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Abstract

Massive over-consumption of natural resources has resulted in severe environmental and climate
problems, which in turn threaten life supporting ecosystems. Moreover, despite some nations
driving this over-consumption, millions of people in other parts of the world, still suffer from
energy poverty: 2.7 billion people live without access to clean cooking facilities, and one billion
without access to electricity mainly in the sub-Saharan Africa and the developing regions of Asia.
The main motivation of this dissertation is to better understand the relevance of frugal energy
innovations in providing affordable energy services to impoverished people in emerging economies
in a sustainable manner.

The dissertation contains a novel five-criteria method for the identification of frugal energy
innovations, which underlines local appropriateness, affordability, sustainability and technical
durability. A frugal technology, a solar micro-grid system with locally manufactured pre-paid
energy meters was investigated in rural Northern India through a set of field measurement trials.
The micro-grids included an advanced pricing method that could potentially decrease system cost,
which is of the utmost importance in low-income communities. However, the dynamic pricing
function was not found beneficial in the field trial, because the impoverished customers minimized
their power consumption, so demand response benefits could not be demonstrated. Therefore it
is recommended to design technology and business models with an essential user-centered
approach without overlooking the potential necessity of educating end-users in areas where people
may have not had access to power grid services before. Moreover, the frugal electronic component
quality requires attention.

A particular focus in this dissertation is on the reliability of solar micro-grid systems. In the field
trial, power was measured to be available for the households 87% of the time. The number of days
without blackouts was 200 out of 356 days measured. The reasons for a lack of reliability were
related to a lack of solar energy in the winter season, component failures, and unexpected user
activities such as power theft. This study also presents a new reliability assessment method for
renewable off-grid power systems, based on an interview study with solar micro-grid operators in
India. The method is descriptive, which has an advantage of better highlighting localized problems,
such as long maintenance outages in remote regions or a lack of sufficient protective measures of
some critical system units. The use of the framework may encourage reliability thinking and assist
in designing more reliable power systems.
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Tiivistelma

Luonnonvarojen ylikulutus on johtanut vakaviin ymparisto- ja ilmasto-ongelmiin, jotka puolestaan
uhkaavat elamaa yllapitavid ekosysteemeja maapallolla. Samaan aikaan miljoonat ihmiset karsivat
energiakdyhyydesti: 2,7 miljardia ihmisti eldad ilman puhtaita ruoanlaittovilineit ja -tiloja ja
miljardilla ihmisella ei ole padsya sahkéverkkojen palveluihin, 1ahinnd Saharan eteldpuolisessa
Afrikassa ja Aasian kehittyvilla alueilla. Tamén vaitoskirjan paatavoitteena oli ymmaértaa niukkojen
energiainnovaatioiden merkitysta tarjota kestivia ja kohtuuhintaisia energiapalveluita koyhille
vaestoryhmille kehittyvilla markkinoilla.

Tama vaitoskirja sisiltdd uuden viiden kohdan méaritelmén niukkojen energiainnovaatioiden
tunnistamiseksi. Maaritelma korostaa teknologioiden paikallista sopivuutta, edullisuutta,
kestavyytta ja teknistd laatua. Tutkimuksen keskiossa oli aurinkosdhkéinen pieni mikroverkko
Pohjois-Intian maaseudulla. Intiassa paikallisesti valmistettujen energiamittareiden avulla sihkon
hinta muuttui dynaamisesti. Ratkaisu voisi pienentia jarjestelmin kokonaiskustannuksia, mika
olisi keskeistd matalan tulotason yhteis6issd. Dynaamisen sdhkon hinnoittelun hyodyllisyytta ei
kuitenkaan voitu tassi kokeessa osoittaa, silld koyhdytetyt asiakkaat kédyttiviat sahkoverkkojen
energiaa vain hyvin pienid méaarii. Téllaisissa toimintaymparist6issi on ensiarvoista, etta
liiketoimintamallit ja teknologiat suunnitellaan kayttdjaldhtoisesti. Joskus on syytd arvioida, olisiko
uusien kayttdjien kouluttamiselle tarvetta, etenkin jos asiakkaat eivit aikaisemmin ole voineet
kayttaa sahkoverkkojen palveluita. Lisdksi niukkojen elektronisten laitteiden laatuun on
kiinnitettava huomiota.

Viitoskirjassa keskityttiin erityisesti mikroverkkojirjestelmien luotettavuuteen. Tuotanto- ja
kulutusmittausten avulla havaittiin, ettd mikroverkkojen tarjoama sdhko oli kotitalouksien
saatavilla 87% ajasta. Kun mittauspéivia oli 356, sahkokatkottomien paivien lukuméaara oli 200.
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esitelldadn uusi arviointimenetelméa mikroverkkojen luotettavuudelle, joka pohjautuu Intian
maaseudulla toimivien aurinkosdhkomikroverkko-operaattoreiden haastattelututkimukseen.
Arviointimenetelma on kuvaileva, jolloin ongelmien paikallinen luonne voidaan huomioida
paremmin. Pitkia sdahkokatkoja aiheuttivat esimerkiksi varaosien saatavuusongelmat, tai puute
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1. Introduction

1.1 Overview

The consumption of natural resources and energy has risen along with increasing
welfare and population. By the end of this century, it is expected that the global
energy consumption will have risen from 16.2 TW in 2007 to 47 TW, even
according to conservative calculations [1]. During the last century alone, the
usage of ore and minerals rose 27-fold, whereas the use of fossil fuels has risen
12-fold [2, p. 89]. Such massive overconsumption of natural resources has
resulted in severe environmental and climate problems that currently threaten
life supporting ecosystems.

For all types of materials, the per-capita consumption in developed countries
is several times higher than in the less developed countries [3]. However, the
energy consumption in the developing world is growing rapidly because of
population growth and raising welfare, which often is linked to the new middle
classes striving for western-type of living standards. Future consumption habits
worldwide will have a crucial effect on the environment of our planet. For
example, if all the citizens of India used fossil fuels per capita as much as US
citizens, the global CO9 emissions would increase by 55% [4].

Despite this phenomenon, millions of people still suffer from energy depriva-
tion and energy poverty: 2.7 billion people live without access to clean cooking
facilities, and one billion without access to electricity [5], mainly in the sub-
Saharan Africa and the developing regions of Asia. It is our urgent quest to
find novel and sustainable energy solutions for these regions. In addition to
sustainability, affordability deserves special attention in this context as poverty
is a prevailing condition in these regions [6]. Affordable and sustainable domes-
tic energy services for food preparation, space and water heating, lighting, and
communication would be of high relevance in these countries.

Related to the requirement for affordability, so-called frugal innovations have
been introduced as a concept in which economic and material constraints act as
driving forces for finding smart and simple solutions for day-to-day problems,

11



Introduction

either by the underprivileged people themselves or by enterprises with business
prospects. In essence, frugal innovations and systems embrace simplicity, also in
the energy sector. Frugal innovations can be manufactured with fewer resources
and sold with lower price than similar, more sophisticated and complex products,
thus better responding to the demands of the impoverished [7].

Energy frugal processes would address the above-mentioned energy challenge,
and could be related to the whole value-chain of energy. Energy frugality may
also mean learning processes to use energy more efficiently or to supply energy
services with less resources, or even lifestyles that are attentive to expenditures
on energy [8]. However, on a global scale, energy frugality is mostly not a lifestyle
choice, but a necessity dictated by reality. In the form of reverse innovation [9],
energy frugality could also encourage resource frugality in rich societies [1].

The relevance of frugal innovations to alleviate energy poverty has not been
widely studied. In particular, systematic assessments of frugal energy technolo-
gies in low-income contexts are not available. This dissertation is built around
this research gap. The focus here is on analyses of technical systems that involve
frugal features. Of particular interest are solar micro-grids in India, where such
systems could raise the living standard of millions on people in remote and rural
areas.

1.2 Aims and scope

The main motivation of this thesis was to better understand the relevance
of frugal energy innovations in providing sustainable and affordable energy
services to impoverished people in emerging economies. First, a systematic way
for the identification of frugal energy innovation was proposed to better identify
and deploy them (Publication I). Such a work had not been earlier done due
to the novelty of the concept of frugal innovation. In this context, sustainable
development also needs to be considered as an important dimension (Publication
I0).

Small solar photovoltaic systems employing the micro-grid concept has emerged
as a potential frugal technology. Solar micro-grids are capital-intensive and to
render these more viable to low-income target groups, it would be extremely
vital to both maximize the benefits from the solar installations as well as avoid
any extra operational and maintenance costs.

The second set of research questions emerged from this context as the knowl-
edge to assess these dimensions appeared to be very limited. Therefore, the
reliability of solar micro-grids and the factors affecting the level of reliability
were investigated through a set of field trials with solar micro-grids in northern
India (Publication IV and Publication V). This study revealed not only key fac-
tors affecting reliability, but also major gaps in available procedures to assess
reliability. To fill these gaps, a new systematic method for reliability assessment
was devised, also with the hope that this would encourage businesses to pay

12



Introduction

more attention to reliability-related issues in the future.

In addition to a lack of reliability considerations, the user interaction of solar
micro-grids has also attracted insufficient attention. Maximizing benefits from
a solar micro-grid system is often related to optimal sizing and design of the
major components of the system. In this dissertation, a unique field trial with
several rural households was undertaken to evaluate the possible influence of
electricity use patterns on households through price incentives, in other words,
by increasing demand at high supply times and vice versa (Publication III). In
this way, through better demand response, the energy benefits from a solar
micro-grid could potentially be increased and the system costs could also be
decreased. For this purpose, advanced smart meters were employed which were
locally manufactured in a frugal way.

The contents of this dissertation derive from five original publications which
address the above aims. The publications are presented in the list of publications.
The dissertation is divided into seven chapters. In Chapter 1, the overview and
the background are provided as well as the outline of the dissertation. Concepts
of frugal innovations and solar micro-grids are described in Chapter 2. The
research methods are presented in Chapter 3. Chapter 4 presents the main
results, and Chapter 5 discusses the theoretical and practical implications of the
dissertation. Finally, Chapter 6 concludes the dissertation.

13
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2. Frugal innovations for sustainable
energy

This chapter discusses the theoretical concept of frugal innovation with its
implications for sustainable development. Then, solar micro-grids are presented
and their connection to frugal energy services in developing countries.

2.1 The frugal innovation concept and sustainability

The concept of frugal innovation has recently emerged in the business regime to
signify smart and simplified solutions that offer affordable services for the large
underserved populations in developing countries [10] [11] [12]. The first frugal
products that reached wider popular attention were designed by large multina-
tional and international corporations (e.g. General Electric, Tata, Nokia). For
example, the simplified and portable electrocardiogram was to revolutionize the
medical sector in areas without access to reliable power supply. The product was
sold at half the price of large hospital equipment providing the same diagnoses
[13]. The second group of frugal innovations refer to solutions created by these
who themselves live in circumstances with a shortage of economic or material
resources, or some functional service [14]. For example, the famous clay-made
cold storage for alimentary products may not ever have been invented, if the
national power supply had been uninterrupted in the Indian countryside [15].
Briefly, frugal innovations deliver "more with less" [16], because frugally
engineered products are designed with the strictest cost-conscious mindset
by involving smaller amounts of raw materials and components during the
manufacturing and assembly phases. Frugal innovation appears to also have a
great potential in promoting global energy-saving and environmental protection
[1] through the reduced use of resources [17] [7]. The possibilities for energy
frugality also lie at the user end, for example, through an integration of energy
harvesting units and through solutions that embrace low or zero standby power
levels and energy efficiency. Like this, frugal innovations may contribute to
attaining several Sustainable Development Goals, which are ambitious global
targets for 2030, set by the United Nations in 2015 [3]. In particular, goals that
call for more sustainable consumption and production patterns (Goal 12) and

15
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climate change mitigation (Goal 13) may be addressed, as well as Goals 14 and
15 which consider natural habitats protection.

