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Methodological tools such as Life Cycle Assessment (LCA), Exergy Analysis (ExA), and Emergy Analysis (EmA) that account for sustainability indicators in environmental, economic, and/or social dimensions, cannot provide an assessment under these three dimensions in a robust way by themselves. This research is proposing a sustainability assessment framework to obtain a unified performance metric (Integrated Sustainability Index, ISI) to assess the Triple Bottom Line – TBL. LCA, ExA, and EmA indicators are implemented in a complementary but not interchangeable manner, providing additional information for sustainability decision-making. The systematic approach is on a conceptual definition and calculation of sustainable environmental, social, and economic disaggregated indicators. These are then systematically combined into an Integrated Sustainability Index (ISI). EmA evaluates sustainability from a “donor-side” perspective, by assigning values to the environmental efforts and investment of nature to make and support flows, materials, and services; the system boundary is the geosphere. ExA evaluates sustainability through exergy efficiency under a “user-side” evaluation process (system boundary is the technosphere). LCA evaluates it based on the quantification of environmental impact by water, soil, and air emissions, caused by the use and processing of resources to provide products or services as a “user-side” method. The proposed sustainability index presents a comprehensible hierarchic structure supported by LCA, ExA, and EmA methodologies. The integration of social, environmental, and economic components into an index that also allows for the adjustment of externalities reducing the risk of subjectivity is a new approach to assessing sustainability.
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INTRODUCTION

The word sustainable is a controversial concept because it has been defined in different ways under many different disciplines. However, as of the 1980s, the word is used to refer to appropriate management of natural resources, in such a way as to allow future generations access to adequate resources. This definition was articulated in the Brundtland Report (Brundtland commission, 1987). In the Brundtland Report, the idea of a sustainability analysis interrelating economic development and the environment was developed. Later, at the 2005 World Summit on Social Development, objectives of sustainable development were identified: economic development, social development, and environmental protection, also known as the three pillars of sustainability (United Nations General Assembly, 2005). Nearly all governments have in principle committed themselves to sustainable development by integrating economic welfare, environmental quality, and social coherence (Böhringer and Jochem, 2007). The preservation of the natural environment is a prerequisite for a well-functioning economy and social justice. Therefore, sustainable development means something more than a compromise between the natural environment and pursuit of economic growth (Reza et al., 2014). It means a definition of development that recognizes that sustainability is only possible within limits that have a structural origin both (economic) and natural.

Different methodological tools for sustainability assessment have been developed. Some are oriented only to environmental sustainability based not only on the environmental burden (generated in the Life Cycle Assessment production chain). These use direct and indirect resources provided by nature for manufacture, ending in a final product, and the investment and economic return that provides for social welfare (Emergy Analysis, EmA). Others include process efficiency in terms of entropy generated (Exergy Analysis, ExA). All these methodologies converge to the same point: tools that provide to the decision-makers environmental, economic, and/or social sustainability indicators for the formulation and implementation of public policies. Another meeting point of these analytical methods is that each one has exactly the same methodological limitations: joint production, commensuration, deliberation, setting system boundaries, and avoiding double counting. However, these methodological tools that account for sustainability indicators in environmental, economic, and/or social dimensions, cannot provide an assessment under these three dimensions in a robust way by themselves. Since each creates indicators representing a specific aspect of sustainability, it is necessary to implement them as a complement but not as interchangeable techniques.

In recent years, there has been an increasing tendency to “integrate” different accounting methods to have a more complete picture of impacts caused by the creation of a product or provision of a service. This avoids depending on one method that generally has a single criterion perspective (Kharrazi et al., 2014). These indicators can be taken as an individual or composite parameters; that is, synthetic aggregations of independent parameters, reflecting the stakeholders' values or considerations (Arbault et al., 2014). For example, Husgafvel et al. (2017b) proposed a sustainability index as the aggregation of each component (environmental, social and economic dimensions) (Husgafvel et al., 2017a,b). Regardless of whether individual or composite indicators are taken, a sustainable process should present energy and technical feasibility that generates economic gains for social welfare with an acceptable environmental burden. Hence, there is a need to make use of all tools for assessing this sustainability, not as exchangeable but as complementary, i.e., it is necessary to evaluate the sustainability of supply and value chains from a holistic view under an integrated approach from two points of view: “user-side” and “donor-side.” The user-side perspective analyzes final efficiency indicators of the process (environmental impacts per unit of product generated, or energy/exergy delivered per unit of energy/exergy inverted.) The donor-side perspective considers the work nature does to provide resources for the production of a good or service, and in turn, to assimilate the pollutant load released to the environment as an important component of sustainability assessment. The accounting of the economic return in relation to the investment made cannot be ignored; as well as the effects and welfare that project execution can bring to society (Arbault et al., 2014).

