proceedings ﬁw\D\Fy

Proceedings

New Insights from Econometric Data: An Extended
Exergy Analysis (EEA) of the Italian System,
2013-20171

Alfonso Biondi * and Enrico Sciubba

Department of Mechanical and Aerospace Engineering, University of Roma “Sapienza”, 00185 Roma, Italy;

enrico.sciubba@uniromal.it

* Correspondence: alfonso.biondil@gmail.com

t Presented at the First World Energies Forum, 14 September—05 October 2020; Available online:
https://wef.sciforum.net/.

Published: 12 September 2020

Abstract: In the recent past, several examples of the application of Exergy Analysis (ExA) to Very
Large Complex Systems, including entire Countries, have been published, and it can be fairly said
that -while the goals of the individual Authors were completely consistent- the results, the
conclusions and the recommendations diverge. There are several contingent reasons for this, but
the underlying problem is that a purely thermodynamic analysis cannot reproduce the complex
influence that monetary, social, political and technological factors have on the purely “material” or
“energetic” streams. Clearly, EXA represents a substantial improvement with respect to the
“Material and Energy Balance Reports” published annually by most industrialized Countries,
because the exergy flow diagram unequivocally demonstrates how and at what penalty the primary
exergy inflow (fossil fuels, renewables, ores, harvested food and other primary goods) is
transformed into final energy, such as diesel fuel, electricity or other commodities. The issue here is
though that the so-called Externalities (Capital, Labour and Environmental Effects) are, in spite of
some opinion to the contrary, completely left out of the picture. It turns out though that ExA can be
extended by including the exergy equivalents of the externalities: the theory is called Extended
Exergy Accounting (EEA) as a reminder of the inclusion of monetary, labour and environmental
“exergy costs” in the global budget. The scope of the study presented in this paper is twofold: first,
the introduction of a novel approach based on the exploitation of a very disaggregated dataset, in
order to perform the EEA of a whole country; second, the analysis of the results of the application
of the method to the Italian society, over a 5 years (2013-2017) window of observation, to extract
new insights that could be useful to critically assess the trend of the Exergy destruction of Italy vs
that of the GDP.
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1. Introduction

The present tendency in the world seems to imply that an ever-increasing number of countries
are willing to access to a “Western life standard”, whereas the limited supply of primary energy is
driving politicians, economists and public awareness toward an unavoidable acknowledgment of the
necessity of a “sustainable” growth. A first bias is hidden within its definition, though: going back to
1987, the “Brundtland Commission” of the United Nations formally coined the term sustainable
development in the report named “Our Common Future” as “development which meets the needs of the
present without compromising the ability of future generations to meet their own needs” [1].Such a definition,
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although attractive, is barely suitable to rigorous methodological applications, because of the
fuzziness of the concept of “needs of the present” (despite globalisation, different cultures coexist on
Earth...), of the lack of proper guidelines to pursue the purpose and of a series of benchmark tools
that may indicate whether we are indeed moving in the right direction [2]. In this regard it is quite
clear that analysts must avail themselves of an environment indicator (or a set of indicators)
suggestive of the actual evolution and state of the environment. The available data sets are too often
pre-filtered by scarcely objective (and at times completely unscientific) considerations, especially
because of the enormous political and economic interests involved. In fact, National Energetic
Balances are available for most countries of the world (e.g., [3-5]): extremely disaggregated mass-
and energy flow data are available and actually employed in statistical analysis, in order to get
strategical insights. One example suffices: the energy intensity, i.e., the ratio between the primary
energy consumption and the GDP, is widely adopted as a measure of “progress”, completely
ignoring the “quality” of the energy flows involved. It is as if there were a historical -or cultural-
barrier that forces analysist to deal with “First Law analyses”, completely neglecting the natural
degradation along energy conversion, transportation and final use. This limitation can be overcome
by the adoption of exergy analysis to evaluate the efficiency of industrial systems and countries.