Nevertheless, the number of practical studies are still limited which would
assess the sustainability of frugal innovations, taking all of their benefits and
weaknesses holistically into account [18] [19]. Generally, frugal innovation is
altogether not a coherently defined term; it has also been used for marketing
dubious products that overlook next-stage usage possibilities [20].

In the energy service sector, frugal innovations could include low-cost and
efficient cooking stoves or pico-scale electricity (Publication I), these might
alleviate energy poverty of the millions of people without access to clean cooking
facilities and electricity, thus directly addressing the Sustainable Development
Goal 7. Frugal energy technologies may also alleviate poverty (Goal 1), promote
education opportunities (Goal 4) and improve health (Goal 3). Impact analysis
would always require localized scrutiny, however. It also matters whether the
energy solution could power income-generation activities, which might foster
socio-economic development in the communities (Goals 8 and 9).

One aspect which has garnered only a little interest in frugal innovation stud-
ies is their technical quality. The questions of quality, or reparability, deserve
attention because short product lifetimes may result in excessive amounts of
waste that may nullify other sustainability benefits. Ideally, frugal innovation
embraces quality, in contrast with other resource-constrained innovations [21].
Large corporations, having developed the most well-known examples of frugal
innovations, may have equipped their design teams with sufficient economic
and intellectual resources as well as incorporated quality assurance and stan-
dards compliance into product design processes. Therefore, sometimes frugal
innovations are considered to possess an inherently high technical quality [22].
However, when a variety of smaller players enter the frugal innovation market,
the introduction of inferior quality products becomes more likely.

The concern over a lack of product quality is particularly relevant for en-
ergy technologies because they may be crucial to basic services, such as food
preparation or water access. Unreliability of energy supply may have drastic
consequences for example in a health centre. In addition, reliability of energy
supply service affects customer experience which is directly connected with the
economic viability of an energy project [23]. Comprehensive reliability tests (e.g.
laboratory tests presented in [24] for a frugal wind turbine) may not always be
possible in all resource-constrained circumstances due to budget limitations, but
some level of understanding of the service reliability would be vital.

2.2 Photovoltaic solar micro-grids providing frugal energy services
Photovoltaics (PV) convert solar energy directly into direct current (DC) elec-

tricity, which can be used immediately or saved in a storage system for later
use. Many developing countries are located in tropical and sub-tropical ar-

16



Frugal innovations for sustainable energy

eas favourable for exploiting solar energy due to elevated irradiation levels.
However, wide regional variation exists due to geography, weather conditions,
micro-climate and the concentration of airborne particles (dust, pollution) that
affects solar cell output. A photovoltaic power system can serve an individual
household, or several users at once when connected to a solar micro-grid.

Micro-grids hold a considerable potential to improve electricity access in de-
veloping regions [25] [26]. The lack of access affects particularly rural areas,
as around 80% of people without access live in rural areas [27]. International
Energy Agency (IEA) estimates that 70% of people lacking access in these areas
could be served in the lowest cost manner with micro-grids and other off-grid
solutions, in order to reach the global energy access target by 2030 [28]. Grid
extension would cover the remaining 30%.

Micro-grids have been especially appreciated as reliable alternatives to failure-
prone national power grid supply systems [29]. In the state of Uttar Pradesh in
India, for example, grid power was on average available only for 12 hours per
day [30] in 2018. However, the number of studies proving the real reliability
of micro-grids is limited [31] [32], even though measured results would help to
capture the full potential of the technology. This dissertation also presents an
assessment of the reliability of solar micro-grids currently operating in India
(Section 4.2).

Micro-grids may also have a global environmental sustainability benefit com-
pared with any fossil-fuel powered energy system because typical micro-grids
utilise renewable energy sources, such as solar, wind or biomass [33]. Further-
more, micro-grids are energy efficient, because the supply station is located
nearer to the location of the power consumed; all power distribution always
requires energy. Micro-grids are considered valuable for their empowering ef-
fects on local communities [34] and for their security of supply as they are not
dependent on fossil fuel price fluctuations [29].

Figure 2.1 illustrates the technical configuration of a small-scale micro-grid
("pico-grid") system that serves six households. The battery is in the central
position in the micro-grid because it stores the solar energy produced during
the daytime to ensure its availability for customers at night-time. The power
management unit at the central charging station ensures that power is available
for users in the allocated time, and protects the supplying components from
overuse or overcharge. The capacity of this particular micro-grid is so small,
that it is called "pico-grid". Only low-power electronic appliances can be used
and the maximum instantaneous power output is limited to 30 Watts.

Generally, micro-grids can have nearly an unlimited capacity, depending on
the configuration. They can also function in connection with the centralized
main grid while providing ancillary services for the grid [35]. This study focuses
primarily on stand-alone micro-grids.

While micro-grids have enormous theoretical possibilities for providing sustain-
able energy services, several practical problems may deter from their expansion.
First of all, many countries in the developing world may lack a sufficient regula-
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Figure 2.1. Exemplary micro-grid schema: pico-grid with system intelligence, central
supply with solar panel and battery and six households served. Reprinted
with permission from Publication IV. Copyright 2018 Elsevier.

tory environment [36] and appropriate business models [37] for exploiting their
full potential. Economic viability is a relevant question, because if the customers
are extremely impoverished (e.g. families connected to the pico-grid earned 46
dollars/month, on average [38]), gaining business profits may be very difficult
[39]. Therefore a micro-grid needs to be designed frugally and cost-consciously
because the PV panel, the battery, the controlling power electronics, the distri-
bution system and maintenance management are significant investments for
the system operator.

However, frugal system design should not be utilized at the expense of quality.
Quality requirements and quality control of renewable power systems are still in
their infancy in many countries, such as in India [40] [41] which poses a threat
for long-term durability and life-long lasting of new energy systems. There
is evidence that along with the global solar boom, products of an inconsistent
quality are being sold and used in markets in developing countries [42] [43] [44].
Indeed, technical quality problems have led micro-grid customers to drop the
service in northern India [45], and in some countries, the lack of equipment
quality has destroyed the population’s trust on a renewable energy technology
[46] or the whole renewable sector [47].

There are not many studies on the frugality aspect of micro-grids. First of
all, labelling a more complex energy system (such as a solar micro-grid) as a
frugal innovation is less straightforward compared with a simple single-unit
technology (such as a solar cooker [48]). Nevertheless, the pre-paid energy meter
as a part of a solar pico-grid may be an example of a frugalized energy system
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component due to its simple electronic design. In addition, the meter promotes
a frugal use of electricity through the consumption limitation (30 Watts) and
through the pre-payment function, which is particularly suited to extremely
low-income people with irregular wages. These two features enable naming the
pico-grid a frugal innovation (see Publication I).

Demand side management (DSM) has also been used by other micro-grid
operators in rural India to frugalize their power systems, thus saving total
system costs. For example, Mera Gao Power limits the power availability to 6-7
hours per day [49] which allows a smaller PV and battery capacity installed.
Including storage is the most straightforward demand side management method
[50], but increasing the battery capacity quickly becomes unbearably expensive.
Pricing incentives have proven to be a functional demand side management
method in many established power infrastructures for balancing the power peak
demand (unit price of electricity being higher e.g. in the peak hours), see, for
example [51]. However, pricing methods have not been tested in frugal micro-
grids for their functionality and possible relevance for system cost reduction.
This dissertation contains an analysis of the benefits of a dynamic pricing
incentive method on the solar pico-grid (Section 4.1.3).
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3. Methods used in the thesis

Key methods used in this thesis were field visits to villages served by solar
micro-grids; interviews with micro-grid business operators and other experts;
systematic analyses of measured data; laboratory tests; and literature reviews
of frugal innovation, sustainable energy and energy access.

Micro-grid installation visits allowed observing the technical equipment and
installation work and how they perform and how they are used in the actual
contexts. Visits also allowed to verify or invalidate suspicions and also to discuss
observations with technical personnel and customers.

Interviewing was an efficient method to confidentially discuss particular issues
in the business ecosystem and to collect information which is not available in
literary sources. Systematic solar pico-grid customer interviews were conducted,
too, because it is important to understand how low-income people evaluate the
benefits of micro-grid systems, to be able to assess their value for the users and
technical developmental needs.

For this dissertation, a particular frugal innovation case, "a solar pico-grid
with dynamic pricing" was studied using year-long technical data from on-site
measurements in villages in northern rural India. Availability of measured data
allows system values (such as energy balance and reliability) to be calculated
numerically which provides information on system operations. Such detailed
analyses are not possible without measured data. Data analyses also allowed
confidently investigating whether dynamic pricing is a beneficial feature in this
kind of power system.

Laboratory tests for the pico-grid system components enabled understand-
ing some of their relevant electronic properties (e.g. energy efficiency) and
confirming whether the components operate according to intended configuration.

3.1 Observing solar micro-grid installations and visits to rural
villages

For collecting data for this thesis, several solar micro-grid installations in rural
northern India were visited in their actual operating environments among the
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low-income communities, and their operators and technicians were interviewed.
Visits allowed making technical observations and comparing different micro-grid
systems in their actual usage contexts. The main outcomes of the field visits are
presented in Table 3.1.

Field visits allowed discussing the observations with field personnel (tech-
nicians and other technical staff, sales personnel and field management) as
well as the energy users. As distances were sometimes long, also the travelling
times were good opportunities to less formally discuss business issues, practical
challenges, cultural aspects and policy matters.

The visits were carefully prepared maximising the collection of systematic
data. Often, field visits boosted the re-formulation and specification of research
questions and provoked new ones.

Table 3.1. Data collection visits in northern India

Time Purpose and location Outcome
April Interviews with the Introduction to frugal energy
2015 management of the solar business and frugal engineering.
pico-grid operator Boond and the Overview of Indian off-grid
off-grid industry association energy industry. Three in-depth
CLEAN in New Delhi. interviews. 10 hours interview
recordings.
Visiting three villages where 200 photos, 5 hours recordings of
Boond operates frugal energy interviews with energy users,
business in Unnao, Uttar plant management and staff
Pradesh. members. 1 notebook with
observations.
June Visiting hamlets served by solar 15 interviews (technicians, field
2016 pico-grids in Unnao. Visiting all ~ staff, villagers and grid

7 hamlets and 43 households
with the purpose of
understanding the operational
aspects of the pico-grid.

Visit to Mlinda foundation sites,
for observing three further
micro-grids in their original
location in Gumla, Jharkhand

operators). 500 photos, 2
notebooks with observations, 4
hours recordings. Specification
of research approach for
Publication IV

Interviews with operators and
customers. 250 photos, 10 hours
interview recordings.
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Table 3.1. Data collection visits in northern India

Dec Visiting 7 hamlets and 43 20 interviews or short meetings
2016 households served by solar with technicians, enumerators
pico-grids. Inspecting and and customers. All 7 local grid
photographing each energy operators interviewed. 800
meter. Understanding pictures, 2 notebooks with
anomalies in the analysed observations, 5 hours interview
measurement data. recordings. Data analysis for
Publication III and Publication
v
Visiting two other villages where 100 photos. Understanding the
Boond had installed micro-grids energy meter product
with pre-paid energy metering.  development process
Feb Indian Energy Access Summit Interviews with off-grid
2018 2018, New Delhi companies and experts in

Visit to EmSys electronics and
SELCO premises, Bangalore

Two field trips to other
micro-grid locations in Uttar
Pradesh for observing the
reliability related aspects and
problems

consultancy, universities and
manufacturing and financing
sectors about topics regarding
solar micro-grid reliability.
Active networking. Organisation
of interviews and field visits. 10
hours interview recordings

50 photos, 5 hours interview
recordings

150 photos, 5 hours interview
recordings. Data to Publication
A%

The seven hamlets where the solar pico-grids were installed were visited twice

during the measurement period. Both times, all 43 households were visited, with

particular attention being paid to inspecting the energy meters and the central

charging station components. In particular, observed anomalies in data could be

discussed with technical staff, local grid operators and the concerned customers.

