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Abstract: Different sustainability indicators tend to reflect different or even converse outcomes in
terms of countries. A careful comparative study is needed to clarify whether these indicators are
actually coherent with each other. We analyze and compare five sustainable development indicators.
Pearson correlation was used to make a comparative study among them. Within the two groups,
the indicators are positively correlated. The Sustainable Development Index (SDI) of the second
group also shares a negative correlation with the Human Development Index. On the other side,
the Emergy Sustainability Index was negatively correlated with the Environmental Performance Index,
and had little or no correlation with the Environmental Sustainability Index. Furthermore, when
examining the scores obtained from the different SDIs, the results demonstrate that they might present
somewhat conflicting findings, if not considering their complementarity. This, from one side, depends
on the fact that Human Development Index (HDI), Environmental Performance Index (EPI), and
Environmental Sustainability Index (ESI) provide a short-term local perspective on “sustainability”,
while the Emergy-based Sustainability Index (EmSI) and Surplus Biocapacity are more long-term and
global in their perspective. HDI, EPI, and ESI have a more social and economic focus, including
indicators whose dynamics are disjoined from the natural one. The emerging differences might be
explained through the analysis of the individual sub-indicators for each of the SDIs.

Keywords: sustainable development indicators; emergy sustainability index; Surplus Biocapacity

1. Introduction

1.1. The Ecology of Sustainability

Ecologists, unlike economists, whose models provide no upper bound on economic growth,
are accustomed to the idea of limits of development. Natural systems exist subject to the unyielding
laws of thermodynamics, whose implications for living organisms were explored [1]. Industrialization,
as a dominant development paradigm of the past two centuries, is not sustainable as an approach
to development of either natural or human resources [2]. In fact, industrial systems are inherently
extractive, exploitative, and ultimately dependent upon finite stocks of non-renewable resources.
Furthermore, industrial systems will eventually degrade and deplete the resources upon which their
productivity depends.
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Industrialization is the physical manifestation of a specific philosophy of economics, the concept
of science and worldview. Thus, the conceptual foundation of social-economic systems oriented to
the requirements of ecosystem integrity and species diversity should be deepened before planning
a sustainable system. Such a goal can be reached if both the system under study and the observable
variables to measure and a set of meaningful indicators are univocally defined and used.

In parallel with such an axiomatization process, a reference framework must be defined.
Sustainability, as a reference framework, has gained widespread acceptance in environmental political
theory as an optimal conceptual and practical mechanism for encouraging mutually beneficial interactivity
between three distinct systems—the economy, society, and the environment [3,4]. Introduced by the
Brundtland Commission in 1987, sustainability means meeting the current needs of society in ways
that enable future generations to meet their own needs [5]. Since then, wide expansion of the use of
“sustainability” has helped to spread the concept even further. For instance, the concept of sustainable
development (actually, according to [6]), sustainability and sustainable development could be used
interchangeably) emerged in the early and mid-1980s [5,7,8] as an attempt to bridge the gap between
environmental concerns about the increasingly evident ecological consequences of human activities and
socio-political concerns about human development issues [9]. This view of sustainability parallels and
differs from the human-centered conceptions put forward by the World Commission on Environment
and Development and the consumption-based principles proposed by economic theorists.

A first action plan for a transition to sustainability was introduced at the 1992 United Nations
Conference on Earth and Development in Rio de Janeiro, Brazil as Agenda 21. Its basic requirement
was a transition to less materialistic values and lifestyles [10]. Later, the 2005 World Summit on
Social Development identified sustainable development goals [11]: economic development; social
development; environmental protection. These are also known as the three pillars of sustainability.
The simple availability of various information sources gradually increased the spread of sustainability
terms and their definitions, as employed by different authors and organizations [12].

In December 2014, the United Nations (UN) Secretary General published his report on the SDGs.
However, the final goals and targets that were adopted by the UN General Assembly in September 2015
risk not meeting the expectations, because of what we call “cockpit-ism”: the illusion that top-down
steering by governments and intergovernmental organizations alone can address global problems [13].
Some researchers argued that sustainable development has a meta-ethical foundation, a definition of
right and wrong paths stemming from what one might consider a Universal Truth, that is humanity’s
desire to survive and economic development [14]. This would imply that there cannot be a close
relationship between economic efficiency and ecological sustainability. Nonetheless, an integration of
economics and ecology is still required.

