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Abstract
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1. Introduction

Humanity is facing unprecedented energy challenges. More than one billion people do not have

access to electricity (IEA 2017), and energy demand is expected to grow worldwide by more

than 25% in the next two decades (IEA 2018). The rising income and population of developing

countries will drive most of the growth in future energy demand. The relationship between energy

and economic development, however, is far from linear or unidirectional. Energy is needed for

development, but as countries grow, energy needs change. The energy-development nexus is

characterized by large heterogeneities depending on industrial structure, socio-economic context,

technology and infrastructure, regulations, and so on. The empirical evidence that systematically

disentangles the interplay between energy use and living standards is continuously evolving, with

methodological improvements in statistical techniques to model more and more carefully the

complexities of this dynamic relationship.

Energy is linked to development not only in an economic dimension, enabling the production and

transport of goods and services, but also for living standards, such as health and education. For

example, electricity for refrigerators allows to preserve food and medicines for longer, improving

human health; lighting is key for children studying after dark, thus enhancing education and human

capital formation. In order to understand the multiple impacts of energy use on human well-being,

it is too restrictive to focus exclusively on gross domestic product (GDP) and analogous measures.

In recent years, a number of prominent institutions and scholar, such as the High Level Expert

Group on the Measurement of Economic Performance and Social Progress at the OECD, has called

for a comparison across a dashboard of different indicators of development beyond GDP (Stiglitz

et al., 2018). Some new measures of human progress are now well documented and have become

relatively standard in the development literature, as for the case of the Human Development Index

(HDI) by the United Nations.

This notion that it is crucial to look at development measures ‘beyond GDP’ motivates our analysis.

The goal of this paper is to provide a comprehensive mapping of the relationship between energy

and a set of different indicators of human well-being over time, examining dynamic effects through

the latest econometric panel data techniques. The contribution of our study is twofold: first of all,

we examine the relationship between energy and GDP, the most common and well-studied indicator

of economic progress, but also compare it to other measures of development, namely (i) adjusted

net national income, (ii) life expectancy, and (iii) the Human Development Index (HDI), which
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capture other dimensions of human well being and progress, from natural resources’ depletion to

health and education. Many other new metrics for (sustainable) development have been introduced

in recent years but, albeit interesting and highly multi-dimensional, they provide limited spatial and

temporal coverage, and thus are not suitable to compare long term trends across the world with

respect to energy consumption patterns.

The second contribution of our analysis is to consider how these relationships evolve in different

regions of the world, rather than focusing on the dynamics of a single region or within country,

contrasting pathways observed in the short and long run around the planet. We expect that significant

heterogeneity driving energy-development patterns should be determined by common business

cycles shocks, shared energy infrastructures, and regional trade linkages and value chains, as they

directly determine the development of countries and their energy efficiency, but also indirectly

influence common cultural and socio-political characteristics. Recent spatial econometric analyses

have indeed evidenced significant spillovers among neighbouring countries in energy/development

paths, but mostly focusing on richer nations (Chica-Olmo et al., 2020). Instead, we cover countries

from all over the world and at different points in their development paths, to obtain a broad

perspective on energy and development around the world.

With macroeconomic development and energy data, we expect some processes to be non-stationary,

at least for some countries and indicators in the panel. Thus, dynamic panel methods are the most

appropriate econometric technique to analyse this problem, given a sufficiently long time dimension

that can yield reliable inference for a group of countries, dealing flexibly with dynamic effects, and

a relatively large cross-sectional dimension (several countries for each region). Therefore, after the

appropriate unit root and cointegration tests, we implement both a standard two-way fixed effects

model, a dynamic fixed-effect model, and a pooled-mean-group (PMG) estimator for dynamic

heterogeneous panels to study the energy-development link in the short and long run. We also

perform a test for Granger causality, to give some indication of the regions that experience a clear

temporal sequence of changes in energy followed by changes in development, or vice versa.

We find that the distinction between different indicators of development is key to understand

the long and short term dynamics that different countries experience in their pathways of energy

transition and socio-economic growth. In some cases, results can move in the opposite direction

when we consider the depletion of natural resources or the health and human development of a

country. The results of our analysis, moreover, illustrate the importance of comparing different

dynamic models of these complex macro-economic relationships, because some of the effects are
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better clarified looking both at short and long run dynamics.

The rest of the article is organized as follows. In Section 2 we analyse the energy-development

nexus in light of the existing literature; in Section 3 we describe our data and report some graphical

analysis to point out how the interplay between energy and development varies across regions

and countries. Section 4 presents our empirical models and Section 5 the main results from our

estimates. Section 6 concludes the paper.

2. The energy-development nexus: existing evidence and hypotheses

Energy is a fundamental input for the production of goods, their transport, and for the provision of

services (from hairdressing to financial transactions), so it is not surprising that a country’s gross

domestic product (GPD) is directly dependent on its energy use. However, even if the production

function of most goods and services requires energy as an input, the evidence shows that, as

countries become richer, their productive structure tends to become less energy intensive, thus

leading to a decoupling of economic growth and growth in energy use (Agovino et al., 2019).

This evidence of energy-GDP decoupling is encouraging for the long term sustainability of energy

consumption, but it gives only a partial picture. First, looking at decoupling in the richest countries

in the world might provide an overly-optimistic perspective, since decoupling can (partly) result

from a relocation of energy-intensive production to developing countries, whose energy is then

imported by richer nations embedded in traded goods (Moreau et al., 2019).

A second issue is that most of the decoupling literature considers as a benchmark for economic

progress exclusively GDP. As suggested by a recent systematic review of the literature on decoupling,

more research is needed on the interdependencies between human well-being broadly defined and

resource use, and especially energy use, given that GDP decoupling from energy is less frequent

than for other materials’ use (Haberl et al., 2020). Despite being a powerful indicator, GDP is not

the only measure of economic development and can be an incomplete metric for human progress, as

noted by studies that compare it to other alternative measures of well-being or sustainable progress

(see, for example, Fleurbaey, 2009; Jones and Klenow, 2016; Kalimeris et al., 2020).

The goal of this paper is to provide an empirical analysis of the energy-development nexus in

the context of this debate on different indicators of human development. Our research hypothesis

is that, while energy and GDP might decouple in richer nations due to the “dematerialization” of

sectors of the economy well accounted for by GDP, using other indicators that capture different
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dimensions of human welfare (e.g. life expectancy and education), or correcting for the depletion of

natural resources may lead to different results. Differently from a classic GDP production function

that uses energy as an input with diminishing returns (á la Díaz et al., 2019, for instance), we do not

expect that energy should play the same role in ‘producing’ longevity in a population, public health,

education or sustainable growth. In some cases, energy might even be detrimental if its use depletes

land, forests or subsoil assets, or if it causes pollution and toxic waste. Importantly, we hypothesize

that the relationship between energy use and the different measures of development should be highly

contextual and heterogeneous across regions of the world, because of their different technological,

political, cultural, and socio-economic trajectories.

To test our hypothesis, we use some of the latest methodologies for macroeconomic panel data,

with the appropriate dynamic corrections.1 Panel error correction models are one of the most used

recent methodologies used to examine the energy-growth nexus, as they account for the dynamic

nature of the growth in energy use and economic production. Overall, there has been a flourishing

of sophisticated methodologies to account for the complexities of these data, like wavelet analysis

(Werner Kristjanpoller et al., 2018), but error correction models remain the baseline for a large

number of studies in the past decade (see for instance Kebede et al., 2010; Wolde-Rufael and

Menyah, 2010; Apergis and Payne, 2012; Apergis and Tang, 2013; Tugcu et al., 2012; Apergis and

Payne, 2014; Salim et al., 2014; Inglesi-Lotz, 2016; Kahouli, 2017; Narayan and Doytch, 2017;

Agovino et al., 2019). As illustrated in Table A1 in the Appendix, the studies that implement

dynamic panel methodologies usually focus on smaller sub-samples of countries, and in most cases

they examine classic indicators of economic growth like GDP. Instead, when studies have focused

on a larger coverage of countries or on other indicators of development and human well-being, they

typically adopted more basic panel data techniques (Martínez and Ebenhack, 2008; Arto et al., 2016;

Csereklyei et al., 2016). The aim of our work is to contribute to this literature by implementing the

latest dynamic panel methodologies not only on GDP, and covering a wide range of countries, as

broad as allowed by the data.

1Not accounting for the dynamic nature of our data could result in a misspecified model and results: see for example
the opposite conclusion reached by Dogan et al., 2020 compared to Inglesi-Lotz, 2016 when applying more advanced
panel methodologies to different groups of countries.
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3. Data

For a comprehensive characterization of the energy-development nexus across the world, we choose

data that is comparable across countries and available for a substantial time span to capture both

short and long term dynamics. For this reason, we rule out many new metrics for development

that only cover limited time periods2 or that are available only for few countries (for example

the Genuine Progress Indicator has been applied to small panels of maximum 17 countries, see

Kubiszewski et al., 2013). Ultimately, we rely on country-level data provided by the World Bank

in the World Development Indicators (WDI) for most of our variables, complemented by the

Human Development Index provided by the United Nations Development Programme (UNDP).

The definition of each variable is discussed below.

3.1 Energy data

For our main measure of energy use per capita at the country level, we adopt the use of primary

energy before transformation to other end-use fuels (equal to national production plus imports

and stock changes, minus exports and fuels supplied to ships and aircraft engaged in international

transport). The data is compiled by the International Energy Agency (IEA) and, for countries that

are not members of the OECD, estimates are based on national energy data adjusted to conform

to questionnaires completed by OECD member governments. All forms of energy sources are

converted into oil equivalents, thus our unit of measure is kilograms of oil equivalent per capita.3 The

available data on this measure of energy use covers 171 countries over the time period 1960-2015.

3.2 Development data

A key contribution of our work is to consider different indicators of development that are suitable

for comparisons across countries and over a long time horizon. We identify four measures that

are appropriate for our research question: beyond classic GDP, we also consider adjusted net

national income, a measure that corrects for resource depletion in income, the life expectancy of the

population of a country, and the human development index (HDI). Gross domestic product (GDP)

2The United Nations for instance has produced in recent years a number of new indicators, like the inequality-
adjusted HDI, the planetary pressure–adjusted HDI, or the Multidimensional Poverty Index, but none of these spans
more than a decade.

3Technically, for the transformation into oil equivalents, a notional thermal efficiency of 33% is assumed for nuclear
electricity and 100% efficiency for converting hydroelectric power.
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is the sum of gross value added by all resident producers in the country, calculated without making

deductions for depreciation of assets or for depletion and degradation of natural resources. We

measure it in 2010 constant US dollars per capita (i.e. divided by midyear population).4 GDP per

capita data is available for 202 countries over the period 1960-2019.

