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Institutional Support for Off-grid Power
Filling the gaps left by grid expansion, decentralized rural electrification
with off-grid power has been a consistent feature of development efforts
with varied levels of commitment and success on the part of local private
sector, government, and multinational development agency involvement.
While home-scale solar electric systems have been possible and were described as early as 1959 [74] the cost was prohibitively expensive until at
least the 1970s when the “first wave” of solar development efforts focused
on rural areas of Sub-Saharan Africa and Asia. During that time it was public institutions that were leading rural electrification efforts through the
grid and much of the effort towards off-grid solar was also directed by governments and development institutions.These early programs developed an
important knowledge base for rural off-grid energy development and also
lead to some cautionary tales.
One example of national rural energy access efforts is the National Electrification Program (NEP) in South Africa, which formed as part of the
Reconstruction and Development Program after the first democratic elections in 1994 [75]. The program was successful in many regards; access to
electricity increased from less than 35% to over 75% in less than a decade
[76]. However, many have critiqued the implementation and efficiency of
the off-grid program components, i.e. primarily the fee-for-service solar
electrification program, pointing to significant wasted resources and structural inadequacies of the institutions that were developed to manage the
system [76, 77]. Although the goals of the program was incredibly ambitious, and the government attempted to employ the private sector in a large
degree, only 50,000 solar home systems have been installed so far, and an
unknown quantity (assumed to be quite substantial) are no longer operational. The primary causes are believed to have been a lack of political will
and vision, disruption of capital subsidies by the central government, nonpayment of fees and poor tariff collection by concessionaries, and the perception by the users that systems are temporary or inferior due to the
marketing of the program [23, 77].
In South and Southeast Asia, off-grid electrification efforts have also been
mixed, although a number of successful initiatives have shed light on effective
best practices. In all cases, government involvement through the setting of an
enabling policy framework has been key (such as VAT exemptions, microcredit systems, subsidies, and income tax exemptions), and in the majority, a
large level of initial subsidies was required for growth and expansion [23, 78].
However, both Bangladesh and Sri Lanka have demonstrated success through
market-based approaches, using public-private partnerships, dedicated gov-
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ernment agencies, improved access to capital and grant mechanisms, and product standardization practices [23]. Grameen Shakti, which has been one of
the primary private-sector actors in the off-grid space in Bangladesh, has benefited over 3.5 million people with their efforts, and have achieved success in
tariff payback and service/maintenance for their systems, in part, by using
micro-credit finance, locally manufactured system components, and the development of Grameen Technology Centers [78, 79].
The System Dynamics of Energy Access
Understanding the dynamics of energy markets and peoples’ interactions
with the underlying technology systems is a critical goal for effectively addressing climate issues and energy deprivation. As modern on- and off-grid
energy systems evolve in the context of their supporting institutions and
information technology networks there is a need for transdisciplinary “theories” of energy access that can catalyze an acceleration of clean energy development that mitigates climate change and alleviates energy poverty.
One promising approach to a theory of energy access that combines
technology and social systems is through a conceptual framework of linked
and interdependent networks, as is caricatured in Figure 4.The figure shows
how people are connected with primary sources of energy – natural forces
like the sun and wind along with fossil fuel – through complex and material
and energy transportation networks.The interface with users (e.g. solar LED
lanterns, metered grid electricity connections and mobile phones) are often
the iconic element but are closely linked and dependent on global physical
infrastructure. In turn, those critical networks of physical infrastructure, and
their operation, are supported by important information networks of policy,
social interaction, economic exchange, and knowledge.
Network theory has been applied in isolation to many of the components of the energy-information nexus we detail here, and in a very preliminary way to the interconnected systems that we identify as supporting
energy access including the development and growth of national power
grids [80], electricity grid failure rates in North America [81], assessments
of risks to, and vulnerability of, critical infrastructure [80, 82], the growth
and emergence of the World Wide Web [83], the formation of policy stakeholder interaction networks [84], the network structures of water policy
[85], the spread and scaling of hardline [86] and wireless telecommunications networks [87], financial decline and global economic networks [88]
and the management of complex supply chains [89, 90]. Much more work
is needed in this area, and in how best to integrate behavioral and consumer
preferences in building functioning and profitable ‘networks of service’ for
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Figure 4. Multiscale, linked physical and information networks for energy access. This caricature
zooms from global scale to a focus on households outside Kericho, Kenya but is meant to be representative of the dynamics for many other off-grid locations. [Note to editor: This is an evolving
version of this figure. The maps shown here have dummy data but will be replaced with maps
that have the best available data from current-day to map networks at these scales. We are aware
of sources for these data and have access].
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new energy customers. To date, no comprehensive analysis exists of the interconnections between these complex networks in the context of energy
access on a global scale.
Linking diverse networks of physical materials, energy, and information
with varied and uncertain structure is a scientific and engineering challenge
that could lead to meaningful insights on how to more effectively manage
complex technology networks in the Anthropocene [13, 91]. The concept
of entropy – fundamentally a measure of order and uncertainty – may prove
to be useful for linking networks since many of the underlying flows and
processes can be reformulated in entropic terms. Thermodynamic and statistical entropy are well understood and documented for energy and material systems. Information and energy are physically coupled concepts and
typically it is through the concept of entropy that they are related, using
Landauer’s principle that predicts the minimum energy associated with information is related to kTln2, which has been verified for simple systems
of molecules [92]. Similarly, the flow of money can be reformulated as information with a particular amount of uncertainty associated with it. In the
‘thermo-economist’ perspective statistical mechanics is used to formulate
the flow of money and its distribution in the economy [93].
In each of the systems that comprise the network for energy access there
is a tendency towards maximum entropy, but the goals of individuals and
firms is often countervailing. People would prefer to minimize entropy locally
(i.e., have more control over resources in the future and more certainty about
future outcomes) by aggregating low-entropy resources – money, reliable energy network connections, durable technology systems, and stable social relationships. This fundamental tension in the context of agents embedded in
networks of geography, technology, and information could be the core of a
useful bottom-up theory for behavior in energy access networks.
The quest for certainty as a fundamental driver for behavior is an old idea
[94] that takes on new meaning in the context of energy access networks. By
framing behavior in terms of embedded agents applying Bayesian decision
making – combining past experience with new information in the context
of their expectations about the future and position in the broader network –
all to minimize entropy (gain certainty), it is possible to explain a number of
emergent phenomena that have been shown in other work to be important
drivers in global networks. Agents who minimize entropy will have different
tolerances for risk and future benefits depending on the stability of their position, which leads to future discounting and the concept of demand curves
in the rational choice economic model.What seem to be unreasonably high
future discount rates have been observed for a range of energy efficiency de-
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cisions and are often described as contributing elements to an energy efficiency gap [95], but could emerge from short-term constraints on cashflow
(i.e., low entropy resources) and a quite reasonable preference to maintain