The term exergy is ascribed to the Slovenian Zoran Rant [6] and quite literally means “externally
available technical work”, i.e., the actual amount of energy that can be used for real, technical
purposes, neglecting the amount degraded (and become unavailable) in the inevitably non-reversible
processes that compose any conversion chain. The method of exergy analysis has been developed in
the ‘70s by Gaggioli, Moran, Fratzcher, Bayer, Szargut and many others [7]. At the time of this writing
the exergy methods have formed the basis for a multitude of studies performed on industrial systems
and countries, e.g., [8-14]; although this approach represents a substantial leap forward with respect
to the assessment of the “exploitation” of the primary resources that feed the final energy use, too
many factors are neglected when one considers the exergy balances of a whole country: we live in an
extremely complex world in which the circulation of financial resources is just as crucial for the
growth of a society as the primary energy use, and the latter in turn is a key player in the production
of wealth. Several scholars and international agencies in the last decades have underscored the
importance of the reduction of the environmental impact of human activities, reduction that though
implies technological and thus energetic efforts. The crux of the problem are the so-called
“externalities” (Labour, Capital, Environmental Costs): they are not explicitly considered in the
context of an exergy analysis, resulting in a rather blurred picture of the system being considered. In
light of these considerations, the algorithm of the exergy analysis was extended by “internalising
externalities” which can be done adopting a monetary, Second Law based accounting (Thermo-
Economics, TE) or, the so-called Extended Exergy Analysis (EEA). According to this second method,
the exergy cost of a commodity is computed treating the energy carriers, the whole supply-chain,
labour, capital and remediation costs in terms of their embodied primary exergy, thus eliminating
the monetary cost from the picture. In fact, this is the difference between TE and EEA: the former
leads to a monetary cost, the latter to an exergy cost (TE can be formulated so as to lead to the
calculation of an exergy cost as well, but in this case the externalities are weither neglected or
accounted for by means of hybrid assessment methods [15,16]). EEA has been successfully applied to
different societies [17-20], proving to be a good, rigorous and consistent sustainability indicator.

The aim of this work is twofold: first, the introduction of a novel approach based on the
exploitation of a very disaggregated dataset, in order to perform the EEA of a whole country; second,
the analysis of Italian society, over a 5 years (2013-2017) window of observation, to extract new
insights that could be useful to critically assess the trend of the Exergy destruction of Italy vs that of
the GDP.

1.1. Exergy and Energy

Conservation of energy [21-23] is a fundamental law, a postulate, always verified even at
microscales: it is remarkable though that even nowadays physics cannot explain what energy actually
is [21].
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Despite this ambiguity, the energy conservation law is a fundamental tool for the purposes of a
thermodynamic analysis: indeed the first step of any system analysis consists in performing an
energy balance [22].

However, an energy analysis may not be the best choice for operative cases involving
exploitation of resources, a very important issue in engineering where “costs” (be they defined as
“monetary units per unit of product” or more fundamentally in terms of “amount of useful energy
necessary to produce a unit of useful energy as a product, see below) are crucial.

The shortcomings of an energy balance approach are related to the fact that it assigns the same
“value” to every form in which energy flows through the system.

To witness, consider a gas turbine producing shaft power and releasing gas at a relatively high
temperature (with respect to the surrounding environment): a first law evaluation cannot provide
the correct information about the “quality” of the energy streams, if we agree to define “quality” the
potential of producing work. Within a First Law context, 1 kWh of shaft work is equivalent to 1 kWh
of thermal energy.

Second law consideration change the picture substantially [23]:

e Two systems in different thermodynamic states, when physically communicating with each
other, provide a potential for producing work

e “Work” and “Heat” flows represent ways by which two systems attain mutual thermodynamic
equilibrium by equalizing their respective thermodynamic state parameters.

e  All real processes are irreversible: it is impossible to transform work into (a different type of)
work, work into heat, heat into work and heat into heat (at different temperature) with no losses.

e  Given that “work” and “heat” are two different forms of energy, the former can ideally be
converted entirely into the latter (1 kWhwork—>1kWhreat); but the reverse is not true: any heat-to-
work transformation requires that a portion of the high-T heat in input be dispersed into the
environment as low-T waste heat: 1 kWhnea#1kWhwork.

