o ey z
<@ sustainability ﬂw\p\py

Article
Threshold Electricity Consumption Enables Multiple
Sustainable Development Goals

Robert J. Brecha 123

1 Physics Department and Renewable and Clean Energy Program, University of Dayton, Dayton,

OH 45469, USA; robert.brecha@climateanalytics.org
2 Hanley Sustainability Institute, University of Dayton, Dayton, OH 45469, USA
Climate Analytics, Ritterstrasse 3, 10969 Berlin, Germany

check for

Received: 12 July 2019; Accepted: 6 September 2019; Published: 16 September 2019 updates

Abstract: Access to sufficient amounts of energy is a prerequisite for the development of human
well-being. The Sustainable Development Goals (SDGs) recognize the interconnectedness of climate
change, energy access and development. However, not all SDG targets are quantified, leaving room for
ambiguity in fulfilling, for example, the goal of ensuring access to affordable, reliable, sustainable and
modern energy for all (SDG7). We show how specific sustainable development targets for health
indicators are strongly correlated with electricity consumption levels in the poorest of countries.
Clear thresholds in per capita electricity consumption of a few hundred kWh per year are identified
by analyzing SDG indicator data as a function of per capita country electricity consumption.
Those thresholds are strongly correlated with meeting of SDG 3 targets-below the identified thresholds,
countries do not meet the SDG targets, while above the threshold there is a clear relationship between
increasing consumption of electricity and improvement of SDG indicators. Electricity consumption
of 400 kWh per capita is significantly higher than projections made by international agencies for
future energy access, but only 5%-10% that of OECD countries. At the very least, the presence of
thresholds and historical data patterns requires an understanding of how SDG targets would be met
in the absence of this threshold level of electricity access.
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1. Introduction

Historically, human development has been strongly correlated with energy consumption [1-3].
That there is also causation in the relationship between energy access and development, rather than
simply correlation, is implicitly acknowledged by the many international efforts to increase access
to modern energy systems in developing countries [4-6], as well as being explicitly recognized in
the United Nations Sustainable Development Goals (SDGs): SDG7 is to “ensure access to affordable,
reliable, sustainable and modern energy for all” [7].

Very broadly speaking, SDG7 considers through Target 7.1 the need to “By 2030, ensure universal
access to affordable, reliable and modern energy services.” What is meant by modern energy is shown
in the indicators corresponding to Target 7.1, i.e., measurement of the “Proportion of population
with access to electricity” and “Proportion of population with primary reliance on clean fuels and
technology.” In particular, for the first of these indicators, there are two dimensions to the measurement
that are important: First, the issue of access to the modern energy source itself, and second, what level
of actual consumption is significant and for which purposes. Quantifying more precisely what “access”
to energy means is the subject of an extensive literature [8-15]. One approach is to consider energy
consumption in three “locales” to define energy access: “households,” “productive engagements” and
“community facilities” [16]. Within these locales, different tiers of energy access, for different types of
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energy (electricity for various activities, cooking fuels, space heating) are defined, with several different
tiers and indices formulated for each. While specifics differ across locales, one common denominator
is the importance of access to and consumption of electricity, as the most flexible energy source; this is
also the focus of the present work.

The International Energy Agency (IEA), in highlighting the critical need for modern energy
to enable development, defines for individual households (as only one component of electricity
consumption) initial electricity “access” as 250 kWh per rural household per year, or 500 kWh for
an urban household (assumed to be five persons) [5,17] with increasing consumption over time to
reach the country or regional average level of consumption. This level of consumption corresponds to
approximately Tier 3 (out of five) access in Reference [16]. The present work connects to the literature
that goes beyond households since much of the critical consumption of electricity necessary for
meeting SDGs will be outside the home, in schools and clinics and commercial enterprises, for example.
Because data are often not available at sufficient sectoral detail for many countries, and especially so in
the case of the least-developed countries (LDCs) as classified by the World Bank, the countries with
lowest energy consumption and lowest rates of access, we rely here on aggregated data. Specifically,
due to the focus on electricity, we use annual electricity consumption per capita in a country as the
chief independent variable for analysis.

