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The journey to sustainability is becoming increasingly crucial in manufacturing, 

particularly in resource and energy intensive industries. In recent years, the matter of 

sustainability in industrial contexts has become an important point on the legislative 

agendas of many governments as well as in public opinion, with the latter becoming 

increasingly sensitive to enterprises' dedication to this problem. As a result, companies 

have started to implement sustainable approaches into their manufacturing processes and 

increased the amount of information about these practices to customers and stakeholders. 

The purpose of this work is to evaluate manufacturing sustainability using coupled 

exergetic and life cycle performance indicators, which are used to comprehend the 

outcomes of the studies as well as to qualitatively and quantitatively evaluate the models 

developed. The purpose of this study is to first present an overview of the metrics 

associated with the integrated or combined implementation of Exergetic Analysis and Life 

Cycle Assessment, their significance, and their application in specific use scenarios. Some 

illustrative indicators are then compared in an actual industrial case study, and the 

outcomes are discussed. Among the highlights, it is not yet able to determine a metric that 

measures the degree of manufacturing sustainability individually and thoroughly owing to 

the multifaceted character of the manufacturing processes. The overall conclusion is that 

combining Exergy with Life Cycle Thinking is indeed a beneficial solution for enhancing 

industrial processes, although the accuracy in measuring environmental, but primarily 

social and economic, concerns is not obvious. he assessment's interpretation is typically 

troublesome due to a lack of full and up-to-date data and confidence analysis, as well as a 

lack of scientific coherence. 
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1. INTRODUCTION

Starting from the work carried out and published in the 

proceedings of the 6th AIGE/IIETA International Conference 

and 15th AIGE Conference on TI-IJES [1], the following 

paper is an extension and completion of the considerations and 

the analysis implemented in the paper. 

Sustainability is concerned with meeting present demands 

without affecting future generations' capacity to meet their 

own. It entails actions to safeguard our shared environment in 

viable methods that are beneficial to the ecosystem in the 

medium and long run [2], also in economic and social 

standings. 

Sustainable design in manufacturing is the practice of 

continuously improving environmental, social, and economic 

(cost-benefit) effectiveness through time. 

The greatest challenge in adopting a sustainable strategy 

derives from the difficulty of accurately assessing and 

evaluating economic, environmental, and social effect. 

Measuring, monitoring, evaluating, and communicating 

sustainability is an important step in policymaking governance. 

The first stage for a practitioner is to map all parts of the 

system that should be investigated that are related to 

sustainability. The enhancement objectives must be 

established after all basic framework have been found. These 

goals entail limiting the amount of resources consumed and, 

as a result, maximizing value through decreasing energy 

consumption, optimizing the plant, lowering CO2 emissions, 

and so on.  

The five variables to be reviewed in the manufacturing 

industry are environmental conservation, job prosperity, 

societal health, technical innovation, and process 

improvement. Technology advancement accounts for firms' 

propensity to foster technological improvement via Research 

and innovation commitment, investment, and high-tech items. 

Performance management is concerned with the execution of 

sustainability initiatives and policies, as well as regulatory 

compliance. 

Evaluating complex dynamic systems entails the 

implementation of both traditional and advanced assessment 

methodologies, and according, Exergetic Analysis (EA) 

combined with a Life Cycle Assessment (LCA) yields a solid 

implementation proposal.  

Among the modeling and sustainability analysis approaches 

available in the state of art, The systematic integration of 

thermodynamic laws, and hence EA, and the Life Cycle of the 

production, operation, service/activity, is the core of this paper. 

EA and LCA have been blended in a variety of frameworks 

and on a number of scales, making it difficult to instantly 

analyze the data and develop the appropriate judgement call 

approaches for the situation under consideration [3]. 

The further goal involves offering a comprehensive 
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examination of all indicators linked to coupled or integrated 

usage of EA and LCA, the significance, and the application 

within specific case studies. The most characteristic metrics 

are then calculated for an actual case study in manufacturing 

field, and the outcomes are discussed. It is important to note 

that the purpose of this study is not to delve conceptually into 

the core principles of EA, LCA, or integrated methodologies 

by already taking basic theoretical knowledge for granted. 

The following is how the article is structured: the next 

paragraph discusses on the best techniques to assessing 

sustainability in manufacturing field. The fourth paragraph 

discusses how to report the findings and hence their meaning, 

and it is accompanied by a short overview of the most 

commonly used metrics. The subsequent paragraph is 

pertinent to the case analysis, and it finishes with a summary 

of the results. Lastly, the last section brings the work to a 

conclusion. 