Next, we perform our analysis with a relatively novel measure of economic development, adjusted

net national income (NNI) per capita compiled by the World Bank to measure the “Changing

Wealth of Nations” (Lange et al., 2018). Adjusted NNI is computed as gross national income minus

consumption of fixed capital and natural resources depletion (at constant 2010 US$). Adjusted

net national income measures economic progress with a broader measure of national income that

accounts for all of its capital depreciation, including the depletion of natural resources, covering

net forest depletion, energy depletion, and mineral depletion. This deduction for the depletion of

natural resources reflects the decline in asset values associated with the extraction and harvesting of

natural resources analogous to depreciation of fixed assets. This measure is based on the notion

that, in order to increase future consumption and thus standards of living sustainably, it is necessary

to raise overall national wealth - not only the traditional measures of capital, such as produced

and human capital, but also natural capital (assets such as land, forests, and subsoil resources).

All types of capital are key to sustaining economic growth in the long run. By accounting for

the consumption of fixed and natural capital depletion, adjusted NNI better measures the income

available for consumption or investment. Adjusted NNI is particularly useful in the analysis of

resource-rich economies, like many countries in Sub-Saharan Africa, because such economies often

base their GDP growth on fast exploitation of their natural resource base, as well as substantial

exports of resources and transfer of resource rents to foreign mining companies.

Note however that adjusted NNI does not account for investments in human capital or the damages

from pollution (differently for example from other measures like adjusted net savings). We consider

this an advantageous feature of adjusted NNI, since this indicator remains within the boundaries

of the United Nations System of National Accounts (SNA), which already includes non-produced

natural assets (such as land, mineral resources, and forests) within the asset boundary when they are

under the effective control of institutional units. Thus, we can reasonably compare adjusted NNI

with GDP. The data for this indicator is available for 170 countries from 1970 to 2018.

We then consider a crude measure of life quality, namely the expected longevity of the population,

4Dollar figures are converted from domestic currencies using 2010 official exchange rates, unless the official
exchange rate does not reflect the rate effectively applied to foreign exchange transactions, in which case an alternative
conversion factor is used in the WDI, but only for a few countries.
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measured as the life expectancy at birth - the number of years that a newborn infant would live if

prevailing patterns of mortality at the time of its birth were to stay the same throughout its life. This

is an important indicator of the overall health status in a country, because data on the incidence

and prevalence of diseases are frequently unavailable, especially in poorer countries.5 Data on life

expectancy (called longevity for brevity in the rest of the article) is available for 203 countries over

the time period 1960-2018.

Lastly, we examine the UN’s Human Development Index (HDI), constructed as the geometric

mean of normalized indices for three dimension, namely life expectancy, education and gross

national income. The health dimension corresponds to our previous measure of life expectancy at

birth. The education dimension is measured as mean of years of schooling for adults aged 25 years

and older, together with expected years of schooling for children of school entering age.6 Lastly, the

standard of living dimension is measured by gross national income per capita at 2017 purchasing

power parity, in logarithms to reflect the diminishing importance of income with increasing income.7

The HDI is not free from limitations, as other studies have noted - for example, because of the

intensive data requirement for its construction, it suffers from some serious measurement issues

(Wolff et al., 2011). Overall, however, it is one of the most frequently used indexes for human

development beyond GDP, so it is a useful metric for comparison. Data on the HDI is available for

190 countries from 1990 to 2019.

3.3 Regional groups of countries

In our analysis, we adopt as a key unit of observation the following regional clusters: OECD

countries, Europe/North America, the Soviet block, Middle East and North African countries

(MENA), the Organization of the Petroleum Exporting Countries (OPEC), Latin America (including

Caribbean countries), East and South Asia (including Pacific countries) and Sub Saharan Africa.

These groups are broadly based on the regional definitions from the World Bank’s, with a few

5The WDI compiles this data on the basis of different sources: i) the United Nations Population Division - World
Population Prospects (2019 Revision);ii) Census reports and other statistical publications from national statistical offices;
iii) Eurostat Demographic Statistics; iv) United Nations Statistical Division -Population and Vital Statistics Report; v)
U.S. Census Bureau International Database; vi) Secretariat of the Pacific Community - Statistics and Demography.

6These measures are based on UNESCO Institute for Statistics, ICF Macro Demographic and Health Surveys,
UNICEF Multiple Indicator Cluster Surveys and OECD Education at a Glance Indicators, Barro and Lee (2018).

7For each of these measures, the calculation of the index requires the identification of ‘goalpost’ values for a
minimum and a maximum, so that for each dimension the value for the geometric mean is the ratio of the distance
of the country’s actual value from the minimum and the maximum. For details see the UNDP’s Technical Notes at
http://hdr.undp.org/sites/default/files/hdr2020_technical_notes.pdf.
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adjustments to ensure that we have a sufficient number of countries to allow for valid inference,

but not so large as to overwhelm the time dimension.8 Namely, we aggregate together South Asia

and East Asia and the Pacific, pool together Europe and North America, and keep Central Asian

countries separate, since the development dynamics of the Soviet block are peculiar and revolve

around the fall of the USSR. We also include OECD countries as a general measure or richer nations,

and OPEC countries to control for the role of large oil exports. Note that OPEC and MENA country

groups present some significant overlap, with six countries in common out of the fourteen ones that

constitute each of them. We drop countries with population smaller than half a million individuals,

to exclude small islands and tiny states like Andorra, Gibraltar, Liechtenstein or San Marino where

financial dynamics might be misleading for the overall picture on energy and development (with

this selection criterion we also exclude Iceland, which has a quite unique energy profile due to

its geothermal sources, which make it one of the highest per capita users of energy). We also

exclude any country with less than two observations for energy use or any of our four indicators of

development. In the end, we have 127 countries in our final dataset. The countries included in each

regional category are listed in Table A2 in the Appendix.

We chose to focus on regional blocks rather than income levels (even though some regions are on

average wealthier than others, e.g. confronting the Europe/North American region with the Sub

Saharan African one) because there is already quite some evidence on the energy-development link

across income levels (Liddle and Huntington, 2020), and because we hypothesize that regional

spillovers should also be relevant, even if countries belong to different income levels. For compari-

son, in all our tables we also present results for the entire world with all countries pooled together.

Moreover, we start our empirical analysis with a more basic within-country estimation that focuses

on single countries individual trends in a two-way fixed effect model, as detailed in section 5.1.

3.4 Summary statistics and trends

The regions defined above are characterized by significant differences in the four development

metrics, energy use, and overall countries’ characteristics. Table 1 summarizes the average values

for each region (for a full range of summary statistics, see Table A3 in the Appendix).

Next, to illustrate why it is important to adopt different metrics of human development, we show

some examples of the possible discrepancies between GDP and other measures of development

8This is needed since many tests require that the number of time periods divided by the number of countries T/N is
going to zero for asymptotics.

8



Table 1: Summary statistics - averages of key variables by region
(1) (2) (3) (4) (5) (6) (7) (8) (9)
.

All
AAA

.
OECD
AAA

Europe
North

America

.
Soviet
AAA

.
MENA
AAA

.
OPEC
AAA

Latin
America

AAA

East
South
Asia

Sub
Saharan
Africa

GDP pc 8.5 10.0 10.1 8.4 9.0 8.8 8.3 7.5 7.3
Adj. NNI pc 8.5 9.9 10.0 8.4 8.4 8.1 8.2 7.8 7.1
Longevity 67.2 75.1 75.7 69.7 69.8 62.9 68.6 65.3 53.8
HDI 0.7 0.8 0.8 0.7 0.7 0.7 0.7 0.6 0.5
Energy use pc 7.1 8.0 8.0 7.6 7.6 7.4 6.6 6.5 6.2
Gross K 23.5 25.1 25.0 23.0 23.6 23.8 22.9 24.3 21.4
Labor force 15.4 15.8 15.4 15.2 15.0 15.3 15.3 16.9 14.9
Urbanization 55.5 72.4 67.9 56.9 72.1 62.9 61.3 39.4 35.7
Obs 6350 1750 1300 1050 700 700 1100 900 1200
All variables except life expectancy, HDI and urbanization are in natural logs.

over time. Figure 1 presents some examples of the divergence between the pathways of energy

consumption relative to GDP or adjusted NNI, both in per capita term. For instance, in the years

2007-2008, in Angola GDP was increasing while Adjusted NNI was falling, and conversely for

Bahrain GDP was declining, but correcting for resource depletion adjusted NNI was increasing (and

similarly the two indicators point in different directions in 2009-10 and 2013-14).
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Figure 1: Examples of the yearly evolution of energy use and GDP per capita versus adjusted net
national income per capita

Similarly, for life expectancy, there can be substantial difference compared to the trajectory of
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GDP per capita. Figure 2 illustrates this point with two examples. In Bolivia, while the country was

experiencing a dramatic economic crisis from the end of the 1970s, life expectancy kept steadily

rising. This could seem like a general property of life expectancy, that in general given advances in

medicine, nutrition and hygienic standards should only increase over time. However, the second

panel of Figure 2 demonstrates that this is not always the case. In Russia, after the breakdown of

the Soviet Union, there was a dramatic reduction in life expectancy, a pattern experienced by many

other countries in the ex-USSR block.
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Figure 2: Examples of the yearly evolution of energy use and and GDP per capita (left scale) versus
life expectancy (right scale)

For the Human Development Index, similar divergences from GDP can be observed, as depicted

in Figure 3 for Gabon and Jamaica. In Gabon, since the early 2000s’, GDP per capita declined for

about a decade, while the HDI was on an opposite path of increase. Similarly, in Jamaica, while

GDP steadily declined after 1995 up to the turn of the century, the HDI remained relatively stable

and even slightly increased.

Not all countries experience such turbulent pathways of development, and in some cases the

evolution of the four development indicators is quite linear and with less dramatic discrepancies.

For many countries, energy use and all metrics of development are growing in tandem, as for the

10



1990

1991

1992
1993

1994
1995
1996

1997
1998

1999

20002001

2002 2003
2004 2005

2006

2007

2008

2009

2010

2011
2012

20132014

1990

19911992
1993

1994
1995
1996

1997
1998

1999

2000
2001

2002 2003 2004

20052006

2007
2008

2009

2010

2011

2012

2013

2014

.62

.64

.66

.68

9

9.1

9.2

9.3

9.4

G
D

P 
pe

r c
ap

ita

7 7.2 7.4 7.6 7.8 8

Energy use per capita

Gabon

1990

1991
1992

19931994

1995
1996

1997

199819992000
2001

2002

2003
20042005

2006
2007

2008

2009

2010

2011

201220132014

1990
1991

1992

19931994
1995

19961997199819992000

2001
2002

2003

20042005
2006

2007

2008
20092010 2011201220132014

.64

.66

.68

.7

.72

.74

H
D

I

8.35

8.4

8.45

8.5

8.55

6.9 7 7.1 7.2 7.3

Energy use per capita

Jamaica

Gross domestic product per capita Human Development Index

Figure 3: Examples of the yearly evolution of energy use and GDP per capita (left scale) versus
HDI (right scale)

case of China and India, countries that are clearly not experiencing any decoupling yet (see Figure

A1 in the Appendix). Wealthier nations, suck as the United Kingdom or the Unites States, are

instead clearly in a phase of development that uses progressively less energy (again in Figure A1),

however the four indicators of development do not always move exactly in parallel. Since these are

only selected anecdotal examples, we now move into a more systematic empirical analysis of all

countries.