Just as the bare fact of access (versus lack of access) to energy is not sufficient for guaranteeing
development outcomes, neither is a given level of energy consumption. Details of how energy access
and consumption in a country are distributed among different populations is crucially important as well.
In addition, how energy consumption is allocated in different sectors plays an important role—whether
energy is used for directly productive social purposes such as community facilities, as opposed to,
for example supporting extractive export industries. Finally, the physical sources of modern energy
are important in connection to other sustainability criteria, most notably that of mitigating the worst
impacts of climate change, which therefore implies a preponderance of carbon-free sources of energy.
Implicit in the present work is that “electricity” means “sustainably-sourced electricity,” and that the
other factors just described will also be part of the implementation of modern energy access. With these
caveats in mind, the focus here is on aggregate indicators of electricity consumption on a national
level and the identification of minimal acceptable levels of consumption based on historical data
and correlations.

There is also an increasing literature on assessing SDGs and their various interactions [18-21].
In particular, McCollum et al. [21] explicitly link energy targets to other SDGs in a qualitative literature
review of synergies (and in fewer cases, potential conflicts between goals). Although not available for
all SDGs or all targets within the SDGs, whenever possible it would be useful to have quantitative
targets to use as measurable indicators for progress toward reaching the SDGs, while recognizing the
fact that a wide variety of development pathways have been followed over time. The approach used
here is to identify indicators for SDG targets of the form, “to date, only a very small percentage of
countries with less than x amount of energy meet SDG target i.” Even if it is not necessarily possible to
construct a seamless chain of causality between x and y, interest in enabling countries achieve SDG
targets requires at least an explanation of how the historical norm would be circumvented. Therefore,
we examine historical indicator data relevant to a number of SDGs and correlate achieving these goals
and targets with the amount of average per capita yearly electricity consumption in a given country.
We describe our data sources and methods in Section 2. The main body of the paper consists of a
presentation of correlations between electricity access and specific SDG targets, primarily related to
health (Section 3.1). In addition, thresholds are identified in electricity consumption that relate to SDG
targets. In Section 3.2 an estimate of electricity access needs that are consistent with achieving the
SDGs in Sub-Saharan Africa is presented, and conclusions and discussion are given in Section 4.
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2. Data and Methods

Data for SDG indicators are taken from the World Bank database of World Development Indicators
(WDI) [22]. Population data, both current and projected increases, are taken from the United Nations [23].
Electricity data were sourced from the US Energy Information Administration (EIA) [24]. The United
Nations Environment Programme Atlas of Africa Energy Resources was used [25] as a cross-check for
countries where data availability is scarce. In total, data from 179 countries were available for the main
analysis presented here.

The approach taken here is to first identify correlations between electricity consumption and health
indicators, to look for significant thresholds in those correlations and then to examine distributions
of countries having either less than, or more than, these threshold values of per capita electricity
consumption, to determine how these countries fare in meeting SDG numerical targets. Here we
concentrate on health indicators, which show the clearest threshold behavior. For each group a
histogram of indicator values was created. Specific targets stated in the SDGs were used for binning
histograms, such that countries already meeting those targets and those yet to do so are clearly separated.

We choose a logarithmic scale for both axes to allow for an interpretation of the slope as an
“elasticity;” that is, we can treat the slope of the graph as giving information about the fractional
change in the independent variable that gives rise to a resulting fractional change in the dependent
variable, and a least-squares fitting routine is used to both identify any existing breakpoint in the data,
and to then determine the slopes both before and after the breakpoint [26]. Using logarithmical scales
is common in the economics literature, but here we treat energy consumption as the independent
variable. In general terms, if the relationship between two variables can be described by a power law
of the form Y = aX?, then taking logarithms of both sides leads to the equation In(Y) = In(a) + b In(X).
Plotting this equation allows the coefficient (power) to be determined. Furthermore, we can show by
taking derivatives of both sides of the second equation that the interpretation of the power coefficient is
b = (AY/Y)/(AX/X), i.e., that a fractional change (x%) in the variable X will result in a fractional change
(y%) in the variable Y, scaled by a factor given by b.

3. Electricity Access for Sustainable Development

The key aim of this paper is to investigate the correlation between electricity consumption, as one
component of energy availability, and the Sustainable Development Goals. Special attention will be
given to the interaction between SDG?7, Energy Access, and SDG3, Health. In the Supplementary
Information we summarize some well-known relationships between the Human Development Index
(HDI) and its components, and per capita annual energy and electricity consumption. The general
feature is that of significantly increasing HDI with increasing electricity consumption at lower HDI
levels, with a saturation in increase at higher levels. While one of the components of HDI is related to
health (life expectancy at birth), in the next sub-sections we look more specifically at SDG 3 targets
that contribute to human development and how these targets correlate with per capita electricity
consumption. Also in the SI we look at similar connections between electricity consumption and
other SDGs.