 

 

2. EXERGY AND LIFE CYCLE MANUFACTURING 

SUSTAINABILITY ASSESSMENT  
 

2.1 Manufacturing sustainability 
 

Striving towards sustainable production is crucial for 

manufacturing businesses. Manufacturing systems produce 

material wealth for humans, but they consume a lot of 

resources and waste. 

A clear understanding of sustainable manufacturing is 

required to describe the indicators in terms of their 

significance and importance to sustainable production. There 

is no single universal concept of sustainable manufacturing, 

but the US Department of Commerce summarizes it as 

follows: “The creation of manufactured products that use 

processes that minimize negative environmental impacts, 

conserve energy and natural resources, are safe for employees, 

communities, and consumers and are economically sound” [4]. 

 

 
 

Figure 1. 6R in circular economy 

 

Sustainable management is defined as a system that 

combines product and process design issues with production, 

planning, and control issues in order to identify, quantify, 

evaluate, and manage the flow of environmental waste, with 

the ultimate goal of reducing the effect on the environment of 

the Earth's self-recovery potential while also attempting to 

oversee it. This change towards new linear thinking can be 

reached with the 6R methodology (see Figure 1): Reduce, 

Reuse, Recycle, Redesign (or Rethinking), Recover, 

Remanufacture. Reduce specifically refers to the production 

phase, where the amount of energy, material, and waste should 

be minimized. This is connected with the reuse of components 

after their first life cycle, in order to reduce the consumption 

of raw incomes. Recycling waste materials is another 

technique to reduce the consumption of raw materials. 

Recover is a way to extend the life cycle of a product, which 

could be extended to remanufacturing, to process the product 

to restore the original state. All this can be achieved only by 

redesigning the product and the life cycle with a vision aimed 

at sustainability.  

 

2.2 Assessment approaches for manufacturing 

sustainability 

 

Life Cycle Assessment (LCA) is a technique for assessing 

the potential environmental aspects and potential aspects 

associated with a product (or service) through a systematic set 

of procedures for compiling and examining the inputs and 

outputs of materials and energy, as well as the associated 

environmental impacts directly attributable to the operation of 

a product or service system over its life cycle. LCA can be 

used for any operation that is either national or global in order 

to recognize the environmental burdens arising from the 

activities of a society, a region or an industrial sector. In 

practice, LCA could provide practitioners with fantastic 

insight into researching any given product in order to 

determine the best strategies to lessen the environmental effect 

of a certain product or process. LCA is focused with 

determining the ecological impacts of a specific product or 

process at each of these life phases. When the LCA is fully 

implemented, every operator may do a comparative 

assessment of the product's phases of life, identify where the 

most environmental benefit is to be obtained, and eventually 

follow the long-term effect of improvements in design and/or 

production [5]. 

As demonstrated in Figure 2, ISO 14040-14044 are process-

based LCA standards that are organized into 4 stages: goal and 

scope definition, inventory analysis, impact assessment, and 

interpretation. 

 

 
 

Figure 2. LCA framework  

 

The results of the preceding phases are interpreted, and 

suggestions for improving the technological aspects of the 

product or process in examination are made. In an ideal world, 
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this data would provide specific advice to constructive 

measures. EA is used to track processes or a specific product 

from a thermodynamic standpoint. 

Exergetic analysis (EA) is a method of accounting for the 

amount of useful work that may be extracted from a real 

system when it is brought into equilibrium with its 

environment. It is based on the second law of thermodynamics. 

It is used to track processes or a specific product from a 

thermodynamic standpoint. The improvement variables 

involve reducing exergetic degradation owing to system 

irreversibilities (shown in Figure 3) [6], that explains why the 

system is less successful than theoretically predicted. It is an 

optimization method that may supplement and expand 

traditional LCA. In reality, the traditional LCA method is 

heavily focused on harmful emissions, whereas EA is far more 

focused on the product, emphasizing capital allowance and 

system efficiency. 

 

 
 

Figure 3. Sankey diagram of a generic exergy balance [7] 

 

EA combined with LCA provides significant benefits [8]: 

first, they give more effective assessment outcomes; second, 

they get to be a helpful instrument for decision-making 

policies targeted at developing a retrofitting remedy, allowing 

the system to prevent any shortcomings automatically. 

Furthermore, they are important tools for understanding 

process management options in order to enhance and develop 

industrial process technologies.  

There are several ways to integrate or couple EA and LCA, 

that cluster in different hybrid methods, all explained in depth 

[3]. Among those mentioned in the review are the Exergetic 

Life Cycle Assessment (ELCA), Cumulative Exergy Demand 

(CExD), Extended Exergy Accounting (EEA), and 

Exergoenvironmental and Exergoeconomic analysis. 