1.2. The Sustainable Development Indicators

Sustainable development indicators were produced for various purposes by a wide spectrum
of institutions [15,16], leading to diverse approaches. Hopwood et al. emphasized that there is a
fundamental divide on indicators selection between reformers and transformationists in their concept
of and approach to sustainable development [17]. The reformers prefer those indicators, which change
through management—top-down and incremental—of the existing structures of decision-making.
The transformationists view is that change will occur mainly through political action, working both
in and outside the existing structures. Hopwood et al. proposed that the sustainable development
discourse at present is dominated by the managerial outlook [17].

Developing an adequate set of indicators and a more consistent sustainability metrology for a
community, a country, or the world is not easy. It requires understanding about the level of viability of
the systems involved and their contribution to sustainable development. An “anything-goes-mentality”
measure [18], as well as a simple “feel-good-sustainability” one [19], are counterproductive to all
serious sustainability efforts. For example, sustainability is measured by the United Nations or
European Union by means of economic, social, environmental, and institutional indicators (United
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Nations Division for Sustainable Development. Indicators of sustainable development. See also: <http:
/ /www.un.org/esa/sustdev/natlinfo/indicators /isdms2001/table_4.htm>). Nearly all governments
have committed themselves to sustainable development by integrating economic welfare,
environmental quality, and social coherence [20]. Additionally, researchers monitor various indicators
of ecological, economic, and social conditions to compare well-being and progress toward sustainability
among nations (Emergy Accounting of the Resource Basis of Nations, Human Well-being and
International Debt. See also: http:/ /www.cep.ees.ufl.edu/emergy/documents/dissertations_theses/
Devincenzo-king 2006_EmergyResourceBasisNations_Wellbeing_IntlDebt_Thesis-UF.pdf). Such
comparisons are significant, because they can direct corresponding policies and effective actions
toward better life conditions. Finally, a rapid expansion in the development and use of complex
analytical tools (mainly built as aggregations of a suitable number of indicators) is presently supporting
both environmental policy development and management decisions.

For more than a decade, the United Nations Development Programme (UNDP) has published the
Human Development Index (HDI), which has generated diverse responses from experts (e.g., [21-23]),
national media (e.g., [24]), and policymakers (e.g., [25,26]). The HDI is a measure of a country’s
average achievement in human development, based on a long and healthy life (life expectancy at
birth), knowledge (adult literacy rate and gross school enrollment ratio), and standard of living (Gross
Domestic Product per capita). Countries are given a score in each of the three categories. These scores
are, then, averaged to determine the HDI. The higher a country’s HD]I, the higher its level of human
development [27]. The UN maintains that the HDI is meant to provide a summary measure, not a
comprehensive one, of human development by measuring average achievement.

The Environmental Performance Index (EPI; [28]) focuses on two overarching environmental
objectives: (i) reducing environmental stresses to human health, and (ii) promoting ecosystem vitality
and sound natural resource management. They are gauged using 25 performance indicators tracked in
six policy categories, which are then combined to create a final score. By identifying specific targets
and measuring the distance between the target and current national achievement, the EPI provides
both an empirical foundation for policy analysis and a context for evaluating performance.

The Environmental Sustainability Index (ESI) is a composite index targeting environmental,
socioeconomic, and institutional indicators as a means to assess sustainability. The ESI incorporates
20 indicators, each of which combines two to eight variables [29]. First published in 2001, it has seen
increasing popularity in the popular media [20-31]. Values of the ESI for each country vary between 0
(most unsustainable) and 100 (most sustainable) [32].