The focus here is on the interaction between SDG7 and SDG3 due to clear pathways linking
access to energy and improved health outcomes. [27,28]. In particular, the first two targets for SDG3,
to “Ensure healthy lives and promote well-being for all at all ages,” which will be quantitatively
described below, involve maternal, neo-natal, and infant mortality rates. In terms of energy access,
and more accurately here, different levels of energy consumption, we choose to examine specifically
electricity use, being the most flexible and useful energy source in the context of community facilities.
For example, electric lighting in clinics allows better care access at all times of the day or night.
Reliable and sufficient electricity supply allow the regular use of sterilization and diagnostic equipment,
as well as emergency equipment needed for newborns and their mothers. Likewise, having access to
computers and to communications equipment (connecting homes and clinics or hospitals) can improve
birth and neo-natal outcomes. Lack of electricity for water supplies has also been indicated as a reason
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for compromised birth and neo-natal services. [29] For infants, refrigeration can help in preserving
vaccines, leading to lowered susceptibility to preventable diseases. This very brief indicative survey
motivates the initial look at correlations between electricity consumption and SDGS3 targets.

3.1. Sustainable Development Goals and Electricity Consumption

SDG7, Target 1 refers to energy access, without further more detailed quantification. Likewise,
SDG?7, Target 2, “By 2030, increase substantially the share of renewable energy in the global energy
mix” does not provide further specificity of what “substantial” means. Only SDG?7, Target 3 is more
specific, “By 2030, double the global rate of improvement in energy efficiency” in terms of primary
energy and GDP. Other SDGs have defined quantitative targets that can be measured more precisely.
Targets associated with SDG3, are “By 2030, reduce the global maternal mortality ratio to less than
70 per 100,000 live births,” and “By 2030, end preventable deaths of newborns and children under
5 years of age, with all countries aiming to reduce neonatal mortality to at least as low as 12 per 1000
live births and under-5 mortality to at least as low as 25 per 1000 live births” [7].

In Figure 1a we plot maternal mortality rate vs. electricity consumption per capita for 140 countries.
As described in the Data and Methods section, we choose logarithmic scales; in the SI we present the
data on linear axes for reference. A clear threshold electricity consumption is found at 280 kWh/capita
and the slope is for higher consumption above the threshold is —1.04.
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Figure 1. (a) Threshold fitting of maternal mortality ratio (log) vs. per capita national electricity
consumption (log); (b) Histograms showing that for none of the countries with less than the indicative
threshold electricity consumption, the SDG3 target of reducing maternal mortality rates to below 70 per
100,000 live births is met. The bin widths are chosen to emphasize the SDG numerical targets.

The interpretation can be made that average annual per capita societal electricity consumption
of 280 kWh represents a threshold for improvement in neonatal mortality rates. Above this level,
given the slope of —1.04 and the log-log form, there is an “elasticity” of improvement in maternal
mortality as a function of electricity consumption (again, societal per capita amount) such that a 10%
increase in electricity corresponds to a 10.4% decrease in maternal mortality. Regression parameters are
shown in the Supplementary Information. A separate point of analysis is to ask if the two straight-line
fits could, in fact, be explained by one linear fit. In the case shown here, the two slopes do not show
overlap of the 95% confidence intervals.

With a potential threshold identified, the same data can be examined in terms of histograms of
countries grouped on the basis of electricity consumption, and then binned based on SDG indicators,
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as shown in Figure 1b. To interpret Figure 1b, we note the crucial point that there is no country with
average electricity consumption below the threshold value of 280 kWh/capita that has a maternal
mortality rate of less than 70 per 100,000 live births (and very few, with even two or three times that
level). Conversely, if a country does have consumption to at least 280 kWh per capita of electricity,
the likelihood of high maternal mortality is significantly lower (40 out of 140 countries).

Turning to the SDGS3 target of reducing neonatal mortality rates, as shown in Figure 2a, a threshold
can again be identified using the same method, here at 400 kWh/capita, representing a threshold for
improvement in neonatal mortality rates with an elasticity of improvement in neo-natal mortality
as a function of average per capita electricity consumption such that a 10% increase in electricity
corresponds to a 7.2% decrease in neonatal mortality. Regression parameters are again shown in the
Supplementary Information. The two slopes do not show overlap of the 95% confidence intervals.
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Figure 2. (a) Threshold fitting of neonatal mortality ratio (log) vs. per capita national electricity
consumption (log); (b) Histograms showing that for only one of the countries with less than the
indicative threshold electricity consumption of 400 kWh/capita, the SDG3 target of reducing maternal
mortality rates to below 12 per 1000 live births is met.

