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1 Introduction

The world has witnessed a significant economic development over the last three
decades. However, the extensive growth model - associated with high investments,
high energy consumption, increasing greenhouse gas emissions (GHGs) and pollution
- has not been fundamentally changed, impacting on global climate. As a result,
increasing concerns about climate change have re-positioned the issues of energy and
renewable efficiency. As such efficiencies have impact also on productivity (Hogan
and Jorgenson, 1991), there is an increasing attention towards linking countries’
productive performance and economic growth with the effects of climate change.

This has also implied an increasing institutional attention towards the develop-
ment and diffusion of renewable sources and green technologies (Sun et al., 2019), as
well as the implementation of energy efficiency measures, based on the assumption
that they can: reduce pollution (Wirl, 2004) by mitigating anthropogenic greenhouse
gases (Akram et al., 2020); alter countries’ energy mix by enhancing their energy se-
curity and dependence (Stergiou and Kounetas, 2021); evolve into a valuable asset
for reducing GHGs and fulfilling the Paris Agreement objectives (IPCC, 2021); en-
hance competitiveness and promote economic growth via innovation (Jaffee et al.,
2002, Popp et al., 2010).

However, although there is strong theoretical consensus on the relations between
total factor productivity and energy consumption (Schurr, 1982; Jorgenson, 1984),
the effects of energy efficiency, renewable efficiency and C'O, emissions on total factor
productivity haven’t been fully clarified yet. This lack of understanding is reflected
in the contradictory results obtained by the countries that have followed the Ky-
oto protocol (Almer and Winkler, 2017; Trianni et al., 2013; EIA, 2017). At the
same time, the Paris Agreement, the Climate Action Conference (2018) in Seoul, the
Katowice Summit (2018) and the New Green Deal launched by the European Com-
mission (EUCOM, 2019) are the proof of the increasing focus on energy efficiency,
renewable sources diffusion and C'Oy abatement.

However, despite governmental encouragement and significant pressures to de-
velop renewable technologies, implement energy efficiency measures and mitigate
GHGs, further and stronger empirical evidence on the impact of such practices on
countries’ overall productive performance is needed (see Anwar et al., 2018). In this
context, globalization may hinder energy efficiency exploitation (Liu et al., 2023)
while institutions’quality play a crucial role (Sun et al., 2019). Hence, in order to
contribute to the existing literature, in this paper we perform the following research.

First, we take a fully non-parametric approach to perform benchmarking on total
factor energy efficiency, renewable efficiency, C'Oy emissions and productive per-
formance across 127 countries using a Directional Distance Function (DDF). The
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incorporation of a meta-technology (global) production function and the creation of
distinct production structures allow us to reveal any relevant countries’ heterogene-
ity. Hence, in the second step of our investigation we perform a cluster analysis
in order to group countries according to their economic situations and according to
their potentials to enhance the impact of energy efficiency. Third, the impact of the
employed measures of efficiency on countries’ productive performance is investigated
in a non-linear fashion by using the panel version of the Hansen methodology.

The main results of our study are the following. First, we document how increas-
ing energy, renewable and C'Os efficiency positively impacts on country’s productivity
and economic growth. Second, once we segment the countries in our dataset, we show
that the impact of efficiency on countries’ productivity is substantially stronger in
more advanced economies and tends to diminish in less developed ones. Finally,
when we differentiate the impact of the adopted measures of efficiency on countries’
productivity, based on estimated thresholds of energy efficiency, we find the follow-
ing. Advanced economies benefit of a multiplier effect, as levels of energy efficiency
above the threshold imply a very strong increase in the magnitude of the impact of
efficiency on productivity. Although this is true for large part of our sample, very
high degrees of energy efficiency can negatively affect country’s productivity and
growth in less developed economies.

Based on these results, we provide evidence that countries’ productivity can be
boosted by improving efficiency in energy, renewable and C'O, emissions but we also
show that the international environmental reforms agenda should not follow a one-
size-fits-all approach and, especially in relation to less developed economies, it should
g¢o hand in hand with other kinds of reforms.

The remainder of the article is organized as follows. Section 2 provides some
backgrounds to our research and surveys relevant contributions in the literature.
Section 3 presents the methodology adopted in our study. Section 4 describes the
employed dataset, while Section 5 discusses our results. Section 6 concludes the
study and presents some policy implications.

2 Related Literature

Although we have seen an increasing governmental encouragement and pressure to
develop renewable and energy efficient technologies, as highlighted in Anwar et al.
(2018), so far the scientific literature has not been able to provide clear-cut empirical
evidence on the impact of renewable, emissions and energy efficiency on countries’
overall productive performance.?

!Given the copious amount of articles investigating these relationships, it is not possible to
cover all the main streams and contributions in the literature in this section. For a more complete



In relation to the impact of energy efficiency on economic growth, part of the
existing empirical analyses look at specific industries to explore the productivity
benefits of energy efficiency measures. Among these, Worrell et al., (2003) review
over 70 case studies in the iron and steel industry, Boyd and Pang (2000) focus on the
glass industry, while other sectors like transport, residential and public services are
studied in Costantini and Martini (2010). Similarly, Montalbano et al. (2021) explore
the relationship between energy efficiency and productivity using firm-level data and
show a positive relationship between the two variables. Despite the ample sample
of industries and countries covered in this study, the estimated positive sign of the
relationship holds quite consistently across them. The same conclusion is reached
in Cantore et al., (2016) based on a sample of 26 developing countries. Another
part of this literature looks at the problem from a more macroeconomic perspective
by investigating the causal relationship between measures of energy efficiency and
countries’ economic growth. Among these, Zakari et al. (2022) provide evidence of
a positive relation between sustainable economic development and energy efficiency
based on a sample of 20 Asian and Pacific countries using Data Envelopment Analysis
(DEA) from 2000 to 2018. Similarly, Pehlivanoglu et al., (2021) show the existence of
a positive impact of energy efficiency on economic growth in 21 EU member countries
over the 1995-2016 period. Santos et al., (2021), based on data for Portugal spanning
the period 1960-2014, conclude that energy efficiency is unit elastic driver of total
factor productivity and growth. Using a broader set of 85 countries, Stern (2012)
estimates energy efficiency trends over a 37-year period showing that energy efficiency
is higher in countries with higher total factor productivity.

Despite this large body of work supporting the idea that energy efficiency facil-
itates economic growth, another part of the literature suggests that we still need a
deeper understanding of this relation. Akram et al. (2021) provide evidence of a posi-
tive impact of energy efficiency on economic growth in BRICS countries for the period
1990-2014 but their results are heterogeneous across different quantiles. Sun (2003)
compares different paths of energy intensity and GDP per capita in 7 developing
countries over the period 1973-1995 and finds that GDP increases have an ambigu-
ous correlation with energy intensity depending on the adopted dataset. Stronger
heterogeneity is shown in Rajbhandari and Zhang (2018). The authors use a panel
VAR, based on data for 56 economies (classified as high income, upper-middle income
and lower-middle income) from 1978 to 2012 and find evidence of long-run causal-
ity from energy efficiency to GDP growth only for lower-middle-income economies.
On the contrary, in the short run they find bidirectional causality between energy
efficiency and economic growth in high-income economies but no causality in both

coverage, please see Ozturk (2010) and Anwar et al. (2018).
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of the middle-income groups. Using energy waste as a proxy of energy efficiency,
Ozturk and Acaravci (2010) cannot find any relation between energy efficiency and
growth in Albania, Bulgaria and Romania over the period 1980-2006. Lee and Chang
(2008) look at energy consumption and GDP and find that more energy consumption
caused GDP to grow in 16 Asian countries during the period 1971-2002.

A similar picture seems to emerge from the literature regarding the effects of
renewable energy on economic growth and productivity. Polat (2021), based on a
dataset covering both developing and developed countries for the period 2002-2014,
finds that renewable energy consumption is not a predictor of economic growth
in developing countries. Similarly, the panel cointegration analysis in Bayar and
Gavriletea (2019) reports short-run positive relation for a group of emerging economies
in the period 1992-2014 but no significant long-run effects. In Akram et al. (2021),
the empirical results unveil that renewable energy significantly decreases economic
growth in BRICS countries and that the negative influence is more robust at the
upper quantiles of economic growth. Another study that suggests that renewable
energy may be counterproductive to economic growth is Menegaki (2013). Contrary
to these studies, Inglesi-Lotz (2016) provides clear evidence of a positive impact of
renewable energy on economic growth for a sample of 34 OECD countries over the pe-
riod 1990-2010. Similar conclusion can be found in Apergis and Payne (2010), Sohag
et al. (2021) and Sadorsky (2009). Furthermore, based on a sample of 25 European
countries in the period 2007-2016, Ntanos et al. (2018) show that the long-run rela-
tionship between consumption of renewable energy and economic growth is stronger
in countries with higher GDP. Tugcu et al. (2012) show that renewable energy is a
relevant factor to generate economic growth and that such a link can be effectively
represented with a production function. Following the same logic, Chien and Hu
(2017) use the DEA method to estimate the technical efficiency for 45 economies in
the years 2001 and 2002. In their production function, the three inputs are labor,
capital stock, and energy, while real GDP is the single output. They found that
increasing the share of renewable energy among total energy supply will significantly
improve technical efficiency.

