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Decentralized energy systems for clean
electricity access

Peter Alstone'?, Dimitry Gershenson'? and Daniel M. Kammen"23*

Innovative approaches are needed to address the needs of the 1.3 billion people lacking electricity, while simultaneously
transitioning to a decarbonized energy system. With particular focus on the energy needs of the underserved, we present an
analytic and conceptual framework that clarifies the heterogeneous continuum of centralized on-grid electricity, autonomous
mini- or community grids, and distributed, individual energy services. A historical analysis shows that the present day is
a unique moment in the history of electrification where decentralized energy networks are rapidly spreading, based on
super-efficient end-use appliances and low-cost photovoltaics. We document how this evolution is supported by critical and
widely available information technologies, particularly mobile phones and virtual financial services. These disruptive technology
systems can rapidly increase access to basic electricity services and directly inform the emerging Sustainable Development
Goals for quality of life, while simultaneously driving action towards low-carbon, Earth-sustaining, inclusive energy systems.

global community in the twenty-first century: the persistence

of widespread energy poverty and intensifying human-driven
climate disruption'?. These crises are inexorably linked through the
technology systems that underlie them. Although electricity net-
works have connected billions of people with relatively low-cost
and high-value energy, the resultant emissions have become the
primary driver of climate change'. Furthermore, despite significant
growth in the extent of centrally planned electricity networks, bil-
lions worldwide still lack even the most basic or reliable services’.
Meeting the needs of the developing world with modern energy
and other infrastructure technologies is a critical task for improving
quality of life and enhancing human development®*.

But the notion of universal electrification is a key point of
contention for negotiations on climate change mitigation®°. The
supposed conflict between energy services and mitigating emis-
sions exists partly because of the prevailing paradigm for elec-
trification in the industrialized world—centrally planned and
carbon-intensive power systems with high levels of demand and
low end-use efficiency’. Widespread adoption of the same systems
at the same demand levels as rich nations poses a clear barrier to
climate stabilization®.

Despite the undisputed social value of access, without signifi-
cant changes to the paradigm of electrification a billion people are
expected to remain isolated in 2030°. Eighty per cent of those pro-
jected to remain in deprivation live in rural areas, where the lack
of modern infrastructure and services also directly result in low
resilience to the harmful effects of climate change, such as declines
in agricultural productivity, increased spread of mosquito-borne
diseases, and increasing losses of life and property due to extreme
weather events">'°,

To clarify the potential of technological, political and market
mechanisms to sustainably address global energy needs, we pre-
sent a framework to evaluate the opportunities to manage energy
and information resources over vastly different scales of service
delivery. Focusing on electricity access for the poor and unem-
powered, we (1) explore the links between access to electricity and

_|_wo critically important and interlinked challenges face the

human development; (2) consider the historical trajectory of global
electrification; and (3) describe the implications of an emerging
continuum of technology systems that provide access to electric-
ity by harnessing now-ubiquitous information technology systems
to create new models for decentralized power. We conclude with
a first-order model of technology transitions that emphasizes an
alternative technology pathway to the status quo, built on house-
hold expenditure data, observational evidence and the relationships
we observe between household spending, service level and emis-
sions. Using Kenya as an example, we estimate service equity and
emissions intensity effects for switching from fuel-based lighting to
off- and on-grid power.

Electricity and human development

Thus far, progress towards eradicating energy poverty has been
insufficient in scale and pace. Unserved and underserved popula-
tions still primarily rely on low-efficiency open flames for lighting
that is often inadequate', incurring substantial economic costs'
and increased health'® and safety risks'*. Greenhouse gas (GHG)
emissions from fuel-based lighting are significant', particularly
black carbon from open-flame wick lamps". The off-grid poor also
devote significant time and money to recharging mobile phones'®’,
which are used by 72% of people in low-to-middle income coun-
tries, a 20-fold increase since 2000'%. Mobile phones are a critical
basic-needs technology, providing valuable services that link peo-
ple with family, allow for participation in the market place through
mobile banking and mobile money transfers, and permit a greater
level of access to information overall”. Both lighting and telecom-
munications are foundational to basic needs and highly valued, as is
revealed by the high prices that people are willing to pay—in time,
money and risk—in the absence of better alternatives.

Access to electricity is closely linked with improvements in
human development including productivity, health and safety, gen-
der equality and education>'*'*'¢7. Much of the research broadly
describing quality of life and electrification stems from the pioneer-
ing insights of Goldemberg et al?, who demonstrated a clear cor-
relation between human development and electricity consumption
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Figure 1| The relationship between access to electricity and human
development index (HDI) for 2000-2010. All the data points are on a
country level for a particular time. The individual, country-level regression
slopes over time are indicated on the figure, along with a full sample
regression. The distribution in slope on a country level shown in the inset
box plot indicates that the global relationship holds within countries over
time (typically). In that inset, the box demarcates the 25th, 50th and 75th
percentile in slope with whiskers out to 1.5 times the interquartile range
and outliers displayed as points, with three outliers significantly outside
the scale. These significant outliers are countries with high levels of access,
~99%, so small changes in HDI have large effects on the slope.

per capita (kWh per capita, which suggested a relationship with
steep gains for the first 2,000-4,000 kWh per capita per year and
greatly diminishing marginal returns to human development for
consumption beyond that basic-needs level)*. The kWh per cap-
ita metric thus became a de facto indicator for progress on energy
access, and has been explored in depth, especially by those attempt-
ing to determine the direction of causality between consumption
and development?' 2.

Inspired by these seminal early studies, Figs 1 and 2 show a new
set of relationships based on the fraction of people with electricity
access (as defined in national censuses and household surveys—typ-
ically a non-specific, legal connection to the grid). Unlike consump-
tion-based relationships that exhibit an inverse power-law decline
in returns to human development, we show that access is a first-
order linear predictor of human development index (HDI) along
with an important set of selected Millennium Development Goals
(MDG) over its full range (see Supplementary Material for more
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details and additional plots). This is consistent with an aggregate
view of household-level diminishing returns on energy consump-
tion, where the initial applications of energy that are prioritized are
also the most valuable for improving people’s lives, followed by less
valuable applications.