The Ecological Footprint (EF; [33]) is perhaps the most referenced sustainability indicator in the
current literature [34-36]. It provides a quantitative assessment of the biologically productive area
(the amount of land surface) required to produce the necessary resources (food, energy, and materials)
and to absorb the wastes for a given population [37]. In this study, we use Surplus Biocapacity (SB),
an index developed by the Ecological Footprint network. Biocapacity measures the area of biologically
productive land, defined on the basis of its environmental boundary conditions, which influence
its productivity—actually available to provide renewable natural resources and absorb CO, waste.
Surplus Biocapacity is, therefore, biocapacity that exceeds the Ecological Footprint. The units of
biocapacity are global hectares (gha), where 1 gha represents the productive capacity of 1 hectare of
land at world average productivity.

Environmental accounting using emergy, which merges biophysical and economic accounting
through specific indices, can be a systematic method of measuring the mutual influence between
environmental and economic systems, reporting them to decision makers in terms of one common
“currency”. The currency is emergy, which is the computation of available energy directly and indirectly
involved in a process, starting from the formation to the transformation of resources and also including
the required human labor and information [38—40]. Based on systems theory, the conceptual framework of
emergy is both holistic and atomistic, combining both the representation of whole systems, having large
time and special scales, with reductionist study of its parts and elements at smaller time and spatial scales.
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The emergy-based sustainability index (EmSI) is a global index of sustainability used to assess the
status of systems, combining concepts of socio-economic yield and environmental impact as shown below:

EmSI = EYR/ELR 1)

where EYR is the emergy yield ratio, and ELR is the environmental loading ratio [41,42]. In earlier
publications, ESI was used as an abbreviation of Emergy Sustainability Index [41,43]. Brown et al.
later used EmSI in their research paper to avoid the confusion with respect to ESI, the composite
index tracking 21 elements of environmental sustainability [44], which was created through the joint
initiative of the Yale Center for Environmental Law and Policy (YCELP) and the Center for International
Earth Science Information Network (CIESIN) of Columbia University, in collaboration with the World
Economic Forum and the Directorate-General Joint Research Centre (European Commission).

The emergy approach is increasingly being applied to different systems. It scales from individual
production processes to whole economies [45], both providing a comprehensive view of the interactions
between economic growth and the environment and contributing to economic and environmental
policy making. Of relevance to this study, emergy and the EmSI were applied at different spatial scales:
the city /region ones [46-50]; the national one [44,51-56]; the global one [57,58].

The main characteristics of the five sustainability indicators chosen for this study are shown in
Table 1.

Table 1. Summary table of the sustainability indicators.

Number of . - S Indicators-Based/
Name Sub-Indicators Scaling/Normalization Weighting Single-Unit

[0, 1], using minimum and
HDI * 3 maximum value for each Equal indicators-based
indicator as goal post

Six policy

EPI* .
categories

[0, 100] PCA/experts indicators-based

N Mean subtraction and division . .
ESI 68 by the standard deviation Equal weights indicators-based

EF ** 6 Area Equal Single-unit

EmSI - >0 - Single-unit

Note: * according to [59]; ** according to [60].

It is worth mentioning that only integrated indicators, where more than one dimension of
sustainability is aggregated, were selected for this study. Thus, for example, the International Union
for Conservation of Nature (IUCN) Barometer of Sustainability [61] was not included in our analysis.
In fact, this is a two-axes structural analysis program, that assesses sustainable development and
provides a comprehensive method for measuring the state of sustainable development at national level.
On the other hand, both the Index of Sustainable Economic Welfare (ISEW, [62]) and the Environmental
Sustainability Index (ESI) move beyond economic accounting, encompassing numerous nature-society
dimensions. ESI, in particular, aggregates 68 indicators from five categories of mostly environmental
sustainability aspects, but also from social and institutional dimensions. ESI is selected in this study
based on the data availability of all the countries.

1.3. Interpreting Sustainability

Interpretations of the sustainability concept can be very different across the various disciplines,
often assuming that a sustainable system is simply the one that survives or persists over others.
Biologically, sustainability means the property of biological systems to remain diverse and productive
indefinitely [63]. Long-lived and healthy wetlands and forests are examples of sustainable biological
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systems. Economically, sustainability interfaces with economics through the social and ecological
consequences of economic activity [64]. Sustainability economics represents: “...a broad interpretation
of ecological economics where environmental and ecological variables and issues are basic but part of
a multidimensional perspective. Social, cultural, health-related and monetary /financial aspects have
to be integrated into the analysis.” [65,66]. On the other hand, social sustainability emphasizes living
in ways that can be sustained because they are healthy and satisfying for people and communities [67].
Thus, “sustainability” lacks a clear and distinct meaning due to its intrinsic multidimensional nature.
There are no exact limits in defining sustainability. Instead, the border between sustainable and
unsustainable is fuzzy, meaning that it is often not possible to determine the exact reference values for
what is sustainable and what is not [68].