low entropy through keeping cash rather than trading for future energy services.We also would expect diminishing returns from energy and information
as people prioritize high-value (entropy minimizing) services like basic lighting (to reduce uncertainty about ones surroundings) and information technology (reducing uncertainty about the world in general), followed by
less-important service. These diminishing returns are manifested in the relationship between human development and energy consumption observed by
Goldemberg, where steep initial gains are seen during energy consumption
growth, but few gains after.
Our observations of the structure and dynamics for energy access networks, characterized in Figure 4, reveal several patterns for understanding
how decentralized systems can play an important role in meeting energy
access and climate goals and help overcome the barriers people face to reliable access to electricity through the grid.
Resilience – in this context the probability and certainty of energy service “uptime” – is an important part of the value of power networks. The
structure of electricity transmission and distribution systems typically includes some inherent resilience to random failures of particular components
because they are “scale-free” networks that have a structure with hubs of
local importance and strength (Chassin, 2005), (Callaway, 2000). However,
in much of the developing world, the power grid (transmission and distribution electricity links in the diagram) is quite unstable with long periods
of brownouts (low voltage) or blackout [96-99]. On the other hand, a wellfunctioning off-grid power system may provide more reliable power, albeit
at lower power levels. Conceptually, off-grid solar power is connected to a
universal and stable hub for power transmission: solar radiation.While solar
power is subject to diurnal and seasonal patterns in availability and the vagaries of weather it is not subject to the kind of random failure that afflicts
complex electricity networks. Energy storage systems (batteries) are used
to improve the reliability of solar power and it is also possible to add local
resilience to grid connections with decentralized storage. A common but
overlooked source of resilience is the batteries in a mobile phones and other
devices that make them portable and also allow for decoupling from unreliable power availability, up to a point.The resilience of decentralized power
systems may also be an important contributor to community resilience in
the face of natural and unnatural disasters like large storms and civil conflict
that can disrupt large-scale networks.
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Decoupling end-user service from fixed geographic positions is another
feature of some decentralized power networks, particularly pico-power devices, which are more flexible in their arrangement and relocation than
grid-based power connections. For people who live in places that are only
accessible on foot, it is not tenable to expect extension of an energy network
that requires the movement of goods over roads. Additionally, many people
– particularly the very poor – live in itinerant or temporary housing often
with uncertain or nonexistent ownership. It simply may not make sense for
some people who are off-grid to invest heavily in fixed or difficult-to-move
infrastructure. Where fuel-based lighting was the only viable option for
those particular network conditions before, there are now clean energy options that meet the same constraints but with better service.
Eliminating fuel-based lighting in favor of the grid or off-grid power
serves an important public health need by shifting emissions associated with
energy use and appliance manufacturing from inside the household where
particulate matter and other pollutants are concentrated where people live
(Lam, 2012) to factories and power plants that typically have better emissions profiles and dispersal. The quantity of emissions is also reduced; picopower systems have very favorable life-cycle energy performance compared
to fuel-based lighting (Alstone, 2013).
Catalyzing Off-Grid Power
While off-grid power systems have several inherent advantages – network resilience, flexibility, and tangible environmental and health benefits
among others – there are important barriers to overcome as well. Decentralized energy systems are increasingly distributed through market-based
systems, with much of the investment risk often borne by diffuse end-users
who, compared to the developers of central power grids, currently lack the
ability and incentives to engage directly with the global market.While they
already pay as much or more for lower quantity of energy service (see Figure 3a), support is vital to mitigate risks throughout the supply chain with
financing, product quality assurance, maintenance and support networks,
and robust networks for exchange of knowledge and expertise [24]. Creating resilient and lasting networks for off-grid energy may not require building new power lines but relies instead on building strength and connections
in the range of supporting networks highlighted in Figure 4, from supply
chains to financing.
The private sector drives much of the development in the off-grid
power market, as was the case for early grid-based power systems. Because
there is no dedicated infrastructure required for off-grid power supply
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chains there is no natural spatial monopoly (as there is with on-grid power),
allowing a range of private sector initiatives to coexist and compete for potential customers. Currently there is a wide range of business models and
technology designs being tested and deployed, without clear indications
that one particular technology and institutional structure is dominant
(DGBA, 2012).The compelling technical and economic attributes of superefficient end-uses and inexpensive solar charging drive the market, but institutional support is required to correct market failures around missing
information and connections.
In response, global institutions that are often oriented towards supporting
centralized physical infrastructure projects are refocusing to also provide
targeted support for decentralized initiatives that can fill in the glaring gaps
in service for the energy isolated poor, as can be seen in the efforts and
projects of the Sustainable Energy For All Initiative of the UN [100], the
recent revision to the World Bank’s Energy Strategy [101], and President
Obama’s Power Africa initiative [102].The transnational and multi-dimensional nature of off-grid energy access networks requires these new institutional responses to have different structures and activities from large-scale
development efforts (e.g., financing or planning large power generation and
transmission projects).
The Lighting Global project is an example of new institutional efforts
to support and transform markets for off-grid power. Funded through the
World Bank and IFC, along with the regional Lighting Africa and Lighting
Asia programs, it supports markets for pico power energy systems with a
range of information and educational interventions and through creating
and strengthening links in the supply chain and supporting networks of finance. A key effort of the program is building a Global quality assurance
framework that integrates standardized third-party testing, a set of minimum
quality standards for buyer protection, and standardized ways of communicating positive test results to the broader market. By reducing uncertainty
about product quality and performance the test program enables national
governments, buyers, and potential financers in the market to regulate,
choose, and support products with better knowledge about the likely quality. The program creates new links in supply chains with business-to-business matchmaking between parties that have passed a basic ethical and
financial screening, and helps actors in the supply chain access financing.
Information Technology and Clean Energy Deployment
The rapid emergence of global (decentralized) wireless communication
networks and widespread access in the developing world [21] is a new and
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important support system for decentralized energy. Not only are mobile
phones an important and highly valued source of electricity demand (as
the radio was for early electric grids), but they also provide a new platform
for finance and connectivity to support markets for pico-lighting and solar
home systems.Targeted and well-designed “killer applications” of information technology hold the promise to accelerate the market for off-grid
power and increase energy access for the global poor. The rapid expansion
of decentralized mobile communication compared to fixed line phones (see
Figure 2) is indicative of the potential for decentralized small-scale power
systems to rapidly expand compared to fixed power systems.
Pay-as-you-go (PAYG) household and minigrid systems that use combinations of mobile banking, financing, and user outreach can make decentralized power accessible to people who are cash poor but are acclimatized
to gathering small sums of money for ongoing energy costs [103], by making the payment stream for off-grid power more similar to the typical expenditures for traditional fossil or biomass fuels being replaced (and to
ongoing costs for grid power). Financing clean energy fits peoples’ ability