Although electricity access is highly correlated with several
development indicators, it is not the only factor at play, and broad-
scale metrics fail to tell the complete story. The underlying relation-
ship between development and access cannot be extricated simply
from macro-data. There are important technological, social and
institutional dynamics that determine the value of access, includ-
ing intra-household power dynamics, electric grid management,
geographic diversity, political relationships and concurrent access
to complementary technology®**. The context of access matters
as well. Meeting time-sensitive demands at critical facilities, such
as hospitals, schools and agricultural processing mills, is vital.
Although it is difficult to determine causality****%, there is a strong
case that electricity access is a necessary, but not sufficient, condi-
tion for improving human development'’.

A direct measure of electricity access is currently missing
from official development tracking but has been proposed for the
Sustainable Development Goals, an update to the existing MDG,
and in the UN Global Tracking Framework for energy access
Because electricity access is more complex than ‘on or off the grid,
a new approach is in discussion to effectively track progress of this
metric*®. The source power capabilities, reliability and access to
appliances all strongly determine the value of access and are often
discussed in terms of a household energy ladder?, with high-value/
low-power services acquired first (mobile phone charging, lighting)
followed by a prototypical stack including fans, television, refrig-
eration, heating, motive power and others that all provide services
contributing to quality of life®.

Power network growth and constraints

The expansion of electricity access is fundamentally a process of
networks forming and extending in the context of technological
innovation with support from complementary systems of capital,
institutions and information. Innovation along any of those dimen-
sions can lead to growth, but only to the extent of support from
the remaining complementary networks (as Hughes described
in his seminal historical synthesis of early power grids, Networks
of Power™). In the case of electric utilities, the genesis occurred in
1882 with the Pearl Street Station in New York City. Over the com-
ing decades, these firms were further enabled by technology inno-
vation across supply and demand technologies (including dynamo
generators, AC transmission and distribution, and relatively effi-
cient lighting and motors that were developed in the late 1800s and
early 1900s), and catalysed by the development and spread of a new
utility business model for selling electricity on a commercial basis.
Thus, utilities created a disruptive technology system that leveraged
networks of multinational enterprise, transportation (particularly
sea freight and railroads) and capital to grow and (mostly) displace
an incumbent global structure of fuel-based lighting and non-elec-
tric mechanical power™'.

Following this early private-sector activity, the expansion of grids
to reach the poor and unserved rural communities also became
a priority for policy-makers, as it became clear that private actors
lacked the incentives to do so. Initiatives such as the United States
Government Tennessee Valley Authority of the 1930s continue to be
echoed today by work throughout the developing world, where the
issue of access remains. Our analysis of the archival record in Fig. 3
shows that since the initiation of centralized electricity in the late
1800s, there have consistently been between 1 and 2 billion people
without access (that is, still primarily relying on fuel-based lighting
technology and fuel networks) as grid expansion has roughly paced
global population. About 1.3 billion people in 2013 were completely
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off-grid?, and many ostensibly connected people in the developing
world experience significant outages accumulating to tens to hun-
dreds of days per year*.

Today, there is continued grid expansion with a range of pro-
jected trends in grid-based access through 2030 (which has become
a benchmark year). The International Energy Agency (IEA), the
most cited source, expects that over 900 million people in rural areas
will remain without electricity by 2030, in contrast to only about
100 million in urban areas, with the vast majority in sub-Saharan
Africa®. Sustainable Energy for All (SE4ALL), using data from the
IEA, expects that reaching universal access will require grid exten-
sion for all new urban connections and 30% of rural populations,
with the remaining 70% of rural people gaining access through
decentralized solutions (65% via minigrids, 35% via solar home
systems (SHS) and intra-household or ‘pico-solar’ products)®. The
Global Energy Assessment by the International Institute for Applied
Systems Analysis (IIASA) projects a slightly higher number of peo-
ple unserved, with over a billion people lacking access in rural areas
in 2030, and nearly 200 million in urban zones*. The scenario that
we present in Fig. 3c includes grid extension supported with new
policies that grows faster than population (the purple wedge) and a
rapid expansion in decentralized power systems to achieve univer-
sal access to either on- or off-grid electricity by 2030.

Despite more than a century of expansion, and an emerging rec-
ognition that access to electricity constitutes a human right*, we
identify pervasive ‘energy isolation barriers’ that people continue
to experience in the context of grid-based electrification as a result
of multiple dimensions of remoteness: geographic, economic and
political. Complex geography, long transmission distances and dif-
fuse populations restrict grid extension in many rural areas of poor
nations because of high marginal cost of connection compared with
expected usage®. The economic limitations of the rural poor are
reflected in their low energy consumption, struggle to pay connec-
tion fees, and challenges in procuring household wiring and appli-
ances™®. In fact, many households and businesses in ‘electrified” areas
lack access, even directly beneath power lines”. Finally, centralized
grid extension often requires a degree of political power that is a
barrier for disadvantaged rural and urban populations with opposi-
tion, marginalized, or diffuse societal and political affiliations who
are not supported by strong institutions****. People and communi-
ties without property rights may lack the stability to justify invest-
ments in fixed infrastructure, or permission from central authority
to do so.

The electricity continuum

Recent decades have seen an emergence of a continuum of oft-
grid electricity systems that does not require the same support-
ing networks as centralized power generation and overcomes the
aforementioned energy isolation barriers. Where electricity grids
require installation of capital-intense fixed infrastructure to reach
an affordable scale, the decentralized power network is more dif-
fuse. There are still important hubs, like networks of manufacturing
in Southeast Asia where a majority of components and integrated
systems are produced on a large scale, but these are connected to
end-users by dynamic global supply chains and knowledge net-
works instead of fixed physical infrastructure.