Their integration is indeed quite successful for data analysis 

because while most metrics must be defined within regional 

and worldwide regulatory frameworks in order to meet the 

standards of scientificity, replicability, and consistency, the 

efficiencies produced by the EA or when coupled with the 

LCA are self-explanatory and easy to grasp. 

 

 

3. SUSTAINABLE MANUFACTURING METRICS 

FEATURES 
 

Indicators have been identified in a variety of approaches in 

the literature [9]. Most of the time, the term indicator refers to 

a method of transferring knowledge in a synthetic form that is 

simpler than a more intricate event but has greater relevance. 

As a result, it is a tool capable of bringing to light a pattern or 

phenomena that is not immediately apparent. An indicator is a 

metric or aggregation of measurements that may be used to 

draw inferences about the phenomena of interest based on the 

objective set. 

In order to be scientifically legitimate, any indicator must 

have the following properties [10]: 

• Ease and comprehensibility: if an indication is not 

instantly intelligible owing to extremely complicated or 

inconsistent measurements, its use as an instrument of 

internal governance and a means of external 

communication is severely restricted. Furthermore, an 

unintelligible indication might result in 

misunderstandings. 

• Relevance and understanding: the aim is to enhance 

decision-making by highlighting areas for improvement. 

It should not include too many technical characteristics, 

nor should it be overly wide; it should encompass all of 

the important aspects and relevant repercussions in 

connection to the purpose of the study. 

• Manageability and comparability: the performance 

standards of the indicators should be evaluated by assuring 

their comparability and replicability, therefore providing 

a continual standard in the area to which they belong. 

• Control: in order to deliver precise and timely signals to 

stakeholders, specialists have to be completely conscious 

of whatever they are intended to measure and estimate. 

• Consistency: in order to prevent invalidating the analysis, 

the indicator must be regularly reviewed and, if necessary, 

changed in reaction to changes. 

• Efficiency: one of the most essential features, as an 

indication for which exorbitantly costly data gathering is 

necessary, or data collection is technically impossible, has 

a negative influence on the whole performance of the 

analysis, including the final phase of interpretation. 

In general, and hence in terms of production sustainability, 

indicators can be defined in a variety of ways. The first 

significant distinction is established between indicators that 

relate to immediately quantifiable events and indicators that 

relate to phenomena that cannot be measured directly. Many 

of the events that have an impact on sustainable development 

may be measured. A few are directly detectable (e.g., carbon 

dioxide, particulates, nitrogen and so on); some are attributes 

cannot be physically measured but they can be stated 

quantitatively by referring to a suitable severity scale. 

Multidimensional indicators and indices are dissimilar: the 

former provides basic information on the system's 

components, such as quantities and flows (for example, annual 

waste generation in a region), whereas the latter allows the 

information presented to be condensed into several parameters 

in order to better communicate and facilitate knowledge (e.g., 

coupling between waste production and economic well-being 

measured by the ratio of the waste produced to the gross 

domestic product of a region). Indices, for example, emphasize 

the link between system components; moreover, they might be 

given in absolute numbers in a standardized and aggregated 

form. On the other hand, indicators are commonly used to well 

evaluate and explain the results of complex systems, as well as 

to quickly compare various production or multiple systems 

with different units of measurement. They can also give 

aggregate data. They are simple to comprehend since their 

value may range from zero (worst case scenario) to one (best 

case scenario) (ideal conditions). Indicators are a good method 

to detect potential improvement on the quality and energetic 

efficiency in time-dependent activities quickly and 

automatically. 
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3.1 A summary of the metrics of sustainability in the 

industrial sector associated to EA and LCA 

 

Several researchers stress the value of utilizing exergetic 

degradations like an indication since it gives a consistent 

metric for comparing and evaluating diverse processes. 

Exergy-based indicators provide useful sustainability 

measures for assessing the exploitation of material resources 

and energy, as well as evaluating the negative impacts of 

ecological and socioeconomic behaviors in manufacturing. 

The LCA impact categories presented following the 

characterization and normalization, on the other hand, have 

traditionally been deemed erroneous due to the difficulty in 

maintaining objectivity during its stages, furthermore, a 

handful of life cycle evaluation methodologies allow the 

generation of non-dimensional indicators. Many metrics 

solutions such as an integrated index of LCA and EA results 

but it is still unclear how accurate they are according to the 

TBL approach [11]. 