and willingness to pay in the context of uncertainty and deprivation [105].
PAYG systems typically rely on mobile phones as a platform for making
payments (or verifying the transfer of money) and some include a cut-off
switch in the system hardware that prevents use when fees or loan payments
have not been completed [106]. This ICT add-on to off-grid power hardware transforms decentralized energy systems into “energy as a service”,
rather than a durable goods purchase.
ICT is also critical feature for supporting the supply chains and maintenance networks that connect consumers with producers. Supply chain management and intra-chain information sharing and payments are important
features of energy access networks much as they are for many other products
[108-110]. 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 successful early efforts at picopower deployment (DGBA, 2012).
Remote monitoring and analytics of off-grid power systems can be enabled when there are systems for collecting and transmitting system health
and performance through ICT channels. Effective monitoring and maintenance is a common barrier across all decentralized modern energy systems, whether solar home systems, lighting, or improved stoves, especially
in regions where technical capacity levels are low, and in the early period
of diffusion when the density of systems is limited. There are numerous
successful cases of the use of GSM enabled sensors, mobile issue reporting
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platforms, and remote management systems that reduce costs, improve technician response times, enhance overall service quality, reduce system outages
and increase project success rates [104, 107].
As ICT is integrated throughout the energy system on- and off-grid
there will be new opportunities and challenges around data management
and control. With access to large-scale decentralized energy data across a
range of network scales it may be possible for regulatory institutions to better protect and support consumers and for academics and scholars to test
theories of socio-technical network dynamics (Barabási, 2009). “Big Data”
is a potential microscope for investigating the society in which it is embedded but only to the extent it is available and rigorously analyzed.The status
quo, however, is for data to be protected and mined by the private sector
system integrators, who may extract different value from the data (e.g., by
encouraging repeat customers or improving their competitive position with
product design improvements). Both uses of the data are important but are
in tension because strategic private-sector use creates more value for system
integrators when data are scarce and not globally shared. There may be reduced incentive to include data collection components in off-grid energy
systems without the incentives related to extracting value from the data before it is made public. Ownership of distributed energy usage data generated
by systems that are owned by dispersed global citizens is a critical unresolved
legal issue, and is fraught with important privacy, equity, and access concerns.
Achieving Universal Access
While achieving universal access has proved to be challenging, recent
technological advances, along with years of lessons learned, have the world
poised to eliminate energy poverty related to electricity access within our
lifetime, and provide everyone with enough electricity to extinguish the
open flames of fuel-based lighting.The decentralized power network is rapidly forming with support from underlying energy technology, enterprises
and institutions, ICTs, and other complementary systems. It enables the offgrid poor to redirect their current spending on inefficient sources of energy
to modern electric power systems that meet their basic needs and more
with lower barriers related to isolation and a significantly reduced environmental impact than was possible a generation ago [25].
In the IEA’s “new policies” scenario, 1.8 billion people will be newly
connected to centralized electricity by 2030, an impressive pace but one
that is still projected to leave nearly 1 billion without a centralized connection [2]. Supporting adoption of decentralized power can bridge the gap,
and in some cases replace the need for grid expansions that may take an-
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other generation or more to be completed. A number of agencies and organizations have calculated the potential costs of such an effort, with estimates ranging from 15-45 billion USD per year [2].The investment would
be less than 0.5% of the current annual GDP of the United States, or 0.1%
of the global annual GDP [112] and is on par with current spending on
fuel-based lighting and ad-hoc electricity use by people without access.
Such an effort will require more than just targeted aid funding and appropriate technology. Institutional frameworks will have to be developed
at local, national, and regional levels to support energy access growth. National level policy measures like feed-in-tariffs, net metering, subsidies, and
rural electrification funds will have to be coupled with international trade
agreements, collaborations with mobile telecommunications companies
around mobile banking infrastructure, and other public private partnerships.
Governments will need to look towards novel sources of data to better inform evidence-based policy, especially with the advent of Big Data analytics.
Donor countries will need to support large-scale private sector participation
in emerging markets through political risk insurance, conditional grants,
debt financing, and other financial mechanisms.
Support for private sector approaches to energy access off-grid today is
in line with the trajectory that lead to rapid expansion of grid-based power
networks in the past: a beginning with dispersed private approaches until a
critical mass is reached and it becomes the task of the public sector to regulate and maintain the system. What is needed next is an expansion of the
types of off-grid and mini-grid service providers, and a coordinated effort
to gather real-time data from these new and often experimental efforts to
build a practical, likely for-profit, network of energy service companies.
There are a range of key ‘next step’ research and field data-collection
questions that this framework and emerging theory highlight. Each is an
area where an expanded set of theoretical models would help greatly, and
where practical, field-driven, data on both how energy service providers
and consumers interact is vital, but largely absent today.
These include efforts to understand how: 1) technology development
can be shaped and directed to further ease mobile payment, remote monitoring and maintenance, theft-protection, integration into grid systems,
dynamic micro-grids that can expand and grow with user demand growth;
2) what micro-grid technologies would best facilitate user interaction, realtime data collection, improved energy efficiency, and remote management
and system operation; 3) new approaches to studies can be built to assess
how new electricity users move between tiers of service consumption and
how their socioeconomic conditions change as a result of electrification,
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an area likely to fill squarely into the realm of ‘big-data’ analytics. Finally,
there is an over-arching need for research into the financing of energy access, including the information gaps that exist for private investors, the current preferences and behavior of actors that could potentially provide capital
for customers who – at least initially – consume very small amounts of energy (first users), but over time could become one of the largest and most
dynamic sectors of change in the global energy economy.
Taken together this paper and the new research areas outlined above
moves towards a theory of energy access that can inform strategies to shape and
catalyze the trend towards decentralized power as it evolves in the coming
decades. As new networks for energy access form and evolve, an awareness
of the critical role of nested network structure and institutional dynamics
can inform better interventions to provide power to the global poor while
slowing degradation and harm of the ecological networks that underpin a
growing population in the Anthropocene.
Acknowledgments
We thank the Karsten Family Foundation for their endowment support
of the Renewable and Appropriate Energy Laboratory, and the Class of
1935 of the University of California, Berkeley; this work was also supported
by NSF Award SMA-1338539 and a grant from Humanity United (all to
D.M.K.). P.A. is supported by a US EPA STAR fellowship award.
P.A. is a consultant to the Lighting Global program (described in the article) and is a core member of the Lighting Global Quality Assurance team,
but this work was not supported under that contract and was not subject
to review by Lighting Global or its funding partners.
We thank Doug Arent, Dan Arvizu, Morgan Bazilian, Anand Gopal, and
Arne Jacobson and Amol Phadke for fruitful discussions about the implications of superefficient appliances in an off-grid context. Thanks to the
Energy and Resources Group Ph.D. seminar participants and to anonymous
reviewers and the editorial staff at Science for helpful comments.
The original data will be made available at http://rael.berkeley.edu and
the analysis methods with source descriptions for the data are included in
the Supplementary Materials.