Detractors of this integration argue that it is a reductionist approach, which leads to an assessment of the three sustainability dimensions through non-correlated factors (Arbault et al., 2014; Kharrazi et al., 2014). Although a holistic approach may result in the loss of information about each individual dimension and the indicators that compose them, it is also true that creating a holistic system-level image of the interactions between the dimensions is critical for quantifying sustainability. The challenge is to build methodological tools that can quantitatively integrate three dimensions with as little loss of information as possible.

The research's aim here is to propose a sustainability assessment framework to obtain a unified performance metric (Integrated Sustainability Index, ISI) to assess Triple Bottom Line – TBL. To achieve this integration, Life Cycle Assessment (LCA) and Exergy Analysis (ExA) as user-side approach and Emergy Accounting (EmA) as a donor-side view are implemented. This is done even though each method differs on the basis of analysis and solves common methodological limitations differently. Some of the main issues faced by both designers and decision-makers are precision and uncertainty in the calculation of integrated indexes. This research presents systematically the proposed methodology to achieve the desired clarity and transparency. Methodological calculations supporting it can be found at Cano (2018) and Cano Londoño et al. (2019). The goal of this work is to describe the methodology in detail making it accessible to a wider scientific community, while the application of the methodology to specific case studies is the focus of a future paper. The document is divided into four sections covering the introduction, methodology, results, and conclusions.



METHODOLOGY


Accounting Methods Foundation: Life Cycle Assessment (LCA), Exergy Analysis (ExA), and Emergy Accounting (EmA)

LCA is a methodology standardized by the ISO 14040 (ISO, 1998). It is used to evaluate the environmental impacts of a process through its entire life cycle, including raw materials (extraction), manufacture, transport, use, disposal, and reuse (cradle to cradle) (Cano and Cabezas, 2021). LCA evaluates the concept of sustainability as the assessment of environmental burden from waste and emissions to water, air, and soil generated in the production chain by the use of energy resources, water resources, and other inputs. Note that it does not involve the economic dimension. From the social dimension, damage to human health can be considered one indicator. This topic will be expanded in later sections.

Exergy is a thermodynamic property that quantifies the useful working potential of a given amount of energy as it reaches equilibrium with the surroundings. It considers quality and quantity and applies to material and energy flows. ExA is the only methodology that can describe the degradation of natural capital with some rigor (Cano et al., 2021). ExA allows for evaluating sustainability as the environmental load associated with exergy destroyed. That is, it evaluates the sustainability based on the quantification of the loss of useful energy, due to both the inherent irreversibilities of the process (entropy generation) and the waste/emissions by technological inefficiencies, i.e., the energy that is not used and ends up in the environment as destroyed exergy (Dincer and Rosen, 2015; Velasquez et al., 2020; Cano et al., 2021). ExA is suitable for tracing the energy losses through the process, so it is beneficial for process improvements and for gauging ecosystem stability. Under ExA analysis only the environmental dimension is considered, and no indicator of social and economic dimensions is considered.

Emergy (EmA) assesses sustainability as the environmental load associated with direct and indirect raw material consumed (inputs) provided by the natural ecosystem for the product or service generation (Buonocore et al., 2015). EmA is an integrated evaluation of economic, ecological, technical, and energy systems (Cano et al., 2019, 2021). EmA considers apart from the environmental dimension, the human work and quality of life as indicators of social and economic dimensions, reinforcing the idea that it is a self-consistent method with high robustness (Giannetti et al., 2013). This subject is explained in later sections.

Figure 1 summarizes that EmA evaluates sustainability from a “donor-side” perspective, by assigning values to the environmental efforts and investment of nature to make and support flows, materials, and services. The system boundary is the geosphere. ExA evaluates sustainability through exergy efficiency under a “user-side” evaluation process (system boundary is technosphere). LCA evaluates it based on the quantification of environmental impact by water, soil, and air emissions, caused by the use and processing of resources to provide such product or service as a “user-side” method. By integrating these three analysis methodologies under a unified sustainability assessment methodology, the supply chain sustainability might be evaluated holistically as shown in Figure 1. That is, EmA involves Levels A + B + C, and ExA and LCA consider Levels B + C.


[image: Figure 1]
FIGURE 1. Sustainability integration evaluation by Life Cycle Assessment (LCA), Exergy Analysis (ExA) and Emergy Accounting (EmA) (Modified from Cano et al., 2021).