In terms of a histogram, the interpretation of Figure 2b is that only one country with less than
the threshold value of 400 kWh/capita (red bars) meets the SDG target of <12/1000 neonatal mortality,
but that relatively few countries (29 out of 135) with greater than 400 kWh do not achieve the SDG target.

The third target under SDG3 is to reduce under-five mortality. The same breakpoint fitting
procedure can be applied to other health indicators. In this case the threshold is found to be at a
350 kWh/capita, and the slope is —0.74, again to be interpreted as an elasticity, with the results shown
in Figure 3a. The two slopes do not show overlap of the 95% confidence intervals.

The specific SDG3 target is to reduce under-5 mortality rates to below 25/1000. In Figure 3b a
histogram binned to reflect the threshold found from the regression fit shows that no country with less
than 350 kWh/capita electricity consumption meets the SDG target, and relatively few (28 out of 134)
countries with electricity consumption above 350 kWh/capita do not meet the target.

The data presented here are indicative of the need for not only access to energy, but that there
is apparently a threshold for developing human well-being and that the threshold goes beyond the
definition for household “access” alone [17]. Although the identified thresholds corresponding to
SDG3 vary somewhat between specific targets, the overall implication is that societal per capita average
electricity consumption of less than a few hundred kWh has been historically inconsistent with being
able to meet the SDG targets. Intra-societal distribution effects are also important, and thus disparities
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within countries must also be quantified [11], as must other factors such as the institutional and policy
structures in place within a country that can ensure effective implementation of electricity consumption
in support of broader development goals. However, the dividing line shown here in terms of electricity
consumption is remarkable even at this macro-level.
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Figure 3. (a) Threshold fitting of under-5 mortality ratio (log) vs. per capita national electricity
consumption (log); (b) Histograms showing that for none of the countries with less than the indicative
threshold electricity consumption of 350 kWh/capita, is the SDG3 target of reducing under-5 mortality
rates to below 25 per 1000 live births met.

Although energy consumption may be key to achieving many SDG targets, simply making
a supply of electricity available in a given country without any consideration of how access to
modern infrastructure is translated into useful service outcomes is not a solution in and of itself.
Further investigation is necessary to determine key energy inputs for improved health outcomes as
one component of infrastructure needs in developing countries [27-30]. Energy access at clinics and
hospitals, for example, is not the only necessary condition to be met, however. Connections between
electricity consumption, food preservation, street lighting, water treatment and more are all part of
contributing to health outcomes [16]. Here we have looked at health indicators because the SDG3
targets are well-quantified.

3.2. Projections of Future Electricity Needs for Meeting SDGs+

Countries with average per capita electricity consumption of less than 400 kWh per year have
uniformly poor human development indicators, and do not currently meet SDG targets. It therefore
appears that a reasonable quantitative target that would also correlate with enabling multiple sustainable
development goals (where the emphasis here has been on specific health targets) would be to ensure
consumption of at least 400 kWh per capita per year of electricity by 2030. (The threshold is indicative;
it might be reasonable to choose 1 kWh per day or 365 kWh per year.) In fact, given the data presented
above, an explanation would be required as to how any country would be able to meet the SDG
targets with lower per capita consumption of electricity, since no country to date has been able to
do so. As discussed in the introduction, simply consuming electricity is not a sufficient condition
for development; the necessary accompanying condition would be that access and consumption
of electricity be in productive sectors such as public facilities and infrastructure, in addition to
individual households.
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One of the regions most in danger of not meeting the SDGs is that of sub-Saharan Africa (SSA).
By combining population changes, current electricity consumption, and the indicative target of 400 kWh
per capita per year electricity consumption, it is possible to estimate total electricity needs in the SSA
region by 2030, the target date for achieving the SDGs. The population in 2014 for those countries
in SSA with less than 400 kWh per capita electricity consumption was 650 million. The UN projects
in its “medium variant” scenario an increase in population to 1200 million in 2030 for these same
countries [23]. Countries in SSA currently with less than 400 kWh per capita electricity consumption
have an average of about 140 kWh per capita, and total electricity consumption for the 650 million
people in these countries is therefore 91 TWh. Taking as a target that each of these countries should
have an average per capita electricity consumption of 400 kWh by 2030 leads to an estimated total
consumption of 480 TWh. Increasing regional total electricity consumption from the present level of
90 TWh to 480 TWh over a fifteen-year time period (where 2015 was used as the baseline year with
available data) represents a compounded annual growth rate of 11%/year. A growth rate of 11%/year
would on the one hand be unprecedented; over the past decade, India has been increasing electricity
generation at over 6% per year, and China at over 8% per year [31]. On the other hand, renewable
energy installations of wind power and solar photovoltaic capacity have grown at annual rates of
18%j/year and 39%/year worldwide, respectively [31].