24

Sustainable Humanity, Sustainable Nature: Our Responsibility

ENERGY FOR SUSTAINABLE AND EQUITABLE DEVELOPMENT

References
1

2
3
4
5

6

7

8

9

M.L. Parry, O.F. Canziani, J.P. Palutikof,
P.J. van der Linden, C.E. Hanson, Climate Change 2007: Impacts, Adaptation
and Vulnerability:Working Group II Contribution to the Fourth Assessment Report
of the IPCC Intergovernmental Panel on
Climate Change (Cambridge University
Press, Cambridge, UK, 2007), vol. 4.
SEFA, “Global Tracking Framework”
(United Nations Sustainable Energy
For All, 2013).
A. Sen, Development as freedom (Oxford
University Press, 1999).
C.E. Casillas, D.M. Kammen,The energy-poverty-climate nexus. Renewable
energy 300, 200 (2010).
IPCC, Special Report on Renewable Energy Sources and Climate Change Mitigation. R. P.-M.Working Group III of
the Intergovernmental Panel on Climate Change [O. Edenhofer,Y. Sokona,
K. Seyboth, P. Matschoss, S. Kadner,T.
Zwickel, P. Eickemeier, G. Hansen, S.
Schlömer, C. von Stechow], Ed. (Cambridge University Press, United Kingdom and New York, NY, USA, 2011).
M. Bazilian, B.F. Hobbs, W. Blyth, I.
MacGill, M. Howells, Interactions between energy security and climate
change: A focus on developing countries. Energy Policy 39, 3750-3756
(2011).
F. Rong, 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).
B. Girod, D.P. Van Vuuren, E.G. Hertwich, Global climate targets and future
consumption level: an evaluation of
the required GHG intensity. Environmental Research Letters 8, 014016 (2013).
IEA, “World Energy Outlook 2012”
(Organization for Economic Coop-