Although dynamo generators and arc lighting, which perform
best at large scale, catalysed the market for electric utilities, it is
a range of semiconductors (stemming from the discovery of the
transistor noted in Fig. 3) that has been instrumental for modular
decentralized power systems. High-performance, low-cost photo-
voltaic generation, paired with advanced batteries and controllers,
provide scalable systems across much larger power ranges than cen-
tral generation, from megawatts down to fractions of a watt. The
rapid and continuing improvements in end-use efficiency for LED
lighting® (for example, see Fig. 3), d.c. televisions®, refrigeration,
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Figure 2 | The relationship between access to electricity and selected
Millennium Development indices for 2000-2010. a, The ratio of women

to men in tertiary (post-secondary) education. b, The percentage of
students in Grade 1 who complete secondary education. ¢, Extreme poverty
measured by the proportion of people living on less than US$1 per day.

d, Death of mother per 10,000 births. All of the data points are on a country
level for a particular time. The coefficients of determination (R?) values

for the full-sample linear regression are displayed on the figure panels.
Additional development indices are found in Supplementary Fig. S1.

fans* and ICT* (a ‘super-efficiency trend’) enable decentralized
power and appliance systems to compete with legacy equipment, on
a basis of cost for energy service, for basic household needs. These
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Figure 3 | Two centuries of historical trends and a potential future scenario from 1830 to 2030 for electricity access in the context of technology and
supporting network events and trends. a, Technology timeline showing watershed moments of innovation and market paradigm shifts. b,c, The population
with access to electricity over the time period, with ¢ reflecting a potential future scenario for decentralized electricity development. d, A range of market
penetration for ICT, going as far back as telegraphs (a primary enabling technology in the spread of electric grids). Mobile phones, also shown, are the
contemporary alternative to centralized systems. e, The trend in electric light source efficacy for a range of technology including LED solid-state lighting. A
full description of the data sources and analysis for this figure are in the Supplementary Material. Images in a from left to right © bilwissedition Ltd. & Co.
KG / Alamy; Windell H. Oskay; Gettylmages/iStockphoto/Thinkstock Images; Peter Alstone.

rapid advancements in basic technology supporting clean energy
both on- and off-grid are predicted to continue®*.

With these technological cornerstones, aid organizations, gov-
ernments, academia and the private sector are developing and sup-
porting a wide range of approaches to serve the needs of the poor,
including pico-lighting systems (PLS)", SHS, and community-scale
micro- and mini-grids*’. Although these decentralized systems (and
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particularly PLS and SHS) are clearly not substitutes for a reliable
grid connection, they each represent an important level of access
until a reliable grid is available and feasible. By overcoming access
barriers, often through market-based structures, these systems pro-
vide incremental and often substantial increases in access to ser-
vices, compared with the status quo. Table 1 is a synthesis of how the
continuum of technology is often divided for analysis, and how each
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Table 1| Basic characteristics of electricity access technology options with descriptions of the typical range of generation capacity,
fuel mix, services available, and the degree to which economic, geographic and political isolation is a barrier to adoption.

Technology Generation Services available Energy isolation barriers
capacity (watts)
Incumbent technology bundle:  N/A Lighting, radio communication reception, ~ Economic: Very low barrier. Day-to-day payments for
fuel-based lighting, dry cell two-way mobile communication increments of energy
batteries, fee-based mobile Geographic: Low barrier. Requires distribution to remote
phone charging areas through normal supply chains with some markup
Political: Low barrier. Government and institutions can
support market or hinder depending on policies
Pico-power systems 0.1-10 Lighting, radio communication reception, ~ Economic: Low barrier. Market-based dissemination.
two-way mobile communication Retail cost US$10-100
(Note: basically the same as Geographic: Low barrier. Requires distribution to
incumbent bundle) remote areas
Political: Low barrier. Government and institutions can
support market or hinder depending on policies
Solar home systems 10-103 Same as above plus television, fans, Economic: Medium barrier. Market-based dissemination.
additional lighting and communication, Retail cost US$75-1,000
limited motive and heat power Geographic: Low barrier. Requires distribution to
remote areas
Political: Low barrier. Government and institutions can
support market or hinder depending on policies
Microgrid 10%-10° Same as above with opportunity for Economic: Medium to high barrier. Requires financing or
community-based service with higher investment aggregation for large capital outlay but offers
power requirements: for example water relatively low marginal cost electricity to users
pumping or grain milling Geographic: Medium barrier. Requires critical density
of population
Political: Medium barrier. Requires community support
and local political decisions
Regional grid 106-10° Depending on the quality of connection, Economic: Medium to high barrier. Often high initial

same as above up to a full range of electric
power appliances, commercial and

industrial applications

connection costs, but low-cost power after connection.
Cost of power lines can add significantly to the connection
cost in sparsely populated areas

Geographic: High barrier. Requires nearby transmission
and distribution infrastructure

Political: High barrier. Depends on ministerial and
departmental decisions about extension

The descriptions are a synthesis from the authors’ experience and research.

level in the energy stack is related to access barriers. Figure 4 shows
pictograms of the systems and presents our analytical framework
for assessing the cost and performance across the range of systems.

Meeting people’s basic lighting and communication needs is
an important first step on the ‘modern electricity service ladder’
Eliminating kerosene (paraffin) lighting from a household improves
household health and safety'* while providing significantly higher
quality and quantities of light. Access to recharging power suit-
able for mobile phones is less costly than fee-based recharging,
by at least a factor of 10, on a dollar per kWh basis for electricity
(US$100 per kWh for fees at a shop compared with ~US$10 or less
for the levelized cost of electricity as shown in Fig. 4b). This frees
income and also tends to lead to higher rates of use for highly valued
mobile phones and other small devices*. Overall, the first few watts
of power mediated through efficient end-uses lead to high marginal
benefits in household health, education and poverty reduction's*.
Beyond basic needs, there can be a wide range of important and
highly-valued services provided by decentralized power (for exam-
ple television, refrigeration, fans; heating, ventilating and air con-
ditioning (HVAC); and motor-driven applications) depending on
the power level, reliability, scarcity and power quality along with
demand-side efficiency and appliance access.

Experience with the oft-grid poor confirms the high value
derived from the first increment of energy service—equiva-
lent to 0.2-1 Wh per day for mobile phone charging or the first
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100 lmh of light—as indicated by the regimes of incumbent
technology consumption versus cost noted in Fig. 4a. Given the
cost and service level that fuel-based lighting and fee-based mobile
phone charging provide as a baseline, simply shifting this expendi-
ture to a range of modern energy technology solutions could pro-
vide much better service, or in the case of PLS, similar service can be
provided at significant cost savings over the lifetime of the product
(typically 3-5 years)*.