The timing of the second visit in December (low solar irradiation winter season

in Uttar Pradesh) allowed confirming how low-power related problems appear

in data. At the same time, it was possible to observe how the weekly customer

interviews and regular technical maintenance activities were conducted.
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3.2 Interviews

The reliability assessment study of solar micro-grids (see Publication V) was
based on the analysis of systematic interview data with companies operating
micro-grid energy business in India. Finally, the number of interviews conducted
exceeded 20, including company representatives and other experts.

The semi-structured interview method [52] allowed to adjust the preliminary
set of questions to the interview situation and adapt the questions to different
companies. All interviews were recorded and later on transcribed and analysed
in detail. To give publicity to the interview study and to attract more experts to
participate, the project was given visibility on the Internet and via social media.
Companies were contacted directly via emails, and with the support from the
Indian off-grid industry association Clean Energy Access Network (CLEAN)
[53].

The interview data management followed the grounded theory guidelines [54,
pp. 683—690]. First, a set of questions were decided upon. Then, the first inter-
view round was conducted and the answers were critically evaluated. Research
questions were reassessed in this phase because it was quickly concluded that
due to the newness of industry the availability of reliability-related data was
rather limited. Finally, a representative from each company was interviewed
twice. Typically, the second interview was made by phone and missing details
were requested by email.

A recommendation letter from the supervising professor was a useful at-
tachment that explained the purpose of the study being purely academic. All
interviewees were promised full anonymity to feel more comfortable in sharing
information on the reliability of their systems. Sometimes companies could not
share all details due to contracting.

Pico-grid customers were interviewed, too, because of the importance of un-
derstanding how the target customer group would evaluate the benefits of the
system. Importantly, customers could assess the developmental needs of the
system. Systematic weekly interviews were conducted by an Indian research
company Morsel India. See Section 3.3.2. The questions asked are in Appendix.

3.3 Case study: solar pico-grid with dynamic pricing in rural
villages in India

For this dissertation, a particular frugal innovation case, "a solar pico-grid
with dynamic pricing" was studied in detail during a one-year-round field mea-
surement experiment. The research project was a collaboration between Aalto
University, Columbia University and an Indian energy service company Boond
Engineering & Development Pvt. Ltd. who had already operated low-power
micro-grid business in rural areas in northern India.

Boond was responsible for the design of the solar micro-grid as well as for
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the identification of suitable hamlets (small habitations, but not administrative
villages) and the involvement of households in the experiment. Finally, seven
solar-powered micro-grids were installed in seven habitations in the Unnao
district of the state of Uttar Pradesh. The hamlets were selected with a distance
long enough from each other so that people would be assumed not to interact
and communicate. In each hamlet, 5-7 households were connected to a pico-
grid. Boond took care of the technical maintenance and repair and contracted
a villager to take care of the basic maintenance and customer service (such as
cleaning the PV panels and selling the pre-paid energy credits).

The hamlets were un-electrified at the start of the study. The nearby village,
Chakal Wanshi, had a national grid power distribution system but the service
was characterized by irregular power outages and systematic supply failures.
According to the local people, the power was available for around 12 hours a day.

3.3.1 Technical setup

The pico-grid power was distributed to households with direct current (DC)
distribution power line from the central charging station which was typically
located at the house of the locally contracted grid operator. Smart energy meters
(Figure 3.1) were installed in each connected household for controlling the output
so that only a maximum of 30 W could be extracted instantaneously. In addition,
the energy meter output was direct current (DC) with 12 V, so Boond provided
the appliances because 12 V DC is suitable only for a limited selection of market

Screen indicating the
1) 2)
1) output voltage ‘ Low
2) instantaneous vi12.22 P:03
power consumption CP:100.0  BP:100.0 O weoium
(inW)
p > QO HieH
3) consumed power
(in Wh) O Currency low
4) credits remaining
(in INR) C[(D
PV panels T T
. o (Y Q®
/ Central I q@
charging station
Input 24 V Energy stick for Output 12V
charging pre-paid -
credits L

DC socket

Battery bank
120 Ah 24V

Figure 3.1. Graphic of the energy meter user display and the connection to the user’s
appliances and to the central charging station. Reprinted with permission
from Publication III. Copyright 2018 Elsevier.
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appliances.

For the purpose of this study, customers received a specific set of appliances
free of charge (3 LED bulbs & 3 W attached to walls of their houses in preferred
places, a fan, and a socket for using mobile phone chargers and other small
appliances) but the customers had to pay for their electricity use. Customers
could charge their pre-paid "energy sticks" in advance from the grid operator
and monitor their recharge balance from the energy meter display. Pre-paid
mode is a typical feature in new micro-grids in India [55] because it is more
applicable to unstable incomes than a post-paid system, and also allows more
efficient payment collection [56] [57].

The electricity price was indicated by three lights (green-yellow-red) on the
front pane of the energy meter. The electricity price was inversely proportional
to the battery voltage, according to the voltage limits demonstrated in Figure 3.2.
The normal operating condition and the system distribution voltage was 24 V.
The central charging stations were configured to automatically stop the power
injection to the grid once the battery bank voltage drops below 21.6 V. The
station would continue to supply power again once its voltage has exceeded the
reconnection voltage 25.6 V.

According to our initial hypothesis [58], the dynamic pricing would encourage
the customers to shift the consumption to the moments with more available
energy in the battery. To test this hypothesis, we specified a randomized control
trial, where two different operating modes varied on a weekly basis. In the static
pricing mode (control), the price of electricity was fixed to the "low" price range
(INR 10/100 Wh). In the dynamic pricing mode (treatment), the price varied
between low price, medium price (INR 15/100 Wh) and high price (INR 20/100
Wh). The treatment and control modes varied randomly on a weekly basis at
a hamlet level. All households within a single hamlet were always under the
same condition, however. In the middle of the year a survey was conducted

Low Price Medium Price High Price

When
Solar Charging is ON

24.5V 23.5V 21.6V

Low Price Medium Price High Price

When
Solar Charging is OFF

24v 23V 21.6V

Figure 3.2. Electricity price levels defined by the battery bank voltage. Figure: EmSys
Electronics
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for villagers to ensure that all energy users (sometimes illiterate) understood
the pricing logic and the price differences. The level of comprehension was
satisfactory.

The consumption was expected to be diminished during periods of low energy
production. In other words, dynamic pricing may reduce the intensity of charge
and discharge cycles of the battery bank and thus reduce the amount of stress
put on the valuable system component. Battery cost was approximately 10-15%
of the total system cost in this experiment [38]. Battery also dictates the lifetime
of the whole system (4-5 years of battery life is expected in these working
conditions). The life expectancy of tubular batteries, chosen for these micro-
grids, are counted in cycles [59, ch. 16.49]. If dynamic pricing would demonstrate
to be effective, we may have found a promising method to protect the battery and
to increase its working life. Of course, the battery lifetime is largely determined
on how the battery is maintained, and on shielding, protection and the ambient
temperature. However, results of this study would give directions to further
development possibilities of similar small power systems (e.g. economic capacity
sizing and control and protection optimization).

3.3.2 Data available and the systematic analysis

The data logger in the central charging station stored these values: date, time,
solar panel voltage (in volts, V), battery bank voltage (V), charging current
(in amperes, A), discharging current (A) to and from the battery bank and
load current to the grid (A) on a five-minute basis. The energy meters in each
household recorded the following values: date, time, power consumption (in
watts, W), meter output voltage (V) and energy price on a ten-minute basis.
Before the actual measurements started in January, 2016, there was a trial
period of six months when the installed systems and the technical configurations
were tested, so that they would optimally serve the research purposes.

The technical data was downloaded manually from the energy meters and
the central charging stations by the enumerators of Morsel India, an Indian
research company, on a weekly basis. Enumerators uploaded the data and stored
it as .txt format files in a data cloud.

A thorough baseline study was conducted on the energy users background
prior to the study. In addition, Morsel enumerators interviewed all customers
using an interview template every Monday in the local language (Hindi) to
assess customers’ satisfaction with micro-grid services. In mid 2016, the initial
set of questions [58] were complemented with questions on power reliability
outages (See Appendix for the final set of questions).

In addition, the enumerators reported key technical problems that had oc-
curred in the villages, such as breakups of energy meters or other components.
Enumerators’ reports were relevant supportive information.

A systematic analysis for the solar pico-grid data between January 11, 2016
and December 31, 2016 was conducted. The first 11 days were neglected due
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to technical initiation errors. The measured data totalled nearly 3 million data
points (including over 8,000 measurement points per day summed over all seven
hamlets), which required software-assisted data analysis.

The data allowed several interesting findings to be made. In this thesis, the
analysis was limited to the identification of particular energy (energy balance
and the self-consumption index) and the discontinuities in the power supply for
understanding its reliability.

3.3.3 Energy balance

The daily energy production and consumption values were calculated per hamlet
and per household for each measurement day, by using the consequent mea-
sured values for voltages and currents and the measurement timestamps. For
example, the total energy L; sent on a particular day i to the hamlet from the
central station could be achieved by multiplying the value of the distribution
voltage V; =24V by the centrally measured values for the load current I;,4q,i
and integrating them over the particular measurement day i. Similarly, the
energy produced by the PV panel Ppy ; on the day i can be calculated by us-
ing the PV panel voltage values Vpy ; and the daily charging current values
I.p,;. Data being available on both the supply and the demand side enabled the
identification of the energy losses as well.

3.3.4 Testing the impact of the dynamic pricing function

To understand how the selected dynamic pricing function implemented in the
small power system produces a demand response effect in the system, values
of the grid self-consumption ¢g¢, according to [60] were calculated on a weekly
basis. In this study, the self-consumption index ¢g¢ is expressed as

Ji M(@)dt
$sc = ttfP(t)dt 3.1
where M(t) is the overlapping part of the generation and load profiles. P(¢)
is the solar energy generation profile. If L(¢) is the load profile and S(¢) the
power profile of the storage unit, M(¢) = min{L(¢),P(¢) + S(¢)}. When the storage
is charged, S(#) < 0 and when discharged, S(#) > 0. The integration limits ¢#; and
t9 are chosen according to daylight hours (the voltage of the panel Vpy > 0).
Self-consumption ¢gsc was selected as the indicator, as it describes how much
of the produced solar power is consumed instantaneously by the total grid load.
If ¢sc = 1 (maximum), all produced energy is used right away. If ¢gc = 0
(minimum), all produced energy is stored for later use, or wasted if the storage
is not connected.
In other words, higher ¢g¢ values would indicate less stress put on the battery.
If statistically significant improvement of the values for ¢s¢ during dynamic
pricing mode weeks (treatment) were demonstrated in comparison with the ¢gc
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values in the static pricing mode (control) weeks, dynamic pricing might be a
recommendable option for demand management also in other similarly small
power systems.

Self-consumption should not be confused with self-sufficiency index (solar
fraction) which indicates the amount of instantaneous solar energy usage if also
other energy sources (such as main grid power) are available. In this power
system, solar is the only energy source so the solar fraction values would every
day approach one.