Exergy is defined as the maximum theoretical useful work obtained when a system S is brought
into thermodynamic equilibrium with the environment by means of processes in which S interacts
only with the environment [24].

Alternatively, reversing the point of view, we have another definition by Riekert [25]:

Exergy expresses the amount of work necessary to produce a material in a specified state from components
common in the natural environment, in a reversible way, heat being exchanged only with the environment.

From the above one can derive that the environment it is essential in the definition of exergy:

The environment can be viewed as a system sufficiently large as to be unaffected by the thermodynamic
transformations occurring inside of it, that is its thermodynamic properties (temperature, pressure etc.) remain
constant throughout the process.

The dead state is defined as the thermodynamic state of the system we are considering in
equilibrium with the environment: no work can be extracted from such a system [23].

For an open system in a state 1 that interacts only with a reference environment O, the specific
exergy content (J/Kg) for the system is the state function [Kotas] [24]:

2 2

V. c
e; = hy — hy +%+Q(Z1—Zo)+Ag1,0+R'T0'1n(c_1>—To'(51—50) 1)
0

where /1is the enthalpy of the system, Vthe velocity, gthe gravitational acceleration, Zthe height, Ag
is the Gibbs potential, Rthe gas constant, 7the temperature, ¢ the concentration and Sis the entropy;
the subscript 1 and 0 refer to states 1 and 0 respectively. Where differences of velocity or altitude are
negligible and there are no chemical reactions affecting the participating streams, Equation (1)
reduces to the so-called physical exergy:

eg =hy —hy — Ty (S1—Sp) )
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The main difference between energy and exergy is represented by the term T, - (S; —S,) in
Equation (2), which represents the losses due to the irreversibility: exergy is the state function which
quantifies the available (“useful”) work discounted of the losses due to irreversibility. Because of this
definition, it is clear that an exergy conservation law does not exist: a new virtual scalar flow, called
exergy destruction (E9) is required to close the “budget”.

1.2. Exergy-Based Analysis: Thermoeconomics, Cumulative Exergy Content, Extended Exergy Analysis

The first exergy-based method proposed in literature for the analysis of industrial plants, was
Thermoeconomics (Exergo—@konomie in Germany) [26,27]. Its aim was to find a compromise between a
purely thermodynamic analysis, involving exergy, and a purely economic analysis, involving
monetary costs; in TE, the monetary cost of a commodity, a production process etc. is allocated to the
exergy content of each stream involved. TE takes thus into account capital and labour costs and then
converts each exergy flow into its monetary cost. The cost per unit of exergy of a product can be
obtained by summing the capital and operation costs of all the components involved. Even from this
simplified description it should be clear that it is difficult to apply TE to the analysis of a country or
of a system which include “non marketable” commodities: for instance, TE cannot satisfactorily deal
with what has come to be known as the “natural capital”.

A method independent from a monetary approach was developed in 1967 [15] and later refined
[28,29]. The “cost” of a physical asset is expressed only in terms of its exergy content, considering the
whole supply-chain, from the cradle to the grave. The added-value within the supply-chain is taken into
account by adding the exergy cost of the process to the exergy of the raw materials (the CExC,
Cumulative Exergy Content).

The EEA method was first presented in Gliwice [30] and detailed in subsequent works [7,30,31];
the underlying rationale is to assign equivalent exergy values to the externalities: a portion of the
exergy influx is spent to ensure the survival and growth of the population, calling this subset exergy
of labour EE;, computed as aEj,, a<l where a is an econometric coefficient not specified by the
theory that must be derived from the budget of the country [31] under study; the monetary circulation
is converted into the so-called extended exergy of capital, EEx = BEE, = aBE;,. This second
econometric parameter f is also outside of the theory and must be evaluated from monetary
circulation data for the country. The System-Country is subdivided in 7 Sectors:

» Domestic (DO) power-consuming activities for survival and growth of human population.