In addition to its vague nature, the concept of sustainability, in general, suffers from a short-term
outlook. In fact, the processes, that make a society sustainable or prone to collapse, develop over
long time periods, typically stretching to generations or centuries [69]. It is difficult to discern,
let alone comprehend, these processes within a single lifespan. Tainter suggests that statements
about sustainability should be based on long-term observations, while those, that are not, should be
considered somewhat suspect [70]. Thus, it is not surprising that different sustainability indicators,
when applied to countries, tend to reflect different or even converse outcomes, partly because
sustainability is an interdisciplinary concept and assessing it requires a combination of economic
and ecological analyses [71]. Another reason is that sustainability is fraught with ambiguity and
uncertainty (e.g., [72]). These elements potentially lead to results and conclusions that inevitably
confuse learners, researchers, planners, decision makers, and politicians.

A further problem derives from the intrinsic difference among the available indicators.
For example, the EPI results of countries [28] view the sustainability covering both environmental
public health and ecosystem vitality have the exact opposite perspective to the SB (Surplus Biocapacity)
of countries [29,73]. Just as Bradshaw et al. propose in their paper, “Most indices also incorporate
(often arbitrarily) indicators of human health and economic performance, so the emphasis on the
environmental component is diluted or confounded” [74]. Additionally, aggregated indices, such as the
ES], are criticized for their subjective methodology and for combining too many disparate variables [31],
thereby masking more relationships than they reveal. Indeed, as the literature suggests [30], the nature
of the data which composes the ESI gives an unmerited sustainability credit to developed countries
and may not be exclusively measuring environmental sustainability, as its name suggests. Likewise,
while aggregation of data to produce indicators is necessary, critics suggest that aggregations can be
arbitrary and misleading [75].

The concept of sustainable development represents a shift in understanding of humanity’s place
on the planet, but it is open to interpretation of being anything from almost meaningless to of extreme
importance to humanity. Whatever view is taken, it is clearly an area of contention [17]. Whilst
recognizing the deep debates and ambiguities about the meaning of sustainable development, this
paper analyzes the status of 100 countries using five different sustainability indices: EF, EPI, ESI,
HDI, and EmSI, considering the many concerns associated with the use of different indicators of
sustainability, which often provide apparent contradictory outcomes.

The first goal of this paper is to move a step forward in the direction of removing such
contradictions. We, then, compare the results of the chosen analytical tools, by ranking the top
10 and bottom 10 countries derived from the result of the chosen indices. Then, the data are compared
through Pearson correlation to highlight the existing interdependences and differences.

2. Data and Methods

2.1. Data Sources

The latest available data for the country evaluation of sustainability, using EF, EPI, ESI and
HDI, were taken from published sources. EF data (we used Surplus BioCapacity) were from [73].
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EPI data were from the 2008 Environmental Performance Index [28] and ESI data were taken from the
2005 Environmental Sustainability Index: Benchmarking National Environmental Stewardship (http:
//www.yale.edu/esi/). HDI data were taken from the study of [74]. Data for the EmSI were derived
from the National Environmental Accounting Database (NEAD) website [76]. The NEAD currently
provides emergy data for 134 countries worldwide for three distinct years (2000, 2004 and 2008).
The NEAD can be found at the following URL: (http://www.cep.ees.ufl.edu/emergy/nead.shtml).
Some missing data in the NEAD constrained the number of countries that could be analyzed in this
study. Consequently, the final number of selected countries was 100, the populations of which accounts
for 83.41% of the total world population. In the case of ESI, the latest available dataset, relative to
year 2005, was considered, since more recent and complete data were not available for this indicator.
Nonetheless, this problem is overcome using ranking and coherency instead of absolute values, which
would have limited the value of our analysis.