3.3.5 Identification of supply interruptions

A special method was created for the identification of power outages in the
data. The design engineer confirmed that an energy meter would instantly stop
recording values when it ceases to receive power from the central station, as the
grid central storage is its only power source. Therefore, a lack of regularity in the
flow of data points recorded by the energy meters would imply an interruption
in the power supply. Obvious reasons for such situations are: lack of power in
the battery; a manual switch off of the central charging station by someone, such
as the technician; or a technical problem in the equipment. A lack of recorded
values could also be due to a line cut in physical distribution grid connected to a
household meter or a technical problem in the particular energy meter itself.

An analysis script was written to compare the timestamps of successive mea-
surement points, to list delays to the 10-minute nominal frequency of the record-
ings, and to log the consequent lengths of the delays. In parallel, the central
station measurement data was systematically analysed, in order to understand
the momentary status of the central station and, in particular, what had been
the battery bank voltage when the recording was stopped.

To add to the reliability of the results, the identified recording interruptions
that were shorter than 2 minutes were completely neglected, as they were con-
cluded mainly to represent measurement latency. Interruptions shorter than
15 minutes were also neglected, to ensure that deviations between measure-
ment units would not affect the results. A share of these shortest interruptions
may have been experienced in households as shorter power gaps (e.g. flick-
ering lights), however, for a more detailed power quality assessment a more
sophisticated measurement setup would have been required.

As the enumerator stored the data weekly (every Monday) to .txt files, the
data had to be double-checked not to confuse the gaps due to data transfer with
the searched recording delays. Even though the amount of measured data would
have allowed the negligence of one day per week without it losing statistical
relevance, power outage analysis had to include also Monday data, to also detect
the power outages that had started on Mondays.

Finally, the delays were listed chronologically and categorized by length
(shorter than 15 min, from 15 minutes to 1 hour, from 1 hour to 3 hours and
longer than 3 hours), in the same fashion as the measured grid outages in the
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national system are grouped [61] to allow the comparison of the quality of the
two systems.

The identification of reasons for different power outages was iterative. First,
the battery voltage at the beginning of the outage was analysed. When the
battery energy level was too low, low battery was marked as the reason (even
though other faults may have affected in parallel). No clear difference with the
number and duration of outages was identified between control and treatment
weeks. Therefore, the weekly pricing mode differences were ignored in the
following analyses on the reasons for power outages.

In search of other reasons, field observations and interviewing the technicians
were important data sources. For example, physical locations of weak connec-
tion points in the grid configurations and time periods when they had caused
technical problems were pointed out by technicians during the field visits. These
problems could be therefore pinpointed in the data with some manual work. In
addition, during field visits, it was confirmed that the grid operators occasionally
manually shut down the grid in certain hamlets. When these incidents were
regular, they could be identified with high reliability in data. Furthermore,
when the energy meter output voltages at the beginning of interruptions were
inspected, periods for deviation from the nominal 12 V output voltage were
discussed with technicians, to better understand how a device breakup appears
in the data.

In addition, the weekly customer interview data was used for better under-
standing the reasons behind outages. However, customer reports were not as
useful of a source, because the customers could not recall the periods with-
out power in sufficient detail. Nonetheless, interview data was systematically
analysed to support other research findings.

3.3.6 Validity of the data analysis

The amount of data collected was considerable, for statistically relevant conclu-
sions to be made, even though due to technical errors 14% of data points were
missing at household level and 19% at hamlet level. Some data losses were
potentially caused by the fact that data had to be manually downloaded from
the meters by a member of the field staff. Nonetheless, the dynamic pricing test
was successful, because the system showed correct pricing in the households
according to the pre-defined specifications.

Also the power reliability analysis method was trustworthy despite the tech-
nical problems overshadowing the experiments. 15% of the time when a power
outage occurred, there was no central station data at all, meaning the central
station had been out of order at those times. More interestingly, only the data of
hamlets 1-5 could be reliably analysed. The data from Hamlet 6 and Hamlet 7
could not be analysed due to multiple data logging issues, device breakups and
suspicious user actions. A margin for uncertainty is included in the identification
of reasons for power outages, especially those considered originating in human
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actions and when a conclusion was drawn from informal interviews and visual
inspections. However, all such observations were confirmed by measured data,
before conclusions could be drawn.

3.4 Laboratory tests for frugal energy system components

Representative samples of the energy meter, the central charging station and the
led light bulb were tested at a laboratory to understand key electronic properties.
In laboratory experiments all external influences can be eliminated and the
ambient temperature and humidity levels can be kept constant in standard test
conditions (STC).

In 2015, before actual field experiments started, a prototype of the pico-grid
energy meter was tested. The measured values were load stability, internal
resistance, internal efficiency and the measurement error. In addition, the data
logging functionalities were tested.

The reactivity of the energy meter to different output loads was tested with a
BK Precision 8540 DC controllable load by gradually increasing the output one
watt at a time until the energy meter shutdown. The energy meter was tested
also for its responsiveness to different input voltages by using a DC voltage
source.

The prototype test results were sent to the energy meter manufacturer before
purchasing the actual energy meters for the field trial. Suggestions for improve-
ment were limited to issues that would facilitate research, for example on the
measurement and recording accuracy of the logged data.

In March 2017, after the field experiment period, a sample of the energy meter
that had actually been used in the hamlets, was tested for its internal efficiency
and load stability. Particular attention was paid to how the data log reports
situations of low input powers. This would allow to understand the origin of the
particular "communication error" message displayed on the screen, which had
been regularly reported by the customers.

In addition, a sample of the central charging station was tested for its respon-
siveness to input voltage variation. The test confirmed that the cut-off voltage
and reconnection voltage values of the supply were in accordance with set-up
specifications. Similarly, a LED light bulb was tested for its reaction to voltage
variations. The illumination quality was good until a threshold voltage of 6.6 V
(nominal 12 V).

3.5 Reliability indicator for micro-grids
Reliability is highly relevant in power system service assessments, because it

directly affects customer satisfaction. The reliability levels of solar micro-grids
were studied in Publication V.
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In traditional power grid engineering, there are several standardized mea-
sures for the assessment of power system reliability [62]. In stand-alone power
systems, the power reliability consists roughly of two elements: energy reliabil-
ity and technical reliability [63]. Energy reliability refers to optimal sizing of
the micro-grid, which ensures power availability for customers when needed, or
scheduled (promised). Energy reliability becomes more critical the smaller the
system gets because the power storage reserves are smaller. Several guidelines
for system sizing exist, see for example [64] and [65].

A popular measure for energy reliability is the Loss Of Load Probability
(LOLP). LOLP indicates the probability for lost loads due to inadequate power
generation [66]. A somewhat similar indicator is the Loss Of Load Hours
(LOLH) which is simpler to identify, because load estimation might be a complex
undertaking [67]. LOLH describes how often power was not available compared
to when promised.

Technical (un)reliability indicates the time which is needed to overcome any
technical failure. Such problems are not addressed by LOLP, LOLH or related
indicators. The total Mean Down Time (MDT) is a popular indicator for technical
reliability. For the most accurate evaluation of the technical reliability of a
complex power system, the failure probabilities of each containing component
would be needed. The total technical reliability of a power system could be
calculated as the product of reliability values of each consisting component [68,
pp. 5-8], if the data is available.
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4. Results

First, a theoretic definition for frugal energy innovations is offered (basing on a
wide analysis of various off-grid energy technologies), as frugal innovations in
the energy sector had been an unclear concept. The possible relevance of frugal
innovations contributing to sustainable development goals is also explored.

Secondly, the thesis includes an analysis of a particular frugal solar micro-grid
that incorporates advanced frugal features, including pre-paid metering and a
dynamic pricing function.

Finally, an assessment is presented of the reliability levels of various solar
micro-grids in India, and a method provided for the reliability assessment of
solar micro-grids in rural areas in developing countries.

4.1 Frugal energy innovations (Publications | - lll)

4.1.1 Definition

In Publication I, a set of common criteria for frugal and sustainable energy inno-
vations was compiled, including technologies that may serve energy-deprived
people in developing countries in an affordable and sustainable manner. The
work was based on a broad literature research, mainly from academic sources.
In addition, other sources were consulted, such as books, popular articles and
reports, as well as websites of organisations promoting energy access. First,
sources mentioning an energy system solution being "frugal" were searched for;
frugal innovations could be found at least in the following categories:

* Frugal energy business model (e.g. by SELCO [69], see also Section 4.1.2)

* Frugal energy technology (e.g. micro-grid of Husk Power System [70])

¢ Frugal energy system component (e.g. micro-grid distribution poles made
of bamboo [71])

* Customized low-power products with an integrated off-grid renewable
energy production unit (e.g. portable solar energy packs for health worker
in remote areas [12])
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Two interrelated attributes arose in all literary sources: frugal engineering
and affordability in service. Frugal engineering is a mind-set resulting in simpler
products in some new manner, through functional or structural simplifications
[72]. Through simplicity, the above list could be complemented with systemic
innovations, such as the direct current (DC) mode of distribution in power
systems. DC distribution embraces simplicity, because there is a need to only
synchronize the voltage and not the frequency [73] [74] as in the traditional
alternating current (AC) distribution. Other parts in the DC distribution system,
still, may be more complex (e.g. protection schemes) [75] which complicates
a direct comparison of different networks without more information on their
characteristic. However, DC has a second simplicity benefit which is the reduced
number of power conversion phases required in PV-supplied systems resulting
in significant energy efficiency gains [76] [77]. Energy efficiency makes DC
distributed PV power grids more energy frugal by architecture.

Affordability implies both lower production costs and the resulting affordabil-
ity of the service. These two (frugal design and affordability) are strong criteria
for frugal innovations, which are also applicable to the energy sector. Durability
is particularly highlighted, because the cost-consciousness involved in the fru-
gal engineering may potentially threaten the technical quality aspects which,

Table 4.1. Features of frugal and sustainable energy solutions serving those at the
bottom of the economic pyramid. Table based on results presented in Publi-
cation I. Reproduced with permission. Copyright 2016 John Wiley & Sons.

Main criteria Comments

Affordability Provision of a more affordable service
for the customers

Lower manufacturing costs

Device composition follows Minimal use of resources
frugal design principles Simplicity

Durability
Frugal energy consumption Energy-saving user behaviour

Modest energy output levels

Local appropriateness Socially and culturally fit for local
user preferences

Skills available for operation and
maintenance

Environmental sustainability Use of local renewable energy sources
Recycled materials

Avoiding harmful substances
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nevertheless, directly produces usability of the energy system. Thus, frugal
innovation is separated from other low-cost innovations, such as cost innovation
and good-enough innovation that may not be as strict with quality requirements
[21]. Table 4.1 summarises the key criteria for frugal and sustainable energy
solutions.

Examples of other innovations in the energy sector could be found in the
literature, clearly meeting the two strong criteria, although they had rarely been
labelled as "frugal" earlier. For example, solar cookers [78] [79] are smart, simple
technologies that can be crafted from low-cost materials that are widely available
all around the world, such as reflective foils and wooden materials. These
frugal energy technologies can be used in areas where energy access options are
either non-available, unsustainable or expensive, including in informal housing
settings, refugee camps or other contexts without permanent energy supply
infrastructures.

Frugal energy consumption criteria in Table 4.1 refers primarily to the low
energy levels offered by the frugal energy solutions. Solar pico-grid (Section 3.3)
offers only a lighting and mobile phone charging service, and the opportunity to
use some small electronic appliances. Furthermore, it has a limit of maximum
instantaneous power draw (30 W). Frugal micro-grids may also temporally limit
the output levels, which was a common feature in Indian micro-grids. 24/7 access
was a rarity, as demonstrated by Figure 4.1.