4. Empirical model

The macroeconomic relationship between economic development and energy is characterized

by dynamic patterns of growth over time (non-stationarity) and by spatial heterogeneity across

countries with different economic characteristics, infrastructures, politics, culture and level of

development. The key parameters of interest are not just single country’s ones, but also the expected

values and variance within groups of countries. After all, the problem of development and energy

consumption is ultimately a global one, in which the trajectory of a single county is significant, but

even more important is the overall trajectory of regions and groups of countries that share common

characteristics like business cycles. Given the structural differences among countries over time,
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we expect heterogeneity across groups and non trivial dynamics that cannot be simply captured

by standard fixed effects models. Therefore, in our empirical approach we are concerned with

applying the appropriate corrections for the non-stationary behaviour of the development and energy

variables in question, as well as for spatial heterogeneity.

The most suitable estimation techniques to analyse this type of data relies on panel econometric

techniques that account for cointegration dynamics and possible autocorrelation of the variables

examined. We consider a generic model of the following form:

yit =

p∑
j=

λi jyi,t− j +

q∑
j=

β
′

i jEi,t− j +µi + εit (1)

where y is one of the measures of development or economic performance defined in the previous

section (GDP, adjusted NNI, longevity or HDI), the number of countries is indexed by i = ,, ...N,

the number of years is t = ,...T . Eit is a k× vector of explanatory variables capturing energy

use and other relevant controls, βi j is the k× vector of coefficients, λi j are scalars for lags of the

dependent variable and µi is a country specific fixed effect. The number of year T must be large

enough to ensure that the model can be fitted separately for each country, which would be a problem

for the most recent measures of development that span only a short time period: for this reason, we

only focus on the four metrics described above. If the variables in equation (1) are cointegrated,

any deviation from equilibrium is reflected in the short run relationship between these variables.

Typically, therefore, the model in eq. (1) needs to be expressed as an error-correction model as

follows

∆yit = φi(yi,t−−θ
′

i Eit)+

p−∑
j=

λ
∗
i j∆yi,t−+

q−∑
j=

β
′∗

i j Ei,t− j +µi + εit (2)

where φi = −(−
∑p

j=λi j) is the error correction term capturing the speed of adjustment (if

this is equal to zero, there is no short-run relationship). The vector θi =
∑q

j=βi j/(−
∑

k λik)

contains the long-run parameters for the relationship between energy and development, while

λ∗i j =−
∑p

m= j+λim and lastly β ∗i j =−
∑q

m= j+βim.
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4.1 Unit roots

The first step to estimate an error correction model as expressed in the baseline eq. (2) is to test

for the presence of non-stationarity using unit root tests. For panel data, a variety of more recent

tests for unit roots account for different types of non-stationary behaviour. The Im-Pesaran-Shin

panel unit root test is the most appropriate in our context since it does not assume a common

autoregressive parameter, but rather fits separately the data for each panel, and then averages the

resulting t-statistics, and it can be applied to unbalanced panel data (Im et al., 2003). The null

hypothesis is that all panels contain a unit root, H : λi, =  for all countries i in the panel (non-

stationary) versus the alternative Ha :λi, <  (stationarity). We determine the lag length in our

unit root test via an Akaike Information Criterion and include a potential trend in the data, as well

as demeaning: this way, we first subtract the cross-sectional averages from the series. Levin et al.

(2002) suggest this test to mitigate the impact of cross-sectional dependence, which we expect to be

relevant given the regional interconnectedness of the various country measures.

Table 2 shows the test for unit roots for our variables, applying an Im, Pesaran and Shin test (Im

et al., 2003). In first difference, we can virtually always reject the null hypothesis of a unit root,

thus variables in first differences are the most appropriate. Note that for variables bound between 0

and 1, such as our HDI, unit root tests are not particularly meaningful, because the variable should

grow unbound to be integrated of order I(1) (Cavaliere, 2005; Cavaliere and Xu, 2014). Thus, we

can apply a logistic transformation to make these variables unbound, where ỹ = ln(y/(− y)), so

that the test is more meaningful (Liddle, 2013).The results for the unit root tests for HDI are thus

referring to the logistic transformation.
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Table 2: Unit Root stationarity test (Im-Pesaran-Shin 2003)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
.

All
AA

.
OECD

AA

Europe
North

America

.
Soviet

AA

.
MENA

AA

.
OPEC

AA

Latin
America

AA

East
South
Asia

Sub
Saharan
Africa

GDP pc −2.0** 3.2 −3.3*** −6.8*** −1.3* −0.5 −1.8** −0.8 −1.3*
Adj. NNI pc −2.2** 2.3 −1.1 −3.2*** −1.2 −2.1** −2.4*** 0.5 −1.9**
HDI −0.9 −1.9** −0.4 −0.5 −0.1 2.0 3.5 1.9 3.2
Longevity −9.1*** 3.0 2.7 −0.5 −3.3*** −24.0*** −24.4*** −23.2*** −31.2***
Energy use pc −7.6*** −5.9*** 1.7 −1.3* 1.1 1.1 1.9 3.6 0.7
Gross K −2.8*** −1.7** −3.5*** −4.5*** −0.8 −2.8*** −4.5*** −0.2 −1.7**
Labor force 0.2 −1.7** 1.2 1.0 −0.1 0.6 1.4 0.6 0.2

∆GDP pc −31.9*** −21.0*** −15.7*** −9.3*** −14.5*** −14.4*** −16.4*** −15.8*** −15.8***
∆Adj. NNI pc −33.9*** −19.0*** −16.5*** −12.8*** −10.4*** −10.7*** −20.6*** −13.2*** −18.1***
∆HDI −25.7*** −16.9*** −12.8*** −9.1*** −9.3*** −9.9*** −14.1*** −12.0*** −9.1***
∆Longevity −18.1*** −37.1*** −32.4*** −15.2*** −4.0*** −23.1*** −21.0*** −11.3*** −11.6***
∆Energy use pc −48.0*** −33.5*** −27.1*** −12.2*** −19.4*** −20.0*** −24.2*** −18.3*** −19.3***
∆Gross K −43.1*** −27.0*** −22.2*** −11.5*** −13.6*** −14.7*** −22.0*** −21.3*** −20.1***
∆Labor force −19.8*** −16.5*** −14.3*** −10.1*** −0.6 −0.4 −13.8*** −8.4*** −2.2**
Obs 6050 1750 1300 1050 700 650 1050 850 1000

Include time trend and subtract cross-sectional means. Lag structure based on Akaike Information Criterion. H0: all panels are unit root ∗p < .,∗∗p < .,∗∗∗p < ..
Bhutan, Equatorial Guinea, Gambia, Guinea Bissau, Guyana and Lesotho are excluded from the unit root test for energy due to lack of sufficient observations.



4.2 Cointegration test

Since several variables seem to be non-stationary in levels from the previous unit root tests, we

test for cointegration with the panel methodology developed by Westerlund (2007). Specifially, we

implement four error-correction based panel cointegration tests with the methodology developed

by Persyn and Westerlund (2008). The tests allow for a heterogeneous specification of both the

long- and short-run parts of the error-correction model, where the latter can be determined from the

data, and for dependence within as well as across the cross-sectional units. Since the cross-sectional

units can be correlated, we obtain robust critical values through bootstrapping. The four resulting

coefficients test for the absence of cointegration by determining whether individual panel members

are error correcting towards the long run equilibrium. The first two statistics, Ga and Gt, consider as

a null hypothesis an insignificant cointegration coefficient ai for all countries in the panel, namely:

H0: ai =  for all i versus H1: ai <  for at least one country i. The error-correction coefficient

ai of each individual country is aggregated for the test as a weighted average of the individually

estimated ais and their t-ratios.

The following two statistics, Pa and Pt, consider a different alternative hypothesis, namely

cointegration in all countries. They again pool information over all the cross-sectional units to test

H0: ai =  for all countries i versus H : ai <  for all countries i. A rejection of the null hypothesis

should therefore be interpreted as evidence for cointegration in the entire panel. We present results

in Table 3. Similar to (Dogan et al., 2020), we do not find substantial evidence for cointegration

between energy and development indicators, but regional distinctions are important, and in OPEC,

Latin America and Sub Saharan Africa it is key to account for the potential cointegration of Adjusted

NNI and Life Expectancy with energy use.9

9Note that this test requires a balanced panel, thus we lose observations for each region when performing the test.
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Table 3: Westerlund error-correction-based panel cointegration tests

(3)
Europe
North

America

GDP

Adj.
NNI

Life
expect.

HDI

(1) (2) (3) (4) (5) (6) (7) (8) (9)
.

All
AAA

.
OECD
AAA

Europe
North

America

.
Soviet
AAA

.
MENA
AAA

.
OPEC
AAA

Latin
America

AAA

East
South
Asia

Sub
Saharan
Africa

Gt −1.06 −1.06 −1.15 −0.67 −0.45 −1.65 −1.09 0.78 −1.37
Ga −3.60 −3.60 −3.96 −0.66 −1.30 −5.86 −5.72 1.71 −4.91
Pt −4.40 −4.40 −4.46 1.84 −0.45 −6.20* −2.16 0.78 −4.14
Pa −1.46 −1.46 −1.54 0.74 −1.30 −7.11** −6.77 1.71 −2.38
Gt −0.94 −0.94 −1.05 −2.31 −0.54 −2.84** −2.81 1.25 −2.18
Ga −3.29 −3.29 −3.79 −5.22 −2.11 −13.08** −14.84** 3.81 −10.57*
Pt −2.90 −2.90 −2.88 −3.71 −0.54 −7.23** −3.04 1.25 −8.84**
Pa −1.06 −1.06 −1.07 −1.50 −2.11 −17.76*** −7.96 3.81 −13.07**
Gt −1.07 −1.07 −0.97 −1.75 −2.40 −3.35*** −5.86*** −2.63 −4.48***
Ga −2.64 −2.64 −2.20 −2.12 −7.35 −7.81*** −15.60*** −6.17 −7.34***
Pt −6.13 −6.13 −5.77 −1.75 −2.40 −13.83*** −7.93*** −2.63 −19.14***
Pa −2.62 −2.62 −2.72 −0.67 −7.35 −9.10*** −12.53** −6.17 −6.62***
Gt −1.89 −1.89 −2.01 −0.73 −2.97 −0.99 −1.52 −1.07 0.11
Ga −4.26 −4.26 −4.59 −1.41 −8.14 −7.01 −5.73 −3.19 −0.06
Pt −9.61 −9.61 −9.21* 0.96 −2.97 −1.62 −1.93 −0.24 4.91
Pa −2.95 −2.95 −4.04 0.27 −8.14 −1.83 −4.09 −0.25 2.94
Obs 6350 1750 1300 1050 700 700 1100 900 1200

Include a constant. Robust standard errors (bootstrapped 100 times). Lag structure based on Akaike Information Criterion between 0 and 1 lags.

H0: no cointegration ∗p < .,∗∗p < .,∗∗∗p < ..
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5. Results

We now present the results for the energy-development nexus modelled through the dynamic

panel lenses defined in Section 4. We implement three different specifications and report for

greater comparability just the relevant energy-development coefficients for each region and each

development indicators. The individual model’s results are available in Appendix B, D and C.