The formulations and meanings of the most typical metrics 

that we will examine are discussed in Table 1. 

 

Table 1. The scientific definition of the performance metrics for sustainable manufacturing and their meaning 
 

Metric Formulation Notion 

Resources-use efficiency ηp =
Ėxproduct

Ėxi
 

The useful exergy divided by the overall exergy provided to 

the system. 

Net-use efficiency ηε =
∑ Ėxj

∑ Ėxi
 

Overall exergy generated divided by overall exergy in input 

and output. The ratio is proportionate to the system's intrinsic 

exergy degradation. 

Equivalent wasted primary 

resource (1) 
EIλ =

T0Sg

nhnw
 

The proportion of exergy lost to working hours per worker. It 

calculates the cost of squandered exergy necessary to support 

work hours and produce capital flow. 

Equivalent wasted primary 

resource (2) 
EIλ =

T0Sg,PS

ṁCO2
 ṁproduct 

The exergy loss-to-wasted-product mass ratio expressed in 

CO2 and the mass generated in a day. 

Exergy Return on 

Investment 
ExROI =

Exnet

Exneeded
 

The quantity of net exergy obtained from a process divided 

by the amount of exergy required (or its equivalent from 

another source) to produce it. 

Exergetic index exc =
Exc

mpd
  [MJ/kg] 

The ratio of entire exergy loss, including environmental 

emissions, to a specific quantity of product representing the 

functional unit. 

Global Warming Potential 
GWP =

∫ Fres(t)dt
yn

0

∫ FCO2(t)dt
yn

0

 

or  
GWP = ∑ (mi ∙ IFi)

n
i=1    [kgCO2eq] 

The influence of a substance as compared to the same 

concentration of CO2 over time. 

Cumulative Exergy 

Extracted from Natural 

Environment 

CEENEJ = ∑ (Xi ∙ ai,j
i )   [MJeq]] 

Accounting for several sorts of resources (measured in 

different units) per functional unit, all represented in exergy 

terms with a reference factor. The extraction of usable exergy 

contained in resources results in resource depletion. 

Feasibility Level FL = ∑(xi ∙ wi)

8

i=1

as xi =

[
 
 
 
 

Xi

Xopt
 Xi ∈ (En, Ex)     

Xopt

Xi
 Xi ∈ (Ex, Eco, Env)

]
 
 
 
 

 

Economic (Eco), environmental (Env), energetic (En), and 

exergetic (Ex) measures are all used to calculate the overall 

influence of eight components. 

Primary exergy conversion 

efficiency 
ΠPECE =

Exprod−i + Exbiprod−i

Exmaterial + Exsupply
 

The ratio of the usable outcome to the sum of the inputs that 

worked together to produce it. 

Material and resource 

consumption efficiency 
ΠMRCE =

Exprodi + Exenv−standard

Exmat + Exsupply + Exrecy + Exbiprodi
 

The output, minus the exergy loss, to the total of the inputs 

minus the regenerated biproducts. 

Environmental impact 

efficiency 
ΠEIE =

Exenv−mixing

Exmat + Exsupply + Exrecy + Exbiprodi
 The ratio of the sum of the inputs to the exergy of mixing. 

Sustainability index SIC =
∆kE

kT
 

The ratio of the environmental exergetic cost of two 

alternatives to the indirect exergetic cost. 

Renewability Factor FR =
CExDren

CExDnon−ren
 

The ratio between CExD of renewable resources to CExD of 

nonrenewable ones. 

Exergy Structure Ratio ESR =
CECi

Ewi + Eci
 

Exergy consumption structure in various productions, derived 

by comparing material-based exergy consumption to social 

supporting exergy within sectoral size. 

Social Exergy Conversion 

Rate 
SECR =

Ew + Ec

∑CECi
 

Net social exergy conversion level by intaking material-based 

exergy, calculated by the ratio of labour and capital 

equivalent exergy to exergy input into the system. 

Exergy Deliver Efficiency EDE =
∑ fij

CECj
 

Ability in production sectors to deliver exergy into the 

system from the environment, calculated by exergy output 

from production sector j divided by exergy input into 

production sector j from the surrounding. 

Environmental Yield Ratio EYR =
CEC

Ein
 

Ability of a process to exploit available locally renewable 

and non-renewable resources by investing outsider sources. 

The higher the value of this index, the greater is the return 

obtained per unit of exergy invested. 
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Environmental Loading 

Ratio 
ELR =

EN + CECN

ER + CECR
 

Outside causes of disruption to the local drive are possible. 

The smaller the ratio, the lesser the environmental stress. 