We observe a power-law inverse relationship between the unit
cost and scale of electricity supply technology from pico-power
to gigawatt grids. Figure 4b shows that relationship, comparing
the range of costs for decentralized power across several orders of
magnitude in scale. As the underlying technology and economies
of scale continue to improve and shift, this relationship is likely
to change as well, with a reduced slope as the cost for small-scale
power decreases.

The critical role of super-efficient lighting for amplifying the
service capabilities of power systems is highlighted in Fig. 4c
and is indicative of similar trends across other appliance types.
It shows how a hypothetical person who consistently invests
US$100 per year for lighting shifts from an energy ‘investment’ of
over 2,000 Wh per day (as liquid kerosene fuel) for 100 Imh of light-
ing service to 20,000 Imh with a grid connection and incandescent
bulb or 100,000 Imh with high-efficacy LED lighting. LED lighting
functionally enables off-grid pico-power systems to offer the rural
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scale) based on regression in panel (b). The service for fuel-based lighting is

displayed again as an orange rectangle, with bounds from uncertainty in fuel

price and flame efficacy (0.03 to 0.05 Im W™). d, System pictograms of grid types. e,f, The cost structure (e) and electricity provided (f) for illustrative
examples: 5 watt solar pico-power system in Kenya (with and without PAYG financing), 50 watt SHS in Bangladesh, 25-30 kW micro-hydro minigrid
serving 90 households in Bhutan with heavy price subsidies, and the national electric grid for Mexico. The data sources and assumptions are in the

Supplementary Material.

poor roughly the same cost performance for lighting service as grid
power with incandescent lighting, in spite of higher effective unit
costs for electricity, and with an order-of-magnitude lower energy
requirements®’. Reframing kerosene lighting as an appliance shows
how much of the improvement in service achieved by electrifica-
tion derives from end-use rather than generation efficiency.

Mirroring the early development of electric utilities, improve-
ments in underlying technology systems for decentralized power
are also being combined with new business models, institutional
and regulatory support, and information technology systems®.
Historically (and currently, in many cases), the non-technical bar-
riers to adoption have been as great, or greater, impediments to
widespread adoption of oft-grid electricity. A lack of appropriate
investment capital (both early-stage and growth capital) hampers
the establishment and expansion of private-sector initiatives*-°'.
Furthermore, complex and often perverse policy environments
impair entry for clean technologies and entrench incumbent sys-
tems (for example subsidies for liquid lighting fuels that reduce
the incentive to adopt electric lighting™). Finally, the prevalence of
imperfect or inaccurate information about quality can lead to mar-
ket spoiling® in early-stage markets where buyers’ understanding
of and experience with alternatives to incumbent lighting technol-
ogy is limited.

Significant and rapid proliferation of off-grid solar systems has
nonetheless occurred recently in spite of these barriers, as shown in
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Fig. 5, where we demonstrate the growth trajectory of commercial
sales supported by three particular approaches from 2004 to 2014.
These include: country-targeted support such as the IDCOL pro-
gramme (SHS financing and subsidy programme in Bangladesh),
global market transformation such as Lighting Africa, and next-
generation pay-as-you-go solar businesses such as M-KOPA that
use mobile money and new delivery models for end-user asset
financing. With tens of millions of households using off-grid
power systems, the market has clearly moved past pilot scale. The
growth suggested by the early market is consistent with other rap-
idly expanding technology systems (for example mobile phones)
and supports the potential future scenario shown in aggregate in
Fig. 3¢, with rapid expansion in household and community-scale
decentralized power.

In Fig. 4e and f we show the payment and service dynamics for the
off-grid systems highlighted in Fig. 5 along with two other avenues
for access. One of the others is a government-supported minigrid
project serving a remote community in Bhutan that is powered by
a micro-hydroelectric system and includes smart grid elements that
prevent brownouts by encouraging peak load shifting, improving
service quality®. Another is the national electricity grid in Mexico,
which provides nearly universal grid access. It is notable that across
these systems of vastly different scales the day-to-day price for ser-
vice is relatively similar (all but the heavily subsidized minigrid).
Financing for off-grid household solar and community-scale power

NATURE CLIMATE CHANGE | VOL 5 | APRIL 2015 | www.nature.com/natureclimatechange


http://www.nature.com/doifinder/10.1038/nclimate2512

NATURE CLIMATE CHANGE po!: 10.1038/NCLIMATE2512

PERSPECTIVE

shrinks or eliminates an often prohibitively high initial cost and
allows users to access electricity with payment streams more similar
to incumbent kerosene and phone charging payments (or to those
experienced by people with access to central grids).

The information-energy nexus

Reliable and accurate information is critical for building sustainable
energy systems, as it supports decisions about investment and man-
agement for infrastructure and technology, and can help overcome
market failures®?. Access to electricity specifically, either through
the grid or off-grid power, requires a high degree of coordination
(of grids and consumer-goods markets) that lends itself to informa-
tion and communications technology (ICT) applications in support
of information provision. On the grid, there are new business mod-
els for aggregating demand response and managing investments in
clean energy that require increasing connectivity. Coordination and
control of fast-changing grids with high penetrations of renewable
power are a paramount need for achieving climate goals. Similarly,
the rapid emergence of global wireless communication networks
and widespread access to mobile phones in the developing world*
is a new and important supporting system for decentralized power.
Targeted and well-designed ‘killer applications” of information tech-
nology hold the promise to accelerate the development of decentral-
ized power systems and increase energy access for the global poor.

Pay-as-you-go (PAYG) is a good example of how ICT enables new
strategies for financing and managing energy systems oft the grid.
PAYG is a combination of hardware and software systems that typi-
cally rely on mobile phones as a platform for making payments (or
verifying the transfer of money), and most include a remotely acti-
vated cut-off switch in the system hardware that prevents use when
fees or loan payments have not been completed”’ (for example the
M-KOPA system highlighted in Fig. 4e). This reduces the transaction
costs for providing and enforcing small loans, and essentially passes
retail working capital finance on to the consumer. The payment
stream for PAYG oft-grid power is similar to the typical expenditures
for traditional fossil or biomass fuels being replaced (and to ongoing
costs for grid power)®®. This approach to financing fits people’s abil-
ity and willingness to pay in the context of uncertainty and careful
budgeting of scarce cash®. Some systems include remote monitoring
features, enabling better knowledge about user behaviour and the
performance of decentralized devices.

