of the process. This integration will be further examined with the bene t of
the quantitative modelling results in chapter 7.

There is a huge opportunity in developing countries to re-contextualise the chal-
lenge of electricity access, not as a struggle to provide sub-par electricity access in the
quickest and lowest cost way. Instead, we can reconsider how 100 years of technological
advancement and experience can inform a more t for purpose, modern, exible and
community driven energy system, ready for the modern challenges of climate change
and DER.

Bottom-up electri cation is one potential approach that may be capable of dis-
rupting the current accepted approach to providing electricity access, by providing a
credible and scale-able path to integrate both top-down grid extension and bottom-up

o grid energy deployment into a cohesive and synergistic strategy.
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Bottom-Up Electri cation

This chapter introduces the concepts of bottom-up electri cation as a possible approach
to mitigate many of the issues with how electricity access is currently conceptualised
outlined in chapter two.

In chapter two and three, it was established that there is a requirement for alter-
native conceptualisations of energy access, that account for the need for growth and
move beyond a one size ts all, binary measure for electricity access. Existing plan-
ning approaches were demonstrated to be unsuitable for considering the incremental
upgrading of o grid systems and bottom-up interconnection; one potential vector that
could be integrated into existing planning to mitigate existing shortcomings.

It does not seek to present an entirely new way of operating, but a synergistic
approach that can help existing energy infrastructure deployments move beyond a "t
and forget" approach. This chapter will o er a quantitative and conceptual overview
of bottom-up electri cation, and explore its relative merits and challenges in terms
of technical, economic and social impacts. The current work in both academia and
industry on system interconnection will then be explored and the requirements for a
planning tool or methodology to evaluate interconnection of systems established as the

motivating context of the rest of the work presented in this thesis.
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4.1 Bottom-up Electri cation
Bottom-up interconnection is de ned in this thesis as:

The electrical connection of two or more o grid energy systems currently

operating permanently islanded

This can occur at a range of scales, from the interconnection of two SHSs, to a swarm
of SHSs within a village or community, to the interconnection of multiple minigrids.
At each scale, the intention is to increase aggregated demand and generation diversity.
This can, in many cases, be shown to reduce the cost of energy, environmental impact
of the systems and increase reliability, while facilitating demand growth.

The approach takes an evolutionary, bottom up view of energy access, utilising the
resources and assets already present in community and assesses the speci ¢ needs of
those end users, while acknowledging these needs change over time.

This has the potential to e ectively mitigate many of the issues outlined in the
previous chapter regarding the long term viability of o grid systems. In particular, the
ability to utilise SHSs already installed to mitigate the costs of upgrading a community's
supply and move up the energy tiers can reduce the risk of stranding assets and form
the basis for an alternative infrastructure investment strategy for o grid energy based

on an incremental process of contextual, bottom-up growth.
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Figure 4.1: One imagined pathway for bottom-up interconnection

Figure 4.1 shows one possible progression that this approach could facilitate, grad-
ually shifting users from energy consumers to prosumers - consumers who also produce
and sell energy. Initially, SHSs are installed in a community to provide basic energy ac-
cess. Over time, the electricity demand within the community grows, observed through
remote monitoring technology and community engagement. The SHSs are intercon-
nected to form a minigrid that can act as a peer-to-peer community energy market,
allowing excess energy generated that would otherwise be dumped to be exported and
used either to power other households loads or charge batteries in other SHSs that are
not fully charged. This excess energy can also be used to connect new customers with-
out an electricity connection, providing an income stream for SHS users and electricity
access with less upfront cost for unconnected community members. Once a network
has been built, the process of further upgrading the system becomes more simple, as
new assets can be installed in a centralised, modular and scalable manner, rather than
having to retro t each SHS individually.

In locations with suitable demand and generation diversity, interconnection between

minigrids, either formed of distributed SHSs or more traditional centralised minigrid
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can then be developed. This ready formed network can act as a single point of connec-
tion in the case of an extending national grid.

There are a number of high level potential bene ts of this approach. These are
explored qualitatively below from the perspective of technical, economic and social
benets. A guantitative assessment of many of these bene ts will be developed in

chapters 5 and 6.

4.2 Technical Bene ts

4.2.1 Increased Demand Diversity

Diversity in power system arises from di ering demand and generation pro les [110].
Demand diversity occurs when peak loads for individual households connected to the
same system are not co-incident. The peak load seen at any given time is less than the
sum of the peak load for each household. Diversity factor is the ratio of the sum of
peak demands for each individual demand entity, such as a household or shop on the

system, to the peak demand on the system taken as a whole.

P eakSubsystemDemand

DiversityFactor = —4 eakSystemDemand

(4.1)

After Diversity Maximum Demand (ADMD), is another commonly used metric,

often utilised for sizing wires in distribution networks and is de ned as:

peakSystemDemand
numberof Subsystems

ADMD = (4.2)

Interconnection can therefore impact the Diversity Factor of the newly created
system compared to the aggregate of individual systems. The newly interconnected
systems become subsystems on the new larger system.

The diversity of the new system will depend on the co-incidence of the peak loads
on the subsystems. If each subsystems peak demand occurs simultaneously, then the
diversity factor will be 1. Due to the random, stochastic behaviour of electricity con-

sumers, the probability of all peaks coinciding decreases with number of consumers
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connected and with variation in their patterns of energy use.

The load pro le of a domestic dwelling in a given community will tend to be similar,
but similar loads still result in improvements in diversity. Schools, healthcare centre,
small industry, agriculture and other loads di erent from domestic dwellings further
increase the demand diversity present if connected. By connecting a variety of loads to
the system, each with di erent operating regimes, diversity can further increase. For
example, an industrial application such as maize milling could utilize the excess solar
energy during the middle of the day, reducing the need for energy storage.