» Extractive (EX) involves the processes of mining and quarrying.

» Conversion (CO) includes energy conversion, heat and power plants, oil refineries, other refinery
and base chemistry industries.

> Industrial (IN) includes all of the manufacturing activities which generate added-value to raw
materials

» Transportation (TR) covers transportation services, commercial and private.

» Tertiary (TE) includes commercial, financial and all the service sector (Government, Schools,
Police, etc.).

» Agricultural (AG). Harvesting, forestry, fishing.

The system exchanges flows of matter and energy with two additional sectors: the environment,
from which raw materials are mined, and the other countries or societies collectively grouped into a
generic sector called abroad.

The Extended Exergy of a generic commodity is computed as:

EEAc = CExCm + CExCe + EEl + EEk + EEenv 3)

where EFEAcis the extended exergy of the commodity, CExCm is the cumulative exergy content of
materials involved, CExCe is the cumulative exergy content of the energy involved, EE/ is the
extended exergy of labour, EEKk is the extended exergy of capital, EEenv is the extended exergy
associated to the environmental remediation. All of the terms of Equation (3) are homogeneous and
measured in Joules. Different types of exergy streams are exchanged among the different sectors,
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each sector “destroying” part of the exergy inflow: the aim of the analysis is in fact the calculation of
the rate of exergy destruction and the identification of their causes, so as to gather information useful
for the optimization of a single sector or a whole.

2. Method

What it is proposed here is a method for collecting data within the context of an EE Analysis: the
very extensive and detailed amount of data made available by governmental authorities, statistical
agencies, utility companies, industries etc. make it possible to implement a structured “data bank”
from which it is possible to derive more realistic results with a hitherto unprecedented accuracy.

2.1. Sector Classification and EE Fluxes

Once the above mentioned 7 sectors have been “assembled” by collecting it each one the relevant
and pertinent activities, the next step is to properly identify, describe and quantify the interactions.
The proposed model is outlined in Figure 1.

Lytho, Hydro,
Atmosphere

A
>
o
3
o]
1)
Q

Figure 1. Allocation of different material, energy, monetary and labour flows among the different
sectors (schematic).

The system “country” is contained within the boundaries defined by the red box; outside the
box, other two sectors exist, representing the “exergetic communication” of the system with the
“universe”:  the Environment, 1ie., the Iytho-hydro-atmosphere, and the other
countries/communities/societies cumulatively grouped into “Abroad”.

From the environment, the society draws raw materials and primary energy, whereas there are
commercial exchanges with the other communities/societies of raw materials, energy carriers and
processed products.

The rationale of the allocation of the exergy fluxes is as follows:

»  EXextracts from the environment energy carriers and ores as raw materials, thanks to the energy
and services supplied by TE, transports provided by TR, financial investments from TE and
workers from DO. Its outputs are conveyed to CO for processing.

»  CO converts the energy carriers from EX, with their CExC and exergy of externalities, into heat
and electrical energy with the generation of by-products as coke and refinery output thanks to
contribution from DO, TR and TE. Renewable energy primary inputs (solar, wind, geothermal
energy, hydropower) are “extracted” from the environment. The products are sent to TR, TE,
IN.
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>IN generates consumer goods with added value. The products are dispatched to TE to be sold.
Its inputs are EE fluxes from DO (workers), TR, AG, energy from CO (distributed by TE), raw
materials from EX.

>  AG receives exergy from DO, TE, TR and the Environment, generating semi-finished products
to be sent to IN and partly to DO.

» DO supplies labour-force to all of the sectors, receiving goods and services from TE, TR and,
partially, from AG.