Naturally, the question remains: in the long-term do systems limited to light-
ing and mobile charging capabilities later allow higher-capacity loads to be
used for, for example, productive activities. However, frugal innovations in
energy need not to be limited to pico-scale energy levels. A couple of recent re-
ports present innovative stand-alone renewable energy-based solutions to power
income-generation activities in India in sectors including agriculture, food pro-
cessing, crafts and service [80] [81]. These solutions are promising particularly
as they are customized in each local context with appropriate considerations of
ownership models, financial models and the surrounding ecosystem.

Local appropriateness was selected as one of the criteria, because there are sev-
eral examples of imported technologies not being accepted by a local community
as local user preferences for the technology had been omitted [82] [83]. Intro-

® 24 hours per day availability, unlimited energy
N 24 hours per day availability, limited energy levels

Temporally restricted availability, limited energy levels

Figure 4.1. Power and service availability currently offered by micro-grid en-
trepreneurs in India (12 companies interviewed). Reprinted with per-
mission from Publication V. Copyright 2019 Elsevier.
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ducing electricity, for example, may not automatically make people change their
traditional cooking habits [84]. Or despite solar cookers being an emissions-free
way of preparing food, their dissemination is relatively marginal, possibly due
to their incompatibility with preferred daily routines of people [85] [86].

The locality aspect with energy technologies is also connected with repairabil-
ity and maintenance. Dependence on foreign manufacturer services may result
in long energy service outages [87]. The importance of technologies being re-
pairable becomes higher in countries where product return systems and war-
ranty mechanisms are not common [46], and in remote geographic locations
(where off-grid systems typically are used) [88]. Sometimes local maintainability
is allowed through simpler (frugal) system design because they may be more
easily repaired by local inhabitants who may not always have formal technical
education.

Environmental sustainability is always important for energy systems, in par-
ticular during current conditions when the bulk of energy production leads to
environmental degradation (such as air pollution and climate change), both on a
local and global level. For instance, a micro-grid provided by Husk Power System
is often named as a frugal innovation as it exploits locally available waste for
producing energy by a locally manufactured technology system. However, the
solution may not involve the cleanest gasification process of biomass [89]. Local
availability of energy sources is relevant as well as the local environmental capa-
bilities in coping with the possible side effects of energy production. Therefore,
environmental sustainability was selected as one of the criteria in Table 4.1.

4.1.2 Frugal innovation and sustainable development

A solar energy technology, a customized solar home system (SHS) sold by a non-
profit foundation SELCO, was analysed in Publication II for its contribution to
attaining Sustainable Development Goals (SDGs) [3]. Basing on relevant SDGs,
the sustainability of the SHS was assessed from environmental, social and
economic perspectives. The SHS was compared with the existing solution that it
was to replace: kerosene lantern. The analysis implied that the frugal energy
solutions have several implications on sustainable development, for example
through their tendency to exploit renewable energy and offer affordability in
service for low-income customers.

The environmental sustainability benefits of frugal solar energy business are
considerable. The sales of 71,000 solar home systems, led to annual reductions
of 22,000 tons of CO9 emissions, as a result of avoided kerosene consumption
[90]. The environmental and local health benefits of pico-scale lighting via the
reduced need for using kerosene-fuelled lamps are acknowledged also in [91].

In addition, the frugal business innovation contributes to the social and eco-
nomic aspects of sustainable development. First, the frugal business model
promotes equality between the members of that society, because it allows lower
income customer groups to purchase the product and gain access to electricity.
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Namely, SELCO organises loans for low-income and non-credible customers with
local banking institutions ensuring they can purchase solar home systems on
a loan basis. Secondly, the access to electricity helps the small entrepreneurs
to run their businesses during the night time (for example, a relevant issue for
the street vendors) and households to use a higher quality illumination service
than with kerosene lanterns. Furthermore, the health benefits of solar power
are highly significant, because the kerosene lanterns emit dangerous exhaust
fumes.

However, there are conceptual problems in directly equating the two terms
frugality and sustainable development. As frugal energy systems often are
small in size, they can benefit only a single household or one entrepreneur at a
time. For that reason, the larger community-level sustainability benefits may
be better reached with larger systems, such as community micro-grids that
simultaneously benefit several families. Centralized energy systems might be
more sustainable for long-term economic and social development than solar
home systems.

A further problem with directly equating frugality with sustainability is that
frugal innovations are often analysed from the product perspective. The rele-
vance of any energy technology is always a highly local question. For example,
the total COg9 reductions after a purchase of a solar home system cannot be
completely known by examining only one energy source, such as the solar home
system. The changes in the household energy portfolio need to be analysed:
whether the shift to the renewable energy system effectively decreased the
kerosene consumption, or whether the purchase of the new technology simply
resulted in an increase of the total energy consumption of the family, while
maintaining the level of kerosene consumption. Nevertheless, the families con-
nected to a pico-grid reduced their kerosene consumption by around 50% after
the introduction of the solar pico-grid to the village (Publication III).

Regarding battery-based energy sources, there is also a further aspect con-
nected to sustainable development, which concerns the proper disposal and
recycling of the batteries. Batteries contain hazardous materials, such as lead,
which causes dreadful consequences for the environment and human health
if improperly disposed. The Indian national depositing system has ensured a
rather efficient collection of used batteries from the field by the informal sector
[92]. However, the collected batteries are not always processed in registered
centres, but by the informal e-waste recycling sector. Waste treatment by the
grey market was only recently addressed in Indian e-waste legislation [93]. The
lack of regulation and control has damaged ground waters, soil and air in many
densely-populated areas in India [94]. However, at least SELCO, analysed in
Publication II, has guaranteed a proper collection of the distributed batteries
after their useful life [90].
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4.1.3 Relevance of the dynamic pricing function in solar pico-grids
to increased solar energy use

Variable pricing of electricity is an advanced demand side management (DSM)
method in power systems that may allow balancing load peaks, thus allowing
a smaller generation capacity to be installed [95]. A reduction of costs is par-
ticularly important in contexts where customers have low purchasing powers.
In our study, we tested whether dynamic (real-time) pricing of electricity in the
pico-grid system would have a beneficial (load-balancing) effect (see Section 3.3
for test setup details).

Overall, the pico-grid field experiment was successful. However, in light of
this study, we cannot propose dynamic pricing as providing technical value or
improving user experience. The reasons for the null finding were related to the
application of the system and its technical configuration.

The primary reason for the null finding can be traced back to the extremely
modest consumption levels by the pico-grid customers, as shown in Table 4.2.
An average household consumed only 17 Wh per day, which is equivalent to
keeping two light bulbs on for three hours a day. The system capacity would
have allowed for consumption over 40 times higher. The total demand remained

Table 4.2. Energy production, consumption and total losses in hamlets. In parentheses,
the value divided by the number of households in the hamlet. Table based on
results presented in Publication IV. Reproduced with permission. Copyright
2018 Elsevier.

Daily energies (in
wh) | Hamlet Hamlet Hamlet Hamlet Hamlet | Average

16 2(5) 3( 4t 5() (30)

PV production | 527 469 513 449 376 467

Energy toload | 191 196 126 172 162 169
(32) (39) (18) (25) 27 27

Energy to load?| 202 196 128 164 254 189
(34) (39) (18) (23) (42) (30)

Total load3| 104 88 124 104 91 102

7 (18) (18) (15) (15) 7

Unidentified loss per 29 59 NaN 11 21 30
hamlet

T&D loss?| 45% 55% 2% 40% 44% 37%

1 Number of energy users in Hamlet 4 was 7, even though the measured data for outages
identification could be used only for 6 households.

2 Energy to load, average over days when there were no power outages

3 Based on data measured by energy meters

4 Energy meter internal consumption losses included

38



Results

rather invariable across hamlets, and there were no significant differences
between the static and dynamic weeks.

Technically, the minimal consumption led the electricity price to remain in
the low price mode for 88% of the time during the treatment mode weeks (when
the price was supposed to vary). The price remained unchanged because the
central controller seldom received a signal from the battery voltage side to raise
the energy price. High mode (red light) was activated for only 3% of the time.
Therefore, testing the applicability of the dynamic pricing was not possible.
Neither the technical parameter tested, the self-consumption index (see Table 4
in Publication III), nor the general customer satisfaction were improved when
the pico-grids were under the treatment mode in comparison with the control
mode.

Actually, dynamic pricing appeared to have a slightly negative influence. Cus-
tomers reported technical problems with lighting being somewhat more frequent
during the treatment mode. This implies that the technical origin lies within the
system components transmitting the price signal to the households (in central
controllers, energy meters and the data cables) because the price signal compo-
nents were only activated during the treatment mode weeks. A laboratory test
for the energy meter revealed an inherent high frequency noise which obviously
resulted in a share of the interference problems. Therefore, data cable shielding
is recommended.

Customers had not been specific about the actual types of lighting problems,
but they are most likely power quality issues. Power quality problems are
visually demonstrated by lights blinking in the households. However, data
analysis showed that the shortest recording interruptions (from 2 minutes to
15 minutes) were more frequent in the treatment mode. This confirms that the
price signalling equipment was somewhat faulty.

To be better able to test the dynamic pricing, higher consumption levels would
have been necessary. More users with similarly frugal consumption, or other
customers with more elevated demands (however, probably not living in these
hamlets) could have been connected. In addition, different pricing threshold
voltage levels (Figure 3.2), that would have made the medium price and the high
price voltage ranges more probable, would have been a good choice. Furthermore,
informal interviews with customers revealed that the red light glowed only right
before a power outage, so, in practice, the red light did not demonstrate an
energy price rise, but warned of an upcoming shutdown.

Neither the research team nor the energy service company expected such a low
total consumption. In general, customer satisfaction with the pico-grid services
was good according to the weekly interviews. Low pico-grid power consumption
may be caused by an increased use of other electricity sources. The number of
private solar home systems (SHS) increased from three to at least 15 during
the year (43 households in total), based on field observations and informal
interviews. In some hamlets, nearly all of the customers owned some kind of
private electricity source, such as a portable or self-configured electrical battery,
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single solar module or a solar home system. It is typical that the extremely
impoverished people of such hamlets possess a variety of small energy sources
between which they alternate on a day-to-day and an hour-to-hour basis [96].

Nevertheless, low pico-grid electricity consumption may be simply connected
with the difficult economic situation in the communities. An average fam-
ily earns only $46 per month which most likely results in an extreme cost-
consciousness in all sectors of life. The weekly kerosene consumption in hamlets
decreased from 2.5 litres to 1.24 litres per household during the year of the
study, possibly also because pico-grid powered lighting is slightly cheaper than
burning kerosene for lighting (economic comparison presented in Publication I).
In addition, families who illuminated the rooms with LED lights, gained better
illumination quality and avoided the indoor air pollution problems caused by
kerosene consumption. These might be taken as direct positive impacts of the
pico-grid service. Broader socio-economic development impacts, however, might
not be foreseeable through a pico-scale lighting and mobile-phone charging
only service, as demonstrated in a study among customers of another pico-scale
micro-grid in Uttar Pradesh [97]. Poverty reduction, for example, would re-
quire a holistic development plan and cooperation and commitment with many
community partners and stakeholders [98].

4.2 Reliability of supply in solar micro-grids in rural India
(Publications IV - V)

Publications IV and V show the results on the investigations of the reliability
aspects of micro-grids, provided by private Energy Service Companies (ESCOs)
in India. Gaining information on reliability and problems related to it would be
valuable for helping to develop the sector. It is also relevant to test the alleged
superior reliability of the micro-grids over the local centralized power grids, to
be able to recommend micro-grids as an option for energy access. The numeric
reliability analyses are scarce.