Smaller demand peaks require less generation to be dispatched at peak times, re-
ducing the need for backup generation such as diesel generation and battery storage

and reduce power ows in a network, reducing the distribution losses.

4.2.2 Increased Generation Diversity

As well as demand diversity we must consider how interconnecting systems can increase
the diversity of generation. This is particularly relevant for o grid systems due to the

prevalence of non-dispatchable renewable generation.

72



Chapter 4. Bottom-Up Electri cation

Figure 4.2: Global complementarity of solar insulation and wind [14]

If the interconnected systems have di ering generation pro les, such as comple-
mentary wind and solar PV generation [111], interconnection for systems with these
generation technologies can result in a mitigation of the variability of generation. This
can result in reduced need for storage. Figure 4.2 shows a visualisation of the comple-
mentary of wind and solar globally, showing the extent to which they coincide. E ective
utilisation of a complementary resource can depend on a number of other locational
factors, for example surface roughness and elevations for wind generation or seasonal
e ects of rainfall for hydro power.

Additionally dispatchable sources of energy, such as diesel generation and battery
storage can be utilised to further mitigate the variability of renewable and having many

redundant sources of generation can increase system reliability.
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4.2.3 Utilise Unused Energy

For a single SHS there is no benet derived from diversity, as the peak subsystem
demand and the peak system demand are the same.

The peak demand must be met by the panel and battery at all times to ensure
constant operation. SHSs are therefore speci ed to have large generation and storage
in order to satisfy this worst case peak. This results in a systematic over-sizing of
generation as the most economic system design, considering the relative costs of solar
PV and battery storage and as much as 65% of total generation being unused [78] [112].

Interconnection between systems can allow this excess energy to be utilized within
the system in a number of ways. This energy can connect new consumers, increase the
demand that can be drawn be existing users while maintaining reliability of supply,
potentially enabling productive or income generating loads, provide income from ex-
porting excess generation or it can reduce the required size of storage and generation

in the overall system.

4.2.4 Increased Reliability

In the case of a fault on the system, an interconnected network of standalone systems
could revert to islanded operation, providing at least limited functionality for basic loads
such as lighting. This could signi cantly increase the reliability of systems compared
to a minigrid with centralized generation and storage. A minigrid connected to the
national grid could similarly intentionally island itself in the case of a fault on the
system.

The system could also be con gured to exhibit re-con guring or \self-healing" prop-
erties, the ability to autonomously identify and recover from faults [113]. This property
is often found in communications networks [114] utilising redundant paths ensure con-
nection even under conditions where some subset of the infrastructure is damaged. Self
healing is increasingly explored in power systems, where complex and meshed topol-
ogy, distributed generation and storage give opportunities to rethink how networks are
operated [115] routing power to avoid faults in a manner similar to how the internet

can recon gure to route packets via a range of pathways to avoid faults and improve
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system performance [116].

There is increasing interest in operating energy systems with the possibility of in-
tentional islanding [117], whereby microgrids or even distribution feeders can discon-
nect from a macrogrid and use their local generation and storage assets to operate
autonomously under conditions where this is advantageous to either system.

Even in countries with high electri cation rates and established national grids, dis-
tributed generation and storage is becoming more prevalent across every level of the
grid, presenting opportunities to rethink how systems operate. A bottom up inter-
connected system could build in this functionality from inception, saving money and
e ort in the long term. The bene ts of interconnection is examined analytically, with

reference to a range of reliability metrics in chapter 6 and 7.

4.2.5 Increased Battery Lifetime

The capacity of a battery is impacted by environmental factors such as temperature
and its operation, with the depth of discharge and number of charge cycles being the
key factors impacting battery state of health. [118] develops a model for degradation of
valve regulated lead acid batteries for SHSs and the impact of these factors on battery
state of health.

Shared storage assets in an interconnected system can be dispatched in a coordi-
nated manner. This could o er opportunities for dispatch strategies that can minimise
the charge cycles and depth of discharge experienced by batteries over their lifetime.
The capacity loss of most battery technologies is a function of the depth of discharge
and number of charge discharge cycles, for example fully discharging one set of batteries

before utilising others, can improve the lifetimes of these assets.

4.3 Economic Benets

4.3.1 Financial Flexibility for Individuals

Many SHSs and minigrids rely on a "pay as you go" business model or micro nance to

fund their operation [119] [120] [121]. The risk of failure to pay is a signi cant barrier
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to the commercialisation of this technology. The ability to sell excess energy can help
individuals or systems to meet payments in di cult times by reducing their electricity

demand rather than losing access altogether.

4.3.2 Flexible Investment

Investment in the required technology to interconnect systems can be undertaken incre-
mentally, targeting locations with the greatest advantage to be derived, such as those
with a varied demand or generation pro les located close together. Initially, access
can be provided quickly and cost e ectively with SHSs. There is a documented trend
in growth of energy consumption over time as human development increases [38]. As
such, this bottom up approach can o er a cost-e ective method of ensuring the en-
ergy infrastructure evolves at a rate in accordance with growing demand. Incremental
interconnection of SHSs or microgrids can be implemented to gradually increase mini-
grid capacity. Additional, centralized generation could then be added to the mini-grid
and it could eventually be interconnected to other mini-grids, further increasing di-
versity of demand and supply. Where suitable, this network of mini-grids could then
be integrated into a national grid. The key advantage is that these upgrades can be
undertaken incrementally and can adapt to the changing consumption patterns and
need of each community. Though not suitable in every situation, such as over large
distances or between grids with low diversity, interconnection o ers an additional path
to grow and upgrade systems over time. In order to fully take advantage of the poten-
tial bene ts o ered by interconnection, a suitable planning methodology is required,

involving detailed numerical modelling, real world experience and design toals.