Supply chain challenges at Level A lie in the efficient use of the resources: (a) dematerialize production systems through reuse/recycling, close the material flow loop in the whole economic system (Stahel and Reday, 1976), (b) use functional substitutes, i.e., the substitution of resource for a less scarce one that fulfills the same functionality (Henckens et al., 2016a), and (c) promote the use of renewable resources to minimize dependence on non-renewables, making the system more productive (Odum, 2001). For supply chain optimization (level B), it is necessary to identify those stages where the greatest destroyed exergy is generated and able to make decisions for improvement: (a) change to new technology, and (b) reduce input resources (strictly using only resources necessary to carry out the process). Level C is a consequence of what happens at Level A and Level B, after efforts to prevent and reduce the waste/emissions. To add value to any residual streams, they should be considered as possible sources of raw material. This minimizes the waste generated and maximizes the resources used (Allwood, 2014; Henckens et al., 2016b; Londoño et al., 2022).



Concepts Definition Involved in the Integrated Sustainability Index (ISI) Methodology

• Indicators

Indicators can provide crucial guidance for decision-making in a variety of ways. They can translate physical and social science knowledge into manageable units of information to facilitate decision-making. They can help measure and calibrate progress toward Sustainable Development Goals (SDG). They can provide an early warning, raising the alarm in time to prevent economic, social, and environmental damage. They are also important tools for communicating ideas, thoughts, and values because “We measure what we value, and value what we measure” (UN, 2001).

• Categories and dimensions

Categories can be defined by the aggregation of different indicators under a well-developed and pre-determined methodology into more general and fewer categories. Categories are powerful and communicative tools that can be a significant aid to planners and decision-makers providing robust and reliable guidance (Gasparatos et al., 2008). In turn, these categories can also be aggregated into a smaller number of general groups called dimensions of sustainability.

• Integrated sustainability index (ISI)

Dimensions are grouped into a single number or a weighted final integrated index derived from different values of unweighted indicators. The advantage of this integrated indicator is that it summarizes multiple indicators through an easy and simple interpretation, facilitating the communication of results to the public. This leads to some criticism since it can fall into reductionism. This can possibly hide serious flaws in some dimensions and increase the difficulty of identifying appropriate corrective actions, and, perhaps, even promoting simplistic political conclusions. Hence, these can communicate misleading policy messages if they are poorly constructed, or can be used to support a preconceived policy if the construction is not transparent and lacks solid statistical or conceptual principles. As a result, indicators and weights selection can be the focus of political challenges (Gasparatos et al., 2008).



Integrated Sustainability Index (ISI), Qualitative Methodology Based on LCA, ExA, and EmA

This section covers the quantitative method used to obtain the Integrated Sustainability Index (ISI) from the integration of LCA, ExA, and EmA indicators. Figure 2 summarizes the integration methodology. Sustainable Triple Bottom Line (TBL) is defined as the criteria of sustainability assessment that include environmental protection, economic prosperity, and social acceptability. Each sustainability dimension is approached from different categories derivate from LCA, ExA, and EmA indicators that are then aggregated into a single sustainable indicator.


[image: Figure 2]
FIGURE 2. Structural model of Integrated Sustainability Index (ISI) calculation from the integration methodology proposed in this research.



Indicators Aggregation Into Four Categories and Their Contribution to Sustainability Dimensions

Classic methodologies have contributed a series of indicators that allow for evaluating the damage or impact on environmental, social, and/or economic dimensions (Triple Bottom Line), LCA, ExA, and EmA have generally been implemented in isolation, or at best, in a complementary manner. This is evidence of the need for a methodological tool that allows their integration to evaluate and select the best sustainable supply chain option, considering indices such as the use of resources, environmental burden, damage to human health, human labor, quality of life, economic investment, and economic performance. In addition, it is possible to quantify the contribution of each indicator to sustainability dimensions to offer a unified and useful index for better decision-making in policy formulation and monitoring of production activities.

The next sections explain the indicator aggregation process derived from LCA, ExA, and EmA from the following categories: use of resources, environmental burden, human health damage, human labor, quality of life, economic investment, and economic performance as shown in Table 1 and Figure 2. It is noteworthy that not all indicators calculated for each methodology, LCA (Cano, 2018), ExA (Cano et al., 2020), and EmA (Cano et al., 2019) summarized in the study were selected for the integration method since many of them presented double accounting.