To put this growth rate in perspective, however, current world consumption of electricity is
approximately 22,000 TWh [31], of which only 0.7% is consumed by the 13% of the world’s population
with consumption of less than the 400 kWh per capita under consideration here (and 40% of the world’s
population has consumption of less than 1000 kWh/capita, corresponding to a level at which almost
all countries meet SDG health targets). In a Paris Agreement compatible climate change mitigation
scenario, total electricity consumption is expected to increase to about 35,000 TWh by 2030, depending
on the model [32]. In the SDG and energy-consumption-driven formulation presented here, of the
additional 13,000 TWh projected for worldwide consumption compared to today, having 3% of that
increase go to 13% of the world’s population might enable the success of several SDGs simultaneously.

Recent reports show that power generation in all of Africa is expected to double [32] or even
triple [33] between 2010 and 2030, to about 2000 TWh in the latter case, from 650 TWh in 2010.
If these increases in electrification, are targeted toward the poorest countries such as to lift per capita
consumption above the 400 kWh level by 2030, this represents about one-third of the continent’s total
increase in electricity generation. The estimated investment necessary to achieve this partial step is
between $150-250 billion over 15 years [5,33].

Another recent report examines the decreasing costs of mini-grids [34]; the additional electrification
postulated above for electricity-poor countries might be achieved for roughly $200 billion over the
same period, which may be a preferred solution given the preponderance of lack of electricity access in
rural areas where mini-grids may be most suitable. The investment would be for infrastructure that
has a lifetime well beyond the fifteen years under consideration for the SDGs, and given synergies
between energy consumption and other activities that further development indicators, would serve as
leverage for increasing well-being.

4. Discussion

Enabling sustainable human development for all will require access to modern energy technologies.
Whereas past human development was enabled by fossil fuels, mitigating the most harmful
manifestations of climate change and their disproportionate negative impacts on developing countries
will require new sources of near-zero-carbon technologies to be introduced over the next few decades,
both in industrialized countries and especially at a much increased rate in those countries still on the
path of development.

The technologies to enable sustainable development through renewable energy are either currently
available or advancing rapidly. The cost for installation of solar photovoltaic systems has decreased by
more than 80% in the past decade and the cost of wind power has also decreased significantly [35-37].
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Ten years ago, or even five years ago, legitimate questions were asked as to how those in wealthy
countries could expect developing countries to invest in expensive renewables when they themselves
were not doing so. Since then, investment trends in wealthier countries have been leaning toward
renewables and away from fossil-fuel energy [38]. Increasingly, an economically consistent case can
be made that enabling energy access for developing countries means ensuring access to sustainable,
renewable energy, as expressed in SDG7, Target 2.

At the same time, there is a need to reconcile other SDG targets with the single indicator of energy
consumption. If the SDGs are to be met by 2030, and if more than a minimal commitment to reducing
poverty and increasing access to health care and to education is the real aim, then access to modern
energy systems appears to be a pre-requisite. The amount of energy needed will vary by world region,
but there is a threshold, perhaps as low as 400 kWh per person per year for the whole society. In effect,
the view taken here is that energy consumption be used as a quantifiable leverage point for meeting
SDGs, and that at the same time, and assuming that much of that additional electricity will be from
renewable sources, the Paris Agreement and SDG 13 can also be supported. In fact, there is at least
some preliminary investigation into a negative feedback loop scenario in which meeting the SDGs will
in itself lead to a decrease in population growth, thus further reducing pressures on both earth and
human systems [39].

Not all SDG indicators show clear threshold behavior, but they can often be tested in a similar
way to determine if targets are consistent with electricity consumption levels. Examples are shown
in the Supplementary Information with respect to SDG6 is to “ensure access to water and sanitation
for all,” [7] and SDG2, “End hunger, achieve food security and improved nutrition and promote
sustainable agriculture.”

Furthermore, one possible objection to the analysis presented here is that we have used electricity
consumption as the independent variable, but other variables could have been chosen just as easily.
In other words, energy consumption could be simply a proxy for “wealth” or GDP/capita, for example.
Although the two are closely related, as shown in the Supplementary Information, the threshold
behavior described above in terms of electricity consumption is not evident as a function of GDP.