4.4 Social Bene ts

4.4.1 Equality of Access

Many of the poorest and most vulnerable are unable to aord the upfront cost or
monthly payments associated with ownership of their own SHSs. Individuals who

cannot aord to invest in a full SHS could instead install a cheaper controller and
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converter, connecting their dwelling to a network and allowing them to purchase excess
electricity from other connected systems.

The quality of service may not be as good as a SHS, as there may be times when
all systems of the network are unwilling to sell, but this rst step may be an e ective
method to spread the cost and facilitate quicker and more cost e ective electri cation
for those who cannot a ord to purchase a complete SHS, one of the key barriers to
uptake [122] [25].

In a location with many SHSs it may make sense for new customers not to buy a
SHS at all and simply purchase an interconnection. This could also be used to connect
new load centers without energy access to minigrids with excess energy. For example,
small enterprises, who don't have the capital to invest in all of the components of an
o grid system could utilize this pooled energy resource and unlock business opportu-
nities within local communities, while also providing income generating potential for

prosumers in the sale of energy to these small businesses.

4.4.2 Community Cohesion and Ownership

There is signi cant evidence to support the idea that strong spatial networks and
infrastructure within the built environment can have a positive impact on social cohe-
sion [123]. Creating a sense of joint ownership and participation within a community
can lead to a greater sense of community, belonging and empathy. This can result in
better stewardship of systems, resulting in higher reliability and reduced maintenance
costs.

Many traditionally privately owned and operated assets, such as transport and ac-
commodation have been disrupted by "sharing economy" models such as Uber and
AirBnb [124] and this has democratised access to the bene ts, allowing wider partici-
pation in the value stream. A well engaged and informed community participating in a
community network facilitated by interconnection have the possibility of gaining direct
control of the means of generation and more directly bene t from the wealth generated

by their assets.
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4.4.3 Energy Literacy and Capacity Building

Direct engagement in a community energy system, particularly in conjunction with
capacity building and education activities, can facilitate a greater local understanding
of energy use that can lead to more sustainable consumption [125] and a better under-
standing of modern energy services and productive uses of energy, leading to long term

economic bene ts.

4.4.4 Technical Continuity

For users already familiar with their existing energy provision ecosystem, this approach
can guarantee that their existing appliances can continue to be used and can leverage
existing positive consumer relationships with companies or other implementing organ-
isations where these exist. This is in contrast to a scenario where a new minigrid
is installed in a community to improve access, but possibly resulting in existing DC
appliances designed for use in the SHS ecosystem being unusable on a new grid with

di erent voltage levels or AC rather than DC distribution.

4.4.5 Environmental Impact

By potentially reducing the utilisation of diesel generation, interconnection can have a
positive impact on carbon emissions and local air pollution [126], reducing the impact

on climate change of the system and improving local health.

4.5 Technical Feasibility Challenges

4.5.1 Requirement for a Controller or Interface Device

In order to facilitate interconnection, there is a requirement for a controller to facilitate
energy transfer between systems. This device must feature some form of communica-
tions to allow price signals to be sent between houses and a two way DC/DC converter
to step up and down the voltage for distribution, as well as net metering to facilitate

billing or other forms of payment. The design of such a controller is beyond the scope
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of this work, which will focus on the potential system level impact of interconnection

rather than the detailed technical implementation.

4.5.2 Standards and Compatibility

Well de ned and widely adopted standards for voltage levels, connectors, communica-
tions protocols and many other factors are crucial to the adoption of interconnection
of systems. It is desirable that two systems can be connected as quickly and easily
as possible, with the minimum technical expertise required, to reduce costs and allow
individuals and communities to have more agency in their own energy. There are no
internationally accepted standards for Low Voltage Direct Current (LVDC), although

the IEEE Standards Association is developing a new standard for DC microgrids [127].

45.3 Losses

One of the key factors determining the viability of interconnection is the losses ex-
perienced while transferring power from one household to another. These losses are

determined by three main factors:

The losses in the power conversion stages stepping up and down the voltage

The losses in the distribution lines determined by their length and impedance per

unit length.

The voltage level of distribution.

Converter Losses

Losses in DC/DC converters to step up and down the voltage for transmission must be
considered. Cutting edge wide band gap devices can facilitate converters with greater
than 98% e ciency [128], but the cost of these devices is currently prohibitive for this

application.
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Distribution Losses: Distance Between Systems, Voltage Levels and Cable

Sizing

| °R losses between two systems are a function of separation distance. For a given cross-
sectional area of conductor the resistance of a line grows linearly with distance. The
greater the voltage level, the lower thel 2R losses, due to the current reducing as voltage
increases. This makes higher voltage levels more desirable to minimise losses, but there
is a trade-0 as higher voltage levels will require both more expensive converters and
can have safety implications. It is often desirable in such systems to use DC voltages
less than 48VDC where possible to ensure touch safety [129]. The other way to reduce
distribution loses is to decrease the resistance of the line by increasing its cross-sectional
area, but this will also result in increased cost as thicker cables are more expensive. The
implications for the cost of these trade-o s require detailed techno-economic modelling

to understand.

4.5.4 Requirement for Diversity

For interconnection to be viable, there must be some diversity of demand and/or gen-
eration present. Predicting this behaviour is complex and challenging. A clearer un-
derstanding of the required diversity to make interconnection worth considering would

form a useful design heuristic.