Table 1. Aggregation methodology indicators in categories, dimension, and Integrated Sustainability Index (ISI).
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Categories Definition Involved in the Environmental, Economic, and Social Dimensions

The first question is why these categories were selected to be grouped in the environmental, social, and economic dimensions. In this section, this will be addressed by returning to the definition of sustainability as compatibility between the economic and environmental aspects of TBL: environmental protection, economic prosperity, and social acceptability. The selection of categories contributing to each dimension is limited to those generated by each analysis methodology (LCA, ExA, EmA) based on its fundamentals. The scope of this study is to integrate the categories, not to take indicators different from those calculated (Cano, 2018; Cano et al., 2019, 2020), or dissert all of the limitations or biases presented by each one.

• Environmental dimension

To promote the environmental sustainability of a supply chain, it is necessary to make efficient use of resources and minimize the waste/emissions generated in the process (Dincer and Rosen, 2015). This is done through different strategies such as process optimization, use of efficient technologies, and efficient use of resources, among others. Thus, the environmental dimension will depend both on the environmental load generated (waste/emissions) and the efficient use of resources.

- Environmental load CEL

For this methodology, the environmental load is considered to be the environmental impact caused by emissions and waste released into air, soil, and water, due to resources processing for the production of a good or service (Odum, 1996; Huijbregts et al., 2016; ReCiPe, 2016). The following describes how each analysis methodology considers and contributes to the environmental load generated.

From an LCA perspective, the ecosystem quality is affected by the environmental load caused for the generation of waste and emissions. Impact categories such as climate change (GWP), fossil depletion (FDP), freshwater ecotoxicity (FETP), etc. are not considered directly in this methodological proposal, since they are grouped into three damage categories: Ecosystem Quality, Human Health, and Resources. Otherwise, it would cause a double accounting of the impacts shown by LCA. The lower the value of the “Environmental Load” category of impact, the less environmental stress the process generates (Huijbregts et al., 2016; ReCiPe, 2016).

From the indicators calculated by ExA, destroyed Exergy is the one that represents the environmental load generated in the process (Cano, 2018; Cano et al., 2019). This methodology evaluates sustainability based on the quantification of the useful energy loss due to the inherent irreversibilities of the process and the non-use of energy outputs (waste/emissions). These again end in the environment as destroyed exergy contributing to environmental burden (Rosen et al., 2008; Dincer and Rosen, 2015). The less destroyed exergy produced, the lower the process environmental load.

EmA contributes to this category through the Environmental Loading Ratio (ELR). This is the default indicator in this methodology and contributes to environmental load as the relationship between inputs of non-renewable and imported resources to the use of renewable resources by the system (Odum, 1996, 2001). The high dependence on non-renewable and imported resources, and not on renewable resources, generates a larger environmental load (Cano, 2018; Cano et al., 2019).

- Use of resources, CRU

For purposes of this methodology, the use of resources is defined as the demand for all renewable, non-renewable, and imported resources required for generating a product or service, i.e., natural capital demand.

LCA represents the resources damaged category by default as it accounts for the extraction cost of mineral resources and fossil energy (oil, gas, coal) along the supply chain (Huijbregts et al., 2016; ReCiPe, 2016). Renewable resources are not taken into account since this methodology does not consider the work that nature had to do to provide them; it is a user-side method as described by Cano (2018) and Cano Londoño et al. (2019).

The Exergy Cumulative Demand indicator from ExA represents a user-side method, i.e., the total exergy consumption from nature to provide a given good or service, summing up the exergy of all resources required. Unlike the resources damaged category considered in LCA, ExA assesses the quality of energy demand and includes the exergy of energy carriers as well as that of non-energy materials (Szargut, 2005; Dincer and Rosen, 2007).

EmA quantifies the natural capital necessary for generating a product or service (Kharrazi et al., 2014), discretized in renewable, non-renewable, and imported sources. The sum of all of these is the Total Emergy (Y); providing emergy indexes to assess sustainability from an ecocentric perspective (bridges economic, and ecological parameters). In this category, ecological services provided by the environment (water and air resource) for the dilution of waterborne/airborne generated in the process are taken into account in terms of solar joules equivalents. It is important to remember that although ecological services are included in the calculation base of LCA, it is included in this category because the damage categories of LCA do not consider the ecological services of dilution. So, there is no double counting of impacts.

• Social dimension

This research considers that everything that promotes the improvement of the social conditions throughout the supply and value chain is considered social sustainability. This has the ultimate goal of achieving human wellbeing (UNEP/SETAC, 2020). Now, the question is what is human wellbeing? Many conceptualizations coexist in this aspect. The most common are quality of life, standards of life, and human development. But the following terms can also be used: wellbeing, satisfaction with life, the satisfaction of basic human needs, human development, happiness, and utility (UNEP/SETAC, 2009). For this reason, the dimensions here are diverse and cover many aspects ranging from knowledge, friendship, self-expression, affiliation, bodily integrity, health, economic security, human labor, freedom, affection, wealth, and leisure (Alkire, 2002).