Extended Exergy 

Sustainability Index 
EESI =

EYR

ELR
 

Index aggregation based on interaction with the surrounding 

environment as well as renewability. 

Exergetic Eco-Efficiency ηeco =
ηexergetic ∙ (Fn−r + Fr)

Fn−r + ηexergetic ∙ Fr
 

The efficiency with which renewable and non-renewable 

resources are used during the full Life Cycle of the product or 

process under consideration. 

Global Greenhouse Gases 

index 
iGHG
Global =

iGHG (carnot condition)
total

iGHG  (real condition)
total

 
Degree of improvement in relation with the impact category 

(focused in the GHG emission). 

Lifecycle Quality Index ψ =
UCEx

CExD
 

The ratio of the beneficial impacts of a process or product to 

the entire cost of providing a specific provision. 

Lifecycle Irreversibility 

Index 
X = 1 −  ψ = 

 CExD− UCEx

CExD
 Complementary to ψ. 

Technology Obsolescence 

Index 
Xi,j =

Xi

Xj
 

Which revolutionary technology, when compared to existing 

technologies, has the potential to lower the irreversibilities of 

the process or product under consideration. 

 

The classic exergetic rate quantifies the ratio of gains to 

expenses or degradation. The inefficiencies are equivalent to 

the difference between what is given and how much is gained, 

and they are associated with the irreversible destruction of 

exergy, as already stated. The output/input exergy ratio (used 

to judge quality performance) and exergy per unit of product 

(used to evaluate sustainable performance) are the two most 

commonly used exergetic metrics. The net, ηε, and general, ηg, 

efficiency of the process or its components are defined, 

depending on whether the purpose is to analyze the proportion 

of usable exergy for the realization of the final product or to 

evaluate the overall exergy. The former is the ratio of the 

system's useable exergy to the entire amount of exergy 

delivered to the system, whereas the latter is the proportion of 

total exergy produced to the whole exergy supplied to the 

system. The ratio is proportional to the inherent exergetic loss 

of the system. The Global Warming Potential (GWP) was 

developed to allow evaluations of various resources' climate 

change implications [12]. It is an estimate of how much energy 

a ton of a substance could use in comparison to a ton of CO2 

emissions during a certain time frame. To higher GWP 

corresponds a particular gas that heats much the Earth in 

compared to CO2 throughout the same time period. The most 

frequent period extent for GWPs is 100 years. GWPs provide 

a standard unit of measurement that allows analysts to add up 

emissions figures for different gases (for example, to compile 

a national GHG inventory) and policymakers to compare 

emissions reduction opportunities across industries and gases. 

Cumulative Exergy Extracted from the Natural 

Environment (CEENE) [13], is a resource accounting system 

that quantifies diverse types of resources per functional unit in 

a single unit (exergy). The quantity of energy equivalent to 

each input in each process is computed by multiplying the 

resource inputs by the reference flow's cumulative exergy 

factor. Its concept is founded on wide international features. It 

takes into account the depletion caused by the extraction of 

useful exergy embedded in resources when they are extracted 

from their natural environment, such as abiotic renewable 

resources, fossil fuels, nuclear energy, metal ores, minerals 

and mineral aggregates, water resources, land and biotic 

resources, and atmospheric resources. Many authors have 

utilized CEENE in their studies, including [14], which used 

CEENE to quantify the life cycle resource footprint (upstream 

effects) of a MCFC powerplant, Alvarenga et al. [15] who 

proposed and implemented a new framework for calculating 

exergy-based spatial explicit characterization factors (CF) for 

land as a resource, which deals with both biomass and area 

occupied on a global scale by creating a schematic overview 

of the Earth, dividing it into two systems (human-made and 

natural), allowing it to account for what is actually extracted 

from nature, i.e., the biomass content was set as the elementary 

flow to be calculated We were able to develop CF for land 

resources for these two separate systems using exergy. The 

novel CF's applicability was evaluated for a variety of 

biobased goods. And [16], who included the CEENE method 

in the LCIA method and was capable of analyzing the 

environmental impact (and, more specifically, the resource 

footprint) of marine area occupation in two case studies: 

comparing resource consumption of on- and offshore oil 

production, and fish and soybean meal production for fish feed 

applications. 

In their recent work [17] introduced other two exergy-based 

indicators, a modification of the classic exergy efficiency 

ratio, were introduced to quantify the technical level of a 

process in relation to its unavailability. The goal was to assess 

the equivalent primary wasted resources, technological 

features, and advanced level of industrial processes by 

calculating the cost of the wasted exergy required to support 

workhours and generate capital flow, as well as the quantity of 

production expressed by mass and moles of CO2 for wastes. 