The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) [40]
and the Special Report on Global Warming of 1.5 °C [41] conclude that impacts of climate change
and vulnerability to those impacts will be felt most strongly by the poorer nations of the world.
This conclusion is not surprising, since developing countries, almost by definition, do not have the
robust infrastructure necessary to withstand additional stressors. The direct and often disproportionate
impact of climate change on developing countries is recognized by SDG13.

Several of the SDGs can be conceived of as co-requisite, or at the very least, mutually-enabling
of one another [18,19,21,42]. These conditions are not automatically satisfied, however, and one area
for potential conflict between goals might be precisely between SDG13 and others. For example,
an argument is sometimes made that fossil-fuel energy is necessary for poorer countries; building up
such infrastructure, however, would be inimical to efforts to mitigate climate change impacts [43].
Attention to possible conflicts between SDGs is needed, if for no other reason than to find alternatives
that avoid dead-ends in development or climate policies.

We emphasize that studies at higher spatial, energy system and socioeconomic resolution are
needed to determine the most effective means of leveraging energy access at different levels to
achieve SDG targets. The analysis presented here is not intended to imply that a certain amount of
electricity consumption will guarantee SDG targets, or that all of that electricity consumption will be
in, for example, the health sector. Rather, energy (and specifically, sustainably generated electricity)
infrastructure enables a complex chain of feedback and positive influences that on a societal level make
meeting SDG targets significantly more likely.

The results presented here are meant as a starting point for quantifying SDG energy targets by
referencing other aspects of sustainable development. Social, cultural, political and economic factors
will play a critical role in determining if a successful transition to a sustainable energy system can be
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made, while simultaneously reducing impacts on the climate system, and fulfilling the Sustainable
Development Goals. Here we have shown a strong indication that only with significant levels of
electricity consumption will it be possible to meet SDGs, or at least that if there is to be development
without consumption of electricity at significant levels, a dramatic break with past history, it will be
necessary to understand how this might be brought about.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/11/18/5047/s1.
1. Data sources; 2. Details on Threshold fits and statistics for SDG3-related targets; 3. Energy access and human
development; 4. HDI and electricity consumption; 5. Electricity consumption thresholds for further SDG targets 6.
Threshold analysis dependent on chosen independent variable?

Funding: The authors acknowledges and appreciates funding by the German Federal Ministry for the Environment,
Nature Conservation and Nuclear Safety (16_II_148_Global_A_Impact) and from the University of Dayton for
sabbatical leave support.

Acknowledgments: R.J.B. wishes to thank colleagues and students at the University of Dayton in the Hanley
Sustainability Institute and the Human Rights Center for encouragement and feedback. R.J.B. also wishes to thank
Climate Analytics for hosting him during a sabbatical stay and colleagues there for critiques of this work.

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Goldemberg, J.; Lucon, O. Energy, Environment and Development, 2nd ed.; Earthscan: London, UK, 2010.
Stern, D.I; Kander, A. The Role of Energy in the Industrial Revolution and Modern Economic Growth.
Energy J. 2012, 33, 125-152. [CrossRef]

3. Kander, A. Power to the People: Energy in Europe over the Last Five Centuries; Princeton University Press:
Princeton, NJ, USA, 2013.

4. Yumkella, K.; Holliday, C. Sustainable Energy for All: A Framework for Action; The United Nations
Secretary-General’s High-level Group on Sustainable Energy for All: New York, NY, USA, 2012.

5. IEA. Energy Access Outlook 2017: From Poverty to Prosperity; International Energy Agency: Paris, France, 2017.

6. IPCC. Special Report Renewable Energy Sources and Climate Change Mitigation; Intergovernmental Panel on
Climate Change; Cambridge University Press: Cambridge, UK, 2011.

7. UN General Assembly. Transforming Our World: The 2030 Agenda for Sustainable Development; UN General
Assembly: New York, NY, USA, 2015.

8. Goldemberg, J.; Johansson, T.B.; Reddy, A K.; Williams, R.H. Basic Needs and Much More with One Kilowatt
per Capita. Ambio 1985, 14, 190-200.

9.  Sathaye, J.; Lucon, O.; Rahman, A.; Christensen, J.; Denton, F,; Fujino, J.; Heath, G.; Mirza, M.; Rudnick, H.;
Schlaepfer, A.; et al. Renewable Energy in the Context of Sustainable Development. In IPCC Special Report
on Renewable Energy Sources and Climate Change Mitigation; Edenhofer, O., Pichs-Madruga, R., Sokona, Y.,
Seyboth, K., Matschoss, P., Kadner, S., Zwickel, T., Eickemeier, P., Hansen, G., Schlomer, S., et al., Eds.;
Cambridge University Press: Cambridge, UK; New York, NY, USA, 2011.