10

11

12
13
14
15

16

17
18

19

eration and Development/International Energy Agency, 2012).
W. Steffen, P.J. Crutzen, J.R. McNeill,The
Anthropocene: Are Humans Now Overwhelming the Great Forces of Nature.
AMBIO:A Journal of the Human Environment 36, 614-621 (2007); published online
Epub2007/12/01 (10.1579/00447447(2007)36[614:TAAHNO]2.0.CO;2).
M.R. Raupach, J.G. Canadell, Carbon
and the Anthropocene. Current Opinion
in Environmental Sustainability 2, 210218 (2010).
E. Ehlers,T. Krafft, C. Moss, Earth system
science in the anthropocene (Springer,
2006).
S.H. Strogatz, Exploring complex networks. Nature 410, 268-276 (2001).
E. Mills,The specter of fuel-based lighting. Science 308, 1263-1264 (2005).
R. Bacon, S. Bhattacharya, M. Kojima,
Expenditure of low-income households on energy. Extractive Industries for
Development Series 16, (2010).
N.L. Lam, K.R. Smith, A. Gauthier,
M.N. Bates, Kerosene: a review of
household uses and their hazards in
low-and middle-income countries.
Journal of Toxicology and Environmental
Health, Part B 15, 396-432 (2012).
E. Mills,“Health Impacts of Fuel Based
Lighting” (Lawrence Berkeley National
Laboratory Lumina Project, 2012).
N.L. Lam, Y. Chen, C. Weyant, C.
Venkataraman, P. Sadavarte, M.A. Johnson, K.R. Smith, B.T. Brem, J.
Arineitwe, J.E. Ellis, Household light
makes global heat: high black carbon
emissions from kerosene wick lamps.
Environmental science & technology 46,
13531-13538 (2012).
R.A. Cabraal, D.F. Barnes, S.G. Agarwal,
Productive uses of energy for rural development. Annu. Rev. Environ. Resour.
30, 117-144 (2005).

Sustainable Humanity, Sustainable Nature: Our Responsibility

25

DANIEL M. KAMMEN, PETER ALSTONE, DIMITRY GERSHENSON

20 V. Modi, S. McDade, D. Lallement, J.
Saghir, Energy services for the Millennium Development Goals. Energy
services for the Millennium Development
Goals (2005).
21 WB, “Maximizing Mobile: Information and Communication Technologies
for Development” (World Bank,Washington, DC, 2012).
22 J. Burrell, J. Matovu, “Livelihoods and
the mobile phone in rural Uganda”
(The Grameen Foundation,Washington, DC, 2008).
23 S. Bhattacharyya, Rural Electrification
Through Decentralised Off-grid Systems
in Developing Countries (Springer, 2013).
24 B.K. Sovacool, Deploying off-grid
technology to eradicate energy poverty.
Science 338, 47-48 (2012).
25 J. Goldemberg, T.B. Johansson, A.K.
Reddy, R.H.Williams, Basic needs and
much more with one kilowatt per
capita. Ambio, 190-200 (1985).
26 A.D. Pasternak, Global energy futures
and human development: a framework
for analysis. US Department of Energy
Report UCRL-ID-140773, Lawrence
Livermore National Laboratory, Livermore,
CA, (2000).
27 S. Ghosh, Electricity consumption and
economic growth in India. Energy Policy 30, 125-129 (2002).
28 C.B. Jumbe, Cointegration and causality between electricity consumption
and GDP: empirical evidence from
Malawi. Energy Economics 26, 61-68
(2004).
29 Y.Wolde-Rufael, Energy consumption
and economic growth:The experience
of African countries revisited. Energy
Economics 31, 217-224 (2009); published online Epub3// (http://dx.doi.
org/10.1016/j.eneco.2008.11.005).
30 Y.Wolde-Rufael, Electricity consumption and economic growth: a time series experience for 17 African countries. Energy Policy 34, 1106-1114

26

(2006).
31 P. Mozumder, A. Marathe, Causality
relationship between electricity consumption and GDP in Bangladesh. Energy Policy 35, 395-402 (2007); published online Epub1// (http://dx.
doi.org/10.1016/j.enpol.2005.11.033).
32 S.-T. Chen, H.-I. Kuo, C.-C. Chen,
The relationship between GDP and
electricity consumption in 10 Asian
countries. Energy Policy 35, 2611-2621
(2007); published online Epub4//
(http://dx.doi.org/10.1016/j.enpol.20
06.10.001).
33 E. Cecelski, “Energy, Development,
and Gender: Global Correlations or
Causality”, Collaborative Research Group
on Gender and Energy (ENERGIA,
2005).
34 W.K. Biswas, P. Bryce, M. Diesendorf,
Model for empowering rural poor
through renewable energy technologies
in Bangladesh. Environmental Science &
Policy 4, 333-344 (2001).
35 UN, “The Millennium Development
Goals Report 2013” (United Nations
Department of Economic and Social
Affairs, 2013).
36 T.P. Hughes, Networks of power: electrification in Western society, 1880-1930
(JHU Press, 1993).
37 W.J. Hausman, P. Hertner, M.Wilkins,
Global electrification: multinational enterprise and international finance in the history
of light and power, 1878-2007 (Cambridge University Press, Cambridge,
UK, 2011).
38 M. De Nooij, C. Koopmans, C. Bijvoet,
The value of supply security:The costs
of power interruptions: Economic input for damage reduction and investment in networks. Energy Economics
29, 277-295 (2007).
39 A.P. Sanghvi, Economic costs of electricity supply interruptions: US and
foreign experience. Energy Economics
4, 180-198 (1982).

Sustainable Humanity, Sustainable Nature: Our Responsibility

ENERGY FOR SUSTAINABLE AND EQUITABLE DEVELOPMENT

40 K.H. LaCommare, J.H. Eto, Understanding the cost of power interruptions to US electricity consumers
(2004).
41 P. Kline, E. Moretti, Local economic
development,
agglomeration
economies and the big push: 100 years
of evidence from the tennessee valley
authority. Mimeograph UC Berkeley
(2011).
42 S. Chase, in The Nation (1936).
43 Statement of John D. Battle, Executive
Secretary of the National Coal Association
(1935).
44 C. Clayton, The TVA and the Race
Problem. Opportunity, Journal of Negro
Life 12, 111 (1934).
45 Relocation: Unequal Treatment of People
and Businesses Displaced by Governments
(1965).
46 D.G. Victor, T.C. Heller, The political
economy of power sector reform: the experiences of five major developing countries
(Cambridge University Press, 2007).
47 “World Energy Outlook 2013” (Organization for Economic Co-operation
and Development & International Energy Agency, Paris, France, 2013).
48 L. Parshall, D. Pillai, S. Mohan, A.
Sanoh, V. Modi, National electricity
planning in settings with low pre-existing grid coverage: development of
a spatial model and case study of
Kenya. Energy Policy 37, 2395-2410
(2009).
49 T.C. Wanger, The Lithium future-resources, recycling, and the environment. Conservation Letters 4, 202-206
(2011) 10.1111/j.1755-263X.2011.
00166.x.
50 T. Hathaway,What cost Ethiopia’s dam
boom. International Rivers Network: Califonia 26, (2008).
51 H. Kloos,W. Legesse, S. McFeeters, D.
Turton, Problems for Pastoralists in the
Lowlands. Water Resources Management
in Ethiopia: Implications for the Nile Basin