» TR receives refinery products from CO, labour from DO and supplies all of the sectors

>  TE provides goods and services to all of the sectors: receives the EE of CO and IN commodities
and sells them to DO and all of the other sectors (for example, electricity generated in CO is sold
by utilities to all of the sectors, charged with their content of EE due to the “production” of such
an energy service). The exchanges with the other countries (“abroad”) represent import/export
fluxes and are totally mediated in their entirety by TE.

2.2. Collecting Data

The stage of data collection shall determine the detail of the model: the more disaggregated, the
more credible the results but obviously the more complicated the collection and organization. Data
from different sources are summarized in graphics and tables from which it is possible to get insights
that at first glance cannot be derived from “raw data”. In the future, this task might be left to
specifically designed Expert Systems (Knowledge Based methods). More specifically, let us consider
the natural resources that are available for the Italian system:

2.2.1. Solar Exergy

Solar irradiation is obviously an input into AG. But a portion of it feeds thermal and photovoltaic
commercial and residential installations. Figure 2 shows the average value of Direct Normal
Irradiance (DNI) and the surface extension of each region of Italy (data collected from [32,33]).

AVG DNI per REGION-ITALY

AVG DNI [KWh/m2]*

-

he

Can tecnologla Bing
@ GeoMames, HERE, MSFT

Figure 2. Distribution of average DNI in Italy.
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As illustrated in Figure 3, in Italy as in most Countries the DNI distribution is not homogeneous,
displaying a minimum value of 3.31 kWh/m? in Friuli-Venezia Giulia and a peak of 4.82 kWh/m?2in
Sicily: for the sake of simplicity, a “representative” DNI value was obtained as a weighted mean of
the regional values, using the surface extension of each region as weight. The result is an average
DNI for Italy of 4.01 kWh/m?2.
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30000
25000
20000
15000
10000

5000

OFRrNWRAUIO

eeo
%
(‘(9%
(o}

@
%

2
%
%
[O
S, %
%
((O

%,
%

E==ext. [km2] ==@= avg DNI [kWh/m2]*

Figure 3. Average DNI of each Italian region vs their Extension.

Assuming an average yearly temperature of 298K, the ratio between Solar Exergy and Energy
equals 0.95 [22], thus the average exergy value of solar power interesting Italy equals the average

DNI times the surface of the whole country times 0.95; the result is an average exergy value of 1,19
EWh.

2.2.2. Hydraulic Exergy Potential

For the estimation of the exergy potentially extractable from the Italian, the following procedure
was adopted:

» From an orographic analysis of the Italian territory (Figure 4) [34] the sources’ altitude of the
most important italian rivers (Tevere, Serchio, Po, Arno, Adige, etc.) were derived;

»  The flow rates of the rivers and their mean temperature from a database in the period 2012-2018
[35-39] were collected (Figure 5), leading to a calculation of an average mass flow rate of 484
m?/s with a mean temperature of 288,45 K (Figure 6)

»> A mean temperature of Italian sea was calculated as the average of the temperature of the seas
that bathe the Italian coasts.

»  The equation developed by Valero et al. [34] was then used to compute the hydraulic specific
exergy of each river (neglecting the chemical exergy terms):

T
e=Cp[Tp—To—TolnT—Z]+gh 4)

where e is the specific exergy associated to the waterways, (pis the specific heat of water at constant
pressure, computed as an average value in a temperature range between 15 and 20 °C [41], 7p and
To are the average temperature of the river and the average temperature of the sea, g is the
acceleration of gravity, /1is the average height. Equation (4) gives a specific value of exergy: for the
computation of power in [34] the following equation is proposed:

E=Q-p-b ®)

Where Qis the average flow rate of the major Italian rivers, p [40] is the density of water, computed
as an average in the temperature range between 15 and 20 °C [41], bis the specific exergy computed
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within Equation (4). To get the final result of 0,09 TW, the contributions resulting from Equation (5) for each
river were summed up The results are summarised in Table 1.

MAX ALTITUDE per REGION-ITALY
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Figure 4. Large-grain orography of the Italian territory.