5.1 Two way fixed effects model - within country

For a first examination of the relationship between energy and develop, we observe within country

patterns with a two-way fixed effects specification. This model is rather restrictive, considering only

variations within each single country and averaging the effects for the group in question. Moreover,

it does not distinguish for long versus short run differences or error-correction dynamics. The

empirical model is based on eq. (2), including among the controls year dummies to capture specific

events at a point in time (e.g. the 1973 oil crisis) that were common to all countries. Based on the

Akaike Information Criterion (AIC) that mostly suggests one lag as the relevant dynamic period,

we include the lagged dependent variable for one year and lagged labour force and gross capital

accumulation, to control for other relevant factors of production. Tables 4 and 5 present the results

with variables in levels and in first differences, respectively, for the four development indicators and

across the seven regions under consideration.

For GDP in levels, looking at all countries together there seems to be some evidence of decoupling:

higher per capita GDP is associated with less energy use. This effect is driven by OECD, Soviet,

OPEC and Latin American countries, the ones with significant negative effects. Looking at

Adjusted Net National Income, however, only Latin America keeps showing significant evidence

of decoupling. In Sub Saharan Africa, on the contrary, energy use goes hand in had with higher

income, measured adjusting for any resource depletion. Life expectancy and HDI are instead not

significantly liked to energy use, except in Europe and North America, where both indicators have

positive and significant coefficients, and OECD countries, again positive but only for longevity.10

These results are based on the relationship between development and energy measured in levels.

Since we expect some variables to be unit roots in some regions, as shown in Table 2, we also

examine the relationship in fist differences.

10For the HDI, the time frame is however shorter, and only spans the years after 1990.
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Table 4: Two-way Fixed effect model of lagged energy use on development by region
(1) (2) (3) (4) (5) (6) (7) (8) (9)
.

All
AAA

.
OECD
AAA

Europe
North

America

.
Soviet
AAA

.
MENA
AAA

.
OPEC
AAA

Latin
America

AAA

East
South
Asia

Sub
Saharan
Africa

GDP pc −0.05*** −0.03** −0.01 −0.09*** −0.01 −0.05** −0.04** −0.02 0.01
Adj. NNI pc 0.07 −0.01 0.00 −0.03 0.04 0.14 −0.05** 0.03 0.24**
Life expectancy −0.15 0.35*** 0.25*** 0.03 −0.13 0.32 0.10 0.11 −0.14
HDI −0.00 0.00 0.01* −0.00 0.00 0.00 −0.00 −0.00 −0.00
Obs 6350 1750 1300 1050 700 700 1100 900 1200
Country_FE YES YES YES YES YES YES YES YES YES
Year_FE YES YES YES YES YES YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis. Controls for lagged dependent variable, labour and capital not reported.

Table 5: Two-way Fixed effect model (in changes) of lagged energy use on development by region
(1) (2) (3) (4) (5) (6) (7) (8) (9)
.

All
AAA

.
OECD
AAA

Europe
North

America

.
Soviet
AAA

.
MENA
AAA

.
OPEC
AAA

Latin
America

AAA

East
South
Asia

Sub
Saharan
Africa

∆ GDP pc 0.02 −0.02 −0.02 0.09** −0.01 −0.06** 0.01 −0.05*** 0.01
∆ Adj. NNI pc 0.11 0.00 −0.02 0.12** 0.14 0.28 −0.01 −0.17** 0.34
∆ Life expectancy 0.26*** 0.32 0.07 0.61* 0.12 0.05 −0.02 0.02 −0.05
∆ HDI 0.01*** 0.00 0.01* 0.01** 0.01* 0.01* 0.00 −0.00 0.01
Obs 6350 1750 1300 1050 700 700 1100 900 1200
Country_FE YES YES YES YES YES YES YES YES YES
Year_FE YES YES YES YES YES YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis. Controls for lagged dependent variable, labour and capital not reported.
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Table 5 shows less evidence of decoupling: only OPEC and Asian countries display a negative

coefficient, such that a 1% fall in energy use is linked to a 0.05-0.06% increase in GDP per capita. In

Asia, this also corresponds to a larger (0.17%) increase in Adjusted NNI per capita. This region has

experienced unsustainable forms of resource-intensive development that can deplete resources (such

as forests for palm oil production). In this case, using an adjusted measure of income instead of

GDP is particularly relevant: higher energy use can lead to worst development outcomes according

to these results. For Soviet countries, we find instead a positive link between the growth rates of

energy and all development indicators over our time frame. Thus, while those countries that have

higher levels of energy use in the Soviet block tend to have lower levels of income, an increase in

energy use on average goes hand in hand with an increase in development, indicating that for this

region energy is still a key component of economic growth. Growth in HDI is also positively linked

with energy growth in Europe-North America, Soviet, MENA and OPEC countries.

These results already illustrate how deceptive can be the analysis of all countries pooled together

or one region of the world in isolation: the direction of effects can be diametrically opposite.

Moreover, different development indicators capture different trends in human progress, and they

should be considered in parallel: for example, in Table 4, only looking at GDP in OECD countries

indicates a divergence between energy and income, but in terms of higher life expectancy, energy

use is still having a positive and significant role. Next, we examine some dynamic models that

distinguish long and short run trends to further understand the nuances of the energy-development

nexus.

5.2 Panel auto-regressive dynamic lag (ARDL) model

To test for short and long run relationships in eq. (2), we apply two different auto-regressive

dynamic lag (ARDL) models: a pooled mean-group and a dynamic fixed effects estimator. We use

the estimator designed by Blackburne and Frank (2007) to perform this analysis with the two types

of models.

5.2.1 ARDL model - Pooled mean group estimation

It has been frequently noted that with large N and large T the assumption of homogeneity of slope

parameters is often inappropriate (Pesaran and Smith, 1995; Pesaran et al., 1999; Phillips and Moon,

2000; Im et al., 2003). Therefore, alternative estimators exist to account for potential differences

also in the slope parameters among countries. For this reason we consider the pooled mean-group
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estimator of (Pesaran et al., 1999) that allows intercept and slope coefficients for the short-run

and error variance to differ across countries. The estimation for eq. (2) is performed through a

maximum-likelihood method.The PMG estimator essentially defines an error correction model

in which the long-run coefficients are restricted to converge to a pooled value, while short run

coefficients vary across countries in the group, allowing for differences also in the slope coefficients

of our energy variables in the short run. In the long run, it is plausible that the energy-development

nexus is more stable across country groups, but in the short run the heterogeneity in countries’

individual conditions should be predominant. Table 6 presents the results for these model in the

different regions and for the different indicators of human development. Without country and year

fixed effects, the significance of the coefficients unsurprisingly increases across the board, with long

run magnitudes generally larger than short run ones.

For GDP and Adjusted Net National Income, all regions experience a positive long-term corre-

lation between energy changes and these measures of development in per capita changes. In the

short run, however, there are two noticeable exceptions: Latin America does not have a significant

relationship between growth in energy use and GDP, and Sub Saharan Africa has no significant

relationship between energy growth and Adjusted Net National Income.

With life expectancy, in OECD, Europe-North America, and Latin America there is no short run

link between energy and longevity in our final model. For Sub Saharan Africa, MENA and Soviet

countries, instead, even in the short run energy is linked to higher life expectancy. Interestingly,

for East and South Asia, in the short run the link is negative, such that countries with a positive

increase in energy use experience decrease in life expectancy. This could be linked to a development

model that intensely uses energy but also produces adverse environmental effects, such as the high

pollution experienced in many Chinese and Indian cities. In the long run, however, all regions

display a positive link between changes in energy use and in life expectancy.

Lastly, HDI is positively associated with energy use in the short run for all regions except for

Sub Saharan Africa and OPEC countries, where the effect is not distinguishable from zero, and in

the long run has a positive and significant influence mostly in OECD, Europe, MENA and Latin

American countries, while there is no significant long term association in Soviet countries, Asia and

Sub Saharan Africa.11

11The PMG estimator cannot be estimated for all countries pooled together in the case of the HDI, given the shorter
T dimension which gets overwhelmed by the N dimension.
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Table 6: PMG model of lagged energy use on development by region

(1) (2) (3) (4) (5) (6) (7) (8) (9)
.

All
AAA

.
OECD
AAA

Europe
North

America

.
Soviet
AAA

.
MENA
AAA

.
OPEC
AAA

Latin
America

AAA

East
South
Asia

Sub
Saharan
Africa

∆GDPlong 1.20*** 1.41*** 1.38*** 0.89*** 1.19*** 1.25*** 1.26*** 1.14*** 1.11***
∆GDPshort 0.37*** 0.34*** 0.33*** 0.56*** 0.20*** 0.12*** 0.25 0.44*** 0.33***

∆Adjlong 1.18*** 1.38*** 1.36*** 1.06*** 1.14*** 1.14*** 1.19*** 1.14*** 1.12***
∆Adjshort 0.37*** 0.36*** 0.34*** 0.45*** 0.30*** 0.19 0.42*** 0.69*** 0.08

∆Lifelong 0.43*** 0.57*** 0.55*** 0.50*** 0.43*** 0.55*** 0.98*** 0.44*** 0.56***
∆Lifeshort 0.01** 0.00 −0.00 0.02*** 0.01*** 0.02*** −0.00 −0.01* 0.02**

∆HDIlong - 0.12*** 0.12*** −0.00 0.12*** 0.09*** 0.13*** 0.58 0.02
∆HDIshort - 0.02*** 0.01*** 0.04*** 0.01** 0.01 0.02*** 0.02*** 0.01
Obs 6100 1750 1250 1050 700 650 1100 850 1050
Country_FE NO NO NO NO NO NO NO NO NO
Year_FE NO NO NO NO NO NO NO NO NO
∗p < .,∗∗p < .,∗∗∗p < .. No constant included.
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5.2.2 ARDL model - Dynamic Fixed Effects estimator

As a final specification, we present the results for the various regions of the world for the dynamic

fixed effects estimator. Here, we differentiate short and long dynamics while still controlling for

year and country fixed effects. Table 7 shows that, for GDP, the short run relationship between

energy changes and GDP growth is always positive, with the only exception of OPEC countries,

while in the long run it is generally insignificant or can even turn negative, as in the case of the

Soviet block and OPEC countries. These results show that the long run evidence for decoupling

that we could infer from looking at all countries in aggregation is not in fact driven by the richest

nations. For Adjusted Net National Income, similar to GDP, in the short run there is also a positive

relationship for most regions (not significant again for OPEC and for Asia), with the exception of

Sub Saharan Africa: there, an increase in energy consumption in the short run typically translates

into less income, considering natural resource depletion. However, in the long run, the sign switches

and Sub Saharan African countries experience a positive correlation between energy growth and

sustainable development as defined by the Adjusted NNI, similar to other parts of the world (OECD

countries, Europe-North America, MENA countries).