4.6 Economic Challenges

In order to be wildly utilized the technology must not only be positive for consumers,
but also nancially viable. There are a number of potential business models for inter-
connection, including PAYG with a centralised pool operated by the network owner,
Peer to Peer selling with a transaction fee, micro nance or a at rate subscription.
In order to ascertain the best approach, market research, pilot projects and detailed
techno economic modelling are required, with an understanding that there will most
likely be a range of suitable solutions depending on the speci ¢ social, economic and

geographical context. This could build on market assessment methodologies used for
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other o grid technologies such as wind and minigrids [130].
There is currently no clear understanding of the lifetime cost of this approach in
comparison to alternative approach. This thesis aims to develop some assessment of

the required techno-economic metrics to perform a market assessment.

4.7 Social Challenges

4.7.1 Education and Energy Literacy

There is a risk that a more complicated system of energy trading can alienate users
without proper education. Many consumers in targeted areas have limited literacy [131]
and this must be carefully considered in the design of the user experience to ensure no

users are left behind.

4.7.2 Equality of Access

This approach can facilitate consumers without SHSs connecting to energy at a lower
cost, if improperly implemented, this approach could also allow a user with a larger
amount of storage and generation to manipulate a local market. Potential commercial
and ownership models for interconnected systems and their relative bene ts and risks

are explored in more detail in chapter 8.

4.8 Interconnection Literature

The concept of interconnecting decentralised o grid energy systems has been investi-
gated in the literature under a number of di erent names, including bottom-up electri-
cation, swarm electri cation, power sharing, meshed microgrids and multi-microgrids.

In this section, the work done in this literature will be outlined and compared.

4.8.1 SHS Interconnection

Academic interest in this work began in 2012. Before this time, the density of SHSs and

other systems that could be interconnected was not present anywhere in the world to
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trigger academic interest in their interconnection. The concept of building a minigrid
from a network of SHS is rst mentioned in the masters thesis of Kurtis Unger [132] in
2012, "Organically grown microgrids: Development of a solar neighborhood microgrid
concept for o grid communities”. At this time, the market for cellular enabled SHSs
with remote monitoring and payment was just beginning to emerge and the thesis
outlines the potential of this technology to enable new models of peer to peer energy
trading. The author identi es interconnection as a potentially disruptive technology
and innovation that can facilitate the scaling up of electricity access.

The thesis develops a deterministic simulation in Matlab Simulink to model min-
igrids made up of SHSs focusing on the design of an appropriate DC-DC converter
to facilitate power sharing in the system. The key contribution is the comparison
of network topology, between a centralized bus and point to point interconnection of
households. The model is applied to a case study in Mugumu, Tanzania, interconnect-
ing 8 houses at 24VDC, modeling the switching characteristics and stability of such a
system. The approach to economic modeling is of interest. The author identi es the
possibility for consumers with SHS to sell electricity to solar lantern owners in order
to charge their devices, creating some form of peer to peer market even before the
introduction of physical interconnection between households.

"ldentifying Hidden Resources in Solar Home Systems as the Basis for Bottom-Up
Grid" by Hannes Kirchho et al [133] further develops the idea and sets a motivational
foundation by using a simulation based approach to demonstrate signi cant unused
energy present in SHSs. This excess energy is shown to be in the order of 50% of
the energy generated by the system and could be utilized by nearby houses in an
interconnected network. This excess is due to the lack of demand diversity present in
the systems and the systematic over sizing of PV panels, issues that can be mitigated
through interconnection as discussed in section 4.2.2.

The term Swarm electri cation was established by Groh et al in 2014 [134]. The
paper also establishes the idea of combining both top down and bottom up growth
in power systems, with national grids being able to connect to a pre-made network.

Reference is made to the concept of network theory and swarm intelligence, with the
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interconnected networks capability and value being greater than the sum of its con-
stituent parts.

"Swarm Electri cation: Investigating a Paradigm Shift Through the Building of
Microgrids Bottom-up” [135] by the same authors in 2015 builds on these concepts,
addressing the classical narrative of access provision being a comparison between on
and o grid solutions, or the centralised and decentralised track established in [87]. The

paper lays out the following challenges for traditional decentralised energy systems:

Demand tends to grow once electricity is available;
Pace of growth is hard to determine;
Oversized systems are not economically viable;

Undersized systems might fail to adequately perform and therefore

hinder social acceptance and economic development;

Productive use is enhanced with larger electrical loads.

It is proposed that interconnection in an incremental manner is a viable way to
address these limitations, by reducing the initial investment risk with smaller systems
that can wait and see what demand develops in a community.

\Against the odds: The potential of swarm electri cation for small island develop-
ment states" [136] presents the results of practical implementations of interconnection
between SHSs in Bangladesh against the ESMAP multi tier framework, and elaborates
on the resiliency impacts of a decentralised SHS network, when each house can default
to islanded operation. The technology is analysed in the specic case of Small Island
Developing States and their speci ¢ challenges.

The results from the trial of the ME SOLShare trail are presented, speci cally
relating the the ability of Swarm Electri cation to improve battery health by reducing
charge cycles. The interconnected SHS implemented had an average tier assignment if
1.52 across 106 systems investigated, compared to a tier rating of 1 for a traditional
SHS, showing a small but signi cant bene t over islanded SHSs.

"Developing mutual success factors and their application to swarm electri cation:

microgrids with 100 % renewable energies in the Global South and Germany" [137]
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outlines further social bene ts that could be derived from interconnection of SHS,
including increased sense of community ownership and energy literacy among users.

The 2019 paper "Quantifying the Bene ts of a Solar Home System-Based DC Mi-
crogrid for Rural Electri cation" by Narayan et al [138] further investigates the use of
interconnected SHSs to move up energy access tier and reduce loss of load probability.
The paper is of particular interest as it addresses the tier 4 and 5 services (using SHSs
with much larger panels and batteries than regular SHSs 4kWp solar and 6.6kWh of
batteries) and utilizes 380Vdc distribution between houses to achieve the higher power
transfers required to facilitate this higher tier access. The paper proposes a power
management algorithm used to decide the operational priorities of the SHS model for
a standalone system.