FLOW RATE VS TEMPERATURE
OF THE MOST IMPORTANT ITALIAN RIVERS

Po Serchio Tevere
RIVER

s Q[m3/slavg ==@= T avg [°C] (2012-2018)

Figure 5. Flow rate of some of the major Italian river vs their mean temperature between 2012 and
2018.
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Temperatura superficiale del mare [°C], anni 2008 - 2016

. T

Latitudine

8 10 12 14 16 18 20

Longitudine

15 16 17 18 19 20 21 22
R 11 I

1 Ligure 18,5
2Tirreno sett.le 19.4
3 Tirreno cent.le 19.8
4 Tirreno merid.le 20,3
5 Stretto di Sicilia 20,5
6 lonio sett.le 20
7 lonio merid.le 208
8 Adriatico sett.le 178
9 Adriatico cent.le 18,5
10 Adriatico merid.le 188
11 mare di Sardegna 19
12 Canale di Sardegna 19,7
292,575

Figure 6. mean temperature of seas around Italy.

Table 1. Values computed according to [34].

River Qavg T avg [°C] | et[kd/kg] | e:[kl/kg] | ew [ki/kg]
[m3/s] | (2012-2018)

Tevere 240 15,20 25,40 13,80 39,20

Serchio 46 13,50 35,69 14,72 50,41

Po 1540 16,50 17,59 19,62 37,21

Arno 110 16,00 20,61 16,23 36,83

Adige 235 12,40 42,34 15,21 57,55

The different contributions to the specific exergy ew, are shown in Figure 7.

Ew [GW]

9.40
2,32
57,23
4,05
13,51

9 of 17
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Figure 7. Hydraulic specific exergy, potential and thermal contributions.

ew [klkg]

et [ki/kg]

ez [kl/kg]

2.2.3. Geothermal Exergy

For the computation of geothermal exergy, the procedure was similar to those described above,
with the data collected from [41]: the distribution of geothermal power is shown in Figure 8.

Cal dogia Bing
£ Geoka ., HERE, MEFT

Figure 8. Distribution of geothermal power within the Italian territory.

Again, the average geothermal energy is computed as a weighted average, the weights being the
extensions of each region. The exergy of geothermal energy of Italy is computed multiplying the
average value of energy times a Carnot factor of 0,2 considering the typical values of temperature
involved in such a process. The value equals 11773,84 TJ.

2.2.4. Other Material and Energy Flows

For the detection of the remaining material and energy flows, similar methods have been
adopted, the details being omitted here for brevity. For each sector, several sources have been
consulted: National Energy Balance, Material flow balance, clustered data on electricity and heat



Proceedings 2020, 4, x FOR PEER REVIEW 11 of 17

production as reported by the Italian national statistics institute, ISTAT, the European statistics
institute, EUROSTAT, the national energy provider, TERNA, the national control unit of energy-
related services, GSE, the Central Bank of Italy, and many others.

The window of observation spans 5 years, from 2013 to 2017 ([4,42-52]).

2.3. Computation of the Econometric Factors and Specific Exergy of Labour and Capital
The econometric factors o and 3 were computed as it follows:

» The a factor represents the portion of the input exergy necessary to the survival of the population.
It is thus computed as the ratio between the exergy input of the domestic sector and the Country

total exergy input. Once
asEin
Nwh
» The second econometric factor, (3 is computed on the basis of economic data: the economic “Money

and Quasi-Money” aggregate M2 and the average salary; [ is the ratio between M2 and the total
average salary of a given year. In this definition,  is merely a sort of amplification factor that
produces wealth only from financial activities: the higher

is known, the specific extended exergy of labour is computed as eel =

where Nwh is the number of workhours per year.