As suggested by Costantini and Martini (2010) and Rajbhandari and Zhang
(2018), the reasons for the mixed findings in both streams of the literature can
be due to several factors: the different employed econometric methods, the diverse
definitions of variables and proxies and, most importantly, in the countries’ specific
characteristics and heterogeneities. In our understanding, the main contribution of
the present paper is related to the latter. We provide further evidence on the impact
of energy and renewable (as well as C'Oy emissions) efficiency on total factor pro-
ductivity by using a wide sample of 127 countries. We take a fully non-parametric



approach to perform benchmarking on these variables by using a DDF. Combining
a global technology production function with distinct production functions for each
country provides us the opportunity to reveal any relevant countries’ heterogeneity.
Hence, we also perform a cluster analysis in order to group countries according to
their economic situations and according to their potentials to enhance the impact of
energy efficiency. Finally, another peculiar feature of this paper is that the impact of
the employed measures of efficiency on countries’ productive performance is investi-
gated in a non-linear fashion by using the panel version of the Hansen methodology.
This allows us to investigate also whether the impact of energy, C'Oy emissions and
renewable efficiency on countries’ productivity changes according to the degree of
energy efficiency.

3 Methodological Underpinnings

We employ a two-stage methodological framework. In sections 3.1 and 3.2, we first
present the theoretical and methodological approaches regarding the estimation of
energy, renewable and C'O, efficiency scores. We also discuss an expansion in a meta-
frontier framework highlighting the role of heterogeneity in the estimated results.

In the second stage (section 3.3), we introduce a threshold model, with possi-
ble multiple equilibria, in which the sample splitting is based on a continuously-
distributed variable. Specifically, since the interconnection between productive per-
formance and energy efficiency may not be adequately captured by a linear specifi-
cation, we estimate the model via the Hansen methodology. The implementation of
the Hansen methodology is also complemented by a cluster analysis.

3.1 Directional Distance Function under Cluster Technology
and Meta-Technology Framework

The first stage of our research methodology can be presented by relying on the works
of Chambers et al., (1996) and Fére and Grosskopf (2000).

Assume that a country employs a vector of inputs = € Rf to produce a vector
of outputs y* € RY. There are two kinds of outputs, namely the good (desirable)
and the bad (undesirable) output that form two sub-vectors of the y* € RY output
set. The good/desirable output is Gross Domestic Product, v = (y1, %2, ..., Yx) €
R¥| while the bad/undesirable output is Carbon Dioxide Emissions (CO,), b =
(b1, b, ...,b;) € RE. Let us now define P(z) as the feasible output for the given
vector € RY and L(y,b) as the input requirement set for a given output vector y*
or (y,b). The following technology set denotes the relationship between the input



and the output and can be defined as T'(x) = {(y,b) : x can produce (y,b)}. It is a
bounded, non-empty and closed set used to represent the environmental production
technology (Chambers et al., 1996). Moreover, the technology set satisfies that if
(x,y) €T, 2’ >z and y <y, then (2/,y') € T (free disposability). This implies that
if an observed output vector is feasible, then any output vector smaller than that
is also feasible. The good and the bad outputs are null-joint, so that if (z,y) € T,
and + = 0 = y = 0 (no free lunch) and finally (0,0) € 7' (Kumar, 2006). There
are two additional assumptions that are crucial for the determination of the DDEF":
weak and strong disposability. The assumption of weak disposability implies that it
is not possible to reduce undesirable output without reducing the desirable one and
thus if (y,b) € P(x) and 0 < 0 < 1, then 0(y,b) € P(x). The strong disposability
assumption considers (y,b) € P(z) and y* <y, then (y*,b) € P(z), and it suggests
that it is possible to reduce desirable output without reducing the undesirable one.

It turns out that the DDF is a representation of a multiple-output, multiple-input
distance function. Following Chambers et al.,(1996) and Picazo-Tadeo et al., (2005),
we can define the DDF on the technology T as:

Dr(x,y,b; gy, g5) = maz{s* : (x,y + "9y, b — "g) € T(x,y,b)} (1)

which allows to proportionally increase desirable outputs, while undesirable outputs
are proportionally decreased using the non-zero direction vector g = (g,, g»).> This
vector determines the output-input variables to be scaled and corresponds to the
desirable and undesirable outputs determining the direction towards which efficiency
is measured. This function is an implicit representation of an M-output and N-
input production technology where an input-output vector is feasible if and only if
Dr(x,y,b; gy, gp) > 0.3 The directional vector specifies in which direction an output
vector is scaled so as to reach the boundary of the output set. This implies that a
country becomes more efficient by increasing good outputs and decreasing bad out-
puts simultaneously. The solution $* gives the maximum expansion and contraction
amount of good and bad outputs, respectively, or the distance between an observa-
tion in a country in our study and a point on the production frontier (Watanabe and
Tanaka, 2007).

In a global scale with L countries, where each of them has a specific state of tech-
nology S that belongs to a specific cluster with different characteristics (i.e OECD),

2The choice of the appropriate directional vector depends on the research peculiarities and
hypotheses under investigation.

3In this study we consider the simplest case in which the direction is assumed to be
Dr(*;9y,9) = (*;1,—1).



a meta-frontier is defined as the boundary of the unrestricted technology set. In this
case, if technology is freely interchangeable (Casu et al., 2016) and the L countries
have potential access to the same technology, we can apply the same DDF in a meta-
frontier framework (Hayami, 1969; Hayami and Ruttan, 1970). The basic thinking
behind the meta-production is to emphasize the heterogeneity of production technol-
ogy within different countries to reflect regional, economic, scale and other inherent
attributes. All countries can be potentially divided into clusters according to the
different sources of technological and other relevant heterogeneity. The notion of the
meta-frontier comes into play at this stage as it provides a benchmark for all the
participating countries irrespective of the frontier to which each of them belongs.
Hence, given F technologies 7%, T2, ... T*, the meta-technology set (denoted as T™)
can be defined as the convex hull of the jointure of all technology sets (O’Donell et
al., 2003) and it can therefore be considered as a “basket” of the available technolo-
gies for all countries. Hence, the meta-technology set is defined as T (z) ={(y, b): x
can produce (y,b)} in at least one of 7", T%,..T" and the associated input-oriented
meta-technical directional distance function is given by:

—
Dyl (z,y,b; 9z, gy) = {maxB™ : (z,y+ " % gz, 0 — M x g,) € TM(z,y,0)}  (2)

The corresponding efficiency score is easily obtained by solving an analogous
LP problem (see Eq.(4) in Section 3.2). Each productive efficiency score obtained
from the estimation with respect to the individual technology (Eq.(1)) and common
technology (Eq.(2)) can be used to define the so-called meta-technology ratio. Such
ratio is considered as a measure of proximity of the k — th cluster individual frontier
to its meta-frontier or, in other words, how close a system frontier is to the global
meta-technology (meta-frontier). Thus, we can define the following meta-technology
ratio (O’Donnell et al.,2008) as the fraction of country meta-technical efficiency to
technical efficiency:

MTE(z,y,b) 1—pM
TE(ZL',y,b) B 1_5F

MTR(z,y,b) = (3)

together with the associated technology gap.



3.2 Non Parametric Specification DEA and Input-Oriented
Slack Based Model

The use of the DDF is an alternative approach to the measurement of performance
that can increase desirable outputs and simultaneously reduce undesirable ones. The
formulation used in the literature for the estimation of environmental efficiency scores
refers, on the one hand, to the non-parametric DEA model while, on the other hand,
to the parametric frontier specification output (Kounetas et al., 2021). In this study,
the non-parametric DEA model is employed on the basis that each year embraces
different technology possibilities for the countries participating in the sample. The
output distance function for the ¢ — th country is obtained by solving the following
maximization problem (see Picazo-Tadeo et al., 2005; Watanabe and Tanaka, 2007):

Dr(z" ¥ b5 g, gp) = ming*

K

St szykm Zyk:n—i_ﬁk*gyma m = ]-727"'7M

k=1

K
szykz:bkj —Bk [ i:1,2,...,] (4)
k=1

K
szka S LE*n, 1= 1,2, ceuy N
k=1

4>0, k=12, K

where z;, is the weight of the k — th country.

However, the current study also focuses on the estimation and evaluation of en-
ergy and renewable efficiency as well as of C'Oy emissions efficiency. It is well known
that the DEA methodology provides additional information on the features of inputs-
outputs such as the input slacks, as well as the radial and non-radial adjustments
for the inputs considered in the production possibility set. This allows for the cal-
culation of the Total Factor Energy Efficiency (TFEEF) measure as formulated by
Hu and Wang (2006). TFEEF is opposed to single factor energy efficiency measures,



i.e. the energy intensity, since it captures energy input efficiency in a total factor
framework (Hu and Wang, 2006; Hu and Kao, 2007; Honma and Hu, 2008; Zhou
et al., 2011) and thus incorporates all the interrelationships within the production
technology (Zhang et al., 2013).* Further developments including the calculation of
the TFEEF taking into account the presence of undesirable output can be found in
works by Zhou et al., (2017)°, Li and Hu (2012) and Bi et al., (2012). Thus, total
factor energy, renewable energy and C'Oy emissions efficiency can be defined, with
respect to the universal technology, as follows:

TFEEF, Target Energy Input; ; _
Actual Energy Input;,
- (Energy Input Slack; , + Radial Adjustment; ;) (5)
Actual Energy Input;,
Target Renewable Input; ,
TREFEF; = - =
"7 Actual Renewable I nput; ;
- (Renewable Energy Input Slack;; + Radial Adjustment; ) (6)
Actual Renewable Energy Input;,
TCO,EF, — (TargetCarbonDioxideOutput); ¢ _

ActualCarbonDioxideOutput,

{— (CarbonDioxideOutputSlack + Radial Adjustment); 7)

ActualCarbonDioxideOutput; ;

As it can be seen from Eq. (5), (6) and (7), all the measures are established based
on total factor productive performance and sustainable development process under
the existence of undesirable output. However, it must be noted that the estimations
of the above-mentioned efficiencies are based on using a Slacks-Based Measure (SBM)
model that is taking into account a DEA environment technology (Zhou et al, 2008).
Thus, the introduction and calculation of each specific efficiency is made using an
input-oriented SBM model as follows:

4This work considers that weak disposability in outputs implies that reducing the undesirable
outputs (emissions in our case) is rather costly in terms of proportional reductions in good output.