ICT is also a critical feature for supporting the supply chains and
maintenance networks that connect consumers with producers of
off-grid energy devices and systems. Supply chain management and
intra-chain information sharing and payments are important fea-
tures of energy access networks as much as they are for many other
products®®’. By enabling information to flow much more quickly
and reliably; it is possible to set up vertically integrated supply chains
that can be monitored and controlled, a key feature of many success-
ful early efforts at pico-power deployment®.

Remote monitoring and analytics of off-grid power systems are
enabled through integration of on-board sensing and communica-
tion technology. These platforms can enable predictive and respon-
sive maintenance, addressing a common barrier to durable energy
access for all decentralized modern energy systems, whether solar
home systems, lighting or improved stoves. The value in ICT can
be amplified in regions where electronic repair or troubleshooting
capacity levels are low, or in the early period of technology adoption
when the density of systems is limited. There are numerous success-
ful cases of the use of GSM-enabled sensors, mobile platforms for
reporting issues, and remote management systems that reduce costs,
improve technician response times, enhance overall service quality,
reduce system outages and increase project success rates®.

Understanding system dynamics and controlling devices on- and
off-grid will also require new ICT tools. An early example of oft-
the-grid responsive demand is the GridShare pilot project in Bhutan
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Figure 5 | Sales of household off-grid systems as reported by organizations
active in market-based distribution. The log axis shows similarities in early
growth rates between IDCOL (a SHS financing programme in Bangladesh),
the Lighting Africa programme (a World Bank Group market transformation
effort) and M-KOPA (a PAYG solar business in Kenya).

(shown as an example in Fig. 4). This project successfully reduced the
incidence of brownouts by 92% with load-shedding devices installed
and tested collaboratively with a small community that previously
overloaded their micro-hydro generator during cooking times with
electric rice cookers™. With ICT, decentralized electricity systems
can be converted into powerful data-generating processes for guid-
ing management, policy and investment decisions.

Information and electricity systems provide mutual support. Not
only do information technologies aid in the expansion and operation
of energy systems, but many of the highly valued electricity services
like mobile communications, radios, and lighting are fundamen-
tally about getting access to information (in the case of light, real-
time information about one’s surroundings or the content of visual
media). An understanding of the relationships between these linked
systems and how people interact with and through them is vital for
supporting investment and smart management for decentralized and
diffuse systems that span the off- to on-grid energy continuum.

Universal access and climate stabilization

Vast differences in energy access between the rich and poor are a
fundamental injustice. Although a great deal of international atten-
tion is rightly placed on addressing climate change, in this con-
cluding section we argue that increasing energy access can reduce
inequality in access and simultaneously contribute to reducing cli-
mate pollution, particularly in the short term through reductions in
black carbon emissions'.

Our argument is based on a simple model of technology transi-
tion applied to Kenya household expenditure data from 2005 to 2006
(Kenya Integrated Household Budget Survey, KIHBS, n = 13,430
households)®. In the analysis we calculate the expected effect of
households switching from kerosene to either off- or on-grid access
for lighting service, informed by the findings described previously
in this paper. The model results in estimates for the GHG intensity
of lighting (including accounting for embodied energy in the manu-
facture of off-grid solar lighting*®), equality in the service provided,
and financial requirements of each technological option. We assume
that households using kerosene for lighting maintain their current
spending level and shift expenditures completely to either off- or
on-grid electricity. We chose this simple example as an extreme
case to simulate a full rebound in spending on lighting, whereas
in reality we expect that in response to vastly improved efficiency,
individuals would reallocate savings to much broader categories of
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Figure 6 | Results from a simple model of climate impacts and adoption dynamics for electricity and lighting technology in Kenya. The base data are

from the Kenya National Bureau of Statistics (KIHBS 2005/06, n =13,430). a,

Expected range in GHG emissions induced by household (hh) electricity or

lighting use, with box plots demarcated at the 25th, 50th and 75th percentiles and whiskers to 1.5 times the interquartile range with outlier points. The
status quo scenario shows emissions with and without accounting for black carbon (BC) emissions from open-wick lamps that comprise 55% of the lamps
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available) and expenditure measures that reflect the broader inequality in

the society, with Lorenz curves and Gini coefficients to quantify degrees of equality in the spirit of Jacobson etal.®®. ¢, Fraction of expenditure devoted to
kerosene and electricity in the status quo scenario for primary users of both. The inset scatterplot shows that the poor tend to spend a higher fraction
of income on energy. d,e, Implied number of years of household savings at a rate equal to 10% of expenditure to accumulate cash for upfront payments
for (d) off-grid and (e) grid power. In d, we assume cash sale of system with levelized cost equal to ongoing kerosene expenses. In e, we assume a fee of
35,000 KES (minimum fee without need for additional poles and other equipment).

consumption®. The two scenarios present paths for approaching
universal access: one models the expected characteristics of a com-
plete transition to off-grid power using current system costs; the
other explores a complete transition to grid power, with the spend-
ing applied to available electric utility rates. Details on the assump-
tions and methodology are available in Supplementary Materials.

Figure 6 summarizes the results of the technology transitions
estimates. Figure 6a presents the climate implications for different
levels of electricity access in the scenarios we used. In the status quo
case, if one ignores the role of black carbon, it appears that kerosene
users induce substantially lower emissions than those connected to
the grid. However, when the effects of black carbon are accounted
for (using 100-year global warming potentials), climate forcing
from households using kerosene lighting appears nearly 10 times as
high as that of the typical grid-connected household. Shifting away
from fuel-based lighting to either on- or off-grid power is thus a
significant mitigation opportunity.