Life expectancy is positively linked to energy consumption in the short run only in few regions

(OPEC and Latin America), a reasonable result given that to modify the health and longevity

of a population it takes time. In richer OECD countries, increases in energy use have even a

negative short-run relationship with life expectancy: energy efficiency gains seem to be linked

to improvements in health standards, at least in a more immediate time frame. In the long run,

while most regions experience a significant positive link between energy use and longevity, MENA

countries present a large and negative coefficient. One possible explanation behind this trend could

be political factors: for example, the region is characterized by high energy subsidies used as a

political instrument to appease the local population, and these could compensate for a lack of

provision of other essential social services such as healthcare. IMF estimates of fossil fuel subsidies

in 2015 indeed show that, for our countries in the MENA region, energy subsidies for non-renewable

energy (including coal, gas, oil and electricity) are among the highest, reaching almost 12% of GDP

on average. Only the Soviet Union has equivalent rates of fossil fuel subsidies,12 while the world

average is around 7%, and for OECD countries it gets as low as 2.5% of GDP (own elaboration

based of IMF Global Fossil Fuel Subsidies database, see also Shang, 2015).

12In fact, even if the long term coefficient for life expectancy is not significant, it is also negative, again plausibly for
political factors that could include fuel subsidies.
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Lastly, for HDI, in the short run we see a positive and significant correlation between energy use

changes and HDI changes, with the exceptions of MENA, East and South Asia and Sub Saharan

African countries, all insignificant. In the long run, the positive link is larger for OECD and North

American and European countries, but not significant in the rest of the world, and in Sub Saharan

Africa it even appears negative: the countries with the highest increase in energy use experience on

average a fall in HDI.
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Table 7: Dynamic Fixed Effects model of energy use on development by region
(1) (2) (3) (4) (5) (6) (7) (8) (9)
.

All
AAA

.
OECD
AAA

Europe
North

America

.
Soviet
AAA

.
MENA
AAA

.
OPEC
AAA

Latin
America

AAA

East
South
Asia

Sub
Saharan
Africa

∆GDPlong −0.31*** 0.06 0.17 −0.59* 0.07 −0.59** −0.30 −0.07 0.23
∆GDPshort 0.21*** 0.25*** 0.20*** 0.18*** 0.16*** 0.02 0.15*** 0.12*** 0.09***

∆Adjlong 0.32*** 0.24** 0.23* 0.30 0.33** 0.07 −0.27 0.16 0.37***
∆Adjshort 0.22*** 0.27*** 0.20*** 0.27*** 0.26*** −0.32 0.17*** 0.20 −0.32**

∆Lifelong −2.38*** 3.47*** 3.54* −0.02 −5.24* 8.70** 5.81*** 4.23* −2.37
∆Lifeshort 0.13 −0.50** −0.19 0.06 −0.17 0.54** 0.14** −0.01 −0.21

∆HDIlong 0.01 0.06*** 0.13*** 0.01 0.10 0.01 0.00 0.01 −0.06*
∆HDIshort 0.01*** 0.02*** 0.02*** 0.01*** 0.00 −0.01 0.01** 0.00 −0.01
Obs 6350 1750 1300 1050 700 700 1100 900 1200
Country_FE YES YES YES YES YES YES YES YES YES
Year_FE YES YES YES YES YES YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Model includes controls for labour force and gross capital formation lagged one period and year dummies.
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5.3 Granger causality tests

All results presented so far do not entail a specific direction of causality from energy to human

progress or vice versa: they highlight a co-movement of these variables, and even if theoretically

we consider energy as an input in the production function for GDP, income and the generation

of health and education, we are well aware of the possibility of reverse causality in our analysis.

As a check for the most frequent sequential direction of change, numerous papers looking at the

energy-development nexus implement Granger causality tests to identify some direction of change

in a given temporal succession (see for instance Kahouli, 2017). In heterogeneous panels, we

can test for Granger causality using the procedure proposed by Dumitrescu and Hurlin (2012).

The null-hypothesis tested is that the independent variable does not Granger-cause the dependent

variable, while the alternative hypothesis is that it does for at least one country. The number of lags

for the test is established again on the basis of the Akaike Information Criterion. Cross-sectional

dependence between countries is accounted for through a bootstrapping procedure. The basic

idea is that if past values of energy are significant predictors of the current value of development

even when past values of development have been included in the model, then energy exerts a

Granger-causal in influence on development. Note that the Dimitrescu-Hurling test assumes there

can be Granger-causality for some individuals but not necessarily for all.

Table 8: Dumitrescu & Hurlin (2012) Granger tests
(1) (2) (3) (5) (6) (7) (8) (9)
.

All
AAA

.
OECD
AAA

Europe
North

America

.
MENA
AAA

.
OPEC
AAA

Latin
America

AAA

East
South
Asia

Sub
Saharan
Africa

Energy use ⇒ GDP YES YES YES NO YES NO YES NO
Energy use ⇒ Adj. NNI YES YES YES YES NO YES YES NO
Energy use ⇒ Longevity YES YES YES NO NO NO NO NO
Energy use ⇒ HDI YES YES YES YES NO YES YES YES
GDP ⇒ Energy use YES YES YES YES YES NO YES YES
Adj. NNI ⇒ Energy use YES YES YES YES YES YES YES YES
Longevity ⇒ Energy use YES YES YES NO NO NO YES YES
HDI ⇒ Energy use YES YES YES YES YES NO YES YES

The Soviet countries present too many time discontinuities to calculate a Granger test, thus column (4) is missing.

Table 8 reports the test for each region on the four indicators of development. Disaggregated

results for each test can be found in the Appendix. For the world as an aggregate, energy seems to
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Granger-cause development in all its four different measures, and vice versa. However, when we

look at different regions of the world, we see that this systematic two-way causal link is only valid

for OECD and Europe and North America. In Latin America, energy use does not Granger-cause

GDP, while GDP does Granger-cause energy use; adjusted NNI is linked two-ways to energy use,

and so is HDI; but longevity is not linked to energy use, in neither direction. In Asia, GDP is linked

two ways to energy use, while Adjusted net national income and HDI ‘precede’ changes in energy

use. In Middle East and North African countries, energy is linked two-ways to Adjusted NNI, but in

no way to GDP or longevity, and it is energy that precedes HDI, and not the contrary. Lastly, in Sub

Saharan Africa, energy does not Granger-cause any form of development indicator except for HDI,

for which the relationship goes both ways, but in all other cases development (as GDP per capita, or

Adjusted NNI, or longevity) precedes changes in energy use. Once again, these results highlight

the importance of separating different regional dynamics and to consider different measures of

development when analysing energy-growth paths.

6. Conclusion

The initiatives to move beyond GDP as a measure of development represent one of the most policy

relevant strategic action in the last decades to develop indicators that are as clear and appealing as

GDP, but more inclusive of environmental, living standards and social aspects of progress. This new

approach to economic growth calls for a revision on how to assess the relationship of alternative

economic variables on economic and social measures of development. In the understanding of

energy needs and development, introducing new indicators for human progress is a game changer

for understanding historical trajectories of possible decoupling. The key novelty of our analysis is

to account not only for the classical economic measure of GDP, but we also consider alternative

measures of development, such as adjusted net national income that incorporates the value of natural

resource depletion, life expectancy and the human development index. Thanks to the long time

dimension available for these indicators that allows the adoption of dynamic models, and a relatively

large cross-sectional dimension with several countries for each region, we can implement both a

standard two-way fixed effects analysis, a dynamic fixed effects model and a pooled-mean-group

(PMG) estimator for dynamic heterogeneous panels to study the energy-development link.

Our results show that energy use affects alternative development indicators in a different way

according to different geographical regions. By looking at the short and long run effect of energy

use, our pooled mean group results show that energy plays a different role in fuelling short and
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long-run development, depending on the area of the world, and it is crucial to distinguish different

measures of development to capture these effects. For instance, we show that energy use is not

linked to the long term evolution in Human Development Index in Soviet countries, East and South

Asia and Sub Saharan African countries (for the latter, not even in the short run). In some cases, the

effects can even go in opposite directions: for life expectancy, in the short run increases in energy

use are detrimental in East and South Asia, but in the long run the correlation returns positive.

Overall, we argue that for a complete depiction of the energy-development nexus, it is key to

distinguish over these different dimensions of space, time and metrics.
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Appendix A. Summary Statistics

Table A1: Selected dynamic panel data models on energy-development nexus since 2015

Authors Time/ coun-
tries

Key Indicators Methods Results

Liddle
and
Hunt-
ington
(2021)

1960-2016,
24 OECD
coun-
tries, 34
non-OECD

Final energy consump-
tion per capita (toe)GDP
per capita (2010 const
PPP)Energy prices

Cross-sectional average terms without
time dummies (CCEP); Two-way FE;Auto-
regressive Distributed Lag (ADL)

Developing countries are doing less
energy-intensive and less polluting eco-
nomic activities when their income lev-
els reach the same per-capita GDP as
more mature OECD countries did in
the past (around 30% lower growth rate
of energy consumption in non-OECD
countries).

Dogan
et al.
(2020)

1990-2010,
31 OECD
countries

Energy consumption
(renewables) (ktoe);
GDP and per capita
GDP (const 2005)Labor
forceGross K forma-
tionR&D expenditure

Unit root test Im-Pesaran Shin (2003),
Levin-Lin-Chu (LLC), Breitung, Fisher-ADF,
Fisher-PP panel unit root tests; Pedroni (1999,
2004) and Westerlund (2008) cointegration
test; Pesaran (2004) cross-dependence test,
Friedman (1937) and Frees (1993) tests;
Cross-sectionally augmented Dickey-Fuller
test (CADF) by Pesaran (2007) One-way FE
(countries) and quantile regression with non-
additive FE (Powell 2016)

Changes in renewable energy consump-
tion correlate negatively to GDP growth
in high-income OECD countries, and
positively in lower income OECD na-
tions, when considering total consump-
tion of renewable energy. When using
the share of renewable energy consump-
tion, there is always a negative link with
GDP growth.

Inglesi-
Lotz
(2016)

1990-2010,
31 OECD
countries

Energy consumption
(renewables) (ktoe);
GDP and per capita
GDP (const 2005)Labor
forceGross K forma-
tionR&D expenditure

Unit root test (Im et al 2003, Levin, Lin
&Chu, Breitung, Im, Pesaran and Shin, ADF
Fisher, and PP Fisher). Cointegration tests
(Pedroni’s 1999, 2004)One-way FE (country
dummies)

A 1% increase in renewable energy con-
sumption relates to a 0.1% increase in
GDPand GDP, and similarly for the
share of renewable energy in the energy
mix.
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Le et al.
(2020)

1996-
2012, 102
countries

Energy consumption
(MJ) - renewable and
fossil fuelsCO2 emis-
sions GDP per capita
(constant 2010)Gov-
ernanceGross K
formation Labour force

Panel unit root tests Pesaran (2007) and Pe-
saran, Smith and Yamagata (2013); Cointegra-
tion Durbin Hausman group mean and panel
test Westerlund (2008). Feasible GLS and
two-step GMM estimates.

Energy consumption (both renewable
and nonrenewable), benefits economic
development, even controlling for CO2
emissions. Governance plays a signifi-
cant role in reducing emissions in high-
income countries but not in middle- and
low-income countries.