5In this study, the imposition of weak disposability in outputs implies that reducing the un-
desirable outputs is rather costly in terms of proportional reductions in good output referring to
congested production technology set.
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J

szelj + S = €, [ = ]-7 27 7L (8)
j=1

J
>z — LT 1,2,..R

ij‘j Sr Yro, r=1,4, 3

j=1

T— e— S
s; .8, 2 > 0,Vi, 3,0

In eq (8), subscript 0 represents the country to be evaluated, the vectors s, s7~
indicate the non-specific and specific input excess (energy, renewable energy, C'O,
emissions) while s¥* represents the desirable output shortfall.

3.3 A Non-Linear Approach

The aim of our analysis is to investigate a possible non-linear functional form be-
tween productive performance and energy efficiency. The dependent variable used
in our empirical analysis is the productive performance, retrieved as explained in
section 2.1. The same applies to the main independent variable (energy efficiency)
and to the control variables (renewable efficiency and C'O efficiency).

The empirical investigation presented in this paper consists of a panel data anal-
ysis in which we argue that the linear relationship may hold only up to a certain
threshold. In other words, the estimated coefficient of interest in a linear regression
setting would only represent a weighted average of the same coefficient estimated
in specific sub-samples, which compose the sample in full. Neglecting the potential
non-linearity dynamics would lead to a misleading interpretation of the causality
effect and can cast doubt on the real magnitude of such an effect.

Hence, we employ the Hansen (1999, 2000) threshold test procedure.® The threshold

5The above methodology does not require any prior about the value of the threshold as it allows
testing for the presence of a threshold, if any, endogenously.
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regression model can be described as follows:

TE;, = s+ S/ TFEEF,, - (TFEEF,, <) + B,TFEEF;, - (TFEEF;;, > 7)
+¢TREEF;, + 0TCO.EF;; + £;,(9)

Where T'E;; is the technical efficiency score for country ¢ at time ¢; «; is the
country specific effect and where I(.) is the indicator function used to sort the data;
TFEEF;;, is energy efficiency, TREFEF;, is renewable efficiency and TCO,EF;; is
COs efficiency; v is the threshold value and e; the error term. Eq (9) can also be
rewritten as:

oy + ﬁlTFEEE’t + ¢1TREEE¢ + HlTCOgEFM + Eity TFEEEJ < Y
a; + BT FEEF; s + ¢ TREEF; s + 0, TCO3EF; , + €4, TFEEF;; > vy
(10)
We test whether there is statistically significant evidence of a threshold in energy
efficiency TFEEF;,; to productive performance depending on the parameter con-
sidering that the regimes have different slopes. We also assume that the threshold
variable is non time-invariant and that the errors follows an iid.

TE’i,t — {

4 Data

Regarding the composition of the data set, our main objective was to create a wide
sample over a sufficiently long and representative period of time. Since variables
were retrieved from different sources (see Table 1), we have experienced a trade-off
between data availability in the time domain and in the cross-section dimension. For
some countries, available data were long-standing and up to date (like CO, emis-
sions), while for other countries the reliable data were of more recent origin. As a
result, for our analysis we have employed a balanced panel dataset including 127
countries” and spanning the period 1990-2014.

4.1 Variables Measurement

The measurement of most of the variables used in this paper is relatively straight-
forward. We approximate the desirable output by using GDP in million dollars (in

"For the full list of countries in the dataset, see Table 4.
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2010 current prices), while we use CO, emissions (in metric tons) as the measure of
undesirable output.® On the input side, we use Capital Stock, Labor Force, Energy
Consumption and Renewable Energy Consumption. Capital stock is appertained
to Gross Fixed Capital Formation in millions of constant 2010 U.S. dollars. Labor
consists of Total Labor Force measured as the number of people (in thousands) aged
15 and over who are employed or looking for a job.” In addition, for the energy
consumption variable we used Total Primary Energy Supply. This is provided by
the International Energy Agency (IEA, 2000) and is expressed in units of tons of
oil equivalent per thousand year-2000 purchasing price parity US dollars. This mea-
sure accounts for all energy consumed within a country (Liddle, 2010) and is made
up of production imports, international marine bunkers and international aviation
bunkers. It adjusts for the energy consumed in producing electricity and it is dif-
ferent from the delivered energy (Liddle, 2010; Kounetas, 2018). Finally, renewable
energy consumption is measured as the Share of Renewable Energy in Total Final
Energy Consumption (See Table 1). Table 2 provides the descriptive statistics of
all the variables, while Table 3 presents the associated percentiles for our input and
output specification.

4.2 Clustering and Countries Heterogeneity

The use of the meta-frontier, by itself, does not allow to identify homogeneous groups
of countries. Hence, we perform a cluster analysis in order to group countries with
similar economic situations. The clustering of the 127 countries has been carried out
on the basis of the Economics and Competitiveness Index provided by the Heritage
Foundation.

The index is based on 12 sub-pillars (property rights, government integrity, judi-
cial effectiveness, tax burden, government spending, fiscal health, business freedom,
labor freedom, monetary freedom, trade freedom, investment freedom and financial
freedom). Our clustering has been based on these 12 sub-pillars as, although not
exhaustive, they can be useful to group countries based on principles that are very
pertinent to our research. This is due to the fact that grouping countries on the
basis these 12-pillars criteria can provide insights on their capabilities to exploit the
benefits of energy efficiency. Good performance in terms of property rights pro-
tection, government integrity and healthy finances, general economic freedom with

8We are aware that these are presented in line with UNFCCC accounting rules and IPCC
reporting guidelines. This implies that these don’t often readily capture changes in fuel and that
the sectoral mix of energy uses both upstream and downstream.

9Tt has to be noted that some countries do not incorporate members of the armed forces.

13



weak market distortions, as well as trade and financial openness, could foster invest-
ments in sectors with low competitiveness in the efficient use of energy. This should
then trigger synergies able to boost the development and impact of energy efficiency
(Chatzistamoulou et al., 2019; Kounetas, 2015; Samoilenko and Osei-Bryson, 2008;
2010).

Then, to check if it is possible to derive from this set of criteria different clusters
for the countries in our dataset, we have applied a principal component analysis
(PCA) to evaluate the degree of correlation between the different parameters of
the twelve selected indicators. If the data exhibits clustering, this will be generally
revealed with the PCA analysis: by retaining only the components with the highest
variance, the clusters will be likely more visible (as they are most spread out). In this
step, we find the optimal number of components that capture the greatest amount
of variance in the data. This method defines the clusters taking into account the
differences from each other (heterogeneity between clusters) but also emphasizing
the same distinguishing features (homogeneity within the cluster).

We identify three clusters by covering 95% of the variance. Since the first three
components explain the majority of the variance in our data, we can set K=3 and
apply K-means algorithm to perform a classification of our dataset. The composition
of the three clusters is reported in Table 1 (see also Figure 1 for a geographical
representation of the three clusters.

The first cluster, called A, includes 40 countries. Most of them are economies that
in the last 10 years have experienced incomes that are more than twice the average
level in all other countries of cluster B and more than five times higher than the one
of the countries in cluster C. In this cluster, economic freedom is closely related to
openness and limited government economic intervention, both of which encourage
entrepreneurial activity. Theoretically, the idea of economic freedom and growth
nexus in the presence of energy use entails that the economies with more freedom
are assumed to be more energy efficient (Gillingham and Palmer, 2020). Moreover,
these countries are characterized by path dependence, that is, the complex processes
that are ‘unable to shake free of their history’ (David, 2001). For most of them,
the adoption of environmentally friendly technologies is based on past decisions and
behavior signifying the role of past-accumulated knowledge and technical capabilities
(Aklin and Urpelainen, 2013; Cetkovi¢ and Buzogany, 2020).

The second cluster, called B, is formed by 56 countries. Most of them are defined
as developing countries with upper and low middle-income and with standard of liv-
ing, income, economic and industrial development that remain more or less below
average of the countries in cluster A. For this second group, instead of having a path
dependence we have to consider a sort of path creation. For them, although the
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initial conditions seem to be very weak, once a path has been selected, various mech-
anisms can lead to its self-reinforcement, such as positive network externalities or
increasing returns (e.g. to scale, to scope, to learning). In order to implement these
specific steps, the interconnection with more developed economies (cluster A) could
play a crucial role in speeding up this process. Hence, the connection between econ-
omy and environment is a reflection of structural changes. They reveal a transition
from an agricultural society to an industrial economy and then to a service-oriented
economy.

The third cluster, called C, includes 28 countries. These countries are character-
ized by economies that showed very low growth within the last three-four decades.
For these countries, avoiding dangerous climate change will make it necessary to
reduce (or slow the increase of) their emissions. To date, however, in many cases
emission-intensive fossil fuels constitute the least expensive source of energy, being
significantly cheaper than low-carbon alternatives like renewable energy. These coun-
tries are facing low productivity, inefficient use of energy, and a low level of knowledge
and technical capabilities. Furthermore, for many countries in this cluster, when we
look at the measures of judicial effectiveness, property rights, governmental integrity
and overall economic freedom, their performance is below average.

To gain a better understanding of the dynamics of such groups of countries, we
have also split our sample and have applied the cluster analysis to four different
sub-periods. Then, we have checked for switches of counties from one cluster to an-
other over time. Over the first three sub-periods, 32 countries were involved in these
switches. All of them had upgrade switching (i.e. from cluster C to cluster B or from
cluster B to cluster A) except for Bangladesh, Ethiopia and Ukraine. Then, in the
last sub-period the clusters’ composition has not substantially changed, since only
three countries (Armenia, Libya and Saudi Arabia) moved from cluster B to cluster
C. These shifts highlight worsened economic conditions in these three countries, in
comparison to the others. Instead, the countries previously in cluster A and C did
not move.