Improved access to electricity also leads to great improvements in
equality of access to service, as shown in Fig.6b, which shows varia-
tions in access in terms of Lorenz curves and Gini (income inequal-
ity) coefficients®. The intrinsic inequality in prosperity (as measured
by total expenditure) in the country is magnified by the fact that
the poor must spend a higher fraction of their income on energy
(see Fig. 6¢, which indicates that the median fraction of spending
is roughly double for users of kerosene than those with grid access).
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This spending is mediated through technology systems that result in
different levels of available service. In the status quo scenario, the ser-
vice distribution is highly unequal, with a Gini of 0.95. Poor people
without electricity access pay more (as a fraction of their income)
for vastly inferior levels of service. Shifting from kerosene to off-grid
power leads to substantial improvements in equality but is still more
unequal than national energy spending levels since the relationship
between consumption and unit cost of service is regressive through
the continuum of off-grid power. A wholesale shift to grid electricity
actually results in higher equality in energy service than the baseline
national spending, because retail electricity rates are progressive with
costs that increase with use. This analysis clarifies how oft-grid tech-
nology is an important intermediate step to improve service for those
who cannot access the grid because of pervasive barriers in access.
Stepping from kerosene to off-grid power before attaining
grid access could have benefits that extend past grid connection.
Experience with super-efficient appliances and solar energy systems
may prove to be valuable for encouraging efficient use of grid-based
power if user (and institutional) experience with LED lighting,
advanced battery storage and photovoltaics meets or exceeds their
expectations and builds trust. Those who keep off-grid power sys-
tems in place as an ongoing complement to grid power will have bat-
tery-backed lighting and power systems that add resiliency for basic
services in the face of often-unstable grids in the developing world.
Figure 6d shows the high hurdle of up-front costs of systems for
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which the poor have demonstrated an ability to pay, based on the
kerosene expenditures reported in the survey. The reality that we
observe in the field is that many people choose to invest in systems
that offer lower service levels than would be affordable with perfect
financing. Therefore, access to consumer capital for off-grid power,
particularly through ICT-supported PAYG, will be a necessary ele-
ment for reaching scale. The electricity purchased through utilities
on the grid inherently includes financing that is obtained on cus-
tomers’ behalf, allowing monthly payments for service, and expan-
sion of oft-grid systems will require the same financial support.

In principle, many oft-grid households and businesses are close
enough to power grid transmission and distribution lines to allow
for interconnection, but face steep cost barriers related to the fixed
cost of installing additional service drops, poles and meters that are
inherently tied to that location. Compared with the median invest-
ment required for cash sales of off-grid power, the full cost of grid
connections in Kenya requires twice, to many times more, the lig-
uid capital (see Fig. 6d for a comparison of median savings peri-
ods required). For households farther afield, or for renters who face
principal-agent problems, the challenge to grid access is amplified
further. There are likely opportunities to reduce these barriers to
grid-based service through aggregation of community connections
or through mini-grids that can achieve economies of scale in remote
areas. These should be pursued in parallel with off-grid decentral-
ized power options that, while providing lower power levels, often
have greater flexibility in deployment and scalability. Past experi-
ence with grid expansion and the current mix of approaches sug-
gests that a diverse suite of public, private, and hybrid efforts that
meet the needs of particular contexts will be most successful at rap-
idly deploying these new technology systems.

Taken together, our observations from the field combined with
analysis of historical and contemporary datasets shows the emergence
of a unique and new opportunity to simultaneously improve equality
in access to energy services and reduce GHG emissions through the
rapid expansion of off-grid and grid-based connections to electric-
ity systems. With a foundation of super-efficiency and carbon-free
generation, supported by new ICT connectivity and applications,
expanding access through decentralized power systems could have
radically different climate and equity impacts from the incumbent
system, challenging the conventional knowledge held by some that
one must choose between progress on energy access or climate.

Received 30 July 2014; accepted 29 December 2014; published
online 25 March 2015

References

1. IPCC Climate Change 2014: Impacts, Adaptation and Vulnerability
(eds Field, C.B. et al.) (Cambridge Univ. Press, 2014).

2. SE4ALL Global Tracking Framework, 289 (UN Sustainable Energy For All, 2013).

3. Casillas, C. E. & Kammen, D. M. The energy-poverty-climate nexus. Science
330, 1181-1182 (2010).

4. TPCC Special Report on Renewable Energy Sources and Climate Change
Mitigation (Cambridge Univ. Press, 2011).

5. Bazilian, M., Hobbs, B. E, Blyth, W,, MacGill, I. & Howells, M. Interactions
between energy security and climate change: A focus on developing countries.
Energy Policy 39, 3750-3756 (2011).

6. Rong, E Understanding developing country stances on post-2012 climate
change negotiations: Comparative analysis of Brazil, China, India, Mexico, and
South Africa. Energy Policy 38, 4582-4591 (2010).

7. Girod, B., Van Vuuren, D. P. & Hertwich, E. G. Global climate targets and
future consumption level: an evaluation of the required GHG intensity.
Environ. Res. Lett. 8,014016 (2013).

8. Diffenbaugh, N. S. Human well-being, the global emissions debt, and climate
change commitment. Sustain. Sci. 8, 135-141 (2013).

. World Energy Outlook 2012 (OECD/IEA, 2012).

10. Hansen, J. et al. Assessing ‘Dangerous Climate Change’: Required reduction
of carbon emissions to protect young people, future generations and nature.
PloS ONE 8, €81648 (2013).

11. Mills, E. The specter of fuel-based lighting. Science 308, 1263-1264 (2005).

NATURE CLIMATE CHANGE | VOL 5 | APRIL 2015 | www.nature.com/natureclimatechange

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—

42.

43.

44,

45.

. Bacon, R., Bhattacharya, S. & Kojima, M. Expenditure of Low-Income

Households on Energy. Extractive Industries for Development Series 16
(World Bank, 2010).

. Lam, N. L,, Smith, K. R,, Gauthier, A. & Bates, M. N. Kerosene: A review

of household uses and their hazards in low-and middle-income countries.
J. Toxicol. Environ. Health B 15, 396-432 (2012).

. Mills, E. Health Impacts of Fuel Based Lighting (Lawrence Berkeley National

Laboratory Lumina Project, 2012).