Also [18] adapted the exergy efficiency naming it Energy 

(Exergy) Return on Energy (Exergy) Investment (EROEI or 

ExROI), which is defined as the ratio between the net exergy 

generated by the system and the embodied non-renewable 

exergy necessary to develop the system itself. If the ratio turns 

out to be less than the unit, the expenditure outweighs the gain. 

In the aforementioned study [19] created an ‘exergetic index’ 

by dividing the entire consumption of exergy (in MJ) by the 

mass of the product that represents the functional unit of the 

case study (in kg). It is a particularly valuable tool for 

assessing the potential for technological development of 

processes and gauging quality. In the context of multi-criteria 

or multi-factor decision making, in their study [20] calculated 

eight multi-factor indicators representing exergetic, energetic, 

economic and environmental elements of the Organic Rankine 

Cycle for water heat recovery in their study. The eight 

indicators are in the energetic context: net power output (Wnet) 

and thermal efficiency (ηth); in exergetic context: total exergy 

loss (Itot) and exergy efficiency (ηex). In the economic context: 

cost per unit of time (Z), electricity production cost (EPC) and 

dynamic payback period (DPP). In the environmental context: 

CO2-equivalent emissions (ECE). Weighting and 

normalization were used to construct the Feasibility Level, 

which represents the total influence of the eight indicators. 

[21] conducted an early environmental evaluation assessment 

comparing the three major impact categories of Eco-Indicator 
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99 (Human Health, Ecosystem Quality and Resource 

Consumption) with new three dimensionless indicators ∏ 

derived from EA (primary exergy conversion efficiency, 

material and resource consumption efficiency and 

environmental impact efficiency), in order to offer a possible 

solution to the heterogeneity metrics problem during the 

interpretation of the results. The difference of the meaning of 

these three new indicators lies in the considered exergetic 

terms for the ratio. In the energy systems context [22], 

presented a dimensionless sustainability index SIC in the 

context of energy systems to assess alternative to various end 

services that imply distinct metrics and magnitudes but 

referred to the same functional unit. The index indicates the 

environmental damage averted by selecting the best solution. 

Another point of view is provided by Domínguez et al. [23], 

who introduced an indicator called the renewability factor 

(FR) to examine the correlation between nonrenewable and 

renewable resources over the full lifecycle of each stream. It is 

the ratio of CExD of renewable resources to total CExD of 

nonrenewable ones. Dai et al. [24] in their work provided a list 

of six EEA-based indicator to assess the effective use of 

energetic streams and material streams in complex systems of 

some industrial sectors including environmental, social, and 

economic dimension. Koroneos and Stylos [25] introduced an 

ELCA eco-efficiency indicator to take into consideration 

demand reliability for renewable and nonrenewable sources 

throughout the lifecycle of a polycrystalline photovoltaic 

system. The large disparity from conventional exergetic 

efficiency metrics is due to the inclusion of the amount of 

renewable sun irradiation in total incoming exergy, which the 

basic LCA metrics do not capture. Restrepo & Bazzo [26] 

addressed the Exergoenvironmental study from a systematic 

approach on co-firing power plants in 2016. The writers 

concentrated solely on the operational phase. They developed 

the Exergoenvironmental-based Global Greenhouse Gases 

index for a variety of co-firing scenarios in order to assess the 

extent of the power plant's improvement. The index's objective 

is to compare the exergoenvironmental impact of the real 

process under investigation to the impact of the identical ideal 

process (under Carnot cycle condition). A higher index value 

indicates a more sustainable process. To aid practitioners in 

comparing similar technologies [27] integrated EA within 

lifecycle proposing three new metrics focusing on 

technological obsolescence irreversibility and quality. Life 

Cycle Irreversibility Index might reveal exergy inefficiency 

and necessary retrofit measures through assessing the yield 

between the usable accumulated exergy of all sub-processes in 

respect of total CExD of the system. Technology obsolescence 

the valuable criterion in strategic planning to assess the grade 

of innovation that the considered technology has compared 

with alternatives in lowering current irreversibilities in the 

process, decreasing natural resource extraction. 

The authors provide these indicators under a variety of 

titles, but the general pattern is a comparison of the system's 

output flows with its input flows, with certain special 

idiosyncrasies in any test case. Furthermore, the worth has 

been defined in many appellations such as “indicator” “index 

of quality”, “performance”, “efficiency”, “yields”. 