5 Results and Discussion

The discussion of the empirical results follows the two-stage structure of the method-
ology section. The estimated countries’ specific efficiency measures (energy, renew-
able and C'Os) are first presented and discussed. Then, these measures are linked
with the composition of the three clusters. Finally, we discuss the estimated impact
of countries’ energy, renewable and C'O, efficiency on their productive performance
(both at individual and cluster level).
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5.1 Countries’ Energy, Renewable and C'O, Efficiency

The main results under the condition that all countries have access to the common
technology, known as global meta-technology, are presented in Table 5. Overall,
energy and renewable efficiency report average high scores with values 0.886 and
0.847, respectively. In particular, for the energy efficiency case a club of countries
(Australia, Belarus, Belgium, Canada, Croatia, Cyprus, Czech Republic, Denmark,
Finland, France, Germany, Hong Kong, Hungary, Iceland, Iran, Italy, Israel, Jordan,
Latvia, Luxembourg, The Netherlands, New Zealand, Norway, Poland, Portugal,
Russia, Slovak Republic, Slovenia, Spain, Sweden Switzerland, United Arab Emi-
rates, UK and USA) performs on the frontier regarding the specific inputs. These
findings are in accordance with Halkos and Tzeremes (2010), for EU countries (i.e
Finland, Norway, Spain, etc.), and Chien and Hu (2007), for OECD countries (i.e.,
Luxembourg, UK, Finland, Norway and Ireland). A more illustrative representa-
tion of our energy efficiency results is depicted in Figure 2.1 With regards to total
factor energy efficiency, countries’ performance was high on average. Countries like
Mexico, Nepal, Mongolia, Sri Lanka, Kenya, Cambodia, Sudan and Malaysia defined
the lowest average efficiency levels regarding the use of energy. In general, countries
within North America showed high average total factor energy efficiency, while in
South America, countries indicated moderate performance, on average. Conversely,
Asia demonstrated low average total factor energy efficiency.

Regarding renewable efficiency, again Ireland, Luxembourg, The Netherlands,
Saudi Arabia, Singapore, Switzerland, Ukraine, UAE and UK performed best, fol-
lowed by mainly Scandinavian countries, denoting a significant smaller number of
leading countries (see Table 5). Also in this case, Figure 3 provides a spatial distri-
bution of the average total factor renewable efficiency scores.!! Indeed, the specific
results regarding renewable efficiency are not surprising, as all these countries have
heavily restructured their energy mix over the period under investigation. Countries
that hold big scarcities of resources might develop straighter and more considerable
policy and management of the production process leading to better energy and re-
newable energy scores than countries living in prosperity. Regarding C'O, emissions

10We distinguish three categories categories: low with values < 0.5, moderate with values in the
[0.5, 0.8] interval and high with values > 0.8.

H"'Morocco, India and Gabon indicated the lowest mean values, while Russian Federation, United
States, Netherlands, Switzerland, Luxembourg and United Kingdom displayed the high average
levels. Moreover, fluctuations across the countries within North and South America are observed.
Regarding the use of the renewables, countries within North America indicated high and very low
efficiency, while within South America, countries displayed very low, low and moderate efficiency.
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efficiency, the mean is 0.907. The countries that appertain to the left tail of the dis-
tribution and form the outliers are Albania, Cambodia, Congo, Nigeria and Kenya.
As for energy and renewable energy, also for COy emissions efficiency, Table 5 reports
values for all countries in the dataset, while Figure 4 shows the geographical distri-
bution of this score. Another relevant result is that all countries delineate high and
constant levels of efficiency from the middle of the 2000’s.'? Finally, at this point,
it is worth mentioning that these discrepancies in energy and renewable efficiency
scores could also be due to the differences in the input-output mix used, the different
sample of countries, the time period and the methodology adopted.

Apart from the findings concerning efficiency estimates at the global scale, it
is also interesting to compare the individual countries’ scores with respect to their
respective cluster. Table 6 presents our estimates, at average level, for the three
clusters. It is clear the cluster A appears to have a better performance in terms of
different types of efficiency. The basic assumption is that the strong relationship
between energy, water, materials and waste makes it possible to obtain strategic
multiplicative effects on productivity performance and economic growth. It also en-
courages policy makers and firms to reconsider industrial production with significant
potential impacts on competitiveness. The same picture holds for the case of cluster
B compared to cluster C. Thus, the apparent contradiction of the results obtained
for cluster B can be explained considering that the energy situation in developing
countries is highly variable. Per capita electricity consumption is significantly lower
than that of industrialized countries while the annual growth rate of energy consump-
tion in developing countries is three to four times higher than that of industrialized
countries..

In terms of differences, we can denote that regarding productive performance,
renewable and energy efficiency there is a significant variation between the three
clusters. The variation diminishes in the case of C'O, efficiency. Looking at each
cluster, we can observe the same performance regarding individual countries. For
example, countries in cluster A as UK, USA, Sweden, Finland, The Netherlands,
etc. perform best. On the other hand, for cluster B countries that are top per-
formers are Belarus, Brazil, Greece, Iceland, Kuwait, Russian Federation and United
Arab Emirates. Regarding cluster C, only few of its countries can be characterized
as the best performers (i.e Argentina, Chile, China, Gabon, Jordan, Mexico and

12We distinguish five categories: very low with values < 0.5, low with values in the [0.5, 0.6]
interval, moderate with values at the [0.6,0.7] interval, high with values between 0.8 and 0.9 and
very high with values greater that 0.9
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Panama).'?

Finally, in Figure 6 we plot the retrieved measures of energy, renewable and C'O,
efficiency against the estimated measure of countries’ productivity (technical effi-
ciency). First of all, the three scatter plots suggest the possibility of a positive link
between the variables. Furthermore, they also show how, especially in relation to
energy and C'O; efficiency, many countries in cluster A tend to associate high techni-
cal efficiency with good performance in the energy measures. On the contrary, many
countries in cluster C have low scores in both dimensions of the scatter plots, while
a more mixed picture emerges for countries in cluster B.

5.2 The Impact of Energy, Renewable and C'O, Efficiency on
Countries’ Productivity

Having retrieved the productivity and efficiency measures, we can now apply our
regression model as specified in equations (9) and (10) to the meta-technology and
to the three specific technologies (belonging to clusters A, B and C, respectively).
The analysis has been carried out with the Hansen threshold methodology through
a fixed effect panel model.!* Tables 7 and 8 summarize the results.

We first look at the results of the estimations obtained without differentiating
between regimes. The estimation related to the metafrontier shows that, overall,
there is a positive impact of all three efficiency variables on countries’ productivity.
The strongest impact is attributed to energy efficiency (0.31). C'O; estimated coeffi-
cient is 0.21, while the estimated coefficient for renewable efficiency is 0.12. All the
estimated coefficients are statistically significant. The same analysis conducted on
the three separate clusters confirms the fact that all the three variables have a posi-
tive impact on countries’ productivity performance. Nevertheless, in relation to the
magnitude of these effects, there are some differences between the clusters. Energy
efficiency has a strong impact in cluster A (0.67) and a weaker impact in cluster B
(0.02) and C (0.14). In cluster B, CO, has the strongest impact (0.36), while the
impact of all the three variables is quite weak in cluster C with the impact of energy

13Figure 5 presents all measures for each of the participated countries. We owe this to an anony-
mous reviewer.

4 This decision has been taken after testing for fixed vs random effects. The results of the test,
not reported due to space constraints and available from the authors upon request, suggested a
fixed effect specification.
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efficiency (0.14) being the strongest.'®

These differences in terms of the impact of the measures of efficiency seem to be
in line with what implied by our clustering. Overall, the impact of efficiency is strong
in countries that have the best performance in terms of the 12-pillars classification
adopted to generate the clusters. As we stated in section 4.2, the 12 pillars are
related to the capability of creating good grounds and environments for a positive
impact of energy efficiency. Hence, as the performance in terms of the 12 pillars be-
comes progressively weaker in cluster B and then in C, it implies that the capability
of energy, renewable and C'O, efficiency to boost countries’ productive performance
becomes weaker and weaker as well.

Given the broad picture provided by the linear (no-regime) estimation of equa-
tion (9), we can then provide further insights by looking at the results of the Hansen
method. With the Hansen estimations at the individual clusters level (Table 7), we
find thresholds in clusters A and C with high levels (above 0.93), whereas in cluster
B the threshold is substantially lower (0.73). The likelihood ratio clearly highlights
the presence of one threshold only in the cases of cluster A and C, whereas for cluster
B the presence of a second threshold cannot be disregarded.

More specifically, for countries in cluster A, energy efficiency positively and sig-
nificantly affects their productive performance. The magnitude of such effect is more
than 10 times larger (9.406) for countries with an efficiency exceeding the threshold
(equal to 0.94) compared to the one (0.829) of countries with energy efficiency below
the threshold. This implies a sort of multiplier effect for countries that have invested
a lot in energy efficiency. These issues are closely connected with the approach to the
efficient use of resources on which the developed countries tend to focus a lot. Renew-
able energy shows a positive effect (0.224) only once the threshold has been reached,
while the estimated effect of C'O, - although positive and quite stable across regimes
- is not statistically significant. The basic intuition is that the strong performance
of these countries, in terms of the 12-pillars criteria, creates a breeding ground for
the impact of energy investment on countries’ growth. However, as suggested from
our results, strong investments in energy are required in order to magnify such im-
pact. Possible explanations arise due to countries’ different technological trajectories
(Stern, 2012), exploitation of technological opportunities related to energy efficient
and RES innovations (Rexh&user and Loschel, 2015) and the role of each country
absorptive capacity related to these technologies (Chatzistamoulou et al., 2019).