2.2. Analysis Methods

The ranking method is a known effective way to compare data which has been used in multiple
studies (e.g., [20,44,77-80]). In this paper, the process was implemented using the “RANK” function in
Microsoft Excel®. In particular, we ranked the computed sustainability indices for the 100 different
selected countries. The main reason for ranking, rather than using the actual values, is to remove the
adverse effects caused by extremes. It needs to be noted that the computed values increase as the
corresponding ranking values approach 1, for instance, a nation with the highest sustainability index
value has a rank of 1; while the nation with the lowest value has a rank of 100. Pearson correlation was
also used for correlation analysis.

3. Results

3.1. Ranks of HDI, EPI, ESI, SB, and EmSI of Countries

Figure 1 presents the ranking scores by country for each Sustainable Development Index (SDI).
The countries were listed in order according to the HDI rank from 1 to 100 (right to left). Thus,
in Figure 1, Norway (NOR) is ranked highest and Niger (NER) is ranked lowest. The top 10 and
bottom 10 countries are identified in each of the graphs of Figure 1. By keeping the list of countries
(from right to left) constant based on the HDI rank, Figure 1b—e demonstrate that the individual SDIs
present divergent results for many countries.
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Figure 1. HDI, EPI, ESI, Surplus Biocapacity (SB), and EmSI ranks of 2008. Note: Madagascar, Brazil,
Ecuador, South Korea, Syria, Belgium and Cyprus have no data for SB from the data source we use.
(a) HDI ranks; (b) EPI ranks; (c) ESI ranks; (d) SB ranks; (e) EmSI ranks.

Five countries ranked in the top 10 HDI were also ranked in the top 10 on EPI, and seven
countries ranked in top 10 on HDI were also ranked in the top 10 on ESL. Norway, Austria, Sweden
and Switzerland were ranked in the top 5 of the HDI, EPI and ESI. The appearance of several countries
ranking in the top 10 for HDI, EPI and ESI reinforces the similarity among the SDIs. Of note is Canada
with four top 5 scores.

Six countries, ranked in the bottom 10 on HDI, were ranked in the bottom 10 of EPI, while ESI
shared only two countries in the bottom 10 with HDI. The countries of Ethiopia and Burundi had three
bottom 5 scores. It is also noteworthy to point out that none of the bottom 10, according to SB and
EmS], ranked in the bottom 10 on the other SDIs (see Figure 1d,e). Three countries (Niger, Ethiopia
and Guinea) ranked in the bottom 10 on HDI, EPI and ESI, while ranking in the top 10 on EmSI.

Figure 1e shows that the countries with the bottom EmSI scores are: Israel, Czech Republic,
Cyprus, Germany, Hungary, Belgium, Slovakia, Italy, Switzerland, and Poland, of which Israel has the
lowest score. The countries with the top EmSI scores are Guyana, Suriname, Argentina, Madagascar,
Guinea, Bolivia, Ethiopia, Iceland, Niger, and Canada, of which Guyana is the top one. With the
exception of Israel, the other nine countries ranked from 91 to 100 are all industrialized European
countries (of course, Israel is also a developed industrialized country, outside of Europe).

In contrast, the countries with EmSI ranked from 1 to 10 are either from Africa or the Americas.
Among them, Iceland is a geographical exception. However, this might depend on Iceland’s location
at a relatively high latitude, its environmental conditions and its small population. Furthermore, this
might depend upon the relatively high use of renewables, low local non-renewable resources and
imported products, as visible in the NEAD database. Interestingly, European countries with relatively
high GDP values, such as Germany and Italy, have a low EmSI score.

The differing assessment of country sustainability, when examining the top and bottom
scores, reinforces the fact that the different SDIs might present conflicting findings, evidencing the
multidimensional nature of sustainability concept. This explicitly highlights the influence that indicator
selection can have on sustainability status assessment. Secondly, it is important to look at the driving
factors for the sustainability scores, when interpreting the results and suggesting changes on national
systems. Furthermore, comparability of results between national assessments requires a consistent
approach over time. Despite the different SDIs Tool having been tested in very different countries
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according to needs, priorities and values, it may be necessary to adapt more suitable indicators for
certain contexts in further applications.