10. Pachauri, S.; Brew-Hammond, A.; Barnes, D.E,; Bouille, D.H.; Gitonga, S.; Modi, V.; Prasad, G.; Rath, A.;
Zerrifi, H.S. Chapter 19—Energy access for development. In Global Energy Assessment—Toward a Sustainable
Future; Cambridge University Press and International Institute for Applied Systems Analysis: Cambridge,
UK, 2012; pp. 1401-1458.

11. Rao, N.D.; Pachauri, S. Energy access and living standards: Some observations on recent trends.
Environ. Res. Lett. 2017, 12, 0250112017. [CrossRef]

12. Groh, S.; Pachauri, S.; Rao, N.D. What are we measuring? An empirical analysis of household electricity
access metrics in rural Bangladesh. Energy Sustain. Dev. 2016, 30, 21-31. [CrossRef]

13. Pelz, S.; Pachauri, S.; Groh, S. A critical review of modern approaches for multidimensional energy poverty
measurement. Wiley Interdiscip. Rev. Energy Environ. 2018, 7, e304. [CrossRef]

14. Nussbaumer, P; Bazilian, M.; Modi, V. Measuring energy poverty: Focusing on what matters. Renew. Sustain.
Energy Rev. 2012, 16, 231-243. [CrossRef]

15.  Jain, A.; Shahidi, T. Guiding Action: A User Centric Approach to Define, Measure and Manage Electricity
Access. Econ. Energy Environ. Policy 2019, 8, 19-32. [CrossRef]


http://www.mdpi.com/2071-1050/11/18/5047/s1
http://dx.doi.org/10.5547/01956574.33.3.5
http://dx.doi.org/10.1088/1748-9326/aa5b0d
http://dx.doi.org/10.1016/j.esd.2015.10.007
http://dx.doi.org/10.1002/wene.304
http://dx.doi.org/10.1016/j.rser.2011.07.150
http://dx.doi.org/10.5547/2160-5890.8.1.ajai

Sustainability 2019, 11, 5047 10 of 11

16.

17.
18.

19.

20.

21.

22.
23.
24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bhatia, M.; Angelou, N. Beyond Connections—Energy Access Redefined; Technical Report; World Bank:
Washington, DC, USA, 2015.

IEA. Africa Energy Outlook; International Energy Agency: Paris, France, 2014.

Collste, D.; Pedercini, M.; Cornell, S.E. Policy coherence to achieve the SDGs: Using integrated simulation
models to assess effective policies. Sustain. Sci. 2017, 12, 921-931. [CrossRef] [PubMed]

Weitz, N.; Carlsen, H.; Nilsson, M.; Skdnberg, K. Towards systemic and contextual priority setting for
implementing the 2030 Agenda. Sustain. Sci. 2017, 13, 531-548. [CrossRef] [PubMed]

Taylor, P.G.; Abdalla, K.; Quadrelli, R.; Vera, I. Better energy indicators for sustainable development.
Nat. Energy 2017, 2, 17117. [CrossRef]

McCollum, D.L.; Echeverri, L.G.; Busch, S.; Pachauri, S.; Parkinson, S.; Rogelj, J.; Krey, V.; Minx, J.C.;
Nilsson, M.; Stevance, A.S.; et al. Connecting the sustainable development goals by their energy inter-linkages.
Environ. Res. Lett. 2018, 13, 033006. [CrossRef]

World Bank. World Development Indicators. World Development Indicators. 2017. Available online:
https://data.worldbank.org/data-catalog/world-development-indicators (accessed on 15 November 2017).
UN Dept of Economic and Social Affairs. World Population Prospects 2019. Available online: https:
//esa.un.org/unpd/wpp/ (accessed on 12 September 2019).

EIA. International Energy Statistics; Energy Information Administration: Washington, DC, USA, 2019.
UNERP. Atlas of Africa Energy Resources; United Nations Environment Programme: Nairobi, Kenya, 2017.
Muggeo, VM.R. Segmented: An R package to fit regression models with broken-line relationships. R News
2008, 8, 20-25.

Adair-Rohani, H.; Zukor, K.; Bonjour, S.; Wilburn, S.; Kuesel, A.C.; Hebert, R.; Fletcher, E.R. Limited electricity
access in health facilities of sub-Saharan Africa: A systematic review of data on electricity access, sources,
and reliability. Glob. Health Sci. Pract. 2013, 1, 249-251. [CrossRef] [PubMed]

Bhatia, M.; World Bank (Eds.) Access to Modern Energy Services for Health Facilities in Resource-Constrained
Settings: A Review of Status, Significance, Challenges and Measurement; World Health Organization: Geneva,
Switzerland, 2015.