As it can be seen, categories in this dimension can be quite numerous and generally valid. So, our selection is limited to the indicators generated by the three analysis methodologies implemented in this study. Only LCA and EmA provide indicators within this social dimension; human health in LCA, and human labor and Unit Emergy Value of Economic Output (UEVE) in EmA. It is important to clarify that in this dimension no distinction is made between the stakeholders for whom indices are calculated. Although, other methodologies such as Social Life Cycle Assessment (SLCA) do attempt to do so systematically (UNEP/SETAC, 2009; Wulf et al., 2019; SETAC, 2020).

- Damage to human health, CHD

This category is represented by the years of life lost to a person, or the years that a person is disabled due to a disease caused by emissions and waste generated in the production chain. In our work, this category only includes the human health damage category calculated from LCA in metric units of DALYs (Disability Adjusted Life Years) (ReCiPe, 2016). Additional information on this category can be found in the literature (Cano, 2018).

- Human labor, CHL

This category is represented by the human capital necessary to carry out the process in terms of the number of people hired per year. EmA addresses this indicator in terms of solar joules per year (seJ/yr). The calculation of this imported resource is shown in detail in the Appendix by Cano Londoño et al. (2019).

- Quality of life (Wellbeing), CLQ

It is clear that the GDP (Gross Domestic Product) of a nation as an indicator cannot measure the overall progress or wellbeing, because it does not take into account factors such as social equity and natural and human capital (Giannetti et al., 2015). It is necessary to integrate this economic indicator into other factors through different methodologies as described by Giannetti et al. (2015) to assess human wellbeing in a more objective way. Many governments and non-governmental organizations have taken the initiative and developed their indices for that purpose; most of them are composite indexes merging different measures into a single number consisting of GDP plus social and environmental concerns.

An arguable aspect of EmA is its approach to connecting environmental resources and their economic use (Giannetti et al., 2015). Real wealth derives from environmental resources while the income required for progress depends on how much real wealth (measured in emergy) is available. By dividing the emergy used by the GDP of an economy, it is possible to define the real buying power of money in a given country, and the optimal income to support progress and wellbeing (Odum, 1996). This indicator is the Unit Emergy Value of Economic Output, UEVE. It combines the renewable, non-renewable, and imported resources needed to carry out the process in terms of solar joules equivalents. While the GDP (Gross Domestic Product) measures the economic growth through production and final demand for goods and services in a country or region for a given period, the higher the UEVE, the less sustainable the system in socioeconomic terms. The reason is that it means that more resources need to be used to generate the same amount of money to provide for social welfare. This can be used in comparing two processes/alternatives.

• Economic dimension

Since the economy is an open system that dissipates energy and materials, its sustainability depends on the availability of the energy and materials it consumes (Lomas and Martín-lópez, 2005). For this method, economic sustainability is understood as a supply and value chain capable of self-sustaining economically. That is, an economically sustainable supply and value chain is one whose production costs are less than its profitability; the said profitability depends on the sale price of products. This can vary depending on the economy of the region where the supply and value chain is being executed (UNEP/SETAC, 2009; SETAC, 2020). The sale price of a product or service must support not only the economic supply chain investment it entails but also the mitigation and compensation for environmental and social impacts.

In this dimension, it is very important to consider the type of resources consumed. If society generates structures requiring large flows of energy from natural resources and large fossil energy storage, and if concentrations of these resources are consumed and exhausted, then society must dispense with these structures or face a forced decline. Sustainability in general will likely be better achieved by societies depending on the consumption of renewable energies and materials. In other words, the sustainability of a society or supply and value chain depends mainly on the types of resources or energies being used.

It is noteworthy that the economic dimension is only addressed from the producer's side. The categories that contribute to this dimension are investment and economic performance. These categories are the result of calculating emergy indicators since it is the only methodology including this dimension.

- Economic inversion, CEI

This indicator shows the dependence of the supply and value chain on imported resources where some have to be purchased and others are free resources found in nature (renewable and non-renewable). For free resources, the only cost is that of extraction (Cano et al., 2019). More sustainable supply and value chains are those with low dependence on imported resources. The product generated from a process with a high dependence on imported resources must have a high value in the market, which internalizes the low contribution of renewable natural capital in the process economy.

- Economic performance, CEY

This indicator evaluates economic return compared to the economic capital invested, showing economic benefit for producers vs. consumers. The ratio of the total invested emergy to a product's sale price is the emergy money ratio (also known as emergy-money or emergy exchange). It is the amount of emergy that can be purchased in one country with a unit of money in a specific year. Obtaining greater economic performance when less total emergy is invested points toward sustainability. This indicator can be extended in Cano (2018) and Cano et al. (2019).

Table 1 summarizes the aggregation methodology from LCA, EmA, and ExA indicators to categories and dimensions ending in the Integrated Sustainability Index (ISI).




Integrated Sustainability Index (ISI) Methodology Mathematical Description Based on LCA, ExA, and EmA

Seven categories were proposed; Environmental load CEL, Use of resources CRU, Damage to human health CHD, Human labor CHL, Quality of life, CLQ, Economic inversion CEI, and Economic profit CEY. Each of them is calculated based on indices coming from LCA, ExA, and EmA.
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In the previous mathematical expressions Equations 1–7, each indicator has its units, according to its nature; to be able to group them, it is necessary to normalize using a reference value. In this case, the reference value for the series is the best value of the series, thus the constant ki is defined in Equation 8.

ki with i = Eq, DE, ELR, R, Ex, TEm, ES, HH, HL, UEVE, EYR, EER.
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Category Calculation, Normalization, and Interpretation

Indicators derived from LCA, ExA, and EmA can be interpreted as Max and Min depending on how they affect sustainability:

- Max: corresponds to an indicator that positively affects sustainability when it is greater.

- Min: corresponds to an indicator that positively affects sustainability when it is lower.

Categories are proportional additions of carefully selected indicators with the same interpretation of Max or Min to avoid ambiguities. The characteristic of each category is the common factor from the indicators that constitute it. The characteristics for each indicator are presented in Table 1.

• Reference value of the category

Each category, used to compare several process or technology options, requires a reference value to establish a measurement scale. For this, it is assumed that if only one option is analyzed with this methodology, it will be the best one. In this case, the product of the factor in each category, which gives us the reference value for each category, is equal to the number of indicators that contribute to that category. The reference values for each category are presented in Table 2.


Table 2. Reference value for each category.

[image: Table 2]

• Results interpretation by category

- Case 1: category with minimum characteristic

A category with Min characteristic is the case of environmental load, use of resources, damage to human health, quality of life, and economic profit. In the best case, it will take a value equal to the reference (number of indicators that contribute to that category), and in the worst case, it will be much higher than the reference value. This is because the best option for indices it contributes to in each category will always be the lowest value of the indexes among comparison options.

- Case 2: category with maximum characteristic

A category with Max characteristic as is the case of human labor and economic investment. In the best case, it will take a value equal to the reference (number of indicators that contribute to that category), and in the worst case, it will be close to zero. This is because the best option for indexes it contributes to each category will always be the largest index among comparison options.

• Normalization with Reference and redirection of categories

Since categories can have Max or Min characteristics according to their indicators, for aggregating them into sustainability dimensions, it is necessary to normalize them and eliminate the differences in analysis directions (Max or Min). We do so by the following procedure below:

- Case 1: category with minimum characteristic

A category with Min characteristic is one such as the case of environmental load, use of resources, damage to human health, quality of life, and economic profit. It is normalized and redirected (0 as the minimum value and 1 as the maximum value), determining the relationship between the reference value of CJ,Ref category and value of Cj category for each option Equation 9

[image: image]

- Case 2: category with maximum characteristic

A category with a Max characteristic is one such as the case of human labor and economic investment. It is normalized and redirected (0 as the minimum value and 1 as the maximum value), determining the relationship between the value of Cj category and the reference value of CJ,Ref category Equation 10
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Categories Aggregation Into Sustainability Dimensions

As previously explained, categories are grouped into three dimensions: environmental, social, and economic.

- Environmental dimension

In the proposed methodology, the environmental dimension is defined as the equal percentage contribution of standardized categories of resource use and environmental burden. Equation 11

[image: image]

- Social dimension

In the proposed methodology, the social dimension is defined as the equal percentage contribution of normalized categories of human labor, damage to human health, and quality of life. Equation 12
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- Economic dimension

In the proposed methodology, the economic dimension is defined as the equal percentage contribution of standardized categories of economic investment and economic profit. Equation 13

[image: image]

• Reference value of the dimensions

Each dimension is defined by the equal percentage contribution of several standardized categories. The maximum value that each dimension can take is equal to the number of categories that constitute it since they can take the unit as the maximum value (Table 3).


Table 3. Reference value of each dimension.

[image: Table 3]

• Normalization of dimensions using a reference value

Dimensions are normalized using reference values. Equation 14

[image: image]



Integrated Sustainability Index (ISI) by Aggregation Dimensions

• Integrated sustainability index

The average sustainability index is calculated as the contribution of the three dimensions. Equation 15.

[image: image]

The Integrated Sustainability Index compares two processes using indicators from LCA, ExA, and EmA; however, this indicator does not take into account the changes in the Environmental, Social, and Economic baseline of the place where the project is established. To account for these influences, two alternatives to Integrated Sustainability Index are presented: the first is to use weighting factors for each dimension called as Weighted Average Sustainability Index (WASI). The second one is to include a category that quantifies the modifications to the environmental, social, and economic baseline in the calculation of each dimension, due to the presence of the process Average Adjusted Sustainability Index (AASI).

- Weighted Average Sustainability Index (WASI).

Weighted Average Sustainability Index was calculated using the weights for each dimension Equation 15 PEnviromental, PSocial, PEconomic

[image: image]

Weighting factors correspond to the importance of each dimension. These important factors must be a consensus for all stakeholders. For example: requirements of external regulatory bodies' influence on affected community, internal policies of a company, among others.

- Average Adjusted Sustainability Index (AASI).

The average Adjusted Sustainability Index was calculated by adding one new category in each dimension (Environmental Changes in Line Base CCBLEnv, Social changes in line base CCBLSoc, and Economic changes in line base CCBLEco) Equations 17–19.
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The dimension normalized is defined as:
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(DEnviroment,Ref = 3, DSocial,Ref = 4, DEconomic,Ref = 3) and Average Adjusted Sustainability Index as

[image: image]

To determine values between 0 and 1 of new categories that reflect the environmental, social, and economic change of the environment regarding a baseline, it is necessary to have a working group constituted by an interdisciplinary group of experts: Researchers, academics, government, environmental authorities as well as representatives of the community and the private firm owning the production process that can objectively assess changes in the baseline generated by the incursion of the project. A null modification with values equal to zero, and the highest modification of the environment with values equal to 1. Estimating these values is not within the scope of this study, but it is necessary to consider it.





RESULTS OF THE INTEGRATED SUSTAINABILITY INDEX (ISI) METHODOLOGY: ILLUSTRATION

Two of the three proposed methodologies (AASI and WASI) consider a degree of subjectivity in the weighting factors and the values allocated to the categories of changes in the baseline. However, the nature of weighting diminishes the rigorous analysis of categories constructed with the analysis of LCA, ExA, and EmA. In addition, WASI requires the relation of three categories and values agreed upon by a multidisciplinary and interdisciplinary group to have a representative value.

It should be noted that, in general, in integration methodologies, weighting scoring systems are often based on expert judgment and can be biased (Klöpffer and Grah, 2014). Moreover, weighting aggregation techniques usually ignore the fundamental essence and usefulness of different indicators that contribute to each category or dimension, which grouped together generate a single index of integrated sustainability. For this reason, in this study, to calculate the Integrated Sustainability Index (ISI) weights or values of importance were applied to the indicators, but not to categories nor to dimensions to minimize this bias. However, the possibility of assigning weights to each of these indicators/categories is left open. This weighting must be subject to as rigorous consensus as possible among all stakeholders intervening in the supply. Figure 3 shows systematically the implementation of this proposed integration methodology for the assessment of sustainability in development projects.
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FIGURE 3. Integrated Sustainability Index (ISI) methodology framework.


Note that for implementing this proposed integration methodology, independent of the economic sector, it is necessary to start calculating indicators from emergy, exergy, and LCA. That is, without calculating the appropriate indices, it is not possible to continue with the implementation of the proposed methodology. If exergy had been taken as a function of emergy, this complementary integration analysis could not have been done, since it would incur a double accounting of impacts or benefits if it were the case.

Resource efficiency, environmental burden, and process efficiency can be considered as one of the interpretations/consequences of Brundtland's definition of sustainable development. The integration methodology proposed here accounts for the use of all the resources required for the generation of a product or service. At the same time, it assesses the environmental degradation caused by waste and/or emissions inherent to the process as well as the management that can be given to them so that the process is economically profitable and socially viable, under parameters such as damage to human health, human labor, and quality of life. Hence the integration of LCA, ExA, and EmA; LCA evaluates process sustainability based on the environmental impacts generated by waste and emissions released to the environment, EmA based on the use of the necessary resources to carry out the process, and ExA based on process efficiency.

In addition, to evaluate the sustainability of a process, it is necessary to cover its life cycle as much as possible. The role of ecosystem goods and services must be taken into account since they form the basis of planetary activities and human welfare. Consequently, the system boundary must be large enough to account for all the ecosystem goods and services that support technological activities during the life cycle. Exergy and LCA do not consider the environmental contribution to the human economic system, but Emergy can consider all ecosystem services, hence the need to complement and integrate analysis methodologies. There are no exact limits to defining sustainability. In contrast, the border between sustainable and unsustainable is blurred, which means that it is often not possible to determine exact reference values for what is sustainable and what is not. That is why it is necessary to compare sustainability between alternate systems since it is rarely possible to determine that a process is sustainable with a simple number. For this reason, in this integration method, a value between 0 and 1 was defined, being 0 a 0% sustainable process, and 1 a 100% sustainable.

Process sustainability improvement lies in making efficient use of the resources together with the optimization of process efficiency, which leads to the reduction of emissions and waste generated, thus reducing the pollution in the environment. With these strategies, virgin resources are diminished, which implies a lower extraction. Waste that cannot be avoided because it is inherent to the process must have a new use through recycling and reuse strategies. To implement the methodology presented here, the following considerations are suggested:

- Compare the critical part of the different economic sectors such as the mining sector (energy and water) with other economic sectors that also make intensive use of these resources such as agriculture and livestock. To be a valid comparison, the scope and functional unit must be comparable.

- Apply theories of elasticity to calculate the global exergy efficiency of the process based on exergy efficiencies for individual processes. This would allow for reducing the calculation time.

- Exergy analysis based on the inventory of resources.

- Carry out another exergy scenario, where accumulated exergy demand is calculated as a function of the consumption of renewable, non-renewable, and imported resources, similar to how the cumulative emergy demand is calculated, but in terms of exergy not emergy.

- Evaluate possible methodologies for the objective assessment of weight importance of dimensions for the calculation of WASI, as well as those of impact categories for the calculation of AASI, where all stakeholders are participating throughout the entire productive cycle.

- To implement the proposed integration methodology by stages and not globally, to determine which stages of the process should have greater importance to improve their sustainability. This would involve making emergy analysis by stages.



CONCLUSIONS

It can be seen how EmA is an analytical methodology that connects the economy and ecological systems (Hau and Bakshi, 2004), allowing us to evaluate the contribution of environmental, economic, and social factors in the estimation of an unbiased Integrated Sustainability Index. While LCA is an analysis methodology that only contributes to environmental and social factors, and ExA to environmental factors, speaking in TBL terms. Through complementarity and integration of the three analysis methodologies under a common framework, an adequate evaluation of the system can be achieved, i.e., the environmental, economic, and social support provided by the biosphere and geobiosphere necessary for the generation of the product.

The reductionism performed when presenting a single Integrated Sustainability Index has been one of the main criticisms presented by the methodologies that evaluate sustainability. However, as discussed in this document, there are advantages to having the holistic approach for the evaluation of a supply chain (environmental, economic, social). And, the ease of interpretation by the general public for decision-making is important. But it is necessary not to use these indexes indiscriminately. Making the analysis methodology strong, robust, and accurate can mitigate the risks of making decisions depending on policymakers preferences or priorities given the environmental, social, and economic interests.

In order not to fall into the reductionism described above, this methodology proposes to interpret the most general to the most specific. Comparing different scenarios to be evaluated from the Integrated Sustainability Index to have a general overview of alternatives/processes to be compared; followed by the analysis of dimensions (environmental, social, and economic) that allow addressing which dimensions are subject to improvements by determining those specific indices that make the process not so sustainable.

The proposed sustainability index presents a comprehensible hierarchic structure supported by established methodologies such as LCA, ExA, and EmA. The integration of social, environmental, and economic components into an index that allows the subjective adjustment of externalities reduces the risk of subjectivity overshadowing rigorous work. This is a new approach to assessing sustainability in development projects. The application of the methodology to specific real-life cases, particularly mining operations in Colombia, is beyond the scope of this study and will be the subject of a future study. But the proposed integration method could be used as a helpful methodological tool for sustainability assessment of various economic activities, facilitating decision-making by policymakers (government, environmental authorities, corporations, community, and companies). It can also help in proposing improvements, changes and key elements for the economic, energy, and especially environmental optimization of the process. The integration methodology is also suitable for sustainability reports according to the GRI (Global Reporting Initiative) guidelines as well as for comparisons between different production operations and other economic sub-sectors.
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