Firstly, this section presents numeric reliability levels of solar micro-grids
(including the pico-grid) in rural northern India, basing on measured data and
interviews. Secondly, key reasons for technical problems and downtimes are
presented: the information on the origin of various power outages will aid in
developing the system and better serving the customers. Furthermore, relevant
design aspects are discussed which should be taken into consideration when
designing a solar micro-grid in rural developing country contexts.

Thirdly, a simple framework for a uniform assessment of the reliability of
renewable off-grid systems (such as micro-grids) is presented, which suits the

low-income business contexts.

40



Results

4.2.1 Numeric evaluation

A unique set of measured data from a solar micro-grid ("pico-grid", technical
details presented in Section 3.3) was analysed for the number of power outages.
As a result, a pico-grid connected household experienced, on average, eight
outages per month. Over the whole year, there were 156 days with outages (200
without), on average. Surveying the total durations of the outages, electricity
was finally available to the households for 87% of the time (between 84% and
94% in different hamlets). Table 4.3 shows the variation in reliability levels in
different hamlets.

These numbers indicate that the pico-grid offers more reliable service than the
local government grid supply, which, depending on the estimation, is available
from 50% [30] to 67% [99] of the time. Both systems (pico-grid and national
grid) are supposed to serve their customers 24 hours per day (full availability).
In both systems, the power outages were unscheduled. However, the actual
pico-grid reliability may be further reduced from 87%, as only five hamlets
data was considered. The technical systems of the two remaining hamlets
suffered from frequent technical failures so their data was totally excluded
from the analysis. The power availability in pico-grids also varied seasonally.
Section 4.2.2 discusses the reasons for outages in the pico-grids.

Other Indian micro-grids appeared to perform slightly better than the pico-
grid, according to the estimations of the representatives of seven different
companies (12 companies interviewed, see Publication V). Five companies were
not able, or did not want to offer any numeric estimation. Basing on the an-
swers given, the average availability of the solar micro-grids was 95% (5%
downtime), the median being 96% (4% downtime). The maximum value was
99.98% and the minimum 83%. These rough approximations for system down-

Table 4.3. Number of monthly power outages in a household (all, longer than 15 min-
utes, and those longer than 3 hours separated) In parentheses, the number
of household analysed per hamlet. Table based on results presented in
Publication IV. Reproduced with permission. Copyright 2018 Elsevier.

Hamlet Hamlet Hamlet Hamlet Hamlet | Average
1(6) 2(5) 3(7) 4 (6) 5 (6) (30)
Outages (>3h) 5.1 6.0 3.3 7.9 4.6 5.3
Outages (All) 10.8 8.5 4.8 10.8 7.2 8.3
Availability 85% 87% 94% 86% 84% 87%
N days without 110 249 270 198 172 200
outages (<1h)
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times were calculated in the following manner. For example, if the opera-
tor estimated that there are 10 hours of no-supply per month, while the grid
was supposed to deliver electricity for 8 hours per day, the downtime value is
(10hours/month)/(8hours/day - 30days/month) - 100% = 4%.

However, the reliability of the estimations given by companies could be ques-
tioned as they are based on approximations and not on measured data. Some
interviewees probably left component failure-induced downtimes unmentioned.
An exemplary statement by a micro-grid operator illustrates the level of preci-
sion: "[solar water pumping is available] whenever the sun [is] shining, which
[could be] any day of the year”. The interviews also reveal that the relationships
with the ESCOs and the customers are based on a strong mutual understanding
of the harsh and low-income operating conditions for both parties. From this
perspective, statements (as depicted above) describing the micro-grid reliability
levels may be sufficient. Business contexts are also characterized by the fact
that legally binding contracts are rarely signed between the company and a
customer. Everything is settled more or less verbally.

4.2.2 Design and power plant management aspects for increased
reliability

Figure 4.2 demonstrates key reasons for power outages in pico-grids as averaged
over all five hamlets based on the extensive data analysis. Roughly half (53%) of
them were due to a lack of solar energy stored in the battery in the winter season
(mainly December) when solar irradiation levels are low in Uttar Pradesh [100]
(representation for 20% of all outages in pico-grids). Power outages occurred on
a daily basis during the month of December and could last all day. Low battery
can be labelled as a design-related capacity issue (22% of incidents observed in
pico-grids) that could have been solved by engineering the system differently
from the onset, for example, by making secondary power sources or storage
systems available, if economically feasible.

Other solar micro-grid operators operating in Uttar Pradesh (Publication V)
reported similar power insufficiency problems. Only two companies out of the
twelve interviewed did not experience low battery problems, because they had
connected a diesel generator as a backup supply. In practice, customers of most
solar micro-grid operators may need to use alternative energy sources during
winter.

The remaining power outages in the pico-grid as a result of a low battery,
which occurred during other months of the year (33% of all outages), could
not be validated as renewable energy insufficiency issues, when taking the
hamlets’ low consumption levels into account. Even the hamlet with the highest
consumption levels (Hamlet 5, 42 Wh per household on days when power was
flowing uninterrupted, see Table 4.2), would not have exceeded system capacity
limits. One important aspect here is that the total Transmission and Distribution
(T&D) losses in pico-grids were as high as 37% (Table 4.2), the number including
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15 %

‘ Behavioral: 24%

2%

= Maintenance and repair (2%)
= Low battery (December) (20%)

Low battery (unknown) (33%)

s Unknown (6%)

Manual operator shutdown (16%)

16 % N/
Questionable: 39% = Household-specific (8%)
0

N
6 No central station data (15%)

Figure 4.2. Key reasons for power outages pico-grids leading to an average 3 hours
of power outages per day (averaged over all hamlets and the whole year).
Figure based on results presented in Publication IV. Reproduced with
permission. Copyright 2018 Elsevier.

distribution losses, physical battery losses, energy meter internal (thermal)
losses and unidentified losses.

In laboratory tests, the energy meter was measured to have an elevated
internal load-dependent consumption, the amount being around 30% of the load.
For example, with any 10 W consumption, the energy meter itself would consume
an extra 4 W. The prototype had demonstrated a better internal efficiency, which
remained between 0.77 and 0.75, whereas the actual energy meter efficiency
varied between 0.64 and 0.71. Nevertheless, the standby consumption of 1
W remained within the recommended limits for standby powers of household
devices IEA [101], and was significantly lower than that of a computer (5 W) or
a wireless router (4 W) [102].

However, energy meter inefficiency losses could not explain all T&D losses.
Informal interviews and data analysis confirmed that villagers who had access
to the locations of the batteries had occasionally charged their mobile phones
directly from battery poles (Figure 4.3), thus avoiding paying for electricity. Such
power theft activity is particularly harmful as it damages the charge balance
in the battery and contributes to its premature degradation [59]. Nonetheless,
the extent of such power theft activities is difficult to prove due to a lack of
guaranteed evidence, but as 39% of outages had no identifiable reason for their
occurrence, a share of them is assumed to be connected with illegal actions. This
number (39%) includes both a lack of battery time (33%) and the remaining
outages (6%) that had absolutely no technical or other explanation.

The interviewed operators of other solar micro-grids also emphasized illegal
activities (component tampering, overloading, power line tapping) causing ser-
vice downtimes. One interviewee had discovered a new power theft attempt on
a daily basis. Power theft is an unfortunate phenomenon in India [103] [104]
[105] that also affects micro-grids [106, pp. 461-462]. Only two companies
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Figure 4.3. Vulnerable pico-grid system units (from left to right): Battery bank was
subject to power theft; Energy meters were prone to technical failures and
tampering; Distribution system connection points sometimes had to be

repaired after an accidental interaction with a passer-by (e.g. a vehicle or a
human). Photos: Sini Numminen 2016

interviewed proudly announced never having experienced misuses. Pico-grid
customers, on the other hand, mostly tried to tamper with their own energy
meters. There were six cases in different households (total 43 households) where
the customers tried to by-pass their energy meters, thus trying to avoid paying
for electricity. Such attempts had resulted in a break down of their meter only
and did not affect the whole grid.

Furthermore, there was a further, completely unexpected, user activity that
caused power outages in the pico-grid. Namely, local grid operators in a couple
of hamlets had closed down the grids for the night (and sometimes also during
the day when everyone was out of the house) to save energy. In Hamlet 2,
customers had specifically asked the operator to switch off the grid, because they
had mistakenly thought that the glowing LCD screen and the price-indicating
glowing light consume their energy credits (which was not the case). Such
manual outages covered 24% of all incidents. Variation between hamlets is
presented in Figure 4.4. In some other hamlets, the operators conducted the
manual grid outages particularly at the end of the year during the low battery
season. The operators explained that they were serving the customers’ needs,
because scheduled power outages are definitely less inconvenient than unsched-
uled ones. However, these "behavioural” type power outages in Figure 4.2 should
not be called "outages” in a similar sense as other outages. They are curious
implications of frugal low-income conditions where users exercise control over
their energy systems. The operating energy company (Boond) had instructed
the local grid operators not to switch off the grid supply to ensure data storage,
but this probably had not been fully understood or had been ignored.

User education may be the most cost-effective measure for increased reliability
by underlining the collective consequences of various activities (including power
theft or tampering). In particular, the maintenance of trustworthy relationships
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Figure 4.4. Number of power outages (>3 h) per household over the whole measure-
ment period and their key reasons. Figure based on results presented in
Publication IV. Reproduced with permission. Copyright 2018 Elsevier.

with those who offer to store and maintain the system components (the battery,
for example) is particularly important. The battery, one of the most vulnerable
system components, should be protected from any unnecessary intervention. An
example of a unique theft prevention method, "peer-pressure”, was used by a
couple of micro-grid companies. In the case of a customer-induced power outage,
neighbouring households would also become disconnected (those connected to
the same distribution box). In such a case, the neighbours would pressure
the culprit to discontinue his/her activities. The "peer-pressure" method was
stated as being efficient, but only to a certain extent, because social status may
define the behaviour permitted by different villagers. In general, local cultural
factors require appropriate attention as the fundamental reasons behind off-grid
electrification project failures have been related to a lack of understanding of
the user side [107] [108] [109] [110].

Table 4.4 includes various innovative solutions implemented by micro-grid
companies to prevent reliability-related problems. For example, a smart solution
against component tampering was placing a system unit behind the PV panel,
as the villagers were never discovered tampering with the panels for one reason
or another. An effective method against power tapping may be underground
distribution cabling. It is expensive, but recommended, if sufficient initial capital
is available.
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Table 4.4. Problems effecting service reliability in micro-grids, and suggested solu-
tions. Table based on results presented in Publication V. Reproduced with

permission. Copyright 2019 Elsevier.

Reliability problem N Possible design solutions
(non-exhaustive) to keep up power
supply

Electrical design aspects

Capacity not sufficient for 365 10 Hybrid energy solutions; seasonal

days a year due to alternating frugal use or energy; load

local weather conditions prioritization

Unexpected failure of a 5 Choosing system units with

critical component e.g. sufficient quality; buying critical

inverter due to low quality components or their spare parts to
storage; systems requiring simpler
maintainability

Unexpected power losses due 0 Choosing energy efficient system

to internal inefficiencies of
electrical equipment

units; careful installation work

Practical design aspects (installation)

Low quality installation work 0 Careful installation work;
well-chosen mounting elements and
fasteners

Accidental human / animal 4 Prohibiting or complicating access

intervention with crucial

components

Plant management aspects

Overloading with 9 User education; load limiters; DC

high-consuming appliances distribution (less loads available);
higher system capacities; system
topologies against theft

Experimenting with critical 8 User education; consumer

components such as control satisfaction; safety stickers for

units, distribution boxes or visual inspections; placing system

energy meters intelligence in inaccessible places;
tamper-proof devices, for
distribution boxes see e.g. [111]

Power tapping directly from 6 Prohibiting access (metal boxes, not

supply components (battery)

46

wooden); user education



Results

Table 4.4. Problems effecting service reliability in micro-grids, and suggested solu-
tions. Table based on results presented in Publication V. Reproduced with
permission. Copyright 2019 Elsevier.