Results for cluster B show at first that the threshold is substantially lower com-
pared to the other two clusters (0.75). As a result, we see that energy and renewable

15All the estimated coefficients are statistically significant except for COs in cluster A and Re-
newable Efficiency in Cluster B.
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efficiency negatively affect productive performance for values below that threshold.
At the same time, for countries performing above the threshold there is evidence of
positive (although non-statistically significant for energy efficiency) effect. These re-
sults are strongly affected by the quite low estimated threshold. Developing countries
with low performance in energy efficiency are likely to have not enhanced any vir-
tuous mechanism yet, meaning that investment in energy cannot impact positively
on productivity due to the overall low level of efficiency. Furthermore, there is a
great deal of evidence that lack of funding in the energy sector is a major problem
for developing countries that cannot be solved solely with public budgets or devel-
opment aid. It is therefore necessary to attract private investments but these are
limited by the absence -or unsatisfactory definition- of energy policy and the lack
of institutional power. There is also a lack of a regulatory and financial legislative
framework, which is essential for attracting private funding and ensuring the smooth
functioning of the market. A possible explanation concerns the different market and
environmental regulations imposed by governments and authorities (Bigerna et al.,
2019). The regulation framework differentials inside the clusters under examination,
although the “homogeneity” in terms of several characteristics accrue the difference
in total factor energy efficiency, renewable efficiency and C'O, . Again, one can eas-
ily note how these elements are strictly related to the 12-criteria classification used
for generating the clusters and with respect to which countries in cluster B require
substantial improvements.

Lastly, looking at cluster C, the effect of energy efficiency is significant in both
regimes although it is negative (-2.471) above the threshold and positive (0.139)
below the threshold. Renewable efficiency and C'O, efficiency show a positive and
significant effect only when the observations are below the threshold. Again, these
results can be explained by combining the level of the estimated threshold and the
cluster’s features in terms of the criteria used to construct it. Given the low perfor-
mance of these countries in terms of the 12-pillars, they may not have established the
necessary environment to enhance the impact of efficiency on countries’ productivity.
As a consequence, we have a limited impact of efficiency on productivity below the
threshold. Following the same logic, investing in efficiency above the -high- thresh-
old will negatively impact on productivity as the high costs cannot be covered due
to the lack of the right environment to boost such impact. Country-related con-
cepts heavily influenced by the structure of each economy (Chatzistamoulou et al.,
2019), alterations in the composition of each one economy, and by changes in the
energy mix (Turner and Hanley, 2011; Chien and Hu, 2007; Rath et al., 2017), path
dependence phenomena (David, 2001) and lock-in for specific energy-inefficient tech-
nologies (Aghion et al., 2015) can be considered as possible explanations.
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6 Conclusion

In recent years, increasing concerns about climate change have re-positioned the is-
sues of energy, emissions, renewable efficiency and productive performance. This
article has provided further understanding of the combined impact of energy, renew-
able and C'O, efficiency on countries’ overall productive performance. To this aim,
we have used a global-level data-set consisting of 127 countries to estimate countries’
productive performance but also energy, renewable and C'O, efficiency and their
potential links.

Our analysis has identified three clusters of countries showing substantial differ-
ence in terms of energy and renewable efficiency, while such difference diminishes in
the case of C'O; efficiency. A panel analysis applied to the entire set of countries has
shown how increasing energy, renewable and C'Os efficiency has a positive impact on
country’s productivity. However, when we have looked at the effects differentiating
between different clusters, the estimated impact of efficiency on countries’ produc-
tivity has resulted to be substantially stronger in more advanced economies and to
diminish in less developed ones. Further insights regarding these results have been
provided by the application of the Hansen methodology, where we have segmented
the impact of efficiency on productivity based on estimated thresholds of energy ef-
ficiency. The results of this analysis have shown that advanced economies benefit
of a multiplier effect as levels of energy efficiency above the threshold imply a very
strong increase in the magnitude of the impact of efficiency on productivity. It is
important to note that while our results have been backed up by the literature with
regard to developed economies, results are inconclusive for what concerns developing
economies. For the latter, entry barriers may play a detrimental role to the adoption
and effectiveness of very high degrees of energy efficiency (see Fowlie and Meeks,
2021, among others).

Overall, our analysis supports the idea that incentivizing energy efficient practices
should result in more efficient productive processes and, as a consequence, in further
economic growth. Nevertheless, the clusters’ heterogeneity that we have found sug-
gests that the international reforms agenda and the related policy recommendations
should not follow a one size fits all approach. According to our results, more devel-
oped economies will benefit from strong incentives and policies aiming at improving
energy efficiency as this should trigger a multiplicative effect magnifying the positive
impact of energy efficiency on country’s productivity. For less developed economies,
our results suggest a more cautious approach as too much investment in energy ef-
ficiency may turn into a reduction in productivity. Our analysis suggests that in
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order to avoid such perverse effect and preserve a steady positive impact of energy
efficiency investments on productivity, such countries should also implement reforms
aiming at improve their performance in terms of government integrity, judicial effec-
tiveness, fiscal health and general economic freedom and openness.

As this is the first study that quantitatively investigates the nonlinear impact of
energy efficiency on productive performance, it presents some limitations that could
suggest future research directions. It is noteworthy that this study has an empirical
focus at country level. Therefore, the follow-up studies could investigate the prob-
lem at firm level or try to develop further its theoretical groundings. Moreover, the
utilization of additional variables examining energy mix, innovation activities and
technological and regulation aspects would enhance the explanatory power of the
relationship.
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Appendix A

Table 1: Description of variables (inputs-outputs)

Variable Measurement

GDP Millions of constant 2010 US dollars

C Oy Emissions Metric tons

Gross Fixed Capital Formation Millions of constant 2010 US

Labour Force, Total Thousands of people

Energy Consumption Kilograms of oil equivalent

Renewable Energy Consumption (%) Share of renewable energy in total final energy consumption

Source: All variables data, except energy consumption (IEA), were retrieved from the World Bank Database

Table 2: Descriptive statistics of inputs-outputs

Variable Obs Mean St. Dev. Min Max
GDP (millions of US dollars) 3048 13404.9  18120.5 160.3  110001.1
CO, Emissions (metric tons) 3048 5.1 5.6 0.05 38.3
Capital (millions of US dollars) 3048 91400 294000  0.001824 3530000
Labor (thousands of people) 3048 21600 76600 142 802000
Energy Consumption (kg of oil equivalent) 3048 2213.6 2377.7 102.2 18177.3
Renewable Energy Consumption (% of total energy use) 3048  30.1 29.2 0.002 98.3

Table 3: Percentiles of inputs-outputs

GDP Capital Stock Labour Force En. Cons. Ren. En. Cons. (O, Emissions

10 %  726.58 3.77 983174 363.26 1.15 0.25
25 % 1616.21 22.2 1.96 561.68 5.08 0.94
50 % 4934.13 94.9 4.63 1346.38 18.57 3.512
75 % 17201.65 521 14.4 3067.86 51.1 7.582
90 % 4112041 2220 470 11094.97 78.83 11.11

24



Table 4: List of Countries by Cluster

Cluster A
Australia Austria Belgium Canada Chile Croatia Cyprus Czech Republic
Denmark Estonia Finland France Georgia Germany Greece Hong Kong
Hungary Iceland Ireland Israel Italy Japan Latvia Lithuania
Luxembourg Malta New Zealand Norway Poland Portugal Singapore Slovakia
Slovenia Spain Sweden Switzerland The Netherlands ~ United Kingdom  United States Uruguay
Cluster B
Albania Argentina Armenia Azerbaijan Benin Bosnia and Herze Botswana Brazil
Bulgaria Cambodia China Colombia Costa Rica Cote d’Ivoire Dominican Rep Egypt
El Salvador Gabon Ghana Guatemala Honduras Indonesia Jamaica Jordan
Kazakhstan Korea, Rep Kuwait Kyrgyz Republic Lebanon Macedonia Maylasia Mauritius
Mexico Moldova Mongolia Morocco Namibia Nicaragua Pakistan Panama
Paraguay Peru Philippines Romania Russian Fed Saudi Arabia Senegal South Africa
Sri Lanka Tanzania Thailand Togo Trinidad & Tob Turkey Un Arab Em Zambia
Cluster C
Algeria Angola Bangladesh Belarus Bolivia Cameroon Cuba Congo, Dem Rep
Congo, Rep Ecuador Erithrea Ethiopia Haiti India Iran Libya
Mozambique Nepal Niger Nigeria Sudan Tajikistan Tunisia Ukraine
Uzbekistan Venezuela Vietnam Zimbabwe
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Table 5: Countries means of the estimated efficiencies (entire sample)