Here, an ideal interpretation for this sort of indication is 

“indicator of reversibility”. The selection is supported initially 

by the Brundtland Report's concept of sustainable 

development, which was published in 1987 [2]: “is the 

development that meets the needs of the present without 

compromising the ability of future generations to meet their 

own needs”; lately by Dewulf et al. [28] where they contended 

that a technological process is only sustainable if its resource 

supply, output, and depletion of natural resources or waste do 

not harm the ecosphere's environmental integrity. Then, 

Valero et al. [29] that established a metric called Exergy 

Replacement Cost, which is “the amount of exergy required to 

return the resources to their initial state (equilibrium)”. 

 

 

4. INDUSTRIAL TEST CASE 

 

The test case aims to implement some of the techniques 

presented in the state of the art and to compare the most 

relevant indicators described in Table 1. 

The system under discussion includes an Italian small and 

medium-sized company that manufactures all the metallic and 

plastic elements for the window and door frames. The 

company is particularly sensitive to the quality of its products, 

but not at the expense of sustainable development. In 

particular, it pledges to update EPD certificate on its products 

cyclically. The metrics will be computed according to the 

same functional unit, which corresponds to a single finished 

product: one piece of corner square made up of six sub-

components (see Figure 4 for the overall manufacturing 

process flow chart): 

• a safety pin from die-casting zamak and vibro-tumbling 

processes. Die casting of zamak is a method of producing 

zamak (zinc alloy) products by pouring molten steel into 

moulds. In an electric oven, the alloy is melted at a 

temperature of 400-420℃. The liquid substance is then 

pumped and poured into moulds. Following that, the casted 

pieces are ejected into containers and cooled down to room 

temperature level. Upstream of melting process, the sprues 

are reintroduced in the furnace. The semifinished elements 

are transferred to the vibro-tumbling procedure, which 

involves mechanically scrubbing metal surfaces and 

removing jagged corners from the item. The operation is 

carried out by immersing the pieces to be treated in a 

heterogeneous mass of granules or spheres kept in motion, 

which produce metal removal / sanding by sliding along 

the surfaces of the piece. 

• a spring block plate from stainless steel shear presses, 

washing and vibro-tumbling processes. In the metal 

pressing and sheathing department, the coils are pressed 

with additives in shearing presses fitted with metallic 

pitched casts. The steel belt is then forced through the 

moulds, where it is properly formed and trimmed 

according to the plate to be made. Soiled parts are 

delivered to an industrial washer with a centrifugation. The 

process is designed to remove processing residues (oil, 

pastes, fats, dust, and so on) from metal semi-finished 

products. The washer works by dissolving appropriate 

surfactants in hot aqueous washing mixtures maintained at 

roughly 70℃. 

• a female wing from die-casting and shot blasting processes 

and a male wing from die-casting, shot blasting and drilling 

and threading processes. To create aluminum alloy 

products, Aluminum alloy loaves are carried into melting 

furnace, wherein they meet the alloy melting point of 660-

700℃. The melted substance is then pumped and squeezed 

into steel molds. Printed material is then placed in boxes 

and brought to room temperature using robotic arms. Shot 

blasting is carried out by pushing diametered 0.5 mm metal 

balls at high speed against the components to be treated, 
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eliminating any leftover burrs created by casting. The item 

is then transported to the department of drilling and 

threading. The department is made up of a variety of 

machine tools that can operate both dry and with oils and 

chemicals. In the latter case, wholly automated machines 

run a continuous cycle in a closed cabin, recycling liquid 

oil following filtering. 

• Screws/springs are bought from third-party suppliers. 

• Assembling and hand-package (with labeling and 

cardboard) steps close the overall manufacturing process.  

Now, in to make the findings of LCA and EA more 

consistent to be compared, the stages of transportation (typical 

of LCA), assembling, and package will no longer have been 

included in the study going to decrease the amount of variance 

in the system design, accounting, and estimations. Finally, the 

goal and scope of the two independent assessments are the 

same, the system boundaries as well, and the inventory 

analysis is performed on the same energy and material 

streams. 

Table 2 shows the primary streams of resources, energy, and 

outputs for each subprocess, according to the previously 

defined FU. 

In shortness, the results of the indicator analysis and 

calculation are directly illustrated and described, avoiding all 

in-depth descriptions of each manufacturing sub-process, 

which is not the central theme of the paper.  
 