Díaz
et al.
(2019)

1960-2010
(5 years in-
tervals) 134
countries

Primary energy
consumption
(toe)(renewable/non);
energy intensity; GDP
(US$ 2005 PPP);

Pooled-OLS, one-way FE (countries) and sys-
tem GMM, seemingly unrelated equation sys-
tem (SURE)

Energy intensity and and switching to
renewable energy are negatively corre-
lated with GDP growth

Yao et al.
(2019)

1965-2014,
18 OECD
countries

Energy consumption per
capita (renewable and
dirty); Human capital
index; GDP per capita
(2011 const)

Pesaran (2004) cross sectional depen-
dence test (CD). Pesaran (2007) cross-
sectionally augmented IPS (CIPS) and
Carrion-i-Silvestre (2015) panel unit root
test Westerlund and Banerjee and Carrion-
i-Silvestre (2015) cointegration tests. To-way
FE and Eberhardt and Teal (2010) augmented
mean-group (AMG) estimator.

One standard deviation increase in hu-
man capital relates to a fall in energy
consumption by 15%, a 17% decrease
in dirty energy consumption and an
85% increase in clean energy consump-
tion.

Agovino
et al.
(2019)

Four coun-
tries (Italy,
the Nether-
lands,Spain,
Sweden)
1800-2000

Energy intensity (mod-
ern vs. traditional fu-
els)GDP per capita

Auto-regressive distributed lag model
(ARDL), Error-correction model (ECM)

U-shaped relationship between total en-
ergy intensity and GDP per capita

Kahouli
(2017)

6 South
Mediter-
ranean
Countries,
1995-2015

Economic growth, en-
ergy consumption and fi-
nancial development

ADF and PP unit root tests, Bound coin-
tegration tests, Auto-regressive distributed
lag model (ARDL), Vector error-correction
model (VECM) and Granger tests

Long run relationship between financial
development and energy consumption.
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Aydin
and
Ömer
Esen
(2018)

12 CIS
countries,
1991-2013

GDP per capita, Energy
consumption per capita
(toe), Energy Intensity

Dynamic panel threshold model U-shaped relationship between total en-
ergy intensity and GDP per capita

Csereklyei
et al.
(2016)

99 coun-
tries,
1971-2010

Energy consumption per
capita (jouls), energy in-
tensity, GDP per capita

cross-sectional and panel OLS analysis Stable long term cross-sectional rela-
tionship between per capita energy use
and income per capita. Elasticity of
energy use with respect to income less
than unity
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Table A2: List of countries by regional groups

.
OECD
AAA

Europe
North

America

.
Soviet
AAA

.
MENA
AAA

.
OPEC
AAA

Latin
America

AAA

East
South
Asia

Sub
Saharan
Africa

Australia Austria Albania Algeria Algeria Argentina Bangladesh Angola
Austria Belgium Armenia Bahrain Angola Bolivia Bhutan Benin
Belgium Bosnia Azerbaijan Egypt Congo, Rep. Brazil Cambodia Botswana
Canada Canada Belarus Iran Ecuador Chile China Cameroon
Chile Croatia Bulgaria Israel Equatorial Guinea Colombia India Congo, Dem. Rep.
Colombia Cyprus Czech Rep. Jordan Gabon Costa Rica Indonesia Congo, Rep.
Czech Rep. Denmark Estonia Kuwait Indonesia Cuba Japan Equatorial Guinea
Denmark Finland Georgia Lebanon Iran Dominican Rep. Malaysia Eritrea
Estonia France Hungary Morocco Kuwait Ecuador Mongolia Gabon
Finland Germany Kazakhstan Oman Nigeria El Salvador Myanmar Gambia
France Greece Kyrgyzstan Qatar Qatar Guatemala Nepal Ghana
Germany Ireland Latvia Saudi Arabia Saudi Arabia Guyana Pakistan Guinea-Bissau
Greece Italy Lithuania Tunisia UAE Haiti Philippines Kenya
Hungary Montenegro Moldova UAE Venezuela Honduras Singapore Lesotho
Ireland Netherlands Poland Jamaica South Korea Mauritius
Israel North Macedonia Romania Mexico Sri Lanka Mozambique
Italy Norway Russia Nicaragua Thailand Namibia
Japan Portugal Slovakia Panama Vietnam Niger
Latvia Serbia Tajikistan Paraguay Nigeria
Lithuania Slovenia Ukraine Peru Senegal
Mexico Spain Uzbekistan Uruguay South Africa
Netherlands Sweden Venezuela Tanzania
New Zealand Switzerland Togo
Norway Turkey Zimbabwe
Poland UK
Portugal USA
Slovak Rep.
Slovenia
South Korea
Spain
Sweden
Switzerland
Turkey
United Kingdom
United States
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Figure A1: Examples of the yearly evolution of energy use and the four indicators of development



Table A3: Summary statistics by region
Mean S.D. Min. Max. N. Obs.

All
Energy use per capita 2,154.15 2,471.55 9.55 22,120.37 4,885
GDP per capita 12,151.72 16,475.18 161.73 116232.75 5,565
Adjusted NNI per capita 10,890.23 13,327.64 -1,956.75 73,325.81 4,365
Longevity 67.20 9.86 18.91 84.21 6,195
HDI 0.69 0.15 0.22 0.96 3,640

OECD
Energy use per capita 3,492.90 1,723.84 516.11 8,455.55 1,520
GDP per capita 28,738.96 17,532.56 1,793.45 92,556.32 1,574
Adjusted NNI per capita 23,704.99 13,689.01 2,276.04 73,325.81 1,495
Longevity 75.12 4.68 52.29 84.21 1,715
HDI 0.84 0.07 0.58 0.96 1,048

EuropeNorthAmerica
Energy use per capita 3,604.65 1,867.57 364.55 8455.54 1,054
GDP per capita 31,524.79 18,209.70 701.48 92,556.32 1,154
Adjusted NNI per capita 26,936.46 13,545.08 2,210.87 73,325.81 1,070
Longevity 75.73 4.30 52.29 83.75 1,246
HDI 0.85 0.07 0.58 0.96 742

Soviet
Energy use per capita 2,460.79 1,278.51 283.49 6,232.73 664
GDP per capita 6,430.02 5,336.35 366.94 23,833.52 665
Adjusted NNI per capita 5,890.21 4,247.29 481.27 17,185.46 458
Longevity 69.74 3.88 54.01 79.03 1,029
HDI 0.74 0.08 0.54 0.90 600

MENA
Energy use per capita 4,120.06 4,786.69 112.05 22,120.37 614
GDP per capita 16,893.58 20,560.06 730.11 116232.75 605
Adjusted NNI per capita 9,481.58 12,331.81 781.69 57,288.51 435
Longevity 69.76 7.10 50.31 82.80 686
HDI 0.74 0.09 0.46 0.92 395

OPEC
Energy use per capita 3,502.66 4,658.77 226.98 22,120.37 572
GDP per capita 14,496.88 20,511.53 496.21 116232.75 613
Adjusted NNI per capita 7,207.47 11,522.01 -1,956.75 57,288.51 446
Longevity 62.92 10.66 39.85 80.10 686
HDI 0.68 0.11 0.39 0.89 388

LatinAmerica
Energy use per capita 875.46 468.13 188.95 2,545.03 930
GDP per capita 4,983.20 3,399.42 665.63 15,739.38 1,094
Adjusted NNI per capita 4,376.17 2,623.36 461.35 13,988.22 895
Longevity 68.55 6.99 45.57 80.10 1,078
HDI 0.68 0.09 0.41 0.85 660

EastSouthAsia
Energy use per capita 1,117.80 1,328.32 86.77 7,370.65 717
GDP per capita 6,130.64 11,556.50 161.73 59,073.49 841
Adjusted NNI per capita 6,286.42 10,247.74 -1,956.75 45,874.66 643
Longevity 65.30 9.97 18.91 84.21 882
HDI 0.64 0.14 0.34 0.94 525

SubSaharanAfrica
Energy use per capita 666.28 598.20 9.55 3129.08 814
GDP per capita 2,463.79 3,154.28 164.19 20,532.95 1,106
Adjusted NNI per capita 1,885.46 1,989.49 -706.26 9,801.76 766
Longevity 53.80 7.14 35.88 74.51 1,176
HDI 0.50 0.11 0.22 0.80 658
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Appendix B. Fixed effect results - individual estimations

Table B1: Two-way fixed effects model for All countries
GDP pc Adj. NNI pc Life expectancy HDI

L.Energy use pc -0.05∗∗∗ 0.07 -0.15 -0.00
(0.02) (0.05) (0.11) (0.00)

Observations 2719 2607 2715 2646
N_g 126 126 126 126
r2_w 0.97 0.83 0.99 0.99
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B2: Two-way fixed effects model for OECD countries
GDP pc Adj. NNI pc Life expectancy HDI

L.Energy use pc -0.03∗∗ -0.01 0.35∗∗∗ 0.00
(0.01) (0.02) (0.12) (0.00)

Observations 886 866 886 882
N_g 35 35 35 35
r2_w 0.98 0.97 0.99 0.99
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B3: Two-way fixed effects model for EuropeNorthAmerica countries
GDP pc Adj. NNI pc Life expectancy HDI

L.Energy use pc -0.01 0.00 0.25∗∗∗ 0.01∗
(0.02) (0.03) (0.09) (0.00)

Observations 628 609 623 614
N_g 26 26 26 26
r2_w 0.98 0.96 0.99 0.99
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.
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Table B4: Two-way fixed effects model for Soviet countries
GDP pc Adj. NNI pc Life expectancy HDI

L.Energy use pc -0.09∗∗∗ -0.03 0.03 -0.00
(0.03) (0.05) (0.23) (0.00)

Observations 450 381 450 433
N_g 21 21 21 21
r2_w 0.98 0.97 0.97 0.99
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B5: Two-way fixed effects model for MENA countries
GDP pc Adj. NNI pc Life expectancy HDI

L.Energy use pc -0.01 0.04 -0.13 0.00
(0.03) (0.06) (0.15) (0.00)

Observations 276 272 276 261
N_g 14 14 14 14
r2_w 0.95 0.91 1.00 0.99
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B6: Two-way fixed effects model for OPEC countries
GDP pc Adj. NNI pc Life expectancy HDI

L.Energy use pc -0.05∗∗ 0.14 0.32 0.00
(0.02) (0.17) (0.46) (0.00)

Observations 254 250 254 241
N_g 14 14 14 14
r2_w 0.94 0.51 0.99 0.99
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B7: Two-way fixed effects model for LatinAmerica countries
GDP pc Adj. NNI pc Life expectancy HDI

L.Energy use pc -0.04∗∗ -0.05∗∗ 0.10 -0.00
(0.02) (0.03) (0.10) (0.00)

Observations 509 500 509 509
N_g 21 21 21 21
r2_w 0.97 0.93 1.00 0.99
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.
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Table B8: Two-way fixed effects model for EastSouthAsia countries
GDP pc Adj. NNI pc Life expectancy HDI

L.Energy use pc -0.02 0.03 0.11 -0.00
(0.02) (0.04) (0.13) (0.00)

Observations 360 356 360 359
N_g 18 18 18 18
r2_w 0.99 0.80 1.00 1.00
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B9: Two-way fixed effects model for SubSaharanAfrica countries
GDP pc Adj. NNI pc Life expectancy HDI

L.Energy use pc 0.01 0.24∗∗ -0.14 -0.00
(0.04) (0.11) (0.32) (0.00)