Country Name TE TFEEF TREEF TCO2EFF Country Name TE TFEEF TREEF TCO2EF
Albania 0.504 0.715 0.873 0.776 El Salvador 0.385 0.924 0.987 0.788
(0.122) (0.122) (0.131) (0.234) (0.046)  (0.058) (0.026) (0.233)
Algeria 0.818 0.94 0.769 0.923 Eritrea 0.67 0.739 0.994 0.831
(0.06) (0.026) (0.271) (0.104) (0.149)  (0.096) (0.012) (0.299)
Angola 0.299 0.723 0.822 0.886 Estonia 0.337 0.973 0.759 0.998
(0.054) (0.1) (0.187) 0.161) (0.158)  (0.008) (0.301) (0.005)
Argentina 0.306 0.992 0.816 0.893 Ethiopia 0.699 0.926 0.965 0.947
(0.048) (0.008) (0.125) (0.116) (0.133)  (0.052) (0.068) (0.096)
Armenia 0.645 0.974 0.873 0.643 Finland 0.907 1.000 0.671 0.962
(0.31) (0.026) (0.236) (0.29) (0.139)  (0.000) (0.203) (0.129)
Australia 0.868 1.000 0.898 0.96 France 0.827 1.000 0.989 0.949
(0.148)  (0.0002) (0.217) (0.11) (0.205)  (0.000) 0.041) 0.098)
Austria 0.812 0.99 0.617 0.992 Gabon 0.708 0.997 0.492 0.565
(0.145) (0.018) (0.187) (0.026) 0.218) (0.013) (0.398) (0.336)
Azerbaijan 0.225 0.94 0.958 0.964 Georgia 0.801 0.87 0.971 0.976
(0.173) (0.095) (0.143) (0.064) (0.157)  (0.061) (0.049) (0.094)
Bangladesh 0.671 0.885 0.998 0.808 Germany 0.966 1.000 0.94 0.933
(0.138) (0.145) (0.005) (0.289) (0.106)  (0.000) (0.1) (0.228)
Belarus 0.177 1.000 0.882 0.996 Ghana 0.313 0.853 0.952 0.624
(0.241) (0.000) (0.212) (0.007) (0.109) (0.05) (0.098) (0.22)
Belgium (0.792 1.000 0.994 0.895 Greece 0.588 0.986 0.664 0.943
(0.13) (0.000) (0.026) (0.255) (0.068)  (0.012) (0.261) (0.183)
Benin 0.211 0.715 0.973 0.546 Guatemala 0.317 0.816 0.966 0.857
(0.049) (0.272) (0.058) (0.331) (0.073)  (0.307) (0.074) (0.208)
Bolivia 0.275 0.604 0.963 0.979 Haiti 0.689 0.99 0.991 0.973
(0.069) (0.167) (0.108) (0.058) (0.19) (0.05) (0.032) (0.083)
Bosnia and Herze 0.734 0.815 0.985 0.978 Honduras 0.27 0.793 0.982 0.923
(0.246) (0.302) (0.072) (0.072) (0.039) (0.09) (0.031) (0.136)
Botswana 0.487 0.845 0.759 0.965 Hong Kong SAR, C  0.944 1.000 0.985 0.98
(0.063) (0.133) (0.105) (0.108) (0.114)  (0.000) (0.045) (0.052)
Brazil 0.446 0.906 0.927 0.954 Hungary 0.301 1.000 0.976 0.951
(0.069) (0.139) (0.166) (0.098) (0.048)  (0.000) (0.097) (0.137)
Bulgaria 0.161 0.89 0.96 0.999 Iceland 0.991 1.000 0.92 0.956
(0.075) (0.031) (0.091) (0.004) (0.03) (0.000) (0.271) (0.151)
Cambodia 0.197 0.453 0.901 0.553 India 0.189 0.568 0.427 0.948
(0.082) (0.19) (0.165) (0.293) (0.14) (0.171) (0.236) (0.138)
Cameroon 0.236 0.583 0.94 0.696 Indonesia 0.202 0.999 0.592 0.961
(0.045) (0.079) (0.078) (0.268) (0.034)  (0.003) (0.154) (0.098)
Canada 0.738 1.000 0.682 0.968 Iran, Islamic Re 0.201 1.000 1.000 0.998
(0.225) (0.000) (0.138) (0.109) (0.096)  (0.0004) (0.000) (0.011)
Chile 0.39 0.973 0.554 0.954 Iraq 0.774 0.99 1.000 0.992
(0.064) (0.016) (0.142) (0.156) (0.119)  (0.018) (0.000) (0.034)
China 0.739 0.615 0.675 0.978 Treland 0.926 0.999 1.000 0.966
(0.208) (0.179) (0.293) (0.078) (0.136)  (0.003) (0.000) (0.115)
Colombia 0.516 0.992 0.637 0.945 Israel 0.677 1.000 0.762 0.94
(0.081) (0.037) (0.289) (0.185) (0.102)  (0.0001) (0.249) (0.204)
Congo, Dem. Rep. 0.096 0.843 0.952 447 Ttaly 0.796 1.000 0.844 0.993
(0.023) (0.059) (0.064) (0.226) 0.103) (0.000) (0.231) (0.015)
Congo, Rep. 0.619 0.998 0.981 0.821 Jamaica 0.431 1.000 1.000 0.993
(0.179) (0.007) (0.042) (0.283) (0.079)  (0.000) (0.000) (0.033)
Costa Rica 0.649 0.748 0.983 0.851 Japan 0.833 0.994 0.935 0.965
(0.144) (0.107) (0.082) (0.209) (0.118)  (0.004) (0.124) (0.069)
Cote d’Ivoire 0.62 0.604 0.99 0.65 Jordan 0.69 1.000 0.998 0.976
(0.238) (0.16) (0.023) (0.362) (0.191) (0) (0.003) (0.089)
Croatia 0.444 1.000 0.964 0.962 Kazakhstan 0.174 0.999 0.97 0.999
(0.05) (0.000) (0.137) (0.087) (0.096)  (0.005) (0.145) (0.003)
Cuba 0.293 0.997 0.823 0.993 Kenya 0.152 0.442 0.949 0.562
(0.075)  (0.0005) (0.272) (0.028) (0.026)  (0.182) (0.117) (0.336)
Cyprus 1.000 1.000 1.000 1.000 Korea, Rep. 0.406 0.883 0.952 0.99
(0.0002)  (0.0002) (0.000) (0.0007) (0.061)  (0.065) (0.103) (0.027)
Czech Republic 0.315 1.000 0.923 1.000 Kuwait 0.927 0.904 1.000 1.000
(0.107) (0.000) (0.14) (01)0026 (0.099)  (0.116) (0.0003) (0.0002)
Denmark 0.968 1.000 0.957 0.953 Kyrgyz Republic 0.377 1.000 0.954 0.939
(0.053) (0.000) (0.146) (0.198) (0.324)  (0.000) (0.139) (0.106)
Dominican Republ 0.441 0.778 0.918 0.965 Latvia 0.482 1.000 0.886 0.998
(0.082) (0.079) (0.199) (0.08) (0.241)  (0.000) (0.118) (0.007)
Ecuador 0.398 0.787 0.587 0.952 Lebanon 0.495 0.762 1.000 0.988
(0.085) (0.075) (0.266) (0.098) (0.13) (0.122) (0.000) (0.039)
Egypt, Arab Rep. 0.21 0.763 0.782 0.977 Libya 0.78 0.856 0.989 1.000
(0.069) (0.088) (0.187) (0.043) (0.114)  (0.052) (0.054) (0.000)

Note: Standard Deviations in parentheses

Note: Standard Deviations in parentheses



Countries means of the estimated efficiencies (entire sample)

Country Name TE TFEEF TREEF TCO2EFF Country Name TE TFEEF TREEF TCO2EF
Lithuania 0.265 0.751 0.969 1.000 Senegal 0.533 0.87 0.996 0.781
(0.051)  (0.096) (0.103) (0.000) (0.187)  (0.269) (0.021) (0.153)
Luxembourg 1.000 1.000 1.000 1.000 Singapore 0.891 0.985 1.000 0.955
(0.000)  (0.000) (0.000) (0.000) (0.144)  (0.032) (0.000) (0.149)
Macedonia, FYR 0.329 0.544 0.922 1.000 Slovak Republic 0.272 1.000 0.976 1.000
(0.116)  (0.172) (0.171) (0.000) (0.043)  (0.000) (0.102) (0.000)
Malaysia (0.213)  (0.544) (0.965) 1.000 Slovenia 0.469 1.000 0.893 1.000
(0.065)  (0.225) (0.117) (0.000) (0.036)  (0.000) (0.125) (0.000)
Malta 0.978 1.000 0.999 1.000 South Africa 0.169 0.98 0.729 1.000
(0.055)  (0.001) (0.006) (0.000) (0.108)  (0.041) (0.271) (0.000)
Mauritius 0.813 0.998 1.000 1.000 Spain 0.598 1.000 0.727 0.999
(0.103)  (0.011) (0.000) (0.000) (0.113)  (0.000) (0.25) (0.004)
Mexico 0.322 0.352 0.816 0.979 Sri Lanka 0.326 0.431 1.000 0.81
(0.052)  (0.238) (0.189) (0.064) (0.055)  (0.261) (0.000) (0.224)
Moldova 0.496 0.998 0.913 0.819 Sudan 0.221 0.5 0.957 0.6
(0.334)  (0.007) (0.217) (0.277) (0.047) (0.18) (0.07) (0.293)
Mongolia 0.562 0.387 0.998 0.994 Sweden 0.594 1.000 0.891 0.78
(0.265) (0.24) (0.011) (0.032) (0.138)  (0.000) (0.108) (0.139)
Morocco 0.483 1.000 0.423 0.98 Switzerland 0.998 1.000 1.000 1.000
(0.088)  (0.000) (0.347) (0.068) (0.007)  (0.000) (0.000) (0.000)
Mozambique 0.068 1.000 0.921 0.562 Tajikistan 0.2 0.767 0.983 0.712
(0.018) 0.000 0.152 0.2 (0.086)  (0.071) (0.039) (0.221)
Namibia 0.682 0.551 0.983 0.972 Tanzania 0.103 0.878 0.935 0.664
(0.166)  (0.188) (0.075) (0.129) (0.018)  (0.051) (0.099) (0.125)
Nepal 0.117 0.375 0.934 0.724 Thailand 0.182 0.901 0.694 0.987
(0.026)  (0.248) 0.12) (0.126) (0.068) (0.05) (0.152) (0.051)
Netherlands 0.832 1.000 1.000 0.945 Togo 0.24 0.611 0.952 0.604
(0.137)  (0.000) (0.000) (0.199) (0.129)  (0.152) (0.06) (0.331)
New Zealand 0.55 1.000 0.565 0.977 Trinidad and Tob 0.446 1.000 0.974 0.992
(0.078)  (0.000) (0.077) (0.063) (0.285)  (0.000) (0.129) (0.036)
Nicaragua 0.234 1.000 0.998 0.921 Tunisia 0.333 0.996 0.983 0.993
(0.035)  (0.000) (0.008) (0.146) (0.058)  (0.018) (0.065) (0.022)
Niger 0.695 0.996 0.999 0.981 Turkey 0.382 0.871 0.578 919
(0.153)  (0.009) (0.006) (0.067) (0.055)  (0.245) (0.216) (0.18)
Nigeria 0.158 1.000 0.953 0.702 Ukraine 0.292 0.705 1.000 0.956
(0.137)  (0.000) (0.064) (0.345) (0.314)  (0.117) (0.000) (0.107)
Norway 0.973 1.000 0.825 0.909 United Arab Emirates  0.196 1.000 1.000 1.000
(0.08) (0.000) (0.31) (0.205) (0.288)  (0.000) (0.000) (0.000)
Pakistan 0.141 1.000 0.71) 1.000 United Kingdom 1.000 1.000 1.000 1.000
(0.047)  (0.000) (0.197) (0.000) (0.000)  (0.000) (0.000) (0.000)
Panama 0.614 0.99 1.000 0.982 United States 0.993 1.000 0.987 0.967
(0.065) (0.02) (0.000) (0.054) (0.035)  (0.000) (0.044) (0.093)
Paraguay 0.289 1.000 1.000 0.872 Uruguay 0.652 0.999 0.764 0.908
(0.053)  (0.000) (0.000) (0.12) (0.15) (0.005) (0.239) (0.212)
Peru 0.543 0.864 0.676 0.92 Uzbekistan 0.685 0.851 0.996 0.76
(0.103)  (0.274) (0.367) (0.241) (0.241)  (0.063) (0.016) (0.256)
Philippines 0.287 0.875 0.818 0.963 Venezuela, RB 0.132 0.979 0.986 0.996
(0.068)  (0.258) (0.229) (0.12) (0.188)  (0.038) (0.07) (0.021)
Poland 0.24 1.000 0.912 0.999 Vietnam 0.384 0.962 0.759 0.973
(0.1) (0.000) (0.188) (0.003) (0.082)  (0.079) (0.277) (0.078)
Portugal 0.528 1.000 0.602 0.998 Yemen, Rep. 0.426 0.885 0.526 0.92
(0.058)  (0.000) (0.301) (0.005) (0.245)  (0.252) (0.29) (0.222)
Romania 0.217 0.942 0.868 0.997 Zambia 0.681 0.994 0.951 0.966
(0.064)  (0.118) (0.192) (0.014) (0.221)  (0.027) (0.143) (0.074)
Russian Federati 0.19 1.000 0.992 1.000 Zimbabwe 0.426 0.964 0.933 0.677
(0.161)  (0.000) (0.029) (0.002) (0.121)  (0.021) (0.069) (0.226)
Saudi Arabia 0.954 1.000 1.000 1.000 Note: Standard Deviations in parentheses
(0.078)  (0.000) (0.000) (0.000)