3.2. Correlation Analysis of HDI, EPI, ESI, SB, and EmSI

The coherency among HDI, EPI, ESI, SB, and EmSI were determined via Pearson correlation.
The results show that, while Figure 2 highlights the individual differences among them, a fair degree of
correlation exists among some of the SDIs. From Figure 2 and Table 2, it can be seen that the five SDIs
can be divided into two groups. Group 1: composed of ESI, HDI and EPI, which are positively corrected
with each other, especially HDI and EPI with a correlation coefficient of 0.83. Group 2: consisting of
EmSI and SB, which are also positively correlated. On the other side, EmSI is negatively correlated with
HDI and EPI, while SB is negatively correlated with HDI. This suggests the complementary nature of
the two groups in providing sustainable development guidance. Scatter plots (in Figure 2) complement
the correlation analysis, by providing a better sense of the relationship between corresponding SDIs.

Table 2. R values of the Pearson correlation analysis of HDI, EP]I, ESI, SB, and EmSI ranks.

EmSI ESI HDI EPI SB
EmSI 1 - - - -
ESI 0.0755 1 - - -
HDI 04488 (**)  0.5629 (**) 1 - -
EPI  —03777(*)  0.6567 (*)  0.8329 (**) 1 -
SB  0.6288(*) 02999 (*)  —0.3286 (**) 0.1604 1

Note: ** Correlation is significant at the 0.01 level (2-tailed).

If all the corresponding SDIs, users of SDI information could pick any of the measures as a
barometer of sustainability, knowing that the other SDIs would provide similar results. The noticeable
disparity in rankings between the two groups suggests that these different indicators can be used
in conjunction with each other to provide a more holistic, complementary view. In particular, since
the Group 1 indicators stress more social attributes, they could be used in conjunction with Group 2
indicators, to provide management and policy alternatives, which preserve high rankings between the
two groups. In order to achieve such a goal, it would be necessary to proceed toward a more detailed
analysis and understanding of the composition of the sub-indicators, that make up the indicators,
while determining which ones are more or less sensitive to changes. In fact, we already know that
the SDIs included in this analysis are not designed to be statistically independent of one another. For
example, the GDP is included as an indicator within the HDI and the EPI index as well. The ESI and
the HDI also share some indicators in common. It is natural therefore to expect that there will be a
relationship of some nature among them.

Overall, to move a step further in the analysis of the Group 1 indicators in comparison with
the Group 2 indicators, the correlations must be considered at a sub-indicators level for better
understanding the intrinsic complex nature of the available analytical tools.
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3.3. Correlation Analysis of SDIs with Sub-Indicators

To explore the possible driving forces of ESI, HDI, EPI, SB and EmSI, two social indices (area and
population density, PD), two economic indices (GDP and GNI), and one environmental index (percent
renewable, R%) were used to determine correlations via Pearson correlation (Figure 3 and Table 3).

There are outcomes of this further analysis, which we can separate in different points. First, Area.
SB and EmSI have a positive relationship with Area (R = 0.3578, equation: y = 0.383x + 31.451 for SB;
R =0.4358, equation: y = 0.4358x + 28.495 for EmSI). In other words, a country with a large area tends
to be sustainable in terms of SB and EmSI. Such countries are relatively more prone to have more
renewable resources from nature than small-sized countries.

Second, PD. ESI, SB and EmSI have a negative relationship with PD (the latter two have markedly
decreased, R = 0.6193 for SB and R = 0.5148 for EmSI), indicating that a country with a good
sustainability in terms of the three SDIs tends to have a moderate or a low PD. This is unsurprising
because population is generally seen as a major threat to sustainable development because it involves
pressure on the overall system.

Third, GDP and GNI. Both GDP and GNI reflect the economy of a country, but the outcomes
are interesting. HDI and EPI both have a positive relationship with GDP and GN], i.e., the better
economy a country has, the higher the HDI and EPI scores the same country would have. However,
the relationships between GDP or GNI and EmSI are negative, and for SB, the circumstances are quite
similar. That is to say, a country with a good economy may not have a high EmSI and would likely
have a relatively low SB.