Power tapping from 3 DC distribution; protecting cables

distribution lines with rubber bands; underground
cabling; load limiters in distribution
cables; system topologies that build
peer pressure against theft

Exceptional events

Extreme weather conditions 6 Weather monitoring; back-up
(heavy rain, storms etc.) supplies

4.2.3 Reliability assessment framework

When measured data is not available in a comparable manner, more descriptive
methods may be a satisfactory option for reliability assessment. According to
interviews with the energy system companies (ESCOs) operating micro-grids,
reliability problems were often not recorded in a systematic manner, which is
partly understandable as the companies operate in extremely difficult finan-
cial and practical conditions [112]. Nonetheless, it is important to encourage
reliability also for smaller and frugal power systems to better serve their users.

Therefore, a new reliability assessment framework was proposed for renew-
able micro-grids in Publication V (Table 4.5). The framework allows a light
but systematic data collection from the off-grid companies without expensive
measurement devices. All the data to be collected is (or should be) available.
The framework is applicable for all renewable off-grid power systems. It is
notable that Table 4.5 lists information to be collected, but does not recommend
normative reliability levels as such. They are left for further studies.

Significantly, the framework reflects a customer perspective for a more reliable
power. For example, load prioritization functions should be detailed and openly
announced by the operator, because such functions may overvalue a customer
group over another. In addition, the framework highlights other system features,
which are also intuitive to understand for non-technical people, such as the
system autonomy. The indicator may portray the supply security more intuitively
than merely its storage capacity in Ampere-hours (Ah). System autonomy is the
number of days that the backup storage sustains its service when there is no
renewable power supply available or connected. A periodical lack of renewable
energy may be a problem in power systems that are supplied with only one
energy source, such as solar power.

In particular, the framework serves as a suitable discussion framework for
all those involved in the energy project: donors, investors, company manage-
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ment and staff members, subcontractors, and even customers interested in the
reliability in service. For example, if the system autonomy (in days) appears to
be insufficient, a design engineer could be consulted to propose options for its
increase. Battery capacity enlargement is not always the only option for higher
reliability. Sometimes new control functionalities, a hybrid supply, or alternative
business models (e.g. providing complementary services for solar micro-grid in
the low-irradiation winter season) could also be investigated.

The framework suggests that a total reliability number is calculated as a
sum of energy reliability and technical reliability (Loss-of-load-hours LOLH +
Mean Downtime MDT). However, that calculation, is simply indicative. More
valuable in this framework is the collection of important reliability-related
aspects that better describe the background reasons for downtimes. For example,
the Mean Time to Start Repairing (MTSR) requires attention, because delays in
transporting spare parts may result in long service downtimes of power systems
in off-grid areas [113] [88]. Micro-grid company representatives (Publication V)
reported up to 15 days of MTSR. Sometimes lengthy downtimes were caused by
a "vendor lock-in" where the vending company controlled the availability of a
spare part, which prolonged the total duration of a repair activity.

When light is shed on such context-dependent challenges, all the stakeholders
involved (donors, investors, staff members, even customers) will possess a chance

to better understand localized problems and to contribute to solving them.

Table 4.5. Reliability assessment framework for renewable off-grid power systems.
Table based on results presented in Publication V. Reprinted with permission.
Copyright 2019 Elsevier.

Reliability aspect Note Unit

Energy service description (company promise)

Supply schedule:  Start and end of power supply in Daily schedule
daily cycle per customer group (hours and
minutes)

Power and energy Power amount per customer group  Watts (W) or

levels: Watt-peaks (Wp)
Maintenance Schedule of no-supply hours due to  Dates or
schedule: regular maintenance weekdays and

schedule (hours
and minutes)

Load Priorities set between customer (descriptive)
prioritization groups during energy insufficiency

functions: or technical failure

Energy reliability
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Table 4.5. Reliability assessment framework for renewable off-grid power systems.

Table based on results presented in Publication V. Reprinted with permission.
Copyright 2019 Elsevier.

Loss of load hours
(LOLH):

Number of lost
customers:

Schedule of low
supply seasons:

System
autonomy:

Number of hours of no supply due
to energy insufficiency divided by
the number of hours promised

Percentage of customers
disconnected during low power

Seasonal periods when renewable
supply does not meet the load

Storage ability to supply in periods
of low power

%

%

Dates.
Share of annual
no-supply days (%)

Number of hours

Technical reliability

Mean downtime
(MDT):

Mean time to
start repairing
(MTSR):

Mean time to
repair (MTTR):

Maximum time to

Total time of no supply due to
component breakup, repair or
system maintenance divided by the
total time promised

Speed of repair personnel to arrive
after first notice (also first-aid
service rapidity)

Speed of repair operations

Replacement or repair time of

%

Number of hours

Number of hours

Number of hours

repair (MTR): components with lowest

availabilities
Protection Anti-theft and other measures (descriptive)
measures: implemented against illegal actions

and exceptional external events
Component degradation and system lifetime
Battery lifetime Nominal and an estimation of the Number of days
(nominal and real lifetime in the actual use
real): environment
Vulnerable Description of vulnerable blocks in  (descriptive)
components: the energy system installed

Total reliability
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Table 4.5. Reliability assessment framework for renewable off-grid power systems.
Table based on results presented in Publication V. Reprinted with permission.
Copyright 2019 Elsevier.

Total estimated Approximate annual time of no %
system downtime: power out of the scheduled supply =
LOLH + MDT
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5. Discussion

This chapter contributes to the academic discussion on the topic of sustainable
energy access, and describes the type of practical knowledge it may offer for
energy practitioners. Finally, some recommendations are presented for further
studies.

5.1 Theoretical implications

This dissertation enriches the academic debate on frugal innovations and sus-
tainable energy access by offering a formal definition for frugal energy innova-
tions, while highlighting issues that are particular and relevant to energy access:
sustainability, technical performance, and local maintainability. This work also
presents insights on various aspects of frugal innovation related concepts, such
as energy frugality, energy efficiency, environmental protection, and sustainable
development that may assist in further conceptualizations.

The result from the field measurement with the solar pico-grid provides an
example level for reliability of a power system in the lowest energy access
tier (Tier 1). The Council on Energy, Environment and Water (CEEW) defines
reliability by the maximum number of blackout days per month [30]. For Tier
1 (maximum 50 W consumption), this is four, meaning 48 blackout days per
year. Pico-grid customers experienced over three times the amount during
the year (156 days with blackouts, on average). In contrast, reliability was
left completely undefined in the multi-tier energy access framework by the
World Bank’s Energy Sector Management Assistance Program (ESMAP) for
the lowest energy consumption tiers [114]. The measured information from the
pico-grid reliability may contribute to the discussion on quality and reliability
recommendation levels for minimum energy needs.
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5.2 Practical implications

The technological insights into frugal energy innovations may be applied to other
off-grid systems and other low-income electricity use contexts. The results gained
through the detailed technical analysis of the solar pico-grid might be useful for
design engineers of micro-grid system components. The system provider itself
has already used the results for further product development [96]'. In addition,
Section 4.2.2 includes a list of typical technical problems in solar micro-grids
in India that can potentially reduce service reliability. Companies’ innovative
solutions used to tackle these problems were presented in this work. Solutions
are technical, but also managerial and customer-centred. The findings develop
an understanding of bottlenecks and practical problems on village micro-grid
installations, and may benefit present and future system designers, operators,
and energy users.

A major contribution of this dissertation is the reliability assessment frame-
work for renewable off-grid power systems. Assessing an off-grid energy project
by using the framework may encourage reliability thinking and help to identify
typical reliability-related problems. Furthermore, the framework might be a
valuable tool for various institutions focusing on the quality issues of renewable
off-grid systems.

The general insights into the micro-grid use contexts may also be of practical
value for those who plan frugal energy business. Renewable power business in
rural India is economically extremely challenging [39] and the pico-grid experi-
ment echoed the same reality through the extremely low consumption levels on
behalf of the customers. One result of this poverty in the communities is that the
families may possess several small energy sources, such as portable batteries,
solar home systems, or self-configured systems between which they alternate
on a daily and hourly basis [96]. Pico-grid pre-paid meters are also charged
occasionally, when the families have collected some small investable amount of
cash. Customers also continued to intermittently use kerosene lanterns. The
various implications of poverty and energy poverty characterize the business
ecosystem, while still simultaneously offers opportunities for innovating further
frugal solutions.

5.3 Recommendations for further research

The study highlights the importance of conducting technical performance studies
for installed off-grid renewable solutions operating in developing countries, in
particular, for their durability, system lifetime, and reliability. The new relia-
bility assessment framework should be tested in different micro-grid contexts
in other countries. Experiences should be reported and the framework should

1A recommendation for further reading is the thesis of L. Simmonds regarding the
development of the user interface of the pico-grid energy meter [96].
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be specified, when necessary. For instance, the framework could also include
recommendations or benchmark values for different reliability aspects. For this,
further studies on existing micro-grids reliabilities would be needed to be able
to propose achievable and realistic recommendations. Nevertheless, benchmark
levels offered may better be different for different power system types, such as
PV-only and hybrid systems; or based on the number of daily hours served; or
according to system capacities or energy services like in tier-based frameworks
[30] [114].

In parallel, the end-user satisfaction should be studied. Publication V high-
lighted the importance of achieving a deeper understanding of customers’ per-
ception of the various deviations in power availability and reliability in terms of
issues, such as scheduling, energy levels and load prioritization. The number of
such studies are limited.

In order to better understand the possible relevance of off-grid energy systems
for sustainable development, there are several recommended research streams.
Even though it is known that solar electricity is a more environment-friendly
option than fossil-fuel based sources, it would be necessary to test the aggregated
household-level usage of the set of various energy technologies and not just only
focus on one technology. The introduction of a new energy service (such as a solar
micro-grid electricity) may not automatically mean a complete shift away from
previously used sources, such as kerosene or privately-owned diesel generators.
Energy-use patterns are rather non-linear, and there is a lack of relationship
between the amounts of energy used and the amount of equipment owned [115];
neither are the factors that affect households’ solar technology adoption well
understood [45]. Detailed analysis of how different households with different
socio-economic and cultural backgrounds used pico-grid services (Publication
III) was out of the scope of this study. However, such analysis would provide
interesting novel information on energy use patterns of impoverished customers.

Further testing of frugal demand-side-management methods in stand-alone
power systems would also be recommended. The same kind of dynamic electricity
pricing method might be tested in power systems with higher capacity and
consumption levels to understand the value of this kind of frugal innovation.

The global role of micro-grid technologies was left partly unanswered in this
dissertation. Will they remain solely as backup solutions until energy infras-
tructures with higher capacities are constructed in areas without electricity
access? Although the lack of support provided to the micro-grid sector has nearly
stagnated its development in India [116], and causes apprehension towards
the future of the micro-grid companies, nevertheless, many of the companies
interviewed for this dissertation considered their business prospects to be rather
bright. Especially the smallest capacity micro-grid providers did not believe
the government grid power quality would significantly improve to the extent
that it would shrink their future customer base. The observation is supported
by the fact that even if offered for free, a rather high percentage of population
in Uttar Pradesh — around 20% — would reject the connection to the main grid
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Figure 5.1. A single village may be served by both a government distribution system
(concrete pole, on the left) and a micro-grid system (steel pole, on the right).
Photo: Sini Numminen, 2018

for its perceived low quality of services [30]. On the other end, companies that
had technically prepared their micro-grids for grid-connection were equally
optimistic about their future prospects, being then able to sell solar-powered
back-up services.