Note: Standard Deviations in parentheses
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Table 6: Countries means of the estimated efficiencies (by cluster)

Country-cluster A TE  TFEEF TFREE TCO2EF
Australia 0.504 0715 0.873 0.982
(0.122)  (0.122)  (0.131) (0.012)
Austria 0818 0.94 0.769 1.000
(0.082)  (0.002)  (0.131) (0.000)
Belgium (0792 1.000 0.994 0914
(0.13) (0) (0.026) (0.028)
Canada 0.738 1.000 0.682 1.000
(0.225) (0) (0.138) (0.000)
Chile 0.39 0973 0554 0.968
(0.064)  (0.016)  (0.142) (0.002)
Croatia 0516 0.992 0.637 0.988
(0.081)  (0.037)  (0.289) (0.002)
Cyprus 0.096 0843 0.952 1.000
(0.023)  (0.059)  (0.064) (0.000)
Czech Republic 0.619 0.998 0.981 1.000
(0.179)  (0.007)  (0.042) (0.000)
Denmark 0.619 0.748 0.983 0.997
(0.144)  (0.107)  (0.082) (0.001)
Estonia 0.62 0.604 0.99 1.000
(0238)  (0.16)  (0.023) (0.000)
Finland 0.444 1.000 0.964 1.000
(0.05) (0) (0.137) (0.000)
France 0.293 0.997 0.823 0.983
(0.075)  (0.0005)  (0.272) (0.002)
Georgia 1.000 1.000 1.000 1.000
(0.0002)  (0.0002)  (0.000) (0.000)
Cermany 0315 1.000 0.923 1.000
(0.107) (0) (0.14) (0.000)
Greece 0.968 1.000 0.987 0.967
(0.069)  (0.088)  (0.187) (0.008)
Hong Kong SAR, C 0.985 1.000 1.000 1.000
(0.114)  (0.004)  (0.000) (0.000)
Hungary 0.301 1.000 0.976 0.965
(0.048)  (0.000)  (0.007) (0.011)
Tceland 0.991 1.000 0.92 1.000
(0.03)  (0.000)  (0.271) (0.000)
Treland 0.926 0.999 1.000 0971
(0.136)  (0.003)  (0.000) (0.012)
Isracl 0.677 1.000 0.762 0.962
(0.102)  (0.001)  (0.249) (0.012)
Ttaly 0.796 1.000 0.844 1.000
(0.136)  (0.000)  (0.104) (0.000)
Japan 0833 0.994 0.935 1.000
(0.118)  (0.004)  (0.124) (0.000)
Latvia 0.482 1.000 0.886 1.000
(0241)  (0.000)  (0.118) (0.000)
Lithuania 0.265 0.751 0.969 1.000
(0.051)  (0.006)  (0.103) (0.000)
Luxembourg 1.000 1.000 1.000 1.000
(0) (0.000)  (0.000) (0.000)
Malta 0978 0.999 0.999 1.000
(0.055)  (0.001)  (0.006) (0.000)
New Zealand 0.554 1.000 0.565 0.981
(0.078)  (0.000)  (0.077) (0.011)
Norway 0973 1.000 0.825 0972
(0.08)  (0.000)  (031) (0.010)
Poland 0.24 1.000 0912 1.000
(0.1)  (0.000)  (0.188) (0.000)
Portugal 0528 1.000 0.602 1.000
(0.058)  (0.000)  (0.301) (0.000)
Singapore 0.891 0.985 1.000 0978
(0.144)  (0.032) (0) (0.012)
Slovak Republic 0272 1.000 0.976 1.000
(0.043) (0) (0.102) (0.000)
Slovenia 0.469 1.000 0.893 1.000
(0.036)  (0.000)  (0.125) (0.000)
Spain 0.598 1.000 0.727 1.000
(0.113)  (0.000)  (0.25) (0.000)
Sweden 0.594 1.000 0.891 1.000
(0.138)  (0.000)  (0.108) (0.000)
Switzerland 0.998 1.000 1.000 1.000
(0.007)  (0.00)  (0.000) (0.000)
The Netherlands 0.988 1.000 1.000 1.000
(0.007)  (0.00)  (0.000) (0.000)
United Kingdom 1.000 1.000 1.000 1.000
(0) (0.000)  (0.000) (0.000)
United States 0.993 1.000 0.987 1.000
(0.035)  (0.000)  (0.044) (0.000)
Uruguay 0.652 0.999 0.764 0918
(0.15)  (0.005)  (0.230) (0.032)

Note: Standard deviations in parentheses
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Country-cluster B TE TFEE TFREE TCO2EF
Albania 0.385 0.924 0.987 0.812
(0.046)  (0.058) (0.026) (0.075)
Argentina 0.337 0.973 0.759 0.901
(0.158)  (0.008) (0.301) (0.032)
Armenia 0.907 1.000 0.671 0.688
(0.139)  (0.000) (0.203) (0.125)
Azerbaijan 0.827 1.000 0.989 1.000
(0.205)  (0.000) 0.041) (0.000)
Benin 0.708 0.997 0.492 0.611
0.218)  (0.013) (0.398) (0.143)
Bosnia Herzegovina 0.801 0.87 0.971 0.989
(0.157)  (0.061) (0.049) (0.009)
Botswana 0.966 1.000 0.94 0.998
(0.106)  (0.000) (0.101) (0.000)
Brazil 0.313 0.853 0.952 0.987
(0.109)  (0.05) (0.098) (0.002)
Bulgaria 0.588 0.986 0.664 1.000
(0.068)  (0.012) (0.261) (0.000)
Cambodia 0.317 0.816 0.966 0.589
(0.073)  (0.307) (0.074) (0.187)
China 0.27 0.793 0.982 1.000
(0.039)  (0.09) (0.031) (0.000)
Colombia 0.202 0.999 0.592 0.978
(0.034)  (0.003) (0.154) (0.001)
Costa Rica 0.774 0.991 0.984 0.898
(0.119)  (0.018) (0.008) (0.063)
Cote d’ Ivoire 0.431 0.928 0.954 0.721
(0.079)  (0.014) (0.031) (0.201)
Dominican Republic 0.69 1.000 0.998 1.000
(0.191)  (0.000) (0.003) (0.000)
Egypt 0.174 0.999 0.97 0.999
(0.096)  (0.005) (0.145) (0.000)
El salvador 0.152 0.442 0.949 0.821
(0.026) (0.182) (0.117) (0.128)
Gabon 0.406 0.883 0.952 0.639
(0.061)  (0.065) (0.103) (0.178)
Ghana 0.927 0.904 1.000 0.687
(0.099)  (0.116)  (0.0003) (0.218)
Guatemala 0.377 0.915 0.954 0.912
(0.324)  (0.000) (0.019) (0.043)
Honduras 0.495 0.762 1.000 1.000
(0.13)  (0.122) (0.000) (0.000)
Indonesia 0.329 0.544 0.922 1.000
(0.116)  (0.172) (0.171) (0.000)
Jamaica (0.213)  (0.544) (0.965) 1.000
(0.065)  (0.225) (0.117) (0.000)
Jordan 0.813 0.998 0.987 1.000
(0.103)  (0.011) (0.001) (0.000)
Kazakhstan 0.322 0.352 0.816 1.000
(0.052)  (0.238) (0.189) (0.000)
Korea, Rep. 0.406 0.883 0.952 1.000
(0.061)  (0.065) (0.103) (0.000)
Kuwait 0.927 0.904 1.000 1.000
(0.099) (0.116)  (0.0003) (0.000)
Kyrgyz Republic 0.377 0.915 0.954 0.987
(0.324)  (0.000) (0.019) (0.001)
Lebanon 0.495 0.762 1.000 0.989
(0.13)  (0.122) (0.000) (0.000)

