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The continuously rising cost of energy and its impact on environmental policy are the
primary boost for industry to stay global competitive in terms of maximizing productivity
and raising operational costs. The prevailing goal in the height of industry 4.0 is to inspect
and optimize manufacturing processes. The challenge is to consider thermodynamics as
simulation and modelling solution that enables improve energy production and help efforts
to shift towards a smart factory. The aim of this paper is to demonstrate that using
thermodynamic models as Exergy and Life Cycle thinking provides major benefits since it
allows evaluation results more reliable and aims to develop a retrofitting approach that
enhances the process to avoid system failures efficiently. Any practitioner may pick
suitable sensing networks in line with Industry 4.0, in order to develop a monitoring and
control infrastructure and improve any manufacturing system, getting it smarter. In this
article, an explanatory case study on the production process of an Italian SME will be
presented and discussed.

Keywords:
exergy analysis, hybrid modelling, Industry
4.0, Life cycle assessment, smart factory,
sustainability

1. INTRODUCTION

energy efficiency (η) does not exceed the 30%.
In the light of these innovating technologies, it is necessary
to understand which methodologies are best suited to evaluate
both qualitatively and quantitatively their sustainability and
the one of the whole processes.
To this end, LCA is the most used tool that helps to quantify
the consumption of resources flows throughout the entire life
cycle of the process and its potential harm to the environment.
The Exergetic Analysis (EA) adds information on the quality
of the process in terms of efficiency.
The goal of this work is to show that hybridizing LCA with
EA brings significant advantages: it makes the outcomes of the
assessment more objective and it helps to develop retrofitting
solution, thus enabling the process to automatically prevent
any machine failures. In line with the Industry 4.0, any
company would be able to select appropriate sensing
infrastructure to enhance its monitoring and management
system and redesign it, making it smarter.
The hybrid implementation of these two methods has
proven to be a valuable tool for understanding process
management alternatives and for optimizing and innovating
production process technologies.
All these statements are endorsed by the assortment of
hybrid methods existing in literature, which differ from each
other for the distinct levels of hybridization between EA and
LCA and for the variety of input and output flows that they
consider.
The rest of this paper is organized as follows. The I4.0
paradigm and the role of sustainability related to it are
described in Section 2. As KETs of I4.0 paradigm, the
methodologies for dealing with manufacturing sustainability
are widely reviewed in Section 3. A real industrial case is
presented in Section 4, on which LCA, EA and hybrid EA-

Starting from the work carried out and published in the
proceedings of the AIGE IIETA Congress on TI-IJES [1], the
following paper is an extension and completion of the
considerations and the analysis implemented in the paper.
With the constant increase in energy costs and their impacts
on environmental policies, optimizing production and
reducing operating costs is considered a critical tactic for
companies to remain globally competitive. In the height of the
fourth industrial revolution, the need to digitize and automate
manufacturing processes emerges as another predominant goal.
Currently, Industry 4.0 (I4.0 from now on) is highlighting the
need to operate under environmental restrictions in order to be
sustainability oriented. The environmental challenge that
emerging innovations are facing is related to the increasing
rise in electricity demand and the immediate need to
implement low-carbon electricity systems [2]. The Key
Enabling Technologies (KETs) of I4.0 [3], and the
improvements that they foster, have an effect on raw materials
flows, resources, goods, energy, pollution, properties and
knowledge which, as a result, have a favorable or negative
influence on environmental sustainability.
Sustainable manufacturing has been received awareness in
terms of process control, energy analysis and low carbon
emissions, especially within the I4.0 paradigm.
Wide knowledge about all the data related to materials,
energy, machinery and auxiliary equipment is mandatory in
order to optimize overall process performances.
Intelligent machine tools are built to be more integrated,
effective and automatic. Investigations show that real-time
process parameters optimization significantly reduces (of
about 60%) the energy consumption, while their current
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LCA are conducted and discussed, followed by the concluding
remarks and further developments in Section 5.

advantages span a broad spectrum [13], such as the reduction
of pollution and environmental risks, and the enhancement in
financial performance due to openings in new foreign markets.
In fact, an eco-friendly organization would be able to obtain
environmental certification with the associated boost in
prestige. Industry 4.0 would be a step forward for more
competitive manufacturing value development. In current
literature, this phase is mainly defined as a commitment to the
environmental aspect of sustainability. The distribution of
services, i.e. goods, supplies, electricity and power, may be
made more effective on the basis of insightful cross-linked
value creating modules [14].
To date, the qualitative appraisal of the prospects for
sustainable value development in Industry 4.0 has not been
addressed holistically in a formal manner [15].
An interesting prospective exploration on both positive and
negative cause-effects that all the features of I4.0 would bring
in short and long term in the manufacturing field has been
conducted by Bonilla et al. [16], considering the ideal point of
sustainability as a threshold. In general, the trends of
sustainability of environmental impacts due to the
implementation of I4.0 are stage-dependent, since the trend
results to be negative at the deployment stage, and positive
during operation stage.
At long term and summing up ideas, smart manufacturing
would bring some positive aspects on environmental
sustainability, such as:

2. SUSTAINABILITY RELATED TO INDUSTRY 4.0
Industry 4.0 was introduced in 2011 by German
Government to indicate a set of technological changes in
manufacturing systems by means of automations and ICT
(Information and Communication Technologies), including
Cyber-Physical Systems, Internet of Things, Simulation and
Modelling, Big Data Analytics, Augmented Reality, Additive
Manufacturing, Robotics, Cloud Computing and now also
Blockchain. It aims to help incorporate and merge autonomous
devices, human beings, physical objects and processes through
operational stages in order to create different forms of digital
data, functional and high agility value chains during the whole
life cycle of a product, process or activity [4]. To this end, Liao
et al. [5] made a comprehensive systematic literature review
on I4.0 in all its facets including 224 papers out of 346
potential ones entered the data collection stage for qualitative
and quantitative analysis.
The paradigm of Industry 4.0 is implemented in three
dimensions [6, 7]:
Horizontal integration across the entire value creation
network. It refers to the integration of the different IT systems
used in the various stages of the manufacturing and business
planning processes involving an exchange of products,
resources and information;
End-to-end digital integration across the entire product life
cycle. It allows smart business processes to be incorporated
across the supply chain, including the factory floor and CPS
services. The intelligent cross-linking and digitalization cover
the application of an end-to-end solution using ITC which are
embedded in a cloud;
Vertical integration and networked manufacturing systems.
It refers to the integration of different IT systems at different
hierarchical levels of the Factory itself during the
manufacturing process, from product development to
manufacturing, logistics and sales.
It is possible to list a set of key-features of I4.0 paradigm
that lead to smartness [8-11]: a) automation, b)
decentralization, c) real-time data acquisition, processing and
communication, d) virtualization, e) modularity, f) flexibility,
g) agility, h) efficiency, i) interoperability, j) prediction, and j)
customization.
Today, I4.0 is supported in every field, not only
manufacturing. Examples are in logistics, construction,
transportation, medicine and surgery, food production, home
automation and so on, even in our daily life with smartphones
and watches.
While it is challenging for authors to decide on the right and
unified concept of I4.0 and all associated supporting
technologies, what the literature confirms is that the core of
this paradigm is the vast network of sensors that are usable and
open to everyone, as well as Cloud Computing.
It is evident that the guiding principles of I4.0 were not
initially focused on providing alternatives to the ecological
problems posed by manufacturing, but on improving
efficiency and profitability.
If on one hand any company drops its basis of existence
without economic profitability [12], very soon the companies
have come to understand the value and the competitive
advantages of proactive environmental practices. The related

1) Building significant effects on sustainability through
the whole supply chain;
2) Increasing the productivity with cost reductions;
3) Inventory reductions through real-time smart inventory
management and traceability;
4) Real-time supply chain optimization & supplier’s
integration that will enhance the development of a
circular economy.
5) Decentralization of the collection of goods and services;
6) Development of strategies and goods by taking into
consideration customers’ lifestyles;
7) Acquisition of new ecologic market awareness;
8) Achievement of shorter production time cycles;
9) Processing an amount of production calibrated to
predicted needs, without further depletions.
10) CO2 emissions monitoring and control.

3. METHODOLOGIES
To understand how LCA and EA can be related to
sustainability within I4.0 paradigm, let us briefly introduce the
key enabling technologies, schematized in Figure 1, of
Industry 4.0 [3, 7, 17]:
Internet of Things (IoT). This technology enables
companies to connect multiple devices, which are logistically
remote, using sensors and microprocessors powered by
software systems capable of transmitting information across
the network. In this sense, it is necessary to clarify that such
devices are internal to the production machines and that they
can be built even after the completion of the latter thanks to
the idea that, in the era of Industry 4.0, any physical entity has
the potential of being smart with the intention of sharing
information on its state and the state of the world in which it
is situated. The Internet of Services (IoS) is associated with the
strategic usage of the Web and innovative way of generating
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demand through the materialization of the Product-as-aService business model. Currently, producers of consumer
goods are seeking to create a clear connection with customers
and to improve their strategic advantage by delivering
complementary services and developing new sources of
income, and IoS is providing the requisite technical
infrastructure.

