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The concept of sustainability, with a focus on energy, has emerged as a central tenet in addressing the mounting global
challenges of environmental degradation and resource depletion. Indicators of sustainability focusing on energy are crucial
tools used to assess and monitor progress toward achieving a more sustainable energy system. These indicators provide
valuable insights into the environmental, social, and economic dimensions of energy practices and their long-term impacts. By
analyzing and understanding these indicators, policymakers, businesses, and communities can make informed decisions,
formulate effective policies, and steer their efforts toward a more sustainable energy future. These indicators serve as
navigational guides, steering the world toward energy practices that support both present needs and the well-being of future

generations.

energy efficiency sustainability sustainability dimensions sustainability indicators

| 1. Introduction

It is increasingly important to include environmental, social, and governance considerations when evaluating results,
especially in an industry as impacting as energy. Incorporating sustainability indicators assessments provides a more holistic
evaluation of the long-term feasibility and harmony of deals with broader sustainable development objectives . The
sustainable principles serve as a unifying framework, promoting the responsible stewardship of resources, inclusivity, and
intergenerational well-being. It further underscores how these principles provide a shared foundation for individuals,

organizations, and societies to collaboratively contribute to a sustainable future [,

A sustainability index implies providing information on the mechanisms and logic that operate in the area under analysis and
quantifying the most important phenomena that occur in the system under study Bl With this index, it is possible to
understand how human activity affects the environment, alert people on the risks of survival, predict future situations, and

offer sustainable alternatives in making better policy decisions [,

Indicators make it possible to select the most relevant information, simplify complex phenomena, quantify qualitative
information, and communicate information between collectors and users. They have applications for evaluating conditions and
trends about objectives and goals, comparing results considering similar methodologies, and providing warning information to

anticipate future conditions, among several other uses 5.

Sustainability is a balancing act between social, environmental, and economic dimensions 8. The three dimensions of
sustainability may imply conflicts due to the very concept of each part: environmental sustainability means the temporal
maintenance of the fundamental characteristics of ecosystems under the use of their components and interactions; economic
sustainability results in stable profitability over time; social sustainability associates the idea of systemic organization that
must have cultural and ethical values of involved groups and society in a way that is acceptable to organizations over time [,

These sustainability dimensions represent different aspects of human well-being and development that need to be balanced
to ensure a sustainable and equitable future for both current and future generations (8. These dimensions are interconnected
and interdependent &, Achieving sustainability requires finding synergies and trade-offs among them, as actions in one
dimension can have implications for the others [0,

The idea of the interconnections between sustainability dimensions is presented in Figure 1, especially focusing on energy;

there are topics that are in more than one dimension, such as electricity access, which has social and economic importance.
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Figure 1. Interconnection of sustainability dimensions.

Environmentally, indicators may include the share of renewable energy in the total energy mix, the reduction in greenhouse
gas emissions, and improvements in energy efficiency. Social indicators might encompass access to affordable and reliable
energy services for all, equitable distribution of energy resources, and the creation of green jobs in the renewable energy
sector. On the economic front, indicators may assess the cost-effectiveness of sustainable energy solutions, investments in

renewable energy infrastructure, and the overall resilience of energy systems to market fluctuations.

The social dimension focuses on the well-being and quality of life of people L. It includes aspects such as social equity,
justice, human rights, health, education, cultural preservation, and community engagement 12, In a sustainable society, social
systems should ensure that all individuals have access to basic needs, opportunities, and a high quality of life without

compromising the needs of future generations.

The environmental dimension relates to the health and resilience of ecosystems and the natural environment. It involves
maintaining biodiversity, conserving resources, reducing pollution, addressing climate change, and promoting sustainable land
use and resource management (13 A sustainable approach considers the Earth’s finite resources and aims to minimize

negative impacts on the environment.