, the more the society is service-based.
EEA introduces a correction to this definition, to take into account the so-called financial capital

(the amount in excess of the global salaries in the Country): the extended exergy embodied in one
o-B-Ein

monetary unit is for a given year, is computed as eek = M2_s

3. Results and Discussion

Once the data were collected, organized, validated and reconciliated, the extended exergy
analysis of the Italian system for the period 2013-2017 was performed. The aim is to compute the
amount of exergy destruction of the Italian system for each year, in order to gain some insight about
its correlation with the GDP, commonly adopted for the evaluation of the wealth of a country. During
their operation each one of the 7 sectors destroys exergy and so the exergy budget for each sector will

be:
EEin = EEout + ES§ 6)

The results of analysis are the following (Table 2.)

Table 2. Result of the EE Analysis for Italy, 2013-2017.

21.947.211,26

494.085,98

10.491.056,27
509.624.525,90
586.659.916,18
161.652.770,61

3.582.360,34

1.362.535.864,90

20.312.632,90
481.406,39

2017 En[TJ] Eour [TJ] Ep [TJ] EE, [TJ] EEk [TJ] EE [TJ]
AG 2.905.903,61 1.732.441,10 1.173.462,51 400.451,72 18.640.855,93
EX 69.270,50 28.010,15 41.260,34 422.641,02 2.174,46
IN 4.211.548,06 968.278,84 3.243.269,21 131.009,99 6.148.498,22
co 8.778.510,88 4.724.156,23 4.054.354,64 68.207,93 570.731.751,76
TE 12.463.938,44 10.697.215,70 1.766.722,74 10.119,53 574.185.858,21
TR 1.512.342,32 388.387,22 1.123.955,10 3.467,11 160.136.961,18
DO 1.649.768,67 1.035.897,30 613.871,38 1.035.897,30 2.968.488,96
TOT[TJ] 28.685.378,88 17.841.945,45 10.843.433,43 0,00 1.332.814.588,73
2016 En[TJ] Eour [TJ] Ep [TJ] EE, [TJ] EEk [TJ] EE [TJ]
AG 2.887.089,62 1.779.232,17 1.107.857,45 384.784,55 17.040.758,72
EX 73.326,31 32.032,01 41.294,30 406.105,73 1.974,35
IN 4.947.389,38 939.424,50 4.007.964,88 125.884,39 5.499.017,06

10.572.290,84
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4.760.901,76
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En [TJ]
2.960.821,83
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5.168.071,30
8.268.030,08
12.017.586,72
1.512.740,62
1.515.470,32
31.504.673,31

Ew [T)]
2.892.355,64
65.804,92
5.381.999,01
8.317.612,65
12.365.041,56
1.456.877,83

1.651.032,66
32.130.724,27

4.555.071,14
10.608.650,80
401.687,18
995.369,13
19.311.466,94

Eour [TJ]
1.790.296,64
13.379,86
879.050,97
4.693.211,16
10.591.634,37
426.981,31
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0,00
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1.036.690,96
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Figure 9. Black box model applied within the context of an Extended Exergy Analysis: the example
of an application to the Industrial Sector.

The rationale behind the computation is the following: considering the connections between the
sectors as pointed out in Section 2.1. For the sake of clarity, let us examine in detail (albeit always at
a schematic level, to avoid considering too many fluxes) the Industrial Sector IN (Figure 9). The sector
is modelled as a black box: any exergy influx represents a physical flow of either energy or matter
and has an label expressing the units of specific extended exergy ee [J] and its intensity m or P [kg/s
or kW], so that its total contribution to the IN exergy budget is calculated as EEn= een*P or EEm=
eem*m. The same is true for immaterial inflows, like capital flows (EEx= eex*K) and labour (EEL=
eec*workhours). Since all outputs are also known, the exergy destruction is given (eqtn. 6 above) by
the difference between the total input and the total output. The same applies to the remaining sectors:
obviously, since the o and [ coefficients depend on Ein and Econsumed, Do, and the labour and capital
flows depend on the econometric coefficients, some iteration is necessary to reach convergence.