This concept in Industry 4.0 transforms into the potential of
getting access to automated and insightful product logistics,
which helps to find them in the factory and to track order
enforcement in real time. Such method helps to check the
products from an aesthetic-functional point of view, while
enabling the simulated placement of the same in the reference
environment.
Robotics and Advanced Manufacturing Solutions. Robots,
perceived as human operators ' partners, are and should be one
of the key triggers. Such technologies are capable of rendering
manufacturing processes more effective and increasing the
productivity of the businesses that use them. Integrated and
automated approaches assisted by human involvement in
procedures that involve interactions between automatic and
manual systems. Throughout this case, robots are actual
interactive devices capable of sharing knowledge with other
devices and human beings, continuing to remain autonomous
while configuring the trajectories according to the needs of the
output flow.
Additive manufacturing. It is a technology which,
beginning with the digital drawing (aided by a CAD) of the
product to be made, is capable of printing it by adding material.
The nozzle can melt thin layers of powder and add one layer
of material, either plastic or metal, on top of another, in order
to create any shape. The great promise of this development is
therefore the opportunity to switch from the digitally
formalized concept straight to the product without even
needing to go through intermediary stages, thereby freeing up
room for alternative market models where it is possible to
produce parts on demand.
Simulation and modelling techniques. Simulation refers to
the concept of digital twin, meant as a mathematical model
capable of representing a process, product or service in order
to be able to carry out an analysis and to implement predictive
performance techniques. This is the creation of a real process
model, developed to collect valuable knowledge that can help
companies minimize manufacturing costs, enhance the
efficiency of the final product and reduce time-to-market. In
smart factories, simulation and modelling would be required
to exploit real-time data to replicate the physical environment
in a simulated model that may involve computers, goods and
humans.
Among the modelling techniques [18], and relevant to big
data analytics, there are a) the model-based approach, that
represents the real system involving the construction of a
mathematical/physical model from the input parameters
measured; b) the data-driven approach, focused on the analysis
of a large number of raw historical data, came from a network
of sensors and actuators, up until the creation of knowledge
and behavioral models of the system itself. To this approach
belong machine learning and data mining; c) the expert-system
approach, method that emulates the decision-making ability of
a human expert by solving a problem by reasoning about
knowledge, and not by following the procedure of a developer
as is the case in conventional programming. Since a single
solution cannot be generalized to all various applications due
to the complexities and heterogeneity that define
manufacturing processes, alternative approaches have been
formulated to solve the problems of particular use cases [19].
The growing refinement of manufacturing processes needs
innovative methods to predict output failures and to identify
sustainable operational profiles. Considering that, among
KETs, there are big data analytics and modeling techniques,
we focus now on the model-based approach, that is, the study

Figure 1. Industry 4.0 key enabling technologies
Big Data Analytics. refer to a new generation of
technologies and architectures that enable organizations to
economically extract value through discovering, capturing and
analyzing very large volumes of a wide variety of data. Big
data analytics enables contemporary organizations to better
gain value from the massive amounts of information they
already have and identify what is likely to happen next and
what actions should be taken to achieve the optimal results. It
leads to the Artificial Intelligence (AI).
Cybersecurity. I4.0 needs accessibility to the environment,
with the goal of facilitating integration between various
processes. While it is vital that mechanisms re put in
communication to share information, it is equally important to
monitor this sharing in view to protecting the data flows. In
terms of knowledge sharing and data privacy, companies need
cybersecurity protocols to better protect a device or a device
collection.
Blockchain. Often identified as distributed ledger
technology is the basis for cryptocurrencies such as Bitcoin
and Ethereum, but the features go well beyond that.
Blockchain is permanent, decentralized and redefines
confidence because it allows open, safe, efficient and prompt
public or private solutions.
Augmented reality (AR). Via 3D modelling, CAD and
projection technologies, one of the most innovative
applications in industry 4.0 is being promoted as Virtual
Reality. Reference is made to a three-dimensional model
capable of hosting a human operator within which the goal
would be to evaluate the process in order to improve it in the
design and commissioning phases, and also to facilitate the
training of workers. For Augmented Reality, on the other side,
reference is made to the idea of utilizing specific viewers to
obtain extra details about the product simply by framing it.
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of the process through physical (in our case, thermodynamic)
models. The physical-thermodynamic models addressed in
this work are Life Cycle Assessment and Exergy Analysis.