The economic dimension concerns the long-term viability of economic systems. It involves promoting economic growth and
development while ensuring that it does not come at the expense of social well-being or environmental health 24!, Sustainable
economies strive to balance prosperity with the responsible use of resources, ethical practices, and consideration of the

impacts of economic activities on society and the environment (15,

The energy supply system consists of the physical infrastructure that defines the system configuration for resource input 8]
and its expected response 17, Resource inputs include primary energy inputs, such as crude oil, coal, natural gas,
hydropower hydroelectric 28, nuclear 19, or renewable energy. The combination of resources and the configuration of
infrastructure defines the production capacity of the energy system and, therefore, its ability to meet society’s needs at any

given time (29,

| 2. Technology and Efficiency Improvement

Hydrogen fuel cell buses represent a promising avenue for sustainable urban transportation, but their energy efficiency is
contingent on the effective management of power distribution and consumption. The study presented by Shen et al. 21 delves
into the utilization of deep reinforcement learning algorithms to enhance the energy efficiency of hydrogen fuel cell buses by
dynamically adjusting their velocity profiles. As well evaluated nowadays, the energy supply has become more efficient with

the use of time series forecasting 22 using hybrid models [23, classification (computer vision 24, convolutional neural
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networks 251, deep neural networks [281 multilayer perceptron, and k-nearest neighbors [27), and Internet of Things (IoT) using

embedded systems (28],

Measuring energy sustainability using fuzzy logic can be performed with biological inputs, which can have a highly polluting
character when released inappropriately into the environment. Parameters are first defined in governance in order to reduce
this impact as quickly as possible so that these two processes, being carried out by specialized teams, are later assigned
importance in each social, economic, technical and environmental indicator in the form of numerical scores according to the

scenario and location analyzed formulating technological priorities seeking planning and decisions that are more appropriate
[29]

These strategies can be carried out from a small site to reach entire countries, and they can become more complex and assist
energy policies by categorizing the selection of energy plant sites, structural decisions assessing global costs, and
productivity gains due to increased exports by raising the renewable matrix with trading partners and the risks associated with
this energy stance with existing and expected marketing possibilities B221[32],

Although artificial intelligence (Al) algorithms are complex and their combination with other statistical tools is required by
technical criteria 331, at the end of the operation, the results must be easy to understand for legislators and decision-makers in
the area of energy policy, clearly dealing with the recognition of qualitative and quantitative indicators and having robustness,
that is, guaranteeing the conclusions obtained, and there is a need to minimize the consumption of time and financial
resources compared to human choices experts presenting strategies that improve the investment environment and reduce

risks in operational energy planning both micro and macro population environments 341,

Within the electricity sector, generation, transmission, and distribution systems are encompassed by specific protocols. It can
be evaluated from the literature that these established standards facilitate the adoption of a certain method that will have
greater adaptability in the iteration of the data that will be inserted in the proposed model and obtain an energy sustainability
index B3l determining the degree of influence for each related indicator 28, Focused on improving energy access,
researchers have evaluated advanced methods to analyze the transmission lines’ performance, using models to determine
how the leakage current, electric field, and partial discharges are affecting the power system supply.

Among the methodologies for creating and developing these indices in line with the objectives of sustainable development
within the electricity sector, three methods stand out that are related to Al algorithms: multicriteria decision analysis, aggregate
normalization in minimum and maximum discrepancies, and hierarchical analytical process. These are related in the three
dimensions most evaluated in the literature: environmental, economic and social. In addition, the cultural, institutional, and

technical aspects can also be added, depending on the complexity and need foreseen, as well as the size of each project E7
[38](39]

To classify technologies that are similar in technical characteristics, fuzzy logic can be an excellent alternative for reducing the
costs and time required for investor decisions, by establishing criteria and weights for the needs envisaged by this group
using the technique of the order of preference using similarity in an ideal system solution (TOPSIS) 9 improving the
consistency of comparisons by matrices and sub-criteria, and it is used more significantly and with less sensitivity in the
classification of nuclear plants; however, it is not limited to this type of plant and can be applied to other energy transformation
plants.

Through the vision of a hierarchical analytical process (AHP), weight criteria are determined, and the relative importance
values of different parameters are calculated; when embedded in logic such as fuzzy logic, the consistency of data from
human uncertainty can be improved 41, This allows decisions to be made that are more sensitive, realistic, and concrete
among the particularities from the perspectives of energy policy alternatives with conflicting criteria, both in the AHP tool and
in the analytical network process (ANP), which is the most widely used technique in the approximate comparison of pairs
within the context of multi-criteria decision methods; both complement each other, since the AHP methodology makes it more
consistent and reduces the redundancy of the ANP, which has the disadvantage of disregarding mutual relationships between
criteria, which the ANP tool adjusts for.