Observations 444 437 445 418
N_g 24 24 24 24
r2_w 0.96 0.65 0.99 0.99
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B10: Two-way fixed effects model in changes for All countries
D.GDP pc D.Adj. NNI pc D.Life expectancy D.HDI

LD.Energy use pc 0.02 0.11 0.26∗∗∗ 0.01∗∗∗
(0.01) (0.08) (0.09) (0.00)

Observations 2588 2476 2584 2513
N_g 126 125 126 126
r2_w 0.31 0.04 0.42 0.14
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B11: Two-way fixed effects model in changes for OECD countries
D.GDP pc D.Adj. NNI pc D.Life expectancy D.HDI

LD.Energy use pc -0.02 0.00 0.32 0.00
(0.02) (0.03) (0.22) (0.00)

Observations 851 831 851 845
N_g 35 35 35 35
r2_w 0.48 0.33 0.20 0.17
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.
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Table B12: Two-way fixed effects model in changes for EuropeNorthAmerica countries
D.GDP pc D.Adj. NNI pc D.Life expectancy D.HDI

LD.Energy use pc -0.02 -0.02 0.07 0.01∗
(0.02) (0.03) (0.17) (0.00)

Observations 602 583 597 586
N_g 26 26 26 26
r2_w 0.52 0.34 0.36 0.19
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B13: Two-way fixed effects model in changes for Soviet countries
D.GDP pc D.Adj. NNI pc D.Life expectancy D.HDI

LD.Energy use pc 0.09∗∗ 0.12∗∗ 0.61∗ 0.01∗∗
(0.03) (0.05) (0.30) (0.00)

Observations 429 360 429 412
N_g 21 21 21 21
r2_w 0.62 0.35 0.29 0.45
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B14: Two-way fixed effects model in changes for MENA countries
D.GDP pc D.Adj. NNI pc D.Life expectancy D.HDI

LD.Energy use pc -0.01 0.14 0.12 0.01∗
(0.04) (0.11) (0.13) (0.00)

Observations 262 258 262 247
N_g 14 14 14 14
r2_w 0.24 0.19 0.45 0.18
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B15: Two-way fixed effects model in changes for OPEC countries
D.GDP pc D.Adj. NNI pc D.Life expectancy D.HDI

LD.Energy use pc -0.06∗∗ 0.28 0.05 0.01∗
(0.03) (0.36) (0.05) (0.01)

Observations 239 235 239 226
N_g 14 14 14 14
r2_w 0.28 0.13 0.97 0.23
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.
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Table B16: Two-way fixed effects model in changes for LatinAmerica countries
D.GDP pc D.Adj. NNI pc D.Life expectancy D.HDI

LD.Energy use pc 0.01 -0.01 -0.02 0.00
(0.02) (0.05) (0.01) (0.00)

Observations 488 479 488 488
N_g 21 21 21 21
r2_w 0.32 0.20 0.97 0.12
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B17: Two-way fixed effects model in changes for EastSouthAsia countries
D.GDP pc D.Adj. NNI pc D.Life expectancy D.HDI

LD.Energy use pc -0.05∗∗∗ -0.17∗∗ 0.02 -0.00
(0.02) (0.07) (0.16) (0.00)

Observations 341 337 341 340
N_g 18 18 18 18
r2_w 0.40 0.15 0.52 0.14
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.

Table B18: Two-way fixed effects model in changes for SubSaharanAfrica countries
D.GDP pc D.Adj. NNI pc D.Life expectancy D.HDI

LD.Energy use pc 0.01 0.34 -0.05 0.01
(0.02) (0.28) (0.07) (0.00)

Observations 416 409 417 390
N_g 24 23 24 24
r2_w 0.21 0.10 0.97 0.41
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Robust standard errors in parenthesis.
Controls for lagged dependent variable, labour and capital not reported.
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Appendix C. Pooled Mean group results - individual estimations

Table D1: Pooled Mean Group model for countries
D.GDP pc D.Adj. NNI pc D.Longevity

ErrorCorrection
Energy use pc 1.20∗∗∗ 1.18∗∗∗ 0.43∗∗∗

(0.00) (0.00) (0.00)
SR
ErrorCorrection 0.00 -0.04∗∗∗ 0.00∗∗∗

(0.01) (0.01) (0.00)
D.Energy use pc 0.37∗∗∗ 0.37∗∗∗ 0.01∗∗

(0.03) (0.06) (0.00)
Observations 4442 3688 4722
∗p < .,∗∗p < .,∗∗∗p < .. Model for HDI includes a constant

Table D2: Pooled Mean Group model for OECD countries
D.GDP pc D.Adj. NNI pc D.Longevity D.HDI

ErrorCorrection
Energy use pc 1.41∗∗∗ 1.38∗∗∗ 0.57∗∗∗ 0.12∗∗∗

(0.02) (0.03) (0.00) (0.00)
SR
ErrorCorrection -0.02∗∗∗ -0.02∗∗∗ -0.00∗∗ -0.03∗∗∗

(0.00) (0.00) (0.00) (0.00)
D.Energy use pc 0.34∗∗∗ 0.36∗∗∗ 0.00 0.02∗∗∗

(0.03) (0.04) (0.00) (0.01)
Observations 1391 1349 1485 868
∗p < .,∗∗p < .,∗∗∗p < .. Model for HDI includes a constant

Table D3: Pooled Mean Group model for EuropeNorthAmerica countries
D.GDP pc D.Adj. NNI pc D.Longevity D.HDI

ErrorCorrection
Energy use pc 1.38∗∗∗ 1.36∗∗∗ 0.55∗∗∗ 0.12∗∗∗

(0.01) (0.02) (0.00) (0.00)
SR
ErrorCorrection -0.02∗∗∗ -0.02∗∗∗ -0.00 -0.03∗∗∗

(0.00) (0.00) (0.00) (0.00)
D.Energy use pc 0.33∗∗∗ 0.34∗∗∗ -0.00 0.01∗∗∗

(0.04) (0.05) (0.00) (0.00)
Observations 1001 952 1009 596
∗p < .,∗∗p < .,∗∗∗p < .. Model for HDI includes a constant
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Table D4: Pooled Mean Group model for Soviet countries
D.GDP pc D.Adj. NNI pc D.Longevity D.HDI

ErrorCorrection
Energy use pc 0.89∗∗∗ 1.06∗∗∗ 0.50∗∗∗ -0.00

(0.02) (0.01) (0.00) (0.06)
SR
ErrorCorrection 0.02∗∗∗ -0.01 0.01∗∗∗ 0.01∗∗∗

(0.00) (0.02) (0.00) (0.00)
D.Energy use pc 0.56∗∗∗ 0.45∗∗∗ 0.02∗∗∗ 0.04∗∗∗

(0.06) (0.14) (0.01) (0.01)
Observations 507 373 643 478
∗p < .,∗∗p < .,∗∗∗p < .. Model for HDI includes a constant

Table D5: Pooled Mean Group model for MENA countries
D.GDP pc D.Adj. NNI pc D.Longevity D.HDI

ErrorCorrection
Energy use pc 1.19∗∗∗ 1.14∗∗∗ 0.43∗∗∗ 0.12∗∗∗

(0.01) (0.00) (0.00) (0.00)
SR
ErrorCorrection -0.00 -0.08 0.01∗∗∗ -0.03∗∗∗

(0.01) (0.07) (0.00) (0.00)
D.Energy use pc 0.20∗∗∗ 0.30∗∗∗ 0.01∗∗∗ 0.01∗∗

(0.06) (0.10) (0.00) (0.01)
Observations 516 368 599 308
∗p < .,∗∗p < .,∗∗∗p < .. Model for HDI includes a constant

Table D6: Pooled Mean Group model for OPEC countries
D.GDP pc D.Adj. NNI pc D.Longevity D.HDI

ErrorCorrection
Energy use pc 1.25∗∗∗ 1.14∗∗∗ 0.55∗∗∗ 0.09∗∗∗

(0.01) (0.00) (0.00) (0.00)
SR
ErrorCorrection -0.00 -0.20∗∗ 0.01 -0.08

(0.01) (0.08) (0.01) (0.06)
D.Energy use pc 0.12∗∗∗ 0.19 0.02∗∗∗ 0.01

(0.04) (0.44) (0.01) (0.02)
Observations 492 358 554 285
∗p < .,∗∗p < .,∗∗∗p < .. Model for HDI includes a constant

Table D7: Pooled Mean Group model for LatinAmerica countries
D.GDP pc D.Adj. NNI pc D.Longevity D.HDI

ErrorCorrection
Energy use pc 1.26∗∗∗ 1.19∗∗∗ 0.98∗∗∗ 0.13∗∗∗

(0.00) (0.00) (0.06) (0.01)
SR
ErrorCorrection -0.02 -0.02 -0.00∗∗∗ -0.02∗∗∗

(0.01) (0.02) (0.00) (0.00)
D.Energy use pc 0.25 0.42∗∗∗ -0.00 0.02∗∗∗

(0.16) (0.07) (0.00) (0.00)
Observations 907 780 907 508
∗p < .,∗∗p < .,∗∗∗p < .. Model for HDI includes a constant
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Table D8: Pooled Mean Group model for EastSouthAsia countries
D.GDP pc D.Adj. NNI pc D.Longevity D.HDI

ErrorCorrection
Energy use pc 1.14∗∗∗ 1.14∗∗∗ 0.44∗∗∗ 0.58

(0.01) (0.01) (0.01) (0.74)
SR
ErrorCorrection 0.01 -0.02 0.00∗∗∗ -0.00∗∗∗

(0.02) (0.02) (0.00) (0.00)
D.Energy use pc 0.44∗∗∗ 0.69∗∗∗ -0.01∗ 0.02∗∗∗

(0.07) (0.26) (0.01) (0.01)
Observations 682 528 695 404
∗p < .,∗∗p < .,∗∗∗p < .. Model for HDI includes a constant

Table D9: Pooled Mean Group model for SubSaharanAfrica countries
D.GDP pc D.Adj. NNI pc D.Longevity D.HDI

ErrorCorrection
Energy use pc 1.11∗∗∗ 1.12∗∗∗ 0.56∗∗∗ 0.02

(0.00) (0.01) (0.00) (0.01)
SR
ErrorCorrection -0.02 -0.08∗∗ 0.01∗∗ 0.01∗∗∗

(0.01) (0.04) (0.00) (0.00)
D.Energy use pc 0.33∗∗∗ 0.08 0.02∗∗ 0.01

(0.08) (0.22) (0.01) (0.01)
Observations 739 597 779 431
∗p < .,∗∗p < .,∗∗∗p < .. Model for HDI includes a constant

Appendix D. Dynamic Fixed Effects results - individual estimations

Table C1: Dynamic Fixed Effects model for All countries
(1) (2) (3) (4)

GDP Adj. NNI Longevity HDI
ErrorCorrection
L.Energy use pc -0.31∗∗∗ 0.32∗∗∗ -2.38∗∗∗ 0.01

(0.11) (0.06) (0.82) (0.01)
SR
ErrorCorrection -0.06∗∗∗ -0.30∗∗∗ -0.06∗∗∗ -0.08∗∗∗

(0.01) (0.02) (0.00) (0.01)
D.Energy use pc 0.21∗∗∗ 0.22∗∗∗ 0.13 0.01∗∗∗

(0.01) (0.04) (0.10) (0.00)
Observations
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Controls for labour and capital not reported.
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Table C2: Dynamic Fixed Effects model for OECD countries
(1) (2) (3) (4)

GDP Adj. NNI Longevity HDI
ErrorCorrection
L.Energy use pc 0.06 0.24∗∗ 3.47∗∗∗ 0.06∗∗∗

(0.17) (0.12) (1.33) (0.02)
SR
ErrorCorrection -0.07∗∗∗ -0.12∗∗∗ -0.09∗∗∗ -0.08∗∗∗

(0.01) (0.02) (0.01) (0.01)
D.Energy use pc 0.25∗∗∗ 0.27∗∗∗ -0.50∗∗ 0.02∗∗∗

(0.02) (0.03) (0.23) (0.00)
Observations
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Controls for labour and capital not reported.