The paper then proposes a number of ways of establishing the power sharing prior-
ities of interconnected SHSs. Each system will rst attempt to meet its own demands
locally, and in the case of additional excess, the energy from other system batteries will
be utilized in order, beginning with the battery with the greatest SoC. Any surplus
energy must then be shared between the batteries on the system. The paper presents
three options for priorities of use for this energy; DOD-Based Proportional Excess En-
ergy Sharing, where the energy given to each battery is proportional to its depth of
discharge, with more discharged batteries prioritised; Priority Excess Energy Sharing,
where the battery with the highest DOD is charged fully followed by the battery with
the new lowest DOD and Equal Excess Energy Sharing, where each battery simply re-
ceives an equal proportion of the excess energy. Each approach here assumes centralised
visibility and control of the distributed system.

The expected Loss of Load Probability (LLP) for each approach is presented for a
case study of homogeneous tier 4 and 5 SHSs for clusters of between 2 and 50 systems
over a 1 year time horizon. In the case presented of between 2 and 10 SHS systems
interconnected with all three di erent battery sharing approaches, Priority Excess Shar-
ing resulted in the highest chance of lost load, with both other methods performing
identically in this particular case. After diversity mean peak demand for a network of

interconnected systems is also presented in the work, but the use of such large batter-
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ies and panel sizes for the tier 4 and 5 SHSs makes it of limited interest for practical
systems in most remote rural communities.

In [139] the results of simulation case-studies on interconnected SHSs using eld
data gathered from SOLShare system in Bangaldesh is presented. The paper presents
evidence for the presence of excess energy due to solar panel over-sizing in three of the
four systems under investigation and a basic simulation demonstrates reliability bene t
derived from interconnection of four households.

[140] presents another approach to simulating a swarm grid, again utilising a deter-
ministic simulation, although the systems under investigation in the distributed swarm
grid each feature individual diesel generation and no investigation of battery degrada-
tion is made. The simulation demonstrates that swarm grids are less nancially viable

than traditional minigrids in the case-study investigated.

4.8.2 Minigrid Interconnection

There has also been signi cant investigation of interconnection between systems at the
minigrid scale, focused mostly on hydro grids in Nepal.

"Interconnected mini-grids for rural energy transition in Nepal" by Koirala et al
[141], published in 2013, considers the specic case of Nepal for interconnection of
microgrids. The case of Nepal is interesting, as there are a large number of Hydro
powered mini grids in the country, due to its mountainous location, but many of these
experience severe planned load shedding and unplanned blackouts, due to reaching
the limit of usable water resources. In addition, the mountainous terrain makes diesel
generation an unappealing approach to mitigate this, due to the signi cant costs of
transporting the fuel.

The motivation behind interconnection is to mitigate these blackouts by increasing
diversity of generation availability and add the option to install shared generation or
storage assets. The paper does not make consideration of the bene ts of increased
demand diversity.

In 2011, 6 hydro plants in Nepal were interconnected by 11KV AC over a dis-

tance of 8km via a synchronisation unit, providing 107kw of energy for a total of 1200
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households. The grid was then interconnected to the national grid and it has been
reported that reliability and quality of service improved, although the paper o ers no
quantitative analysis of the impact.

"Micro Hydro Interconnected Mini Grids in Nepal: Potential and Pitfalls” [142]
expands on this work, presenting results of a case-study where 4 hydro grids were
interconnected.

"Nepal: Scaling Up Electricity Access through Mini and Micro Hydropower Appli-
cations A strategic stock-taking and developing a future roadmap" [143] published by
the World Bank in 2015 further considers the viability of interconnecting micro hydro
grids in Nepal. It refers to these larger, interconnected networks as mini grids, but only
considers the case of AC interconnection. This is seen as a potentially viable approach,
but only in situations where some of the grids have an energy excess and some a de cit.

Bene ts identi ed include the ability for one grid to support the other under some
failure cases, but identi es a number of challenges with AC interconnection including
the need for coordinated frequency, phase and voltage level between interconnected
systems and the requirement for load controllers with dump loads to maintain energy
balance between the system and an increased need for protection devices to ensure
safety. Distance between grids and number of grids connected is also identi ed as a key
factor, as the CAPEX cost cost of interconnection will scale with these factors.

The report speci cally states that no bene t in demand diversity can be derived by
interconnection during peak times, although this merits further quantitative investiga-
tion using stochastic approaches to model the behaviour of consumers and is addressed
in chapter 4 and 5.Results of feasibility case studies are presented in the report, all for
11KV AC interconnection under the assumption that productive uses of energy will be
adopted for 75% of utilised energy between 9:00-17:00, when the domestic demand is
low.

The nancial analysis concludes that while some of the case studies can make enough
income to cover operational costs, maintenance and salaries, none of the mini grids are
expected to make a net prot, even with the generous assumption of 75% of excess

energy being utilised.
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Business and operational models are mentioned, and it is considered by the AEPC
and other stakeholders that the best model of operation is for each micro hydro plant
to be operated as independent power producers, and a distribution operator be formed
with membership from each of these bodies to operate the distribution network. The
report does not consider DC interconnection, which could mitigate many of the issues of
load ow and synchronisation needs, or consider installing or utilising other generation
technologies to increase diversity, such as small wind, battery storage or solar PV.

Interestingly, there is no published work investigating the interconnection of non-

hydro based islanded minigrids, representing a particular gap in the literature.