Formulating the sustainability index prior to and before applying the AHP and ANP tools, the authors in the literature carry out
a SWOT analysis, which consists of assessing the strengths, weaknesses, opportunities, and threats in a matrix to which a
project may be subjected at all stages from conception to operation 42!,
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Smart electric railway networks play a pivotal role in modernizing and optimizing public transportation systems while
minimizing their environmental footprint. The research presented by 431 examines the methodologies utilized to design and

implement energy-management systems in these networks to ensure efficient energy usage and reduced operational costs.

Microgrids, which are localized energy systems that incorporate distributed energy resources, have gained prominence as a
means to enhance energy resilience and reduce environmental impact. However, the dynamic and decentralized nature of

microgrids poses complexities in managing energy supply and demand.

| 3. Sustainable Development Index and Indicators

The objectives of sustainable development are interconnected and have as one of their fundamental requirements the
elaboration of energy policies that enable the generation of sustainable electricity and that can be ranked from the formulation
of national and/or international indexes generated from a series of data and indicators 44l This can be carried out through

operations with the statistical analysis and aggregation of an index composed of different indicators previously chosen 2!,

There is a relationship between the dimensions of sustainability and their resources. In Figure 2, the environmental (ENV),
economic (ECO), social (SOC), technical (TEC), and institutional (INS) dimensions are placed with their source, and the

interconnection between the dimensions is presented in gray.
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Figure 2. Dimensions and indicators of sustainability.
Sustainability Indicators

The indicators have scores characterized by relevance, contextual sensitivity, and robustness, where they can combine and
produce distinct indices at the municipal, state, or country scale concerning the quality of electricity, low carbon financing, and
social effects such as job creation and acceptability of technology by society 481,

Regarding the relationship between consumption and quality of energy produced, the factor of the human development index
(HDI) is considered an indispensable precedent and significantly related to the volume of energy consumption per person and
is a determinant in the strategies that can be adopted according to socioeconomic development associated with government
regulation; traditionally, in higher income countries, these strategies are the established investments and promotion of a safer
and environmentally friendly energy market (47,

When the HDI is incorporated into the joint assessment of the management of the electricity matrix, equity in energy access,
environmental sustainability, and energy security, the formation of the scope contained in the energy sustainability index
provided by the World Energy Council of the analyzed region is obtained 4,
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Considering the environmental, economic, social, technical, and institutional dimensions and giving the description of

indicators to measure sustainability, the significance of each indicator is presented in Table 1.

Table 1. Indicators purposes and your references.

Indicator Significance Purpose References
TEC1 Dependence on fossil Measures the rate of consumption of sources in relation to total final 48]
fuels consumption. ’
TEC2 Renewable generation Measures the rate of renewable_ generation to total primary (49501
generation.
ECOL Energy intensity Measures the use of primary energy needed to generate one unit of [5152]
GDP.
ECO2 Economic productivity Measures productivity per inhabitant. [48](52],
SOC1 Social use of energy Measures residential energy consumption per inhabitant. [S1I53][54],
soc2 Social inequality Considerated GINI Income Inequality Index. (51]55](56],
ENV1 Energy deforestation Measures deforestation due to energy generation generation. 85y,
ENV2 Carbon intensity Measures carbon emissions from generation and waste disposal. (51,
INS1 Energy security Measures the rate of dependence on the import/export of energy. (49,
INS2 Energy productivity Measures the rate of energy c((s)gspumptlon to produce one unit of 148]
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7. Philippidis, G.; Sartori, M.; Ferrari, E.; M'Barek, R. Waste not, want not: A bio-economic impact assessment

of household food wasﬁi%ductions in trg[ﬁp Resour. Conserv. Recycl. 2019, 146, 514-522.
L _ GDF ®)
8. Schneider, F; Klay, A.; Zifimermann, A.BF8user, T.; Ingalls, M.; Messerli, P. How can science support the

2030 Agenda for Sustainable Development? Four tasks to tackle the normative dimension of sustainability.
To Sisfeiie Peic2R1D,illd, A&38sadPQ4.normalize them to have a standard parameter for comparisons. There are some
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10. Terra dos Santos, L.C.; Giannetthdfef2; Agastinitp matiubéanedlimeidatdisM. A multi-criteria approach to

assess interconnections among the environmental, economic, and social dimensions of circular economy.
Indicator TEC1 TEC2 ECO1 ECO2 SOC1 SOC2 ENV1 ENV2 |INS1 |INS2