Fourth, R%. There are no evident correlations between R% and HDI, GNI, and even SB (R = 0.1752).
These results are confirmed by the research of [81], in which the relationships among HDI, EF, ESI-2002,
and available R resources were explored with Spearman correlation. Only EmSI has a positive
relationship with R% (R = 0.5564). It is rational that a country with “high renewable energy input or
low nonrenewable consumption” (a high R% score) has high EmSI values.

Table 3. R values of the Pearson correlation analysis of SDI with AREA, PD, GDP, GNI and R% ranks

in Figure 3.
AREA PD GDP GNI R%
EIS 0.1092 0.0892 0.5463 (**) 0.5356 (**) —0.3456 (**)
HDI 0.1523 0.0510 0.6701 (**) 0.6764 (**) —0.4063 (**)
EPI —0.2152 (*) 0.0538 0.5393 (**) 0.5487 (**) —0.3321 (**)
SB 0.0686 —0.1491 —0.5937 (**)  —0.5895 (**) 0.3670 (**)

EmSI 0.4358 (**) —0.5155 (**) —0.3544 (**) —0.3543 (**) 0.9622 (**)
Note: ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).
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Figure 3. Scatter plots between SDIs and AREA, PD, GDP, GNI, R% ranks. Notes: Area is Land Area of each country; PD is Population Density; GDP is Gross
Domestic Product; GNI is Gross National Income; R% is percent renewable.
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4. Discussions

4.1. The Evolution of Sustainability Indicators

Do some SDI distract us from the real problems and potential solutions by diverting our attention
to the wrong directions? At least, according to [55], the present uncertainties are due to the different
options in selecting the most representative underlying variables or indicators. Further studies on
finding and checking robustness of indicators are needed to deepen discussion and verify those
methodologies [56]. Indicator-based indices (in this paper, ESI, HDI, EPI) refer to the indices structured
by combining different sub-indicators that represent different processes. The main criticisms against
them have to do with the subjectivity of the choice of variables and the weighting of the indicators [60].
Sustainability sub-indicator sets should be backed by compelling theory, rigorous data collection, and
analysis [82].

Traditional indicators of sustainable development focus on economic, environmental, and social
measures of development, which do not provide substitute insights into sustainability. HDI is criticized
as a human wellbeing indicator because it is partially composed of GDP per capita [75]. In contrast,
the EF does not contain any information on economic or social development [35]. A global approach is
needed to appropriately address sustainability issues and to incorporate natural capital in national
accounting [83]; similarly, Giannetti et al. proposed that if humankind is concerned with the sustainable
development of the planet as a whole, then progress indicators measured only in monetary or social
terms are limited [84].

Emergy synthesis sees economic systems in the biosphere as open thermodynamic systems,
considering all energy flows. The emergy perspective represents a unique step toward an eco-centric
description of nature, even if it still contains anthropocentric elements, depending on the fact that
elements, typical of human society are accounted (i.e., economy). The intrinsic value of all living
organisms and their natural environment, typical of ecocentrism, emerges from the consequences of
Maximum Empower Principle [85]. This is a re-statement of Lotka’s Maximum Power Principle [86],
expressing resources in emergy and transformity terms. According to the Maximum Empower
Principle, the simultaneous maximization of empower (emergy throughput flows) at all system’s
levels is required for sustainability. Ulgiati further discussed such a concept, showing that hierarchies
develop within each system (such as the biosphere), with higher levels feeding back and controlling
the lower levels [87]. Furthermore, high-transformity flows interact with low-transformity ones for
maximum empower output.

The different results in the outcome among the considered SDIs might be explained considering
the inclusion of economic factors, which are anthropocentric, and still have properties and dynamics
separate from the environment. This further confirms the critique of ecocentrism, which underlines
the anti-ecological behavior and the subsequent construction of fundamentally new connections with
the natural world [88]. Means suggested that ecocentrism can find potential openings in emerging
discussions of the precautionary principle in environmental decision-making practices—a principle
that challenges the superiority and axiological priority granted to human well-being and development.