of determining both inputs (materials and energy resources)
and outputs (emissions and environmental waste) to and from
the product or process under study. Data on inputs and outputs
are obtained and recorded for each phase within the system
boundary, including raw material, energy, products, coproducts, waste, and emissions to air, soil, and water. All the
data must be proportionate to the functional unit chosen in the
beginning. Data collection may be especially time-intensive
and resource-intensive, as it may cover both upstream
processes (resource acquisition, processing and transport) as
well as downstream processes (product consumption and
disposal). To facilitate data collection as well as the full
application of the LCA, the upstream and downstream data
could be found in opensource or payment databases, such as
Ecoinvent (payment, but the most complete) [24], ELCD
(payment) [25], USLCI (opensource) [26] and so on. Software
such as SimaPro or Gabi or OpenLCA helps users to conduct
the evaluation in a more direct and intuitive way [27].
Obviously, they do require databases to operate and are thus
not open to any practitioner.

3.1 Life Cycle Assessment framework
The Life Cycle Assessment (LCA), regulated by ISO 14040
and ISO 14044, is a widespread analytical tool used to measure
and analyze environmental flows through the entire life cycle
of a product process or activity [20, 21] that goes to early bird
design up until the waste scenario. The modern structure of the
LCA proposed by ISO 14040 series consists of four main
phases, and a last one, about the construction of an
environmental indicator, as shown in Figure 2.

3.2 Exergy analysis
Exergy Analysis is an analytical method to assess the
sustainable efficiency of manufacturing processes [28].
According to the second law of thermodynamics, EA is a nonlinear method due to process irreversibilities, see section 4.2
for a proof.
Exergy is defined as “maximum theoretical useful work
obtainable as the system is brought into complete
thermodynamic equilibrium with the thermodynamic
environment while the system interacts with this environment
only” [29]. When a system is in perfect equilibrium with its
reference environment (i.e. no temperature gradients are
present), there is no exergy at all. More the exergy is created,
more the system is far from its equilibrium.
Exergy has four main components, excluding radioactive,
gravitational, electrical, and surface tension effects: potential,
chemical, physical, and kinetic. Kinetic exergy is especially
important when speeds are large, as in the case of turbines,
whereas potential exergy is particularly relevant for electrical
or hydraulic systems. For many functional applications
concerning manufacturing processes, potential exergy and
kinetic exergy are negligible [30].
EA provides a perfect frame to evaluate efficiency in a
single metric, which is a sort of measure of reversibility of the
processes, reducing the interpretation issues inherent the LCA.
Exergy is conserved only in reversible processes (ideal
processes, as it is Carnot cycle). In real processes, which are
irreversible, a quantity of exergy is always destructed.
To this aim, the two ratios below represent a good
interpretation of process performance.

Figure 2. LCA framework according to ISO 14040
An in-depth overview of the LCA methodology and its
regulation has been already developed by the authors in a
previous work. In that case, the analysis was applied to the
construction sector [22].
LCA is known to be an eco-design tool par excellence
because it enables each aspect of a good or service to be
analyzed in depth, exploring the nature of the whole life cycle.
It facilitates the recognition of the most affecting systems and
stages and also gives a good picture of the issues that need to
be resolved by the action targets. It may be used to enhance
the current product or to direct decision-making in the
development of new goods [23]. Measurement of consumption
and impacts, which allows to continuously work and improve
products and processes, not just from a technical but also
environmental point of view, is also an assertion of
responsibility for all the stakeholders.
This method is based on linear equations because it sums up
quantities, see section 4.1 for an example.
LCA also has some limitations. The first is that it is more
oriented towards the quantification of resources depleted
during the process, but does not give information on efficiency
and possible margins for improvement; the second is the
reliance on various datasets relating to general or generic
results, regardless of the specific process assessed. If data
collection is poor, or if not enough data are available, the study
will not lead to solid conclusions. The third is that LCA
analyses are focused on assumptions and scenarios, since it
simulates the local environment with a simplified model.
The most trivial part of an LCA is indeed the inventory
phase (LCIA). The life cycle inventory analysis phase consists

-

General exergy efficiency:
𝜂𝑔 =

-

(1)

∑ 𝐸𝑥̇ 𝑜𝑢𝑡𝑝𝑢𝑡
∑ 𝐸𝑥̇ 𝑖𝑛𝑝𝑢𝑡

(2)

Net use efficiency:
𝜂𝑛 =
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∑ 𝐸𝑥̇ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
∑ 𝐸𝑥̇ 𝑖𝑛𝑝𝑢𝑡

In real processes, these ratios are always < 1. The distinction
between Eẋ product and Eẋ output is in the output flows taken
into account in the sum: ‘product’ implies just the flows
involved in the processing of the required performance;
‘output’ is the total amount of outlet flows (productions and
losses) involved in the process or activity under analysis.