(Amherst: Cambria), 253-283 (2010).
52 J. Abbink, Dam controversies: contested
governance and developmental discourse on the Ethiopian Omo River
dam. Social Anthropology 20, 125-144
(2012).
53 “EAPP and EAC Regional Power Systems Master Plan and Grid Code
Study” (SNC Lavalin International,
Parsons Brinckerhoff, 2011).
54 “Multi Dimensional issues in electric
Power System Interconnections”
(United Nations Department of Economic and Social Affairs, New York,
NY, 2006).
55 E. Auriol, S. Biancini, “Powering up
developing countries through integration?”, Industrial Organization (CESifo,
2012).
56 O. Rosnes, M. Shkaratan, H.Vennemo,
Africa’s Power Infrastructure: Investment,
Integration, Efficiency (World Bank Publications, 2011).
57 J. Goldemberg, E.L.L. Rovere, S.T.
Coelho, Expanding access to electricity
in Brazil. Energy for sustainable development 8, 86-94 (2004).
58 G. Foley, J. Logarta, Power and politics
in the Philippines. The Challenge of Rural Electrification: Strategies for Developing
Countries, 45-73 (2007).
59 I.L. Azevedo, M.G. Morgan, F. Morgan,
The transition to solid-state lighting.
Proceedings of the IEEE 97, 481-510
(2009).
60 W.Y. Park, A. Phadke, N. Shah, V.
Letschert, “TV energy consumption
trends and energy-efficiency improvement options” (Ernest Orlando
Lawrence Berkeley National Laboratory, Berkeley, CA (US), 2011).
61 A. Gopal, G. Leventis, S. Can, A. Phadke, in ECEEE Summer Study (2013).
62 N. Shah, N. Sathaye, A. Phadke, V.
Letschert, Costs and Benefits of Energy
Efficiency Improvement in Ceiling
Fans. Proceedings of ECEEE 2013 Sum-

Sustainable Humanity, Sustainable Nature: Our Responsibility

27

DANIEL M. KAMMEN, PETER ALSTONE, DIMITRY GERSHENSON

mer Study (2013).
63 J.G. Koomey, S. Berard, M. Sanchez,
H. Wong, Implications of historical
trends in the electrical efficiency of
computing. Annals of the History of
Computing, IEEE 33, 46-54 (2011).
64 R. Podmore, R. Larsen, H. Louie, B.
Waldron, in Power and Energy Society
General Meeting, 2011 IEEE. (IEEE,
2011), pp. 1-8.
65 P. Alstone, P. Lai, E. Mills, A. Jacobson,
High Life-cycle Efficacy Explains Fast
Energy Payback for Improved OffGrid Lighting Systems. Journal of Industrial Ecology (accepted, in press), (2013).
66 M. Harper, P. Alstone, A. Jacobson, “A
Growing and Evolving Market for Off
Grid Lighting” (IFC Lighting Africa,
http://lightingafrica.org/resources/mar
ket-research/-market-intelligence.html,
2013).
67 P.J.H. van Beukering, M.N. Bouman,
Empirical Evidence on Recycling and
Trade of Paper and Lead in Developed
and Developing Countries. World Development 29, 1717-1737 (2001)
(http://dx.doi.org/10.1016/S0305750X(01)00065-1).
68 I. Nnorom, O. Osibanjo, Overview of
electronic waste (e-waste) management
practices and legislations, and their
poor applications in the developing
countries. Resources, Conservation and
Recycling 52, 843-858 (2008).
69 F. Shah,T.G. Kazi, H.I. Afridi, Exposures
of lead to adolescent workers in battery
recycling workshops and surrounding
communities. Journal of Exposure Science
and Environmental Epidemiology 22, 649653 (2012).
70 P. Haefliger, M. Mathieu-Nolf, S. Lociciro, C. Ndiaye, M. Coly, A. Diouf, A.L.
Faye, A. Sow, J.Tempowski, J. Pronczuk,
A.P. Filipe Junior, R. Bertollini, M.
Neira, Mass lead intoxication from informal used lead-acid battery recycling
in Dakar, Senegal. Environmental health

28

71

72

73

74

75

76

77

78

perspectives 117, 1535-1540 (2009)
10.1289/ehp.0900696.
M.L. Clark, J.L. Peel, J.B. Burch, T.L.
Nelson, M.M. Robinson, S. Conway,
A.M. Bachand, S.J. Reynolds, Impact
of improved cookstoves on indoor air
pollution and adverse health effects
among Honduran women. International
journal of environmental health research
19, 357-368 (2009).
M. Ezzati, D.M. Kammen, Indoor air
pollution from biomass combustion
and acute respiratory infections in
Kenya: an exposure-response study.
The Lancet 358, 619-624 (2001).
S. Borenstein, “A Microeconomic
Framework for Evaluating Energy Efficiency Rebound And Some Implications” (National Bureau of Economic
Research, 2013); Acker, R. and Kammen, D.M. (1996) “The quiet (Energy)
revolution: the diffusion of photovoltaic
power systems in Kenya”, Energy Policy,
24, 81-111.
L.J. Giacoletto, Electrical System for
Home Conversion and Storage of Solar
Energy. Science 130, 915-916 (1959)
10.2307/1758023.
M.G. Pereira, J.A. Sena, M.A.V. Freitas,
N.F. d. Silva, Evaluation of the impact
of access to electricity: A comparative
analysis of South Africa, China, India
and Brazil. Renewable and Sustainable
Energy Reviews 15, 1427-1441 (2011).
D. Reinmuller, D. Seifried, B. Praetorius, O. Langniss, “Sustainable Energy
and Policy Concepts” (International
Solar Energy Society (ISES) & DIW
German Institute for Economic Resarch & DLR German Aerospace
Center, Berlin, Germany, 2002).
X. Lemaire, Off-grid electrification
with solar home systems:The experience of a fee-for-service concession
in South Africa. Energy for Sustainable
Development 15, 277-283 (2011).
M. Alam Hossain Mondal, L.M. Kamp,