In more detail, we may consider that the energy content of a “stream”, be it material or
immaterial, has 6 “production factors”: its initial CExC (material or immaterial), its labour content
EE1, its capital content EEx, its “added material” content EEw, its “added energy” content EEen and
its equivalent environmental remediation exergy EEenv. This latter term is in practical terms difficult
to calculate because it requires knowledge of the biodegradation process adopted. It will be not
discussed here, interested readers are referred to [7]. It is therefore clear that the accuracy of an EE
analysis is very strongly dependent on the quality (completeness, congruency) and detail
(disaggregation) of the data.

In spite of the preliminary type of analysis performed here (it is not yet possible to derive from
the data and/or results the values of the most popular environmental indicators: more work is needed
in this respect) some interesting conclusions may be drawn from the global results:

a) The first econometric coefficient  is fairly constant over the time window of observation: it is
equal to 4 10+ and indicates that in spite of its high living standards, Italy is an “exergy sparing”
Country (values of a for different Countries for year 2005 as reported in [31]);

b) The second econometric coefficient also is fairly constant between 2013 and 2017: its values
oscillate around 5.2. This indicates that Italy is a Country dominated by financial capital (K¢/S =
B-1);

c) The extended exergy of labour is a measure of how many Joules is 1 workhour equivalent to: a
higher eeL pertains to more energy intensive societies. The value for Italy did not change much
from 2013 to 2017, being around 70 MJ/hour; The extended exergy of capital is a measure of how
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many monetary units it takes to make up for one workhour. A higher eex pertains to more
affluent societies. The value for Italy did not change much from 2013 to 2017, being around 65
MJ/€;

The E  does not correlate with the GDP (Figure 10): the GDP curve is convex and growing,
while the E  curve is fairly constant around 12 ZJ/year except for 2017 in which there was less
destruction respect to the other years compared with. This is an unexpected result worthy of
further investigation.

The Extended Exergy, that is the “cost” of Italian society, is fairly constant, around a value of
1300 ZJ; it is instructive to compare this trend with that of the GDP: historically, we associate
development and wellness with a growth of GDP, so considering Figure 11 one could be led to
considering that the Italian society is growing in the” right way”; the problem is that, according
to the analysis, the extended exergy of the country reached a plateau (Figure 12): this means that
the “cost” of the economic and social growth was the same within the years, witnessing the
absence of enhanced rational exploitation of the available resources. As a matter of fact, this
result suggests that the sustainability of the Italian society did not improve throughout the
window of observation.
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Figure 10. Exergy destruction by Italian society 2013-2017.
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Figure 11. Gross Domestic Product of Italy 2013-2017.
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4. Conclusions

An Extended Exergy Analysis of the Italian system was conducted over a period of five years,
2013-2017. This is to date the EEA analysis based on the most disaggregated database. An innovative
data validation and reconciliation procedure was implemented to assure the full congruency of the
data prior to the actual analysis. The Italian society is divided in the usual 7 sectors, plus the
Environment and a virtual sector (“Abroad”) that accounts for the import/export of materials and
energy fluxes. The two econometric coefficients a and b were calculated for each year, as well as the
specific extended exergy of Labour eer and of Capital, eex. All values are consistent with previous
analyses and confirm the validity of the approach. The exergy destruction in the system and the
Extended Exergy are compared with the GDP along the observation window, and it is demonstrated
that the two are not correlated. The study is the basis for the development of a standard comparison
basis between different indicators of sustainability.

ni

Nomenclature
CExC Cumulative Exergy Content
Cp Specific heat, constant pressure
DNI Direct Normal Irradiance
E Exergy rate
EEA Extended Exergy Analysis
EEenv Extended Exergy of environment remediation
EEL Extended Exergy of Labour
EEk Extended Exergy of Capital
Es Exergy destruction rate
fc Carnot factor
h Specific enthalpy
Ib Solar constant
M2 money + quasi-money circulation
PV Photovoltaics
S specific entropy
T Temperature
TE Thermo-Economics
Greek symbols
a First econometric factor
B Second econometric factor

Exergy efficiency
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