4. CASE STUDY
We now focus the attention on a real industrial case of an
Italian SME that produces all the small accessories for
aluminum window and door frames.
The process under analysis is the window handle, as shown
in Figure 3, composed by an aluminum knob, a case, covercase and a spindle in zamak, a bushing and a spacer in Delrin
and other auxiliary components as metallic screws and springs.

3.3 Hybrid/Coupled EA-LCA
While classical LCA tools have a major emphasis on
emissions, EA is much more efficiency oriented [31].
Although the time period evaluated during the LCA is larger
than that seen during an EA, all approaches are time dependent.
Both during LCA and EA, it is important to establish a context
of the analysis in which system boundary is named in LCA
and the definition of the reference environment corresponds in
EA [32]. Both LCA and EA consist of mass and energy
balances, but LCA may not provide a standard metric, in fact
several authors consider the Life Cycle a multidimensional
evaluation approach [31], while EA has a single metric and
this contributes to greater comparability and understanding.
Based on the literature, there are positive opinions on the
utility of Exergy coupled with LCA as a metric of
sustainability, as they are complementary tools [33, 34].
So why not jointly use both methods? Every approach
expresses the same problem: the use of two separate points of
view theoretically contributes to the application of the
strengths of the combined strategies, while reducing the
specific shortcomings [35]. The integration of EA and LCA is
thought to be possible to model a monitoring strategy which is
a fundamental precondition for the implementation of Industry
4.0 technologies.
Hybridization may be achieved in many forms. For example,
the two analyzes may be conducted independently and the
outcomes of one and the other can ultimately be merged to
give a more comprehensive image of the process or product
being evaluated. Another way could be splitting EA into unitprocesses, each of which assesses a phase of the life cycle.
There is not yet a pure hybrid model under which there is just
an equation or algorithm based on the principles of the LCA,
and those of the EA.
These assertions are backed by the number of hybrid
approaches in the literature, which vary from one another in
terms of the distinct degrees of hybridization between EA and
LCA and the diversity of input and output flows that are
inventoried, see [36] for a deepen review about these methods
and their issues. Far from describing each method as it is not
the core of this work, here is a chronological list of
hybrid/coupled methods used in manufacturing:
•
•
•
•
•
•
•
•
•
•
•

Figure 3. Manufacturing sub-processes related to the
functional unit, the handle
The goal and scope of this case study is to carry out a
sustainability evaluation by LCA, EA and hybrid EA-LCA.
The following analysis is carried out with the same starting
assumptions, saying, same functional unit, same system
boundaries and same reference flows.
The functional unit, consistent with the goal and scope, is
one piece of finished product which, in our case, corresponds
to a single window handle. The functional unit provides a
structure for the standardization (in a computational sense) of
input and output data on the basis of which the performance of
the analyzed process may be defined.
The system boundaries have been chosen according to the
goal and scope. An appropriate unit of measurement for the
reference flow should be calculated for all the process units
that relate to the output of the functional unit under analysis
(e.g. the quantity of energy used in manufacturing, the kg of
raw materials used, etc.). Both processes from the exploitation
of raw materials to the processing and use of materials have
been included in the model. In the case of shipping, the
analysis focused on those required for the supply of semifinished and primary products. Waste treatments have been
included, except for recycling, for which only transport to the
recovery plant has been included.
Transport relevant to the shipment of the final product is
omitted from the analysis, since the marketplace is
characterized by consumers from all over the world for whom
it is impossible to create forecasts or assumptions of location
and plant maintenance operations.
For the specification of reference flows, the process is
shown as a basic series of operations (shown in Figure 3)
consisting of the description of its primary unit-function (i.e.
subprocesses), its cycle times, and the efficient classification

Cumulative Exergy Consumption (CExC) [37], 1987;
Exergetic Life Cycle Assessment (ELCA) [38], 1997;
Extended Exergy Accounting (EEA) [39], 2001;
Life Cycle Exergy Analysis (LCEA) [40], 2001;
Thermodynamically based-LCA [41], 2002;
Cumulative Exergy Demand (CExD) [42], 2006;
Thermo Ecological Cost (TEC) [43], 2007;
Cumulative Extraction from Natural Environment
(CEENE) [44], 2007;
Exergoenvironmental Analysis [45], 2008;
Total Cumulative Exergy Loss (TCExL) [46], 2012;
Exergy based Input-Output analysis (ExIO) [47], 2014.
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of its primary and secondary elements to be included in the
analysis, as well as upstream and downstream processes.