Both the EF and SB indicators emphasize the environmental dimension of sustainability [29].
Here, we propose SB or “footprint to biocapacity ratio” [89] rather than just EF, because biocapacity
tends to be more important than EF. The power and popularity of the EF indicator depends on the
fact that the underlying metric is simple and intuitive. Thermodynamic ideas, by contrast, still appear
rather esoteric to the non-specialist, becoming difficult to understand for managers and policymakers,
who are used to a utilitarian/welfarist language and approach.

Emergy evaluation and SB can provide a one-dimensional view of this interaction, i.e., emergy and
global hectares, describing different dimensions into the complex interactions between humans and
nature [90]. Siche et al. made junction of ecological footprint with renewability emergy index, while
combining the strong points of EF and EA (emergy analysis) through a new approach, called emergetic
ecological footprint (EEF) [32,91]. Other works focused on the junction of EF and EA (e.g., [92-95]).
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Of course, innovative attempts for other new comprehensive and balanced sustainability indicators,
such as the Emergy Index for Sustainable Development (EISD, [96]) and the Total System Wellbeing
Index (HDI adjusted * %R) [97,98] are also desirable.

4.2. The Big Different Ecological Perspective behind the Emergy-Based Sustainable Index

Through emergy synthesis, it is possible to understand how much different parts of the system
can contribute to the wealth of the total system [99]. Emergy values are, in fact, values of donor
type. In economic science, wealth or value is measured in monetary terms. Since the currently
dominating economic paradigm, the neoclassic economy, has a theoretical foundation of summing
up economic man market valuations, the market values are often considered as the ‘normal” way
to assess the value [100]. Compared to the donor values, the market values can be characterized
as the receiver values, since it is the receiver, as a market actor, who decides the value. The donor
value approach is founded in system science rather than economic science, where a value focused
on the system level is accepted [101]. Sustainable development is the name most commonly linked
to this alternative, although many people do not yet realize that sustainability will also require
different paradigms of economics, based on an organismic and evolutive rather than mechanistic
worldview. From an ecological perspective, natural systems must exist subject to the unyielding laws
of thermodynamics, and the science of population ecology has explored the implications of these laws
for living organisms. Differences in views about the meaning and value of sustainability are partially
rooted in different philosophical and moral conceptions of the appropriate way to conceive of the
relationship between humanity and nature [102]. Divergent interpretations and opposing definitions
of sustainability are sources of confusion rather than contributions that help to reinforce the root idea
of sustainable development. Sustainability must be defined with respect to human-ascribed system
goals (objectives) and the functioning of the overall system (feasibility) and may usefully be thought of
in two dimensions [103].

5. Conclusions

In general, the main conclusions of this paper are: (1) the five typical sustainability indicators
studied in this paper could be divided into two groups (Group1: ESI, HDI and EPI and Group 2: EmSI
and SB) and the indicators of the same group correlate positively with each other; (2) when the five SDIs
are applied to 100 countries, the rankings of individual countries suggest that the two groups of SDIs
provide somewhat conflicting guidance for the attainment of sustainability; (3) Correlation analysis of
SDIs with sub-indicators shows that, under different environmental-social-economic preferences, the
sustainability indicators will pay attention to different decision-making rules. Thus, the contemporary
use of SDI belonging to the two different groups might lead to a conflicting guidance in policy-making.

Furthermore, we have outlined both some of the general principles and some of the specific
requirements of sustainable development. The concept has been broadly accepted, but the implications
of the ecological theoretical restructuring which we have discussed are more far-reaching than may
be apparent. Development SDIs, as we have noted, has always been normative as well as positive
in its analytical vision. Today, we require a new normative vision drawing on strong but neglected
traditions in ecology, political and social theory and combining traditional wisdom with modern
technology. According to [88], we should recognize definitive ecological constraints and adjust the
scale of anthropogenic systems to fit within the confines of the natural world. This is why, considering
also the long-term perspective of policy making, the use of SDIs, which belong to the second group,
seems to be more appropriate at the present time, if we are willing to preserve the integrity of the
biosphere and to promote a path toward sustainability.
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