Sustainable Humanity, Sustainable Nature: Our Responsibility

ENERGY FOR SUSTAINABLE AND EQUITABLE DEVELOPMENT

79

80

81

82

83
84

85

86

N.I. Pachova, Drivers, barriers, and
strategies for implementation of renewable energy technologies in rural
areas in Bangladesh – An innovation
system analysis. Energy Policy 38, 46264634 (2010).
M. Asif, D. Barua, Salient features of
the Grameen Shakti renewable energy
program. Renewable and Sustainable Energy Reviews 15, 5063-5067 (2011); published online Epub12// (http://dx.
doi.org/10.1016/j.rser.2011.07.050).
M. Amin, National infrastructures as
complex interactive networks. Automation, Control, and Complexity: An Integrated Approach, 263-286 (2000).
D. P. Chassin, C. Posse, Evaluating
North American electric grid reliability
using the Barabási-Albert network
model. Physica A: Statistical Mechanics
and its Applications 355, 667-677 (2005);
published online Epub9/15/ (http://
dx.doi.org/10.1016/j.physa.2005.02.0
51).
I. Eusgeld,W. Kröger, G. Sansavini, M.
Schläpfer, E. Zio,The role of network
theory and object-oriented modeling
within a framework for the vulnerability analysis of critical infrastructures.
Reliability Engineering & System Safety
94, 954-963 (2009).
A.-L. Barabási, R. Albert, Emergence
of scaling in random networks. Science
286, 509-512 (1999).
U. Brandes, P. Kenis, J. Raab,V. Schneider, D. Wagner, Explorations into the
visualization of policy networks. Journal
of Theoretical Politics 11, 75-106 (1999).
S. Luzi, M.A. Hamouda, F. Sigrist, E.
Tauchnitz, Water policy networks in
Egypt and Ethiopia. The Journal of Environment & Development 17, 238-268
(2008).
A. Balakrishnan,T. Magnanti, A. Shulman, R. Wong, Models for planning
capacity expansion in local access
telecommunication networks. Annals

87

88

89

90

91
92

93

94

95

of Operations Research 33, 237-284
(1991).
L.-L. Xie, P.R. Kumar, A network information theory for wireless communication: Scaling laws and optimal
operation. Information Theory, IEEE
Transactions on Information Theory 50,
748-767 (2004).
F. Schweitzer, G. Fagiolo, D. Sornette,
F.Vega-Redondo, A.Vespignani, D.R.
White, Economic networks:The new
challenges. Science 325, 422 (2009).
I.J. Chen, A. Paulraj,Towards a theory
of supply chain management: the constructs and measurements. Journal of
Operations Management 22, 119-150
(2004); published online Epub4//
(http://dx.doi.org/10.1016/j.jom.200
3.12.007).
A. Nagurney, J. Dong, D. Zhang, A
supply chain network equilibrium
model. Transportation Research Part E:
Logistics and Transportation Review 38,
281-303 (2002); published online
Epub9// (http://dx.doi.org/10.1016/
S1366-5545(01)00020-5).
D.J.Watts, S.H. Strogatz, Collective dynamics of ‘small-world’ networks. Nature 393, 440-442 (1998).
A. Berut, A. Arakelyan, A. Petrosyan,
S. Ciliberto, R. Dillenschneider, E. Lutz,
Experimental verification of Landauer’s
principle linking information and thermodynamics. Nature 483, 187-189
(2012); published online Epub03/08/
print
A. Dragulescu,V.M.Yakovenko, Statistical mechanics of money. The European
Physical Journal B-Condensed Matter and
Complex Systems 17, 723-729 (2000).
J. Dewey, The Quest for Certainty: A
Study of the Relation of Knowledge and
Action: Gifford Lectures 1929. (George
Allen & Unwin Limited, 1930).
A.B. Jaffe, R.N. Stavins, The energy
paradox and the diffusion of conservation technology. Resource and Energy

Sustainable Humanity, Sustainable Nature: Our Responsibility

29

DANIEL M. KAMMEN, PETER ALSTONE, DIMITRY GERSHENSON

Economics 16, 91-122 (1994); published
online Epub5// (http://dx.doi.org/
10.1016/0928-7655(94)90001-9).
96 A. Eberhard, O. Rosnes, M. Shkaratan,
H. Vennemo, “Africa’s Power Infrastructure” (The International Bank for
Reconstruction
and
Development/The World Bank,Washington, DC, 2011).
97 A. Sebitosi, R. Okou, Re-thinking the
power transmission model for sub-Saharan Africa. Energy Policy 38, 14481454 (2010).
98 A. Eberhard,V. Foster, C. Briceño-Garmendia, F. Ouedraogo, D. Camos, M.
Shkaratan,“Underpowered:The State
of the Power Sector in Sub-Saharan
Africa” (The International Bank for
Reconstructure
and
Development/The World Bank, 2008).
99 N. Wamukonya, Power sector reform
in developing countries: mismatched
agendas. Energy Policy 31, 1273-1289
(2003).
100 IFC,“Lighting Africa Progress Report”
(International Finance Corporation,
2011).
101 “Toward a Sustainable Energy Future
for All: Directions for the World Bank
Group’s Energy Sector” (World Bank
Group, Washington, DC, 2013).
102 Fact Sheet: Power Africa (2013).
103 D. Soto, E. Adkins, M. Basinger, R.
Menon, S. Rodriguez-Sanchez, N.
Owczarek, I. Willig, V. Modi, in Proceedings of the Fifth International Conference on Information and Communication
Technologies and Development (ACM,
2012), pp. 130-138.
104 J. Rosa, P.A. Madduri, D. Soto, in Global
Humanitarian Technology Conference
(GHTC), 2012 IEEE (IEEE, 2012),
pp. 23-26.
105 P. Alstone, C. Niethammer, B. Mendonça, A. Eftimie, Expanding Women’s
Role in Africa’s Modern Off-Grid
Lighting Market. Lighting Africa Project,