methods and waste management. The database used is
Ecoinvent v.3.
In Table 1 the results are shown in matrix form, in order to
link each environmental impacts of the components of the
handle to those related to each sub-process.
The following Figure 4 illustrates the overall impacts of one
handle. The evaluation of the impacts for the GWP reported a
total value of 3.2580 kgCO2eq per piece on one year. As seen
clearly in Figure 4, Figure 5 and Table 1, the most affected
component is the knob, of which die cast aluminum subprocess is connected as the most impacting, representing the
61% of the total. The knob involves the 62% of the overall
impact. It follows the case and the cover case in zamak with
the 18.50% and 11.10%, of which die casting zamak is the
most impacting sub-process with 34.30% of the total.
This implies that the goal for optimization is to focus on
aluminum die-as a priority sub-process.

4.1 Life cycle assessment
LCA's environmental analysis provides details on resource
use, electricity use, carbon emissions over the product life
cycle and future environmental effects in terms of kgCO 2eq.
Impact category for the Global Warming Potential predictor
selected was IPCC GWP100y with a cut-off below 1%, which
indicates that all subprocesses or components that contribute
less than 1% to overall consumption are neglected in the final
results.
The program selected to do this LCA analysis is SimaPro
v.9. This is a comprehensive IT tool which requires a number
of databases, including the categories needed to describe the
life cycle; in fact, they are classified and listed in each database:
products, procedures, energy and transport systems, recycle

Table 1. LCA impact assessment by IPCC-GWP100y all expressed in kgCO2eq
Die casting Zamak

3.30
3.20
3.10
3.00
2.90
2.80
2.70
2.60
2.50
2.40
2.30
2.20
2.10
2.00
1.90
1.80
1.70
1.60
1.50
1.40
1.30
1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Plastic
molding
0.0150

Vibrotumbling

0.6030
0.3620
1.9842
0.1524
1.9842

0.0150
3.1520

0.0045

3.2580

2.9989

0.9939

0.6253

0.0150
Case

Painting

0.0074

0.0043
0.0056
0.0134

0.0074

0.0233

Assembly

Total

0.1060
0.1060

0.0150
0.6103
0.3686
2.0050
0.1530
0.1060
3.2580

0.0006

1.1175

Bushing

Drilling and
threading

0.0030
0.0010

kgCO2eq

kgCO2eq

Bushing
Case
Cover-case
Knob
Spindle
Assembly
Total

Die casting
Aluminum

Cover-case

Die casting Zamak
Plastic molding
Drilling and threading
Assembly

Knob

Spindle

3.30
3.20
3.10
3.00
2.90
2.80
2.70
2.60
2.50
2.40
2.30
2.20
2.10
2.00
1.90
1.80
1.70
1.60
1.50
1.40
1.30
1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

3.1017

3.1167

3.1213

3.1287

3.1520

3.2580

1.1175

Assembly

Die casting Aluminium
Vibro-tumbling
Painting
Total

Bushing
Spindle

Case
Assembly

Cover-case
Total

Knob

Figure 4. IPCC-GWP100y: cumulative impact of each handle component related to the sub-process and vice-versa, in kgCO2eq
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28.00

27.3054

28.00

27.6023

26.4640

27.00

26.00

25.00

25.00

24.00

24.00

23.00

23.00

22.00

22.00

21.00

21.00

20.00

20.00

19.00

19.00

18.00

18.00

17.00

17.00

16.00

16.00

15.00

15.00
MJ

26.00

MJ

14.00
13.00

21.6949

14.00

12.00

11.00

11.00

10.00

10.00

9.00

9.00

9.3208

8.00

7.2209

7.00

7.00

6.00

6.00

5.00

5.00

4.00

4.00

3.00

3.00

2.00
1.00

21.6815

21.5296

21.1960

13.00
11.7729

12.00

8.00

27.3054 27.6023

27.00

2.00
0.3335

1.00

0.00

0.00

Die casting Zamak
Plastic molding
Drilling and threading
Assembly

Die casting Aluminium
Vibro-tumbling
Painting
Total

Bushing
Spindle

Case
Assembly

Cover-case
Total

Knob

Figure 5. CExD: Cumulative impact of each handle component related to the sub-process and vice-versa, in MJ
4.2 Exergy analysis

∑ 𝑚̇𝑘𝑖 = ∑ 𝑚̇𝑘𝑜
𝑘

Considering a generic sub-process in the overall
manufacturing process of the handle, an example of
inventoried input and output flows are shown in Figure 6.