. Lam, N. L. et al. Household light makes global heat: high black carbon emissions

from kerosene wick lamps. Environ. Sci. Technol. 46, 13531-13538 (2012).

. Cabraal, R. A, Barnes, D. E. & Agarwal, S. G. Productive uses of energy for

rural development. Annu. Rev. Environ. Resour. 30, 117-144 (2005).

. Modi, V,, McDade, S., Lallement, D. & Saghir, ]. Energy Services for the

Millennium Development Goals: Achieving the Millennium Development Goals
(International Bank for Reconstruction and Development/World Bank/
UNDP, 2005).

. Maximizing Mobile: Information and Communication Technologies for

Development (World Bank, 2012).

. Burrell, J. & Matovu, J. Livelihoods and the Mobile Phone in Rural Uganda

(Grameen Foundation, 2008).

. Goldemberg, J., Johansson, T. B., Reddy, A. K. & Williams, R. H. Basic needs

and much more with one kilowatt per capita. Ambio 14, 190-200 (1985).

. Pasternak, A. D. Global Energy Futures and Human Development:

A Framework for Analysis. US Department of Energy Report UCRL-ID-140773
(Lawrence Livermore National Laboratory, 2000).

Ghosh, S. Electricity consumption and economic growth in India. Energy Policy
30, 125-129 (2002).

Jumbe, C. B. Cointegration and causality between electricity consumption and
GDP: Empirical evidence from Malawi. Energy Econ. 26, 61-68 (2004).
Wolde-Rufael, Y. Energy consumption and economic growth: The experience of
African countries revisited. Energy Econ. 31, 217-224 (2009).

Wolde-Rufael, Y. Electricity consumption and economic growth: A time series
experience for 17 African countries. Energy Policy 34, 1106-1114 (2006).
Chen, S-T., Kuo, H-I. & Chen, C-C. The relationship between GDP

and electricity consumption in 10 Asian countries. Energy Policy
35,2611-2621 (2007).

Cecelski, E. Energy, Development, and Gender: Global Correlations or Causality.
(ENERGIA, 2005).

Nussbaumer, P, Bazilian, M. & Modi, V. Measuring energy poverty: Focusing
on what matters. Renew. Sustain. Energy Revi. 16, 231-243 (2012).

Sovacool, B. K. The political economy of energy poverty: A review of key
challenges. Energy Sustain. Devel. 16, 272-282 (2012).

Hughes, T. P. Networks of Power: Electrification in Western Society, 1880-1930
(Johns Hopkins Univ. Press, 1983).

. Hausman, W. J., Hertner, P. & Wilkins, M. Global Electrification: Multinational

Enterprise and International Finance in the History of Light and Power,
1878-2007 (Cambridge Univ. Press, 2011).

Rosnes, O., Shkaratan, M. & Vennemo, H. Africa’s Power Infrastructure:
Investment, Integration, Efficiency (World Bank, 2011).

Johansson, T. B., Patwardhan, A., Nakicenovic, N. & Gomez-Echeverri, L.
Global Energy Assessment: Toward a Sustainable Future (Cambridge Univ.
Press/International Institute for Applied Systems Analysis, 2012).

Tully, S. The human right to access electricity. Electric. J. 19, 30-39 (2006).
Bhattacharyya, S. Rural Electrification through Decentralised Off-grid Systems in
Developing Countries (Springer, 2013).

Goldemberg, J., Rovere, E. L. L. & Coelho, S. T. Expanding access to electricity
in Brazil. Energy Sustain. Devel. 8, 86-94 (2004).

Lee, K. et al. Barriers to Electrification for ‘Under Grid’ Households in Rural
Kenya. (Center for Effective Global Action, 2014).

Foley, G. & Logarta, J. in The Challenge of Rural Electrification: Strategies for
Developing Countries 45-73 (2007).

Azevedo, I. L., Morgan, M. G. & Morgan, F. The transition to solid-state
lighting. Proc. IEEE 97, 481-510 (2009).

Park, W. Y., Phadke, A., Shah, N. & Letschert, V. TV Energy Consumption
Trends and Energy-Efficiency Improvement Options. Report no. LBNL-5024E
(Lawrence Berkeley National Laboratory, 2011).

. Gopal, A., Leventis, G., Phadke, A. & de la Rue du Can, S. in ECEEE Summer

Study http://go.nature.com/2fZjSj (2013).

Shah, N, Sathaye, N., Phadke, A. & Letschert, V. Efficiency improvement
opportunities for ceiling fans. Energy Effic. 8, 37-50 (2013).

Koomey, J. G., Berard, S., Sanchez, M. & Wong, H. Implications of historical
trends in the electrical efficiency of computing. IEEE Ann. History Comput.
33,46-54 (2011).

Tsao, J. Y. Solid-state lighting: lamps, chips, and materials for tomorrow.
IEEE Circ. Devices Mag. 20, 28-37 (2004).

Feldman, D. et al. Photovoltaic System Pricing Trends: Historical, Recent, and
Near-Term Projections (NREL/LBNL, 2014); http://go.nature.com/Mzf8Kg

313


http://go.nature.com/2fZjSj
http://go.nature.com/Mzf8Kg
http://www.nature.com/doifinder/10.1038/nclimate2512

PERSPECTIVE

46.

47.

48.

49.

50.

5

—

53.

54.

55.

56.

57.

58.

59.

60.

6

—

62.

Green Power for Mobile: Charging Choices / Off-grid Power for Mobile.

(GSM Association, 2011).

Ezzati, M. & Kammen, D. M. Indoor air pollution from biomass combustion
and acute respiratory infections in Kenya: An exposure-response study. Lancet
358, 619-624 (2001).

Alstone, P, Lai, P, Mills, E. & Jacobson, A. High life-cycle efficacy explains
fast energy payback for improved off-grid lighting systems. J. Indust. Ecol.
18, 722-733 (2014).

From Gap to Opportunity: Business Models for Scaling Up Energy Access.
(International Finance Corporation (IFC), 2012).

Stewart Craine, E. M. & Guay, J. Clean Energy Services for All: Financing
Universal Electrification (Sierra Club, 2014).