30

106

107
108

109

110

111

112
113

114

115

116

International Finance Corporation (IFC),
Washington, DC (2011).
M. Nique, F. Arab,“Sustainable Energy
and Water Access Through M2M Connectivity” (GSM Association, London,
UK, 2013).
...
J. Aker, I. Mbiti, Mobile phones and
economic development in Africa. Center for Global Development Working Paper
(2010).
V. Ilavarasan, M.R. Levy, “ICTs and
urban microenterprises: Identifying
and maximizing opportunities for economic development” (2010).
J. Donner, C.A.Tellez, Mobile banking
and economic development: Linking
adoption, impact, and use. Asian Journal
of Communication 18, 318-332 (2008).
N. Schelling, M.J. Hasson, S.L. Huong,
A. Nevarez, W.-C. Lu, M. Tierney, L.
Subramanian, H. Schützeichel, in Proceedings of the 4th ACM/IEEE International Conference on Information and Communication Technologies and Development
(ACM, 2010), pp. 42.
WB, “World Development Indicators
– GDP (Current USD)” (World Bank,
2013).
UN,“World Population Prospects The
2012 Revision: Key Findings and Advance Tables” (United Nations, New
York, NY, 2013).
DGBA,“Lighting Africa Market Trends
Report 2012” (Dalberg Global Development
Advisors,
http://www.lightingafrica.org/resources/market-research/markettrends-.html, 2012).
T. Nonnenmacher, History of the US
Telegraph Industry. E. b. R.Whaples, Ed.
(Economic History Association,
http://eh.net/encyclopedia/historyof-the-u-s-telegraph-industry/, 2001).
J.Y. Tsao, Solid-state lighting: lamps,
chips, and materials for tomorrow. Circuits and Devices Magazine, IEEE 20,

Sustainable Humanity, Sustainable Nature: Our Responsibility

ENERGY FOR SUSTAINABLE AND EQUITABLE DEVELOPMENT

28-37 (2004).
117 J. Byrne, B. Shen,W.Wallace,The economics of sustainable energy for rural
development: a study of renewable energy in rural China. Energy Policy 26,
45-54 (1998).
118 C. Briceño-Garmendia, M. Shkaratan,
Power tariffs: caught between cost recovery and affordability. World Bank
Policy Research Working Paper Series,Vol.,
(2011).
119 S. Chakrabarti, S. Chakrabarti, Rural
electrification programme with solar
energy in remote region – a case study
in an island. Energy Policy 30, 33-42
(2002).
120 A. Chaurey,T. Kandpal, A techno-economic comparison of rural electrification based on solar home systems
and PV microgrids. Energy Policy 38,
3118-3129 (2010).
121 S. Pokhrel, S. Singal, S. Singh, Comprehensive Study of a Community
Managed Microgrid. International Journal of Emerging Technology and Advanced
EngineeringVolume 3, 514-520 (2013).
122 ARE,“Hybrid Mini-Grids For Rural
Electrification: Lessons Learned” (Alliance for Rural Electrification & USAID, 2013).
123 C.-W. Shyu, End-users’ experiences
with electricity supply from standalone mini-grid solar PV power stations in rural areas of western China.
Energy for sustainable development (2013).
124 N. Phuangpornpitak, S. Kumar, User
acceptance of diesel/PV hybrid system
in an island community. Renewable energy 36, 125-131 (2011).
125 M.J. Bambawale, A.L. D’Agostino, B.K.
Sovacool, Realizing rural electrification

126

127
128

129

130

131

132

in Southeast Asia: lessons from Laos.
Energy for sustainable development 15,
41-48 (2011).
C. Ketlogetswe,T. Mothudi, Solar home
systems in Botswana – Opportunities
and constraints. Renewable and Sustainable Energy Reviews 13, 1675-1678
(2009).
H. Zerriffi, in Rural Electrification
(Springer, 2011), pp. 89-109.
G.W. Hong, N. Abe, Sustainability assessment of renewable energy projects
for off-grid rural electrification: The
Pangan – an Island case in the Philippines. Renewable and Sustainable Energy
Reviews 16, 54-64 (2012).
L. Ferrer-Martí, A. Garwood, J. Chiroque, B. Ramirez, O. Marcelo, M. Garfí, E. Velo, Evaluating and comparing
three community small-scale wind
electrification projects. Renewable and
Sustainable Energy Reviews 16, 53795390 (2012).
R.C. Poudel, Quantitative decision
parameters of rural electrification planning: A review based on a pilot project
in rural Nepal. Renewable and Sustainable
Energy Reviews 25, 291-300 (2013).
V. Kishore, D. Jagu, E.N. Gopal, in Rural
Electrification Through Decentralised Offgrid Systems in Developing Countries.
(Springer, 2013), pp. 39-72.
R. Akikur, R. Saidur, H. Ping, K. Ullah,
Comparative study of stand-alone and
hybrid solar energy systems suitable
for off-grid rural electrification: A review. Renewable and Sustainable Energy
Reviews 27, 738-752 (2013).

Sustainable Humanity, Sustainable Nature: Our Responsibility

31