(3)

𝑘

Energy flow balance:
∑ 𝐻̇𝑐𝑖 + ∑ 𝑊̇𝑑𝑖 + ∑ 𝑄̇𝑝𝑖 = ∑ 𝐻̇𝑐𝑜 + ∑ 𝑊̇𝑑𝑜 + ∑ 𝑄̇𝑝𝑜
𝑐

𝑑

𝑝

𝑐

𝑑

(4)

𝑝

Exergy flow balance:
∑ 𝐸𝑥̇𝑐𝑖 + ∑ 𝑊̇𝑑𝑖 + ∑ (1 −
𝑐

𝑑

𝑝

𝑇0 𝑖
) 𝑄̇
𝑇𝑒 𝑝

= ∑ 𝐸𝑥̇𝑐𝑜 + ∑ 𝑊̇𝑑𝑜
𝑐

+ + ∑ (1 −
𝑝

𝑑
𝑇0

𝑇𝑒

(5)

) 𝑄̇𝑝𝑜 + 𝑬𝒙𝒍𝒐𝒔𝒔

where,
Specific enthalpy and enthalpy

Figure 6. In/out flows of a generic thermodynamic system
Reference flows are uniquely identified in its balance
equations [48]. In our industrial case reference flows are:
Mass flow balance:
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ℎ = 𝑐 ∙ (𝑇 − 𝑇0 )

(6)

𝐻 = 𝑚̇ ∙ ℎ

(7)

The creation of broad life-cycle databases, such as
Ecoinvent, provide a resource requirement for each unit
process. With the aid of the software SimaPro, therefore, better
CExD scores may be calculated that specifically reflect the
exergy demand of a specific functional unit.
As regards the CExD carried out in the case study, the only
metric is the amount of Exergy loss expressed in MJ. The
evaluation is carried out through the life-cycle stages and all
the starting assumptions are equivalent to those made for the
LCA analysis.
The results are shown in Table 2.
The following Figure 5 illustrates the overall impacts of one
handle. The evaluation of the impacts for the CExD reported a
total value of 27.60 MJ per piece.
The findings of the implementation of the CExD returned
conclusions totally equivalent to those obtained with the LCA.
Die casting aluminum results to be the most critical subprocess, representing the 43% of the total impact. The knob
proven to be the most critical component of the handle,
representing the 53.22% of the overall impacts. It follows the
case and cover case in zamak, representing the 25% and
16.50% of the overall impacts, to which corresponds the die
casting zamak with 33.80% of the total. This partially applies
to the adoption of the same software and the same starting
assumptions as the reference flows, system boundaries, etc. As
Figure 6 indicates, according to CExD, this time the painting
sub-process has a larger effect than the IPCC-GWP100y. This
could be attributed to the specific weighting system of the
method, contributing to the overall impact assessment, i.e., in
CExD, the paint consumption is more impacting than
assembly process, overturning the situation provided in LCA
analysis.

Specific entropy
𝑇
𝑠 = 𝑐 ∙ 𝑙𝑛 ( )
𝑇0

(8)

Specific exergy and exergy
𝑒̅ = [ℎ̅ − ℎ̅0 − 𝑇0 ∙ (𝑠̅ − 𝑠̅0 )]

(9)

𝐸𝑥 = 𝑚̇ ∙ 𝑒̅

(10)

The optimization criteria in the exergetic analysis is, in
essence, the minimization of the term Ex loss (exergetic loss is
proportional to the entropy generated) and this latter is the
cause of less-than-theoretical efficiency of the process.
As can be seen from Eqns. (5), (6), (8) and (9), temperature
variations play a key role in the exergetic equilibrium. The
greater the disparity in temperatures in two transition phases,
the greater the energy produced.
When an inventory of the data required to carry out the EA
was made, it was observed that the temperatures of the mass
flows in and out of the plant were not tracked at any
operational phase of the processes. The only temperatures
controlled were the environment temperature and the
temperature of the furnaces. Insufficient knowledge to do the
appropriate analysis. This drawback shows how, well before
the analysis itself was carried out, the EA inventory was useful
for the detection of the first requirement for the measuring
system as the real-time monitoring of the temperatures of the
input and output material flows of the system and of each
process unit (sub-systems). The sampling frequency becomes
an additional important requirement.
The further definition of the complete set of measuring and
monitoring devices has not been addressed in this work but
will be object of future investigations.

4.4 Discussion on results
IoT technology has created exciting opportunities to
develop powerful tools for monitoring and management
production through sensor systems [50]. However, there are
still difficulties in the application of this technology, such as,
for example, what kind of data needs to be collected and how
to properly acquire it, because there are multiple consumption
points and lots of sub-processes in the system, and how to
specifically analyze the data collected from multi-sensors in
order to determine the real operational state of the overall
system and all the sub-systems as well, as the data acquired by
a single sensor (e.g. a power sensor, a temperature sensor) may
not provide sufficient information [51]. For a hierarchical
structure such as those developed by Lee et al. [52], process
inefficiencies and effect-relationships can be detected and
optimized automatically.