4.8.3 Multi-microgrids

The concept of multi-microgrids developed from exploration of smart grids and the
problems of integration and control of DER. This concept details the control and op-
eration of multiple microgrids connected to the low voltage distribution network. [144]

establishes a multi microgrid as :

\Formed at the Medium Voltage (MV) level, consisting of several LV mi-

crogrids and DG units connected on adjacent MV feeders."

[145] uses particle swarm optimisation to solve an economic dispatch problem for
a case-study of three minigrids all connected to the same MV feeder. [146] investigates
the reliability bene ts of coordinated operation of multi-microgrids and [147] similarly
investigates how multi-microgrids can provide reliability bene t and resilience to dis-
tribution networks.

Although of tangential interest, the work undertaken on multi-microgrids focuses on
the control and operation of microgrids connected to a macrogrid, rather than islanded
as investigated in this work. Additionally, no work has been published exploring the

planning and decision making process for installing and evaluating these systems.

4.8.4 Existing Interconnection Activities in the Private Sector

In addition to the academic interest in interconnection of power systems, a number of

businesses are working in this area. This section o ers a summary of the current cutting

87



Chapter 4. Bottom-Up Electri cation

edge of implementation in the area, in relation to the wider eld of o grid energy.

Brooklyn microgrid are a company operating in Brooklyn, New York. They operate
a local energy market that facilitates the real time trading of energy over the existing
AC distribution network owned by conEd in a “virtual microgrid' [148]. The system net
meters the ows of energy within the system and utilises the block-chain cryptocurrency
ethereum for billing, allowing consumers and small businesses to buy and sell excess
energy from rooftop PV.

The organisation operates as a Distribution System Operator, using price signals to
manage and balance local demand. LO3 and their parent company Centrica are also
working towards a similar project in Cornwall, UK.

Okra Energy have a solution they call modular o grid energy [149]. This approach
di ers slightly from swarm electri cation. It is not primarily intended to utilize the
already existing assets of SHS installed, but instead to create a distributed, smart
microgrid with storage, generation and demand at each household level.

They take advantage of the controllability and e ciency of DC meshed networks to
e ectively route power between households and provide a microgrid at lower cost (they
claim 1/2 the cost) of a traditional AC microgrid. Their solution is providing a range
of tiers of energy access, including some productive use applications such as incubation
of crickets, rice driers and water pumps.

SOLShare was founded by a number of researchers from TU Berlin involved in the
initial inception of the idea of swarm electri cation. They operate in Bangladesh and
have investigated networks of interconnected SHS there, using a peer-to-peer trading
platform called CELLbazaar to facilitate a local energy network. This platform allows
SHS users to sell excess energy and non-SHS users to buy that energy.

Their system works natively at DC, using a bi-directional DC/DC converter module
and claims to interface directly with existing SHS hardware in the customer's house
and features integration with a mobile app and mobile money payment. They have the
ambitious aim of installing 10,000 microgrids by 2030 in Bangladesh, taking advantage
of the countries proliferation of SHSs [150]. They also identify the limitations of this

approach, being limited to areas with high density of SHS users located close to each
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other and mention the transformative impacts on community dynamics that could occur
by turning the village into an energy market of producers and buyers. Finally, they
identify that one of the most valuable assets generated from a commercial standpoint is
the data on the usage patterns and behaviour of the consumers, which raises interesting

business model and ethical questions.

4.9 Summary

It is clear from chapter three that there is a need for adapting existing process of
0 grid energy planning to adopt a more incremental approach. Interconnection of
0 grid systems has gained interest as a vector for improving electricity access, but
the work undertaken does not place the process e ectively in this wider context and
focuses on individual case studies, rather than investigating the underlying factors that
impact the viability of this approach. Understanding the wider impact of factors such
as present diversity of demand and generation and distance between systems in an
empirical fashion is vital to the further development of this potentially transformative
approach.

Additionally, the existing work is not e ectively placed in the wider context of elec-
tricity planning, simply presenting individual, system level examples. Interconnection
can be integrated into existing planning both at a wider area and system level, but
a robust underlying model must be created and more robust evidence of the relative
bene ts of interconnection quantitatively evaluated.

In order to fully evaluate the value of this approach, a stochastic rather than deter-
ministic model is required to e ectively simulate the diversity exhibited by agents acting
unpredictably, in contrast to the deterministic, case study based work undertaken in
literature to date.

The next chapter will present one of the key contributions of this thesis, a detailed
methodology for simulating interconnected systems utilising time-sequential Monte
Carlo, as the basis for model that can more e ectively investigate and quantitatively
address a number of the questions raised in this chapter, such as the cost and reliability

impacts of interconnecting systems and the level of demand and generation diversity
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present.
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Chapter 5

A Methodology for Monte Carlo
Simulation of Interconnected

Solar Home Systems

5.1 Introduction

The requirement for a quantitative methodology to investigate bottom-up interconnec-
tion and its role in electricity access planning has been established in previous chapters.
In this chapter, a methodology utilising a time sequential Monte Carlo method is pro-
posed as a non-deterministic approach to evaluating uncertainty and modelling the
stochastic behaviour of agents.

First a model of the systems under investigation is developed, consisting of blocks
modelling generation, storage, demand and losses. Then these are combined to form
a whole system model to act as an underlying model for the Monte Carlo simulation
with system constraints and dispatch evaluated.

The use of a Monte Carlo methodology is then justi ed and the integration of the
developed model into the methodology outlined. This model is then used to evaluate

a number of case studies in chapter 6.
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5.2 Programming Language and Tools Used

All work presented in this thesis was coded from scratch using Python 3. A number of

libraries were utilised, including NumPy, SciPy, Seaborn and MatPlotLib.

5.3 Methodology Selection

The requirements for a planing approach for bottom up electri cation are informed by

a number of factors explored in previous chapters.

Systems under investigation are storage dominated. A time series method is
required to appropriately model the system [151]. A time sequential simulation

simulates a number of time-steps and passes state data from one time-step to the
next to model the impact of temporal e ects such as storage of energy, deferred

investment and asset ageing.

The methodology is required to have some method of capturing the uncertainty
and capturing the e ects of demand and generation diversity. For this reason, a
deterministic simulation is deemed unsuitable, as it would only investigate one
set of demand pro les with a given diversity factor, making deep investigation of

the e ects of varying diversity challenging.

The model needs to operate over a large time horizon with a ne temporal reso-
lution in order to capture the impact of transient and low probability events that

could have a large impact on the system operation.

The model must contain the ability to model additional infrastructure investment

at any time in the simulation or when speci ¢ conditions are met.

To meet these requirements, a time sequential Monte Carlo approach was adopted.
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5.3.1 Approaches to Stochastic Modelling

5.4 Monte Carlo Simulation

A Time Sequential Monte Carlo methodology was adopted. Monte Carlo simulation
is a stochastic simulation methodology based on randomly sampling a variable from a
probability distribution. This method is commonly used in power systems reliability
analysis, as the analysis of impact of component failure and repair has an impact over
time [152].

For each time-stept, the energy balance of the system is evaluated and performance
metrics recorded, with unknown values being simulated as independent random events.
This is repeated for each time-step of the simulation in chronological order, with relevant
information such as storage state of charge passed from one time-step to the next.

Once the entire time horizon has been evaluated, the desired metrics are recorded
and the process is repeated for a number of runs. By running a simulation a large num-
ber of times, with variables associated with unknown or uncertain behaviours drawn
randomly from a de ned probability distribution on each run, a distribution of possible
results can be obtained.

Each metric can then be presented as a range of possible results, with con dence
intervals placed around those results.

A key advantage o ered over deterministic methods of simulation is the ability to
capture a range of possible "worlds" containing not only the most likely simulation
result, but also a range of lower probability but possible results. Many high impact
power systems events, such as failure of key assets occur rarely, but have a signi cant
impact on system performance. A Monte Carlo simulation can give an indication of
the risk of these low probability, high impact events, making it an invaluable tool for
planning under uncertainty and evaluating the bene ts and cost of mitigating such

risks.
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5.4.1 Time Based and Condition Based Changes to Simulation Pa-

rameters

A limitation of existing methodologies is the lack of ability to model investment being
made during a simulation. Under this model, both time based and state based changes
can be made to the simulation, such as increasing the installed generation or battery
capacity after three years or if reliability or another metric falls below a predetermined
threshold.

At the beginning of each time-step, the simulation checks to see if any of the con-

ditions have been met and if so, the relevant values are changed for future time-steps.

5.5 Solar Photo-Voltaic Model

The aim of the solar PV model is to model the energy generated by solar PV panels at
a given location and over a given time. The model used is adapted from [153], which
has been validated against over 1000 ground weather station measurements.

The inputs to the model are:

The MEERA 2 satellite data-set

Location latitude and longitude of the system under investigation
P Vsize in Wp

Conversion e ciency of the PV array

Tilt and azimuth angles of the installed PV array

Temporal resolution of data required

Desired time horizon
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Figure 5.1: Flow diagram of solar PV model

5.5.1 Data Selection

In order to capture the locational variation in solar insolation, the model takes historical
solar insolation data for the location under investigation as an input.

There are two main sources of historical data, ground measurements from weather-
stations or data captured from satellite observation. Ground measurements can o er an
accurate and high temporal resolution data-set for a given location, but are contingent
on systematic data collection campaigns. This measurement process is expensive and
time-consuming, so has not been conducted for most locations in the world.

Satellite weather data is recorded globally and historical data can be accessed for
the entire earth. Data sets vary in both temporal and spatial resolution.For locations
further than 37km from a ground weather station, satellite data is considered to be
a more accurate alternative [154] to ground recordings. Due to the requirement for a
complete global data-set, satellite data is used in this work.

The selected data-set used is MEERA |l [155], a database of historic satellite
weather data reanalysis provided by NASA. This data-set o ers temperature and en-
ergy ux at a resolution of 0.5 lat x 0.625 lon and a temporal resolution of 1 hour.
Unless otherwise stated, all solar data used is for 2007 at latitude -2, longitude 30 in
Kigali, Rwanda.

In order to account for random variations in weather, normally distributed noise
with a normal distribution and a standard deviation of 5% of the magnitude at the
given time. This standard deviation was chosen to represent the stated uncertainty in
the MEERA 2 data [155].

Solar resource data with a temporal resolution ner than an hour for solar insolation
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Figure 5.2: Locations of ground recording weather stations from [15]

is not available globally. It is necessary to modify the available data in order to provide
the required data of any simulation with a temporal resolution of less than an hour.
This is achieved through linear interpolation of the existing data, an approach com-
monly used for smoothing data distributions [156]. Linear interpolations is a method
used to t curves by creating new data-points between know discrete data values. Lin-

ear interpolations is the simplest method of data interpolation.

5.5.2 Limitations of Solar Model and Further Work

A number of factors are not considered in this model for the purpose of simplicity, but
could be expanded in future work.

Shading of solar PV panels can have a signi cant impact on both their performance
and lifetime [157]. Shading can be caused by clouds or by terrestrial objects such as
trees, and will change over the course of a day and this e ect could be more signi cant
in a distributed system, with a large number of smaller PV panels compared to a single
centralised generation location, due to individual households possibly being less likely
to appropriately maintain the system than a centralised operator. The could impact

the modelling by causing a systematic overestimate of the outputs of the PV panels
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In addition, not all panels in a real distributed minigrid of SHSs will have the same
azimuth and tilt angle, as each household and installation will di er. This e ect could
have bene cial smoothing e ects on solar demand compared to centralised installation
or sub-optimal installations could result in reduced output. The optimal setup may
depend on latitude, demand pro les, system design and many other factors and merits
investigation [158].

Finally, the long term impact of climate change can increase the likelihood of rare
weather events and impact seasonal variations in weather such as the cycles of dry and
rainy seasons observed in many equatorial locations [159]. Detailed investigation of the

long term viability of any solar based power system should consider these factors.

5.6 Demand Model

A key factor in the evaluation of interconnected systems is the need to understand
and investigate demand diversity in very small systems. In order to achieve this, a
stochastic, bottom-up, appliance level model was selected. This approach models the
demand of each appliance individually, based on expected usage across the day. This
approach was chosen due to the exibility of data sources that can be utilised and
its compatibility with bottom-up community engagement approaches and the fact the

modelling can easily scale to consider the addition of new loads over time.

5.6.1 Data Availability

Planning and simulation for any energy system requires understanding of load pro les
for the system in question. For many conventional power system simulations, there
is a wealth of high temporal resolution historic data available. Well recorded historic
changes in usage patterns can be used to inform future demand in a well understood
manner.

For minigrids and other o grid energy systems, this wealth of experience and
historical data does not exist. There are a few key factors contributing to this systemic

lack of data.
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The rst is how recent wide scale deployment of minigrids is globally. The number
of installed islanded minigrids has rapidly expanded in recent years, but is still short
of the full market potential. The consequence of this relatively recent development is
that systems have not been installed for long enough to gather a large volume of load
data over a number of years.

The second reason for this lack of data from mini grids is nancial. Most minigrids
are currently installed by private developers or third sector organisations with a focus
on the repayment of capital and operational costs. The payback time for such systems
varies, but tends to be in the region of 5-20 years. There is signi cant pressure for
developers to lower costs and recoup investment. Installing remote monitoring devices
incurs additional costs in hardware for data loggers and other monitoring devices,
software for the direct collection of data, and costs for transferring the data from the
system in question to those who can make use of it either by GSM or other mobile data
systems or though manual collection of memory cards from data loggers, requiring
additional sta hours.

Some organisations, particularly in the o grid Pay As You Go sector such as
BBOXX and MobiSol have made sophisticated metering and monitoring of data a core
component of their business, using the information to inform preventative maintenance,
identify problem customers and design future product o erings but they are in the
minority. The data is also a key component of these companies competitive advantage
in a fast moving sector, making them understandably unwilling to share the information

widely.

5.6.2 Modelling Demand

This approach models the demand for each individual appliance on each system, allow-
ing for realistic and modular understanding of demand growth, both driven by changing
use of existing appliances and connection of new appliances. For each time-step in the
simulation, each appliance is assigned a probability value associated with it being in
the on state, informed by surveys and load data.

The model represented the probability of an appliance being switched on at a given
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time step as independent from previous timesteps in the simulation, depending only on
the prede ned probability of use during that time of the day.

Demand pro les used to generate the initial load pro les are based on usage data
for BBOXXs standardised SHS topology and data on the available appliances taken
from [30].

Table 5.1: Probability of use for an LED light in a small SHS

Hour 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Probability 01 005 005 005 01 01 01 01 01 01 01 01 01 01 01 01 01 01 06 06 05 03 025 0.2

Table 5.2 shows the appliances present in a standard (tier 1 or 2) SHS and a con-
stant self consumption load associated with the charge controller and communications.

Chapter 6 details all case study systems and their respective appliance.

Table 5.2: Loads in BBOXX bPower50 SHS

‘ Number | Power Consumption Unit
LED Bulb 4 1 w
USB Port for Phone Charging 2 1 W
TV 1 11.2 w
Self Consumption 1 1 w

For each appliance at each time step a random number between 0 and 1 is generated
from uniform distribution and compared to the probability distribution displayed in 5.1

for the given hour of the day, where the hour of the day is calculated by:

Hour = tmoduloResolution 24 (5.1)

Therefore, for appliance x at time-step t

8

21t P Applicancey; > R g4
AppliaceStatey; =

* 0; otherwise
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5.6.3 Two State Markov Chain Load Estimation

This does not realistically capture the behaviour of customers for most appliances. The
chance of a given appliance being switched on is dependent on a number of factors, key
among these is the history of the use of the load.

A two state Markov chain model is used to represent each appliance at the household
level. For each timestep, each appliance will have a probability to turn on if currently
0 and a chance to turn o if currently on.

For example, a light that is on may have a large probability to be switched o if
it is on during the middle of the day, when much of the lighting demand can be met
by sunlight (in many cases). In contrast, a light left switched on overnight, either by
accident or as security lighting, has a much lower probability of being switched o at
3am as most of the residents of the house are likely to be asleep.

A two state Markov chain model can be represented mathematically for each appli-
ance. Three components describe the Two State Markov chain model: The distribution
of initial states, the state space and the transition matrix.

In the case of a two state model describing and appliance that can either be on or
0, the state space consists of these two states, o and on, referred to as SO and S1
respectively.

A 2x2 matrix can then be constructed. The values in the matrix are:
Too: the probability of being in Sg and remaining in &
T o1 the chance of being in § and transitioning to state Sq, given by 1-Tgg
T 11, the probability of being in S; and remaining in §
T 10 the chance of being in $ and transitioning to state Sy, given by 1-Tq3,

2 3
4Too T015

Tio Tu1

1/T o1 The mean number of rolls before transition from SO to S1 (or the mean

number of time steps spent in in SO before moving to S1) is given by:
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