TEC1 X X X X X X )

view of
TEC2 X X X X
ECO1 X X X X X X
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1 Indicator TEC1 TEC2 ECO1 ECO2 SOCl1 SOC2 ENV1 ENV2 INS1 INS2 |

ECO2 X X X X X

1 SOC1 X X X X X X X
SOC2 X X X X 9, 74.

1 ENV1 X X X X X X ‘pply
ENV2 X X X X X

1 nutrition,
INS1 X X X X X X X
INS2 X X X X X X i

1 ) . sible

contamination on power grid insulators using convolutional neural networks. Electr. Eng. 2023, 1-14.
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for time series forecasting of level of dams in hydroelectric power plants. Energy 2023, 274, 127350.
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biglREERrOPesitan frr ddgieqarsies: hnasrstineral dliamEeaia S RicamdrnedaiLesARs clitdrihdf e local
ﬁﬂweﬁ’ff‘?x pau FST%&?@% ! ?WF@?W&H& lpgeraBigy, %E“@ﬁé}%ﬁ@h[ﬂ% %@@&Y&?Bﬁ‘%‘hé@mﬁa‘g@mw
of JPRERIgRFE CRMLY BERIBE M DBy KEr6ABN A i SR Y RiG¥AG 9B M B SRRt giollaborate in

red%g@amsbmtgipgwyrlgjb_[%y@/ proposed in the creation and methodological development of an environmental
performance index of the energy generated in each project. In addition, this computational and human analysis should be
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Hodrick—Prescott filter for fault forecasting in insulators of the electrical power grids. Int. J. Electr. Power
WhEtﬁ‘@f@MtﬁrYﬁé- ARS3nil PriabRA2A%he analysis of indices, one can seek to evaluate the correlation and dependence of
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biomass electricity-generation technologies using this tool, aided by green total productivity factors through a hierarchical
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attitude determination using convolutional neural networks. Sensors 2021, 21, 6419.

*%n&@%@l@F Yow, K.C. Interpretable visual transmission lines inspections using pseudo-

prototypical part network. Mach. Vis. Appl. 2023, 34, 41.
The sustainability concept focusing on energy is a critical and multifaceted approach that recognizes the importance of

2 e6eUnRYy MePerRrifK, fikzing iepane S fnit¥ovsdires. Garcia Ovejero, R.; Leithardt, V.R.Q. Classification of
contaminated insulators using k-nearest neighbors based on computer vision. Computers 2021, 10, 112.
B e e R IS re A s M Sator A Bletohon, S ST SR 810 98Nt Ration &
&gq;&ﬁ&tg/sredﬂﬁr ree hmaggc as emissions and Crcr)bf.ﬂﬁ detnmenta&wcigt ff8§|5fuels on our environment. Embracing

> wi egular mentafion using ectronics i
sustainable energy solutions not only mitigates the effects of climate change but also fosters energy independence and

28 siidishlandisSsodrRdigR. MR8/ fglrfsRadl ik ieyistaeisipr Pajdpgolirmenrrikfor sustainability
assessment of bioenergy production technologies with hesitant fuzzy linguistic term sets: The case of Iran.
Integ etieyr sGuisitzahleEamergy Revti@sliiio/durld:89-ivégand industries promotes economic growth and job creation. The
R R R eSS BRI e RSy Y2 U SR A R ARSIt Gy
grngrlg%%%gl)?sp%“% rr%% Icr?é,laﬁnégéoyrg?Pét%%o&%@tli% Ey’e&% ezfagga(agmed as a daily practice, for instance, reducing
the consumption of air conditioning, has an impact on the preservation of natural resources and a reduction in the emissions
s pomladgs. Y-A.; Tan, Q.; Mirjat, N.H.; Ali, S. Evaluating the strategies for sustainable energy planning in
Pakistan: An integrated SWOT-AHP and Fuzzy-TOPSIS approach. J. Clean. Prod. 2019, 236, 117655.
The concept of sustainability in energy also entails energy efficiency, which involves optimizing our energy consumption

across various sectors. Implementing energy-efficient technologies and practices, such as smart grids, energy-efficient
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