4.3 Hybrid EA-LCA
A very useful method that allows any practitioner to
overcome the problem of the real-time monitoring of
temperatures is the Cumulative Exergy Demand (CExD)
implemented on SimaPro v.9 software. SimaPro’s CExD
bases on the methodology introduced by Bösch et al. in 2006
[42] to quantify the life cycle exergy demand of a product or
process.
The analysis bases on the Eq. (11) below [49], where kinetic,
potential and nuclear exergy are already ignored, leaving only
the chemical and the thermal in the calculation.
𝐶𝐸𝑥𝐷 = ∑ 𝑚̇𝑘 ∙ 𝐸𝑥𝑐ℎ,𝑘 + ∑ 𝑛𝑦 ∙ 𝑟𝐸𝑥−𝐸𝑥𝑡ℎ ,𝑦
𝑘

(11)

𝑦

Table 2. LCA impact assessment by CExD all expressed in MJ
Die casting Zamak
Bushing
Case
Cover-case
Knob
Spindle
Assembly
Total

Die casting
Aluminum

Plastic
molding
0.3335

Vibrotumbling

5.5187
3.0028

0.0532
0.0566
11.8752

0.7993
9.3208

Drilling and
threading

Painting

0.0134

1.3155
1.4925
2.8025

0.0134

5.6105

Assembly

Total

0.2969
0.2969

0.3335
6.8874
4.5519
14.6911
0.8414
0.2969
27.6023

0.0421
11.8752

0.3335

0.1519
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1650.
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[18] Skliros, C., Esperon Miguez, M., Fakhre, A., Jennions, I.

The literature review has demonstrated that sustainability is
not explicitly one of the core keywords for Industry 4.0. To
order for sustainability to really fit under the i4.0 framework,
it is necessary to add it to the KETs of the paradigm and to
incorporate the Circular Economy as one of its key-features,
not only as contingent benefit. In fact, resuming the review
carried out by Bonilla et al. on the effects that the
implementation of Industry 4.0 paradigm would have on the
environment, the findings suggest that the features and the
KETs provide a variety of possibilities for environmental
sustainability when properly designed. On the other side, the
long-term scenario of Industry 4.0 is directly related to social
responses as well as public policy, regulatory systems and
homogeneous distribution. Heterogeneity between nations
embracing Industry 4.0 as well as between companies with
different levels of digitalized technology may build market
segments of disparity and non-sustainability trends.
The models based on thermodynamic analyses, hence based
on discrete variables, represent an innovative and interesting
strategy for maximizing the sustainability of the
manufacturing system performances facilitating the
management of new smart manufacturing processes, thus
driving the practitioners employing a suitable sensing system
and information structure for a real-time monitoring, hence
couple model-based approaches with data-driven ones and
gather a comprehensive knowledge up until the
implementation of a predictive manufacturing system. Datadriven approaches allow to analyze parameters within
different fields, e.g. product, process and logistics, and enable
the extrapolation of forms of cause-effect interactions that
traditional methodologies (i.e. statistical models, physical
models) cannot identify on their own. In this way, quality
issues may also be defined and managed along with
sustainability concerns.
Sensing systems for real-time state monitoring of dynamic
manufacturing processes can be a framework for developing
and testing new business models in the context of I4.0, as this
automatically led to improved energy and technological
performance, resulting in a reduction of consumption and
maintenance and thus to several economic advantages.
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NOMENCLATURE
specific heat, J.kg-1.K-1
specific exergy, J.kg-1
exergy flow rate, J.s-1
enthalpy flow rate, J.s-1
specific enthalpy, J.kg-1
mass flow rate, kg.s-1
Energy, MJ
exergy to energy ratio, MJeq.MJ-1
heat transfer flow rate, J.s-1
specific entropy, J.kg-1
temperature, K
workflow rate, J.s-1

c
ē
Ex
H
h
m
n
r
Q
s
T
W
Greek symbols
η

exergetic efficiency, dimensionless

Subscripts and Superscripts
0
c
ch
d
e
g
i
k
loss
n
o
p
th
y
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dead state
number of total enthalpy flows
chemical
number of total workflows
equilibrium
general
state point at the inlet of system/sub-system
number of total mass flows
flow rate loss during the sub-processes
net use
state point at the outlet of system/sub-system
number of total heat transfer flows
thermal
number of energy flows for CexD