Ramyji, A.; Patnaik, S.; Mani, S.; Dholakia, H.H. Powering Primary Healthcare through Solar in India: Lessons from
Chhattisgarh; Council on Energy, Environment and Water: New Delhi, India, 2017.

Suhlrie, L.; Bartram, J.; Burns, J.; Joca, L.; Tomaro, J.; Rehfuess, E. The role of energy in health facilities:
A conceptual framework and complementary data assessment in Malawi. PLoS ONE 2018, 13, e0200261.
[CrossRef] [PubMed]

Dudley, B. BP Statistical Review of World Energy 2017; BP Statistical Review: London, UK, 2017.

IEA. World Energy Outlook 2016; OECD/IEA: Paris, France, 2016.

IRENA. Africa Power Sector: Planning and Prospects for Renewable Energy; IRENA: Abu Dhabi, UAE, 2015.
IRENA. Innovation Outlook: Renewable Mini-Grids; International Renewable Energy Agency: Abu Dhabi,
UAE, 2016.

Fraunhofer ISE. Current and Future Cost of Photovoltaics. Long-Term Scenarios for Market Development,
System Prices and LCOE of Utility-Scale PV Systems; Agora Energiewende: Berlin, Germany, 2015.

IRENA. The Power to Change: Solar and Wind Cost Reduction Potential to 2025; International Renewable Energy
Agency: Abu Dhabi, UAE, 2016.

IRENA. Renewable Power Generation Costs in 2018; International Renewable Energy Agency: Abu Dhabi,
UAE, 2019.

Frankfurt School-UNEP Centre/BNEF. Global Trends in Renewable Energy Investment 2017; Frankfurt School-UNEP
Collaborating Centre: Frankfurt am Main, Germany, 2017.

Abel, GJ.; Barakat, B.; K¢, S.; Lutz, W. Meeting the Sustainable Development Goals leads to lower world
population growth. Proc. Natl. Acad. Sci. USA 2016, 113, 14294-14299. [CrossRef] [PubMed]

Field, C.B.; Barros, V.R.; Intergovernmental Panel on Climate Change (Eds.) Climate Change 2014: Impacts,
Adaptation, and Vulnerability: Working Group II Contribution to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change; Cambridge University Press: New York, NY, USA, 2014.

IPCC. Global Warming of 1.5 °C. In An IPCC Special Report on the Impacts of Global Warming of 1.5 °C above
Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the
Global Response to the Threat of Climate Change, Sustainable Development, and Efforts to Eradicate Poverty; IPCC:
Rome, Italy, 2018.


http://dx.doi.org/10.1007/s11625-017-0457-x
http://www.ncbi.nlm.nih.gov/pubmed/30147764
http://dx.doi.org/10.1007/s11625-017-0470-0
http://www.ncbi.nlm.nih.gov/pubmed/30147787
http://dx.doi.org/10.1038/nenergy.2017.117
http://dx.doi.org/10.1088/1748-9326/aaafe3
https://data.worldbank.org/data-catalog/world-development-indicators
https://esa.un.org/unpd/wpp/
https://esa.un.org/unpd/wpp/
http://dx.doi.org/10.9745/GHSP-D-13-00037
http://www.ncbi.nlm.nih.gov/pubmed/25276537
http://dx.doi.org/10.1371/journal.pone.0200261
http://www.ncbi.nlm.nih.gov/pubmed/30028861
http://dx.doi.org/10.1073/pnas.1611386113
http://www.ncbi.nlm.nih.gov/pubmed/27911797

Sustainability 2019, 11, 5047 11 of 11

42. Nilsson, M.; Griggs, D.; Visbeck, M. Map the interactions between Sustainable Development Goals. Nature
2016, 534, 320-322. [CrossRef] [PubMed]

43. Erickson, P; Kartha, S.; Lazarus, M.; Tempest, K. Assessing carbon lock-in. Environ. Res. Lett. 2015,
10, 0840233. [CrossRef]

@ © 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1038/534320a
http://www.ncbi.nlm.nih.gov/pubmed/27306173
http://dx.doi.org/10.1088/1748-9326/10/8/084023
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Data and Methods 
	Electricity Access for Sustainable Development 
	Sustainable Development Goals and Electricity Consumption 
	Projections of Future Electricity Needs for Meeting SDGs+ 

	Discussion 
	References