Note: Standard deviations in parentheses



Country-cluster B TE TFEE TFREE TCO2EF
Macedonia, FYR 0.329 0.544 0.922 1.000
(0.116)  (0.172) (0.171) (0.000)
Malaysia (0.213)  (0.544)  (0.965) 1.000
(0.065)  (0.225) (0.117) (0.000)
Mauritius 0.813 0.998 0.987 1.000
(0.103)  (0.011) (0.001) (0.000)
Mexico 0.322 0.352 0.816 0.999
(0.052)  (0.238) (0.189) (0.000)
Moldova 0.496 0.998 0.913 0.879
(0.334)  (0.007)  (0.217) (0.089)
Mongolia 0.562 0.387 0.998 0.999
(0.265)  (0.24) (0.011) (0.000)
Morocco 0.483 0.978 0.423 0.999
(0.088)  (0.001) (0.347) (0.000)
Namibia 0.682 0.551 0.983 0.983
(0.166)  (0.188) (0.075) (0.002)
Nicaragua 0.234 0.912 0.998 0.941
(0.035)  (0.012) (0.008) (0.012)
Pakistan 0.141 0.943 0.71) 1.000
(0.047)  (0.023)  (0.197) (0.000)
Panama 0.614 0.994 0.978 0.999
(0.065)  (0.02) (0.001) (0.000)
Paraguay 0.289 0.967 0.976 0.912
(0.053)  (0.002) (0.001) (0.023)
Peru 0.543 0.864 0.676 0.938
(0.103)  (0.274) (0.367) (0.032)
Philippines 0.287 0.875 0.818 0.991
(0.068)  (0.258) (0.229) (0.004)
Romania 0.217 0.942 0.868 0.999
(0.064) (0.118)  (0.192) (0.000)
Russian Federation 0.19 1.000 0.992 1.000
(0.161)  (0.000) (0.029) (0.000)
Saudi Arabia 0.469 1.000 0.893 1.000
(0.036)  (0.000) (0.125) (0.000)
Senegal 0.533 0.87 0.996 0.781
(0.187)  (0.269) (0.021) (0.153)
South Africa 0.169 0.98 0.729 1.000
(0.108) (0.041)  (0.271) (0.000)
Sri Lanka 0.326 0.431 1.000 0.81
(0.055) (0.261)  (0.000) (0.224)
Tanzania 0.998 1.000 1.000 1.000
(0.007)  (0.000) (0.000) (0.000)
Thailand 0.2 0.767 0.983 0.712
(0.086)  (0.071) (0.039) (0.221)
Togo 0.103 0.878 0.935 0.664
(0.018)  (0.051) (0.099) (0.125)
Turkey 0.182 0.901 0.694 0.987
(0.068)  (0.05)  (0.152) (0.051)
United Arab Emirates 0.24 0.611 0.952 0.604
(0.129)  (0.152)  (0.06) (0.331)
Zambia 0.446 1.000 0.974 0.992
(0.285)  (0.000) (0.129) (0.036)

Note: Standard deviations in parentheses
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Country-cluster C TE TFEEF TREEF TCO2EF
Algeria 0.828 0.954 0.814 0.961
(0.161)  (0.021) (0.129) (0.021)
Angola 0.349 0.817 0.872 0.898
(0.261)  (0.120)  (0.129) (0.087)
Bangladesh 0.719 0.902 0.992 0.904
(0.161)  (0.054) (0.029) (0.032)
Belarus 0.321 1.000 0.992 0.914
(0.201)  (0.000) (0.002) (0.021)
Bolivia 0.319 1.000 0.992 1.000
(0.181) (0.000) (0.029) (0.000)
Cameroon 0.409 0.623 0.974 0.712
(0.201)  (0.103) (0.009) (0.087)
Ecuador 0.412 0.823 0.674 0.971
(0.191)  (0.063) (0.089) (0.007)
Cuba 0.319 0.999 0.874 0.999
(0.241)  (0.000) (0.039) (0.000)
Eritrea 0.784 0.819 0.999 0.912
(0.089)  (0.086) (0.000) (0.021)
Ethiopia 0.819 0.972 0.987 0.987
(0.083)  (0.012) (0.008) (0.001)
Haiti 0.809 0.999 0.993 0.999
(0.098)  (0.000) (0.001) (0.000)
India 0.389 0.681 0.527 0.961
(0.176)  (0.101) (0.136) (0.009)
Iran, Islamic Re 0.398 1.000 0.977 1.000
(0.076)  (0.000) (0.003) (0.000)
Libya 0.829 0.898 0.999 1.000
(0.094)  (0.032) (0.000) (0.000)
Mozambique 0.209 0.964 0.976 0.689
(0.038)  (0.011) (0.007) (0.151)
Nepal 0.331 0.451 0.964 0.872
(0.126)  (0.108)  (0.009) (0.054)
Niger 0.751 0.999 0.999 0.999
(0.132)  (0.000) (0.000) (0.000)
Nigeria 0.358 0.999 0.983 0.852
(0.127)  (0.000) (0.004) (0.053)
Republic of Congo 0.311 0.876 0.977 0.612
(0.187)  (0.091) (0.003) (0.076)
Sudan 0.421 0.576 0.997 0.712
(0.147)  (0.161) (0.000) (0.076)
Tajikistan 0.422 0.817 0.999 0.817
(0.206)  (0.041) (0.000) (0.049)
Tunisia 0.452 0.999 1.000 1.000
(0.108)  (0.000) (0.000) (0.000)
Ukraine 0.412 0.776 1.000 1.000
(0.294)  (0.121) (0.000) (0.000)
Uzbekistan 0.718 0.882 1.000 1.000
(0.121)  (0.083) (0.000) (0.000)
Venezuela, RB 0.312 0.981 0.991 1.000
(0.218)  (0.008) (0.002) (0.000)
Vietnam 0.428 0.976 0.819 0.934
(0.103)  (0.009) (0.067) (0.023)
Zimbabwe 0.512 0.984 0.950 0.843
(0.201)  (0.001)  (0.019) (0.075)

Note: Standard deviations in parentheses
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Table 7: Clusters threshold regression estimates

Countries Cluster A

No regimes

With regimes

Estimated thresholds Regime 1 Regime 2
> 0.94 <0.94
TFEEF 0.67446***  9.40687**F*  (.82932%**
(0.08080) (-0.106122)  (0.15626)
TREEF 0.24698***  (0.22495%**  _(0.31593***
(0.03837) (0.03633) (0.11563)
TCO,EF 0.06531 0.06835 0.11112
(0.063665) (0.06189) (0.47529)
Constant -0.19471 -8.89352*%**  0.17046
(0.11174) (-0.10493) (0.53475)
Observations 864 810 50
R-squared 0.12 0.14 0.39
LM-test for no threshold 37.922
Bootstrap (p-value) 0.000

Countries Cluster B

No regimes With regimes
Estimated thresholds Regime 1 Regime 2
> 0.73 <0.73
TFEEF 0.025714 0.102483 -0.6093***
(.052191) (.17621) (.099002)
TREEF 0.220464*** 0.241931***  -0.060293
(0.049747) (0.055087) (0.079406)
TCO,EF 0.366821***  (0.387835***  (0.20020***
(0.057331) (0.080799) (0.063682)
Constant -0.085503 -0.194151 0.60453%**
(0.083451) (0.19792) (0.113959)
Observations 816 707 109
R-squared 0.05 0.05 0.29
LM-test for no threshold 25.435
Bootstrap (p-value) 0.000

Countries Cluster C

No regimes

Estimated thresholds

With regimes

Regime 1 Regime 2
> 0.93 <0.93

TFEEF 0.147288***  _2 4705%**  ().139824***
(0.024349) (0.564766) (0.035721)
TREEF 0.065844*** (.048003 0.123638%**
(0.029486) (0.035232) (0.045229)
TCO,EF 0.097183***  _0.024665 0.198133***
(0.029301) (0.0494515)  (0.034415)
Constant 0.148348*** 2 8T52%** 0.014069
(0.044622) (0.558983) (0.058211)
Observations 1584 811 773
R-squared 0.04 0.03 0.06
LM-test for no threshold 43.956
Bootstrap (p-value) 0.000
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Table 8: All countries threshold regression estimates

No regimes

With regimes

Estimated thresholds Regime 1  Regime 2
> 0.92 <0.92
TFEEF 0.314023***  -0.050787  0.0716188*
(0.438769)  (0.023359)  (0.035845)
TREEF 0.125035%**  0.13181*** (.13308%**
(0.024038)  (0.028159)  (0.040971)
TCOEF 0.217788*** (0.19381***  (0.20267***
(0.042120)  (0.026704)  (0.031259)
Constant -0.08227** 0.312789 0.050684
(.038214) (.434854) (.053483)
Observations 3024 2029 985
R-squared 0.08 0.02 0.05
LM-test for no threshold 58.873
Bootstrap (p-value) 0.000
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Appendix B
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Figure 1: Geographical distribution of the three clusters
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Figure 2: Spatial distribution of average total factor energy efficiency (127 countries
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Figure 3: Spatial distribution of average total factor renewable energy efficiency
(127 countries globally)
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Figure 4: Spatial distribution of average carbon dioxide emissions efficiency (127
countries globally)
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