The Indian energy sector is currently going through many reforms, the largest
of them being the governmental plan targeting at connecting all households by
2019 to the national power grid [117]. In parallel, the role of the distribution
companies is changing, for instance, through customer migrations towards
various power sources (such as private solar home systems) [118]. To maximize
energy access, further micro-grid research would be necessary, because several
studies have concluded that instead of competing against one another, on-grid
and off-grid systems could complement each other [119] [120]. The situation, as
depicted in Figure 5.1, where two power systems simultaneously serve a single
village, is not an infrequent sight in micro-grid connected villages in India at
the moment. It might be interesting, not only for local Indian micro-grid actors,
but also for practitioners in many other countries, to study more deeply ways for
different power systems to operate in parallel, not only for the sake of energy
efficiency, but also to examine the ways that different energy infrastructures
compositions are jointly used by the local people, such as the purpose for which
certain technologies are applied and based on which determinants. The results
would benefit the technology designers and business operators, as well as the
millions of energy-deprived users in developing countries. Such studies may also
assist in formulating policy mechanisms for increased energy access and energy
poverty alleviation.
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6. Conclusions

The starting-point of this dissertation was in energy poverty, which is still
wide-spread in many countries. Energy poverty is also often linked to economic
welfare determining which energy sources people can afford and prioritize.
Frugal energy innovations, based on simplifications in designing products and
energy systems and thus delivering more affordable energy services, might be an
approach to address this problem. This work dealt both with general methods to
identify such frugal energy innovations as well as a specific technology, namely,
the solar micro-grid, to provide a concrete technological solution to local needs.

The method for identifying frugal energy innovations employed a five-criteria
listing highlighting affordability in service, but also energy technology specific
aspects, such as local appropriateness, durability, and environmental sustain-
ability. Technologies that deliver energy for basic needs, including specifically
food preparation and basic electricity services, affect people’s everyday life, thus
implying that frugal energy systems need to be designed with a people-centric
and long-term approach. Importantly, a new energy system should meet local
users energy-use preferences in their cultural context to ensure the deployment
of technologies. In addition, durability is highlighted, because a technical failure
may more severely affect the end-users, especially if the energy technology acts
as the primary source of energy. For battery-based energy systems (e.g. solar
home systems and micro-grids), proper recycling of distributed batteries should
be ensured. A list of criteria for frugal and sustainable energy solutions was
derived in this dissertation which complements the emerged frugal innovation
studies in the field of energy. This checklist could be used to design frugal energy
solutions that hold potential for being sustainable and adapted by the users in
the long-term.

The main part of the dissertation focused on solar micro-grids, in particular,
on their reliability issues and usability, which are important factors to increase
their use among the rural population in developing countries. Extensive field
studies were accomplished in northern India to gain empirical data for the
analyses in this work.

The reliability of frugal energy innovations, in this work, mainly photovoltaic
micro-grid systems, has received surprisingly little attention internationally,
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despite being a central factor for the success of delivering an energy service.
Furthermore, reliability of a technical system ensures customer satisfaction
and commitment, therefore also connecting it to business sustainability. The
field tests with solar micro-grids in northern India showed that power was
available to the households over 87% of the time over the year, which is higher
than that of the national power grid in the region studied (50%). Based on an
extensive analysis of measured and interview data in seven villages, a major
part of outages (reason for 20% — 63% of all identified power outages), were
actually due to low solar irradiation levels in the winter season, which would
be typical to northern India. The wide range (values ranging from 20% to 63%)
implies uncertainties in interpreting the causes of power outages.

The energy insufficiency problem might be solved through hybrid systems
or backup supplies. The customers’ satisfaction was in general good, mainly
because of improved lighting quality compared to the previous lighting solution
(kerosene lanterns). Sustainability benefits from solar PV systems included a
reduced need of fossil kerosene, reduced exhaust gas emissions, and improved
indoor air quality.

The reasons for non-weather based system failures could be tracked to compo-
nent failures (17% — 21%), and improper or unintended user actions (24% — 63%).
We found that people unexpectedly used and modified the technical systems
for private purposes for reasons not always well articulated, but mostly likely
to avoid paying for the electricity or not fully understanding all the technical
functionalities. Technical illiteracy due to being not accustomed to western
technical practices, sometimes caused misunderstandings. For example, the
glowing light on the energy meter screen of the solar micro-grid control panel
may mistakenly be understood as indicating that energy credits were being
consumed. Consequently, consumers in some villages asked the operators to
switch off the whole grid for the night.

These findings proved the complex nature of frugal energy business among im-
poverished people and the importance of understanding the role of technology in
a local context, even though the basic technology, such as a solar micro-grid, may
sound straightforward and robust. We would also recommend keeping critical
power system components, such as batteries, well away from any unauthorized
private use. Many solar micro-grid components are subject to harsh conditions
in villages, thus highlighting the importance of protective measures. In addi-
tion, a relatively high internal (thermal) consumption of power was observed in
some power system components, which may reduce the actual power delivery.
Hence, addressing the energy efficiency of the frugal energy technology and its
components would also be important in future systems.

The local businesses elsewhere in northern India interviewed for this study
faced similar problems related to the instability of certain components (partic-
ularly AC inverters) and power theft. Nevertheless, we found that these local
actors were often innovative and frugal in finding technical and management-
related solutions to these problems. The longest solar micro-grid system down-
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times were often caused by difficulties in transporting technical spare parts
to the remote areas. Reliability may also be affected by unavailable skilled
personnel to handle the problems that might be technical, or managerial, and
which were sometimes dependent on the season. Above all, a significant share
of the solutions to the reliability problems appeared to be local.

The reliability levels were rarely measured systematically by the solar micro-
grid operators. Nevertheless, the results in this dissertation demonstrate that
deviations from maximum reliability were found in all solar micro-grids. The
interviewees estimated that the power was available on average 96% of the time,
which may be overestimated based on the findings of this dissertation. The lack
of data may also indicate that the reliability aspects are not yet adequately and
locally framed. Furthermore, as low-income customers seem to be rather tolerant
of supply interruptions, feedback on various reliability aspects to technology
suppliers would not be self-evident. Reliability evaluations would, however,
be important to further develop power systems and suitable energy business
models. To mitigate reliability-related issues, an off-grid power system reliability
assessment framework was elaborated in this work presenting relevant facts and
figures that may reveal critical points that cause system downtimes. The method
uses existing resources and knowledge to facilitate carrying out a reliability
assessment and to encourage reliability thinking.

Importantly, the assessment method developed highlights the customer per-
spective and is intended to be used by all stakeholders (operators, donors, in-
vestors, even customers) involved in the electrification project to find solutions
to the localized problems. We recommend that the project management of such
projects adopt a realistic view on the critical issues causing service downtimes.
For example, in the above cases, PV-only systems may not be able to offer full
power availability locally (here northern parts of India), meaning the need for a
secondary energy source for periods of low solar conditions. As a further step
in the research, the proposed framework could be tested in real conditions with
more systems to refine the most important reliability-related issues. In this
dissertation, no numeric benchmark levels for reliability were offered, because
reliability failures appeared to be very system-dependent. Despite this, bench-
mark levels could be sought for, for instance, for different power system types;
or based on the number of daily hours served. In parallel, user analyses would
be useful for better understanding which reliability deviations are the most
critical ones. Such practical assessments might help in designing better services,
but also formulating more effective support mechanisms and policies to locally
enhance these frugal innovations.

The system performance may also be affected by the way customers use
electricity in solar micro-grids, which are autonomous power systems. For
example, users’ power demand during a high solar yield could be beneficial
for a frugal power system, whereas during low solar conditions, lower demand
levels might be preferred. This kind of demand response model was tested
in this study in solar micro-grids in northern India to increase the system
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performance and indirectly also the power reliability. We employed advanced
Indian-made frugal energy metering with pre-paid functions, which would be
suitable for rural people with low and irregular wages. However, the field trial
showed a null finding contrary to initial expectations; namely, there was no
clear user response in power use versus pricing of the power supply. The main
reason found for this somewhat surprising result was that low-income customers
minimized their electricity usage irrespective of (spot) price of electricity. The
low demand resulted in the benefits of the potentially promising functionality
being indemonstrable. Customers saved their pre-paid electricity credits, did
not re-charge many times, and continued the simultaneous use of small energy
sources which are probable implications of prevailing economic poverty, to which
solutions are not technical. However, system designers and operators should
offer appropriate user education when introducing a new energy technology with
advanced functions. Another implication is that offering such pricing incentive
methods to balance peak loads might be more relevant in power systems with
higher electricity consumption than in the pico-scale systems tested in this work.

Frugal innovation encompasses many technology options and involves a strong
behavioural component. Frugal innovation holds potential not only in poverty
alleviation, but also contributing to sustainability, because frugality promotes re-
source efficiency through simplicity, such as a smart elimination of unnecessary
components. Furthermore, this leads to cost reductions for system operators
and impoverished customers. This study highlighted the importance of technical
performance studies for real frugal energy solutions, particularly for their relia-
bility and user interfacing. User preferences may not always be well understood;
this may also affect the usability and reliability of the systems. User-centred
technology and service design approaches might ensure sustainability longer-
term.
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Appendix
Weekly survey questions for pico-grid customers

1W101) Are you the household head? 1Yes 0 No

W101A) IF NOT, What is your relationship to the head?

W201) How much money have you spent on electricity purchases past week?
RUPEEES

W202) Did you purchase a new electric appliance past week? 1 Yes 0 No

W202b) If yes, what did you purchase?

W203) How many hours of electric lighting per day have you had past week?
______HOURS/DAY

W204) How many hours of fan operation per day have you had past week?
______HOURS/DAY

W205) How many hours of mobile charging per day have you had past week?
____ HOURS/DAY

W206) During the past week, when did you typically

Charge your mobile phone? Starting time How long (HH:MM)
Use fan? Starting time How long (HH:MM)
Use electric lighting? Starting time How long (HH:MM)

W207) How many times have you had technical problem with lights past week?
NUMBER

W208) How many times have you had technical problem with fan past week?
NUMBER

W209) How many times have you had technical problems with mobile charging
past week?
NUMBER

W210) How do you feel about the price of electricity?

1. Very expensive 2. Somewhat expensive
3. Neither expensive nor cheap 4. Somewhat cheap
5. Very cheap



W211) How difficult is it to use Boond's pre-paid system for electricity?

1. Very difficult 2. Somewhat difficult
3. Neither easy nor difficult 4. Somewhat easy
5. Very easy

W212) Overall, how satisfied are you with Boond's service?

1. Very unsatisfied 2. Somewhat unsatisfied
3. Neither satisfied nor unsatisfied 4. Somewhat satisfied
5. Very satisfied

W213) Have you faced technical problems with the energy meters during the
past week?

1 Yes 0 No
W213b) If yes, Could you please describe the problem?
W213c) When did the problem start and when did it end?

Start time (am/pm) (DD/MM)
End time (am/pm) (DD/MM)

W213d) Has the problem been solved?

W213e) What was the cause of the problem?

1 Energy overload 2 Central system broke down
3 Power line cut 4 Weather (rain)
5 Other:

W214) Has the power been available all the time during the last week?
1Yes 0 No

W214b) If not, when did the power cut(s) start and when did it/they end?

Start time (am/pm) (DD/MM)
End time (am/pm) (DD/MM)

W214c) Is the power available now?
1Yes 0 No
W214d) Do you know what was/were the cause(s) of the problem(s)?

1 Yes 0 No
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