. Bazilian, M. et al. Understanding the scale of investment for universal energy

access. Geopolit. Energy 32, 19-40 (2010).

. Mills, E. The $230 billion global lighting energy bill (Lawrence Berkeley

National Laboratory, 2002).

Mills, E., Tracy, J. L., Alstone, P, Jacobson, A. & Avato, P. Low-cost LED flashlights
and market spoiling in Kenya’s off-grid lighting market. Energy Effic. 1-15 (2014).
Quetchenbach, T. et al. The GridShare solution: a smart grid approach to
improve service provision on a renewable energy mini-grid in Bhutan.

Environ. Res. Lett. 8,014018 (2013).

Akerlof, G. A. The market for lemons’: Quality uncertainty and the market
mechanism. Q. J. Econ. 84, 488-500 (1970).

Painuly, J. P. Barriers to renewable energy penetration; a framework for
analysis. Renew. Energy 24, 73-89 (2001).

Nique, M. & Arab, F. Sustainable Energy and Water Access through

M2M Connectivity. (GSM Association, 2013).

Soto, D. et al. in Proc. Fifth Int. Conf. Information and Communication
Technologies and Development 130-138 (ACM, 2012).

Alstone, P, Niethammer, C., Mendonga, B. & Eftimie, A. Expanding Women’s Role
in Africa’s Modern Off-Grid Lighting Market (Lighting Africa Project, IFC, 2011).
Donner, J. & Tellez, C. A. Mobile banking and economic development:

Linking adoption, impact, and use. Asian J. Commun. 18, 318-332 (2008).

. Ilavarasan, V. & Levy, M. R. ICTs and Urban Microenterprises: Identifying and

Maximizing Opportunities for Economic Development (IDRC, 2010).

Dalberg Global Development Advisors. Lighting Africa Market Trends Report
2012. (DGBA, 2012); http://www.lightingafrica.org/resources/market-research/
market-trends/

314

NATURE CLIMATE CHANGE po::

1038/NCLIMATE2512

63. Rosa, J., Madduri, P. A. & Soto, D. in IEEE Global Humanitarian Technology
Conference http://doi.org/2qj (2012).

Kenya Integrated Household Budget Survey (Kenya National Bureau of
Statistics, 2005).

Borenstein, S. A Microeconomic Framework for Evaluating Energy Efficiency
Rebound and Some Implications (National Bureau of Economic Research, 2013).
Jacobson, A., Milman, A. D. & Kammen, D. M. Letting the (energy) Gini out of the
bottle: Lorenz curves of cumulative electricity consumption and Gini coefficients
as metrics of energy distribution and equity. Energy Policy 33, 1825-1832 (2005).
Clark, M. L. et al. Impact of improved cookstoves on indoor air pollution and
adverse health effects among Honduran women. Int. J. Environ. Health Res.

19, 357-368 (2009).

64.
65.

66.

67.

Acknowledgements

P.A. was supported by the EPA STAR graduate fellowship, D.G. by the NSF Graduate
Research Fellowship Program, and all were supported by NSF grant SMA-1338539,
Information-Energy Nexus Research Network. We acknowledge the valuable contributions
of data from the Lighting Africa programme (where P.A. is also a contributor), the
Kenya National Bureau of Statistics, and multiple institutions and organizations that
publicly share the critical data on energy systems that we assembled in this work. We are
grateful for discussions on super-efficient appliances with A. Jacobson, A. Phadke and
others at Humboldt State and LBNL. Thanks to N. Bryant, M. Mumbi, and D. Mugo for
collaborating on fieldwork that informs our discussion of ICT and energy. This work
benefited greatly from feedback provided by participants in seminars at UC Berkeley and
from the comments of three anonymous reviewers.

Author contributions
PA., D.G. and D.M.K. conceived the work. P.A. designed and implemented the analysis
and was lead author. D.G. and D.M.K. contributed to the analysis and writing.

Additional information

Supplementary information is available in the online version of the paper. Reprints
and permissions information is available online at www.nature.com/reprints.
Correspondence should be addressed to D.M.K.

Competing financial interests

The authors declare no competing financial interests.

NATURE CLIMATE CHANGE | VOL 5 | APRIL 2015 | www.nature.com/natureclimatechange


http://www.lightingafrica.org/resources/market-research/market-trends/
http://www.lightingafrica.org/resources/market-research/market-trends/
http://doi.org/2qj
http://www.nature.com/doifinder/10.1038/nclimate2512
http://www.nature.com/doifinder/10.1038/nclimate2512

	Decentralized energy systems for clean electricity access
	Electricity and human development
	Figure 1 | The relationship between access to electricity and human development index (HDI) for 2000–2010.  All the data points are on a country level for a particular time. The individual, country-level regression slopes over time are indicated on the fi
	Power network growth and constraints
	The electricity continuum
	Figure 2 | The relationship between access to electricity and selected Millennium Development indices for 2000–2010.  a, The ratio of women to men in tertiary (post-secondary) education. b, The percentage of students in Grade 1 who complete secondary educ
	Figure 3 | Two centuries of historical trends and a potential future scenario from 1830 to 2030 for electricity access in the context of technology and supporting network events and trends. a, Technology timeline showing watershed moments of innovation an
	Table 1 | Basic characteristics of electricity access technology options with descriptions of the typical range of generation capacity, fuel mix, services available, and the degree to which economic, geographic and political isolation is a barrier to adop
	Figure 4 | Five views on the continuum of electricity access based on real-world system operations. a,b, The annual (a) and unit (b) costs of electricity. The incumbent options (fuel-based lighting and fee-based charging) are included for reference, with 
	The information–energy nexus
	Universal access and climate stabilization
	Figure 5 | Sales of household off-grid systems as reported by organizations active in market-based distribution. The log axis shows similarities in early growth rates between IDCOL (a SHS financing programme in Bangladesh), the Lighting Africa programme (
	Figure 6 | Results from a simple model of climate impacts and adoption dynamics for electricity and lighting technology in Kenya. The base data are from the Kenya National Bureau of Statistics (KIHBS 2005/06, n = 13,430). a, Expected range in GHG emission
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests

