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The present age is characterized by a very complex economic relationship among finance, technology, social needs, etc., which can be summarized in the word “sustainability.” The sustainable consumption and production policies represent the keys to realize sustainable development. But, the analysis of the carbon footprint data points out that the present economies are still carbon-consumption production. The reduction of greenhouse gasses emissions is based on a shift from fossil to renewable and bio-based industrial raw materials, with a related reorganization of the chains of the energy and manufacturing sectors. But, this requirement implies technological choices based on a sustainable measurement of their impacts on the ecological and economical contexts. So, social and economic requirements must also be taken into account by the decision-makers. Bioeconomy can represent a possible approach to deal with the requirements of the present time. But, new needs emerge in relation to sustainability. So, sustainable policies require new indicators, in order to consider the link among economics, technologies, and social well-being. In this paper, an irreversible thermodynamic approach is developed, in order to introduce a thermoeconomic indicator, based on thermodynamic optimization methods, but also on socioeconomic and ecological evaluations. The entropy production rate is introduced in relation to the CO2 emission flows from human activities, and it is related to the income index, in order to consider the economic and social equity. This approach is of interest of the researchers in the field of econophysics, thermoeconomy, economics, and bioeconomy.
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1. INTRODUCTION

Classical economics has been developed from 1776, when Adam Smith published his famous treatment on the Wealth of Nations [1], to 1830–1875, with the aim to understand the economic and social changes, due to industrial revolution. Then, from 1850 to 1936, marginal economics [2] has been founded on the basis of exchange of goods or services. During the second decade of the twentieth century, the quantitative theory of money has highlighted the role played by the money on inflation [3].

The natural synthesis of these approaches became the neoclassical economics, which is an economic theory that excludes any crisis, because of the spontaneous corrections of prices in economy [4]. On the contrary, Keynesian economic school highlighted the fundamental role of production. In this approach, the crisis is a “natural” component of the economic system due to inconsistency between supply and demand: in this context, social and economic policies have become fundamental in order to reduce the related unemployment [5]. But, the Chicago school of economics rejects the usefulness of any state intervention [6].

As a consequence of all these economic schools, developed in order to understand a system in continuous evolution, other approaches have emerged [7]:

• The Harrod–Domar model [8–10]: It is a Keynesian model used in development economics in order to explain an economy growth rate, in terms of the level of saving and of capital. According to the Harrod–Domar model there are three kinds of growth:

• The warranted growth rate, which is the rate of growth at which the economy does not expand indefinitely, or goes into recession;

• The actual growth, which is the real rate increase in a country GDP per year;

• The natural growth, which is the growth, required by an economy to maintain full employment;

• The Solow–Swan model [11–13]: It is a neoclassical model of long-run economic growth, based on capital accumulation, labor or population growth, and increase in productivity. It introduces the requirement of technological progress [14].

Then, from 1930s, Georgescu-Roegen has developed a critical analysis of the difficulties of neoclassical economics, achieving, in the 1970s, to his analysis of the conflict among individual, social, and environmental values [15]. Georgescu-Roegen has introduced the Second Law of Thermodynamics, pointing out the dependence of humans on energy availability, with particular regard to the physical quantity of available energy [16], usually named exergy in thermodynamics.

Moreover, the Nobel laureate Joseph Stiglitz has recently pointed out both that growth is not sustainable, because we are destroying the environment, and that we must change our way to assess economic and social performances [17]. Consequently, a new economic paradigm is required; indeed, from one hand, the present economic indicators are not able to take into account the sustainable requirements, while, on the other hand, some new social and economic issues are coming relevant also in energy and industrial engineering.

In this context, with particular regard to sustainability and to global economy, a new thermodynamic approach to designing has been introduced, by taking into account the fundamental role of fluxes, configurations, patterns, and geometry [18–20]. Moreover, some analogies, between economic systems and thermodynamics, have been developed during the twentieth century, showing how economic quantities can be used to characterize the “thermodynamics” state of an economic system, by introducing physical concepts as entropy S, energy E, and exergy Ex, but also analogous analytical relationships as the Maxwell “thermoeconomic” equations and the Gibbs–Duhem equations [21–25].

Last, during the first two decades of the twenty-first century, new improvements, to the integration of economics and thermodynamics, have been developed, by introducing the non-equilibrium thermodynamics, and pointing out the cross-disciplinary foundations of sustainability, with the consequence to consider the economic growth as a natural process [26–28].

During the last decade, research on sustainability has improved its methodology, from theoretical approaches to application in diversified topics, such as understanding transitions, power generation, policies, society, culture, businesses, industries, ethical aspects, etc. [29].

In this context, bioeconomy can be considered in relation to its definition as the production, utilization, and conservation of biological resources, considering also the knowledge, science, technology, and innovation, as bases for information, products, processes and services, related to all economic sectors [30, 31]. Bioeconomy can be considered as a powerful approach to climate actions, income problems, etc. [32]. However, bioeconomic approach requires a measurement of its action [33–35], in order to evaluate the results, both in environmental sustainability and in socioeconomics [30, 36]. Of course, it is not possible to use the usual economic indicators, because the bioeconomic impacts require a new method of evaluation, related to social, economic, ecological but also technological indexes.

In recent years, the analysis and the measurement of the performance of sustainable transitions, at a regional level, have been improved [34, 37].

Decision makers have considered bioeconomy as a possible way to provide solutions to major economical, social, and ecological requirements [38]. Since 2012, European Commission and the EU Member States have designed their bioeconomic aims and strategies, but up today, the transition to bioeconomy has not yet been achieved [38, 39]. Consequently, the challenges, related to sustainability, remain still unsolved [29], as, for example, plastics, fuels, bio-based products [38]. So, biobased innovation was pointed out to be strictly related to any other topic of sustainability.

But, an open problem persists on which are the fundamental constituents of real-world economic phenomena [26, 39].

In this paper, in order to suggest a response to this problem, we develop an approach based on irreversible thermodynamics, considering the economic well-being and the pollution control as fundamental aims for human wellness (Figure 1). The approach introduced is developed in relation to the optimization of technological and industrial processes, by taking into account the use of the entropy production quantity, too.
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FIGURE 1. The methodological diagram is represented. It highlights that the basis of any technological analysis are the first and second law of thermodynamics. Irreversibility is a natural character of any process. It is evaluated by the entropy generation, which is also the fundamental quantity of the exergy analysis for optimization. This approach is improved by introducing also the income index for a more human-oriented analysis on sustainability. The limit of the approach is represented by the temperature dependence of the definition of exergy, which must be taken into account for any country and time.




2. MATERIALS AND METHODS

In economics, indicators and indexes represent the main tools to assess performances by policy-makers, in order to analyze and compare trends of the different countries, for driving the attention to some specific topics. Indeed, an indicator is an instrument used to measure social and economic performances, both in quantitative and in qualitative ways, starting from the observation of reality, focused on the aspects that can disclose and enable comparisons [35, 40, 41].

In this section, we link our thermodynamic indicator [42] to the well-being and purchasing power. To do so, we consider that the interaction between technical and economical topics can be taken into account by introducing the following indicator [42]:
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where the Second Law Inefficiency ηλ results are given as:
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where Ẇλ is the power lost due to irreversibility and dissipation, and [image: image] is the input exergy rate [19], and
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is the energy intensity related to the power used, [image: image] is the exergy rate used to obtained the level of GDP, which is the gross domestic product, and represents the well-being of a country or a productive system, and the labor productivity, LP, is defined as [43]:

[image: image]

where nwh = nw·nh is the total number of worked hours, needed to obtain the GDP, with nh number of worked hours and nw number of workers.

Here, we have introduced the exergy. Now, we develop some considerations on this thermodynamic quantity. Energy efficiency and its design are topics of interest of engineers, scientists, but also of economists and policy-makers [44]. Improving the efficiency of energy consuming systems represents a way to take into consideration the environmental impact, by reducing both pollution and resources consumption [45]. Indeed, interest in exergy analysis is continuously growing [44] due to its strictly link to the concept of availability. Exergy, Ex, is the thermodynamic quantity, which allows us to take into account the amount of energy really used in a process [46]. Indeed, the energy, available in a resource, cannot entirely be used in a process due to irreversibility [47]. The exergy approach allows us to improve the designing and the efficiency of any plant and process, when this quantity is used in optimization and control [47]. Exergy is a non-conservative quantity, which allows us to express the degradability of energy. In this way, it is related to irreversibility, which, in thermodynamics, is quantified by the entropy generation [48]. The difficulty, in the use of the exergy, consists of the care required for its calculation, because its value depends on the working temperature [49].

So, the relation (1) becomes:
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Now, considering both that any process, interaction, etc., occurs in a definite time τ, the lifetime of the process, and that, for the Gouy–Stodola theorem [48], the work lost due to irreversibility and friction, Wλ, is proportional to the entropy variation due to irreversibility, the entropy generation Sg, the relation (5) becomes:
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where ṁCO2 is the CO2 flux emitted to obtain the required effect Ẇ, and T0 is the environmental temperature. The relation (6) can be generalized as:
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where f is the required sustainable effect.

Sustainability is also related to social equity. The latter is related to the purchase power of people. Consequently, now we are interested in linking the indicator of Equation (7) to the economic well-being of people. To do so, we consider that the total number of workers is strictly related to the gross national income. But, in order to consider the single person purchasing power, we can consider the gross national income per capita, GNIpc. So, we introduce our indicator of Equation (7), by taking also into account Equation (5), as follows:
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where Ẇ is the useful power obtained by the process considered. Now, it is possible to relate the indicator with the normalized income index (II), used in the United Nations Development Program, which is defined as follows [50]:

[image: image]

where GNIpc is the gross national income per capita, with minimum and maximum value set as 100.00 $ and 75, 000.00 $, respectively. So, the indicator useful to link the environmental and the economic purchase power gives:
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These last physical quantities can be obtained by a classical thermodynamic approach. Indeed, according to the first law of thermodynamics for the open systems, any energy variation, within the thermodynamic control volume, can be related to:

1. Flows of matter across the system control surface that cause variations in internal, chemical, potential, kinetic, and other forms of energy;

2. Heat through the system boundaries;

3. Work performed by or on the system.



3. RESULTS

In this paper, we have introduced a bioeconomic indicator related to the irreversibility and to the economic well-being. In particular, as obtained in Equation (10), we have considered the irreversibility due to the anthropic carbon dioxide emissions and the income index.

Thus, in this section, we develop a first analysis based on the indicator introduced by considering some European countries, in order to show the trends of CO2 emissions, GNIpc, and IT, during the last three decades. Whereupon, we improve our analysis by including other countries in all continents, which are characterized by different levels of income, population, and carbon dioxide emissions.

In Figure 2, two graphs related to the time period 1990−2019, are presented, for the following European countries: Denmark, France, Germany, Italy, Norway, Spain, and Sweden:

• On the left side (Figure 2A), the amount of carbon dioxide emitted by each country is represented (the data have been obtained from [51]);

• On the right side (Figure 2B), it is shown the gross national income per capita, based on purchasing power parity (PPP), which allows us to compare different countries, at the same living standards (the data have been obtained from [52]).
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FIGURE 2. Some European Countries (Denmark, France, Germany, Italy, Norway, Spain, and Sweden) are analyzed during the time period 1990 − 2019: on the left graph (A), the carbon dioxide emissions [51], in Mt, is represented, while on the right graph (B), the GNIpc PPP at constant 2017 US $ is represented [52].


The reference year of our analysis is 1990, because in the Paris Agreement [53] (as well as in all the European legislation framework), the year 1990 is considered the reference date, for all considerations on the carbon dioxide emission targets. The total amount of anthropic carbon dioxide emissions by each country has been considered, in order to take into account their national footprint on the environment, at a global scale. From the related graph (Figure 2A), it is possible to highlight that an overall decreasing amount of carbon dioxide emissions trend has occurred during the time.

However, if we compare the greater and the least impacting countries, the range of their values is of two orders of magnitude. An overall percentage reduction, between 1990 and 2019, has been shown, and it results of 40% for Denmark, 23% for Italy, 33% for Germany, 19% for France, 25% for Sweden, respectively, while an increase percentage has been shown for Spain (9%) and Norway (20%).

The GNI per capita, based on PPP, is an economic indicator, converted to international dollars, by using the PPP rates. The use of international dollars allows us to consider the same purchasing power over the GNI as an USD in the United States, in a reference year (2017 for the analyzed case). The GNI considers the sum of value, added by all resident producers plus any product taxes (decreased by the value of subsides), not encompassed in the valuation of output, plus net receipts of primary income from abroad [52]. From the related graph (Figure 2B), we can point out that all the previous European countries, in the time interval 1990−2019, present an increasing trend: 54% for Denmark, 39% for France, 49% for Germany, 18% for Italy, 64% for Norway, 50% for Spain, and 61% for Sweden.

Thus, the trend of the proposed indicator, Equation (10), in relation to the same useful effect Ẇ (constant for all countries), can be evaluated. As concerns the annual average temperature, it has been calculated by using the World Bank temperature data [54] for each country. First, we have calculated the mean temperature value for each country (the World Bank data are organized by months), then we have obtained the specific entropy, for carbon dioxide, at the calculated temperature by means of the thermodynamic properties tables, related to carbon dioxide. The trend of the indicator is represented in Figure 3. It can be noticed that, for all countries, the indicator has decreased during the time period 1990−2019 of 54% for Denmark, 30% for Italy, 53% for Germany, 40% for France, 54% for Sweden, 22% for Spain, and 38% for Norway, respectively. This represents a positive result because the indicator must be as lower as possible in order to move toward sustainability. The overall variation, of the proposed indicator, results in accordance both with the efforts, of the European Countries, in reducing their carbon dioxide emissions, and with the trend of their GNI per capita.


[image: Figure 3]
FIGURE 3. In this figure, the trend of the proposed indicator is shown, as presented in Equation (10), considering the same useful effect Ẇ. The mean temperature, for the reference period for each country, has been calculated by using the World Bank data [54], and the related specific entropy for the carbon dioxide has been calculated by means of its thermodynamic properties tables.


The lower is the value of the indicator, more sustainable is the process considered. Indeed, the indicator results directly proportional to the losses due to irreversibility.

Figure 4 represents the evaluation of the indicator in four different years (1990, 2000, 2010, and 2019), in order to show the evolution of the emissions, and the socioeconomic conditions of the countries considered. In order to show the use of the indicator, we have considered some representative countries from different geographical regions, with different income levels, according to the United Nations list [55]:

• High-income group: Australia, Belgium, Canada, Denmark, Finland, France, Germany, Greece, Italy, Japan, Norway, Spain, Sweden, and USA;

• Upper-middle-income group: Argentina, Brazil, China, Malaysia, Mexico, and South Africa;

• Lower-middle-income group Algeria, Ghana, India, and Senegal;

• Low-income group: Ethiopia.
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FIGURE 4. Four graphs related to four different years are represented, respectively: (A) 1990, (B) 2000, (C) 2010, and (D) 2019 — for the following countries: Algeria, Argentina, Australia, Belgium, Brazil, Canada, China, Denmark, Ethiopia, Finland, France, Germany, Ghana, Greece, India, Italy, Japan, Malaysia, Mexico, Norway, Senegal, South Africa, Spain, Sweden, and the United States. The horizontal axis shows the gross national income per capita, based on PPP in $ (at constant 2017 international $), the vertical axis represents the carbon dioxide emissions [MtCO2], while the size of each bubble is representative of the value of the indicator (calculated with Equation (10), considering the same useful effect Ẇ) for each country. Smaller is the bubble, more sustainable is the related country. A red bubble is used to show the efforts of the country (China) to move toward its industrial economic transition in order to improve the socioeconomic conditions. But, this implies an increase in the carbon dioxide emissions. So, new efforts must be made by this country to decrease its emissions, which means that its bubble must decrease its size and move to the bottom right position.


On the vertical axis, the carbon dioxide emissions are shown, while, on the horizontal axis, the gross national income per capita is represented. Each bubble corresponds to a country, while the country condition is represented by the bubble position on the graph: higher the bubble position is, higher the country emissions are, while more on the right the bubble is, better is the socioeconomic condition. The size of the bubble indicates the value of the indicator. So, for example, it is possible to point out that:

• China (highlighted with the red color to show better the analysis) has first considerably increased its emissions (about 990%), due to its industrial transition from 1990 up today, while, since 2010, it is improving its socioeconomic conditions; indeed, the indicator, represented by the bubble, is moving from the bottom left side to the high right position. In order to improve its environmental footprint, China should make efforts to move its indicator to the bottom right position, decreasing the bubble size;

• The United States has changed its carbon dioxide emissions, during the time period considered, and in 2019, the values are comparable with those of 1990 (vertical axis). However, the bubble has moved to the right side of the graph, which means having improved the socioeconomic conditions. Moreover, the size of the bubble (the value of the indicator) has been reduced of about 35%, in comparison to the 1990 reference;

• India presents a different condition; indeed, its carbon dioxide emissions have increased, in the time period considered, of more than 350% as well as their gross national income per capita (about 274%), but the indicator has increased of about 20%. This means that, despite the efforts in the development of the India, the improvement in the socioeconomic conditions and the reduction in its environmental impact require more relevant actions toward sustainability;

• Ghana has increased its gross national income per capita of around 128%, but this has happened with a high environmental impact (increase of carbon dioxide emissions of about 300%). Consequently, the indicator results 70% higher in comparison to the 1990 value.

So, our indicator is related to a natural evolution of the processes, due to its strictly link with entropy generation, which is a thermodynamic quantity used to describe also the spontaneous evolution of the natural processes [20, 56]. Moreover, entropy and entropy generation represent the bases of the modern engineering thermodynamics and optimization methods [48]. So, this quantity results at the same time fundamental from a technical standpoint.

Our result allows us to analyze the technological processes, by using a holistic approach, just based on the entropy generation method: it considers all the interactions internal to the process [42], with the result of a quantitative evaluation of the flows, of matter and energy, through the border of the system considered. It takes also into account the related consumption rate of the available resources, as required in order to develop an indicator for sustainability [57].

Up to now, the social and the environmental systems have always been considered separately, even if it is clear that they are in continuous interaction. Our result is an indicator that introduces the entropy approach into economic analysis of sustainability, but it also allows us to consider the needs of people, in relation to their well-being.

As a consequence of the indicator definition, a process is consider sustainable if the value of the indicator is as low as possible.



4. DISCUSSION

The degree of sustainability, the socioeconomic parameters, and the natural capital are not easily quantified. Consequently, the quantification of sustainability remains a relevant open problem [57]. Moreover, resources consumption can be quantified solely by using the exergy flows [57].

Ecological economics has pointed out some aspects of human activities, which classical and neoclassical economics often ignore; indeed, ecological economics is based on the requirements of social and biophysical systems. Moreover, up to now, ecological economics has focused on the biophysical interactions in economics. But, sustainable development requires a deeper analysis of the system in order to make difficult decisions in relation to both natural and social environment [58].

The new related requirement is to understand how to evaluate resources, industrial activities, and services for the human well-being in order to allow social and economic institutions to make the best use of these and other forms of capital [14].

In particular, in all the human history, the use of energy has represented a key factor for the development. Moreover, the development has always addressed to human well-being, which is related to socioeconomic conditions [59].

Since the First Industrial Revolution, power has always been related to the use of the fossil fuels. But, nowadays, considerations, on environment and sustainability, have generated some concerns in relation to the use of fossil fuels. Indeed, the increase in greenhouse gasses and pollutant emissions, in addition to the depletion of fossil fuel resources, are driving the scientific research toward alternative energy resources, but also new technological solutions, in order to reduce pollutant emissions.

Of course, these new requirements lead to new ways of evaluation of the technologies used. But, on the other hand, sustainability drives to consider also human equity and well-being. So, any indicator for policy-makers must consider together ecological and social constraints.

Recently, a link, between bioeconomy and the 2030 Sustainable Development Agenda, has been highlighted by exploring the potentials of using Sustainable Development Goals indicators in order to evaluate the bioeconomic impacts [30, 34, 35]. This link varies in relation to the strategic objectives that a country selects for its bioeconomy, highlighting the complex relation between the different issues of sustainability [38, 41]. Policies play a key role in relation to bioeconomic improvement for sustainability [38]. But, policy-makers need some quantitative way to support their decisions. In this context, our indicator results interesting because it allows the economists and the decision-makers to evaluate the socioeconomic effect, in relation to the technical processes optimization, and ecological needs, or vice versa.

The environmental aspects are fundamental for sustainable development of bioeconomy [60]. These aspects are related to the natural constraints [61], also in relation to the technologies involved. In particular, irreversibility plays a fundamental role in all these issues. In thermodynamics, entropy generation is the physical quantity used to take into account irreversibility in any process.

Sustainability requires innovation in all the production chains, but this implies large-scale and long-term investments [62, 63]. Indeed, some sectors require policy and investment decision in order to expand their capacities. For example:

• Agriculture and forestry sectors require infrastructure for logistics and storage;

• Biorefinery industries are rapidly growing for chemical, pharmaceutical, fuel, and building materials sectors;

• Waste management sectors grow for recycling of products after use.

Here, we have suggested an indicator that links together the entropy generation rate, related to optimization, and the income index, related to people well-being. In this way, we suggest an approach that responds to the previous requirements of an indicator for sustainability.

Now, in conclusion, we can submit some considerations on the present time. SARS-CoV-2 pandemic represents an economic slow-down, for the whole 2020 up today. In the future, all the countries must have an economic restart. This could be the right time to reconsider the pre-pandemic production processes and systems in view of realizing a bioeconomic development. Indeed, the present expected financial investments, in support to the economic restart, could represent a resource for a new “Renaissance,” based on research, ecology, sustainability, but more than anything else, focused on a human oriented development.
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Ex Exergy rate [W]

ExI Energy Intensity related to the power used [W $7]
f Required sustainable effect

GDP Gross Domestic Product [$]

GNI Gross National Income [$]

I Indicator suggested [W h~!]

LP Labor Productivity [$ h™!]

n Numerical number

$ Entropy production or entropy generation rate [W K]
T Temperature [K]

W Power [W]

Greek symbols

nir Second Law Efficiency

. Second Law Inefficiency

Subscript

0 Environment or reference

g Generation or production

h Hour

in Input or inflow

pc Per capita

w Workers

wh Total worked hours needed to obtain the GDP

n Lost due to irreversibility and dissipation
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