Table C3: Dynamic Fixed Effects model for EuropeNorthAmerica countries
(1) (2) (3) (4)

GDP Adj. NNI Longevity HDI
ErrorCorrection
L.Energy use pc 0.17 0.23∗ 3.54∗ 0.13∗∗∗

(0.14) (0.13) (1.99) (0.03)
SR
ErrorCorrection -0.11∗∗∗ -0.15∗∗∗ -0.06∗∗∗ -0.10∗∗∗

(0.02) (0.03) (0.01) (0.02)
D.Energy use pc 0.20∗∗∗ 0.20∗∗∗ -0.19 0.02∗∗∗

(0.02) (0.03) (0.19) (0.00)
Observations
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Controls for labour and capital not reported.

Table C4: Dynamic Fixed Effects model for Soviet countries
(1) (2) (3) (4)

GDP Adj. NNI Longevity HDI
ErrorCorrection
L.Energy use pc -0.59∗ 0.30 -0.02 0.01

(0.32) (0.45) (1.15) (0.02)
SR
ErrorCorrection -0.09∗∗∗ -0.09∗∗∗ -0.16∗∗∗ -0.14∗∗∗

(0.02) (0.02) (0.02) (0.02)
D.Energy use pc 0.18∗∗∗ 0.27∗∗∗ 0.06 0.01∗∗∗

(0.04) (0.07) (0.33) (0.00)
Observations
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Controls for labour and capital not reported.
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Table C5: Dynamic Fixed Effects model for MENA countries
(1) (2) (3) (4)

GDP Adj. NNI Longevity HDI
ErrorCorrection
L.Energy use pc 0.07 0.33∗∗ -5.24∗ 0.10

(0.09) (0.15) (2.98) (0.11)
SR
ErrorCorrection -0.25∗∗∗ -0.29∗∗∗ -0.04∗∗∗ -0.03

(0.03) (0.05) (0.01) (0.03)
D.Energy use pc 0.16∗∗∗ 0.26∗∗∗ -0.17 0.00

(0.04) (0.07) (0.14) (0.01)
Observations
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Controls for labour and capital not reported.

Table C6: Dynamic Fixed Effects model for OPEC countries
(1) (2) (3) (4)

GDP Adj. NNI Longevity HDI
ErrorCorrection
L.Energy use pc -0.59∗∗ 0.07 8.70∗∗ 0.01

(0.26) (0.27) (3.70) (0.03)
SR
ErrorCorrection -0.09∗∗∗ -0.55∗∗∗ -0.04∗∗∗ -0.10∗∗∗

(0.03) (0.07) (0.01) (0.02)
D.Energy use pc 0.02 -0.32 0.54∗∗ -0.01

(0.04) (0.29) (0.25) (0.01)
Observations
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Controls for labour and capital not reported.

Table C7: Dynamic Fixed Effects model for LatinAmerica countries
(1) (2) (3) (4)

GDP Adj. NNI Longevity HDI
ErrorCorrection
L.Energy use pc -0.30 -0.27 5.81∗∗∗ 0.00

(0.47) (0.29) (1.66) (0.02)
SR
ErrorCorrection -0.03∗ -0.09∗∗∗ -0.02∗∗∗ -0.12∗∗∗

(0.02) (0.03) (0.00) (0.02)
D.Energy use pc 0.15∗∗∗ 0.17∗∗∗ 0.14∗∗ 0.01∗∗

(0.02) (0.04) (0.06) (0.00)
Observations
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Controls for labour and capital not reported.
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Table C8: Dynamic Fixed Effects model for EastSouthAsia countries
(1) (2) (3) (4)

GDP Adj. NNI Longevity HDI
ErrorCorrection
L.Energy use pc -0.07 0.16 4.23∗ 0.01

(0.25) (0.24) (2.35) (0.03)
SR
ErrorCorrection -0.06∗∗∗ -0.30∗∗∗ -0.03∗∗∗ -0.07∗∗∗

(0.02) (0.11) (0.01) (0.02)
D.Energy use pc 0.12∗∗∗ 0.20 -0.01 0.00

(0.02) (0.16) (0.14) (0.00)
Observations
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Controls for labour and capital not reported.

Table C9: Dynamic Fixed Effects model for SubSaharanAfrica countries
(1) (2) (3) (4)

GDP Adj. NNI Longevity HDI
ErrorCorrection
L.Energy use pc 0.23 0.37∗∗∗ -2.37 -0.06∗

(0.14) (0.13) (2.11) (0.03)
SR
ErrorCorrection -0.10∗∗∗ -0.52∗∗∗ -0.07∗∗∗ -0.06∗∗∗

(0.02) (0.04) (0.01) (0.01)
D.Energy use pc 0.09∗∗∗ -0.32∗∗ -0.21 -0.01

(0.03) (0.15) (0.29) (0.00)
Observations
Country_FE YES YES YES YES
Year_FE YES YES YES YES
∗p < .,∗∗p < .,∗∗∗p < .. Controls for labour and capital not reported.
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Appendix E. Granger test results

Table E1: Granger tests Energy for all countries

Waldstatistic Z-barstatistic p-value Z-bar tilde
GDP pc 15.2 2.0 0.05 -0.9 0.4
Adj. NNI pc 21.3 7.6 0.00 0.4 0.7
Longevity 18.2 4.7 0.00 -0.3 0.8
HDI 21.7 7.8 0.00 0.5 0.7
Energy use pc 21.6 8.2 0.00 0.5 0.6
Energy use pc 28.1 14.5 0.00 1.9 0.1
Energy use pc 3.0 7.7 0.00 6.1 0.0
Energy use pc 17.2 18.0 0.00 5.3 0.0

Table E2: Granger tests Energy for OECD countries

Waldstatistic Z-barstatistic p-value Z-bar tilde
GDP pc 15.2 2.0 0.05 -0.9 0.4
Adj. NNI pc 21.3 7.6 0.00 0.4 0.7
Longevity 18.2 4.7 0.00 -0.3 0.8
HDI 21.7 7.8 0.00 0.5 0.7
Energy use pc 21.6 8.2 0.00 0.5 0.6
Energy use pc 28.1 14.5 0.00 1.9 0.1
Energy use pc 3.0 7.7 0.00 6.1 0.0
Energy use pc 17.2 18.0 0.00 5.3 0.0

Table E3: Granger tests Energy for EuropeNorth countries

Waldstatistic Z-barstatistic p-value Z-bar tilde
GDP pc 16.1 2.6 0.01 -0.7 0.5
Adj. NNI pc 22.1 7.8 0.00 0.5 0.6
Longevity 17.6 3.9 0.00 -0.4 0.7
HDI 23.2 8.5 0.00 0.7 0.5
Energy use pc 19.8 5.8 0.00 0.1 1.0
Energy use pc 19.7 5.7 0.00 0.0 1.0
Energy use pc 2.4 4.4 0.00 3.5 0.0
Energy use pc 17.5 14.5 0.00 4.3 0.0
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Table E4: Granger tests Energy for MENA countries

Waldstatistic Z-barstatistic p-value Z-bar tilde
GDP pc 15.1 0.4 0.68 -0.2 0.8
Adj. NNI pc 12.0 7.7 0.00 7.1 0.0
Longevity 0.8 -0.2 0.87 -0.2 0.9
HDI 13.1 8.5 0.00 7.8 0.0
Energy use pc 18.4 1.1 0.29 -0.1 0.9
Energy use pc 6.2 3.7 0.00 3.3 0.0
Energy use pc 8.6 1.6 0.10 0.9 0.4
Energy use pc 1.6 0.5 0.65 0.3 0.7

Table E5: Granger tests Energy for OPEC countries

Waldstatistic Z-barstatistic p-value Z-bar tilde
GDP pc 23.7 6.8 0.00 1.2 0.2
Adj. NNI pc 21.7 5.6 0.00 0.8 0.4
Longevity 14.4 1.0 0.32 -0.3 0.8
HDI 17.2 2.1 0.03 0.0 1.0
Energy use pc 24.8 8.7 0.00 1.6 0.1
Energy use pc 29.9 12.1 0.00 2.7 0.0
Energy use pc 8.8 2.4 0.01 -0.0 1.0
Energy use pc 16.3 8.9 0.00 1.9 0.1

Table E6: Granger tests Energy for LatinA countries

Waldstatistic Z-barstatistic p-value Z-bar tilde
GDP pc 17.2 1.2 0.24 -0.2 0.9
Adj. NNI pc 24.3 3.1 0.00 0.1 0.9
Longevity 13.1 0.0 0.98 -0.4 0.7
HDI 38.7 7.1 0.00 0.7 0.5
Energy use pc 29.0 4.9 0.00 1.3 0.2
Energy use pc 50.4 10.4 0.00 1.2 0.2
Energy use pc 2.4 1.4 0.16 1.1 0.3
Energy use pc 18.4 5.1 0.00 1.5 0.1

Table E7: Granger tests Energy for EastSouth countries

Waldstatistic Z-barstatistic p-value Z-bar tilde
GDP pc 6.9 4.2 0.00 3.8 0.0
Adj. NNI pc 10.4 -0.5 0.61 -0.4 0.7
Longevity 14.1 0.2 0.83 -0.2 0.8
HDI 16.2 1.4 0.17 0.6 0.5
Energy use pc 22.5 2.1 0.03 0.6 0.6
Energy use pc 21.8 2.0 0.05 0.5 0.6
Energy use pc 1.2 0.2 0.88 0.0 1.0
Energy use pc 19.2 5.4 0.00 1.6 0.1

Table E8: Granger tests Energy for SubSaharan countries

Waldstatistic Z-barstatistic p-value Z-bar tilde
GDP pc 14.4 1.6 0.10 -0.5 0.6
Adj. NNI pc 14.0 1.3 0.19 -0.6 0.6
Longevity 14.7 1.6 0.12 -0.4 0.7
HDI 28.2 9.3 0.00 2.0 0.0
Energy use pc 30.7 14.7 0.00 3.3 0.0
Energy use pc 41.3 23.2 0.00 5.8 0.0
Energy use pc 11.2 5.7 0.00 0.7 0.5
Energy use pc 15.1 9.8 0.00 2.0 0.0
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