 
 

Figure 4. Flow chart of corner square’s manufacturing 

processes 

 

Table 2. Process input and output streams 

 

Subprocess 
Materials Electrical Energy Wastes 

Type Quantity Non-renewable Photovoltaic Type Quantity 

Die-casting zamak 
Zamak 0.0014 kg 

0.0012 kWh 0.00011 kWh 
Metal 0.0001 kg 

Additives & Chemicals 0.0005 kg VOC 0.00011 kg 

Die-casting aluminium 

Aluminum 0.0248 kg 

0.00067 kWh 0.00003 kWh 

Metal 0.00048 kg 

Natural gas 0.012 m3 VOC 0.00002 kg 

Additives & Chemicals 0.001 kg Oil mist 0.0009 kg 

Smoothing and cutting 
Stainless steel coils 0.0011 kg 

0.00082 kWh 0.00008 kWh 
Metal 0.00005 kg 

Additives/Chemicals 0.0003 kg Oil 0.0001 kg 

Washing 

Water 0.0976 l 

0.0022 kWh 0.00021 kWh 

Sludge 0.095 l 

Natural gas 0.0018 m3 Formaldehyde 0.000001 kg 

Additives & Chemicals 0.0003 kg Chemicals 0.0003 kg 

Vibro-tumbling Abrasives 0.0002 kg 0.00082 kWh 0.00008 kWh Grains 0.0002 kg 

Shot-blasting Abrasives 0.0003 kg 0.0016 kWh 0.00014 kWh Grains 0.0003 kg 

Drilling and threading Additives & Chemicals 0.0001 kg 0.000034 kWh 0.000006 kWh Metal 0.0001 kg 

 

4.1 Results and discussion  

 

The metrics results shown in Table 3 have been calculated 

according to the respective formulations described in Table 1.  

GWP100y is totally an LCA method of assessment and it is 

being used as a metric for the EPD certificate. The GWP 

represents the greenhouse effect's influence in respect to the 

CO2 effect, which has a unitary scale potential. Each GWP 

figure is calculated for a time span of 100 years. SimaPro® and 

Ecoinvent database has been used to implement the industrial 

case, which reported a total value of GWP of 0.3186 kg CO2-

eq/pc neglecting the contribution of assembly and packaging 

in the system boundaries. According to the second column of 

Table 3, die casting aluminum is the most energivor 

subprocess.  

Exergetic degradation highlights the inefficient uses of 

available energy (irreversible). The Exloss which is total 1.315 

MJ value however has been included in the list since it is 

commonly mistaken as a criterion for identifying which sub-

process consumes the most energy and so has the greatest 

opportunity for enhancement, both in level of technical quality 

and sustainability. Looking at the Table 3, it is clear that there 

are cases where the result is consistent with that expressed by 

GWP100y, at least from a ranking standpoint, and other cases 

where a subprocess, such as washing, finds itself less 

energizing than vibro-tumbling, despite the GWP’s assertion 

to the contrary. Exloss has consistently identified the two die 

casting processes as less sustainable. 

Exergetic efficiency, Exergetic efficiency, denoted by the 

symbol ηp, is a nondimensional quantity that may alternatively 

be written as a percent. In order to increase performance, 

exergetic efficiency highlights the significance of measuring 

losses and internal irreversibilities. Higher exergetic 

efficiency reflects more energy utilized in the system, making 

it more sustainable, whereas smaller exergetic efficiencies 

imply energy losses and internal irreversible processes, 

leading to bad energy quality and a worse ranking in terms of 

sustainability. The overall efficiency of the process under 

consideration is 50.70 percent, placing steel corner production 

on a medium sustainable route. As a consequence of pure 

exergetic analysis, the ηp findings are totally compatible with 

Exloss, indicating diecasting operations as the most energivor 
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subprocesses. the process efficiency is represented by the 

value 12.34 percent of the die casting aluminum, independent 

of the number of items manufactured. It has a somewhat better 

efficiency than the zamak, which contradicts the GWP100y. 

The ecoefficiency, ηeco, is used to compare analogous 

systems. It is focused on the potential difference in the impact 

of exergy generated from renewable sources versus exergy 

generated from nonrenewable sources. Hence, the more 

specific the definition of which streams in the process come 

from renewable resources and which come from non-

renewable resources, as opposed to the intelligent use of 

recyclable materials, the more trustworthy this indicator 

becomes. Given the above, the whole process has an 

ecoefficiency of roughly 0.56, which is not directly 

comparable to conventional energy efficiency, but when 

compared to the hierarchy of sub-processes, it is highly 

compatible with GWP. The two die casting operations are the 

most inefficient sub-processes in terms of environmental 

impact. The Life Cycle Irreversibility Index, χ, 

complementary of the Life Cycle Quality Index ψ, allows the 

evaluation of processes and products having the same 

functional unit. In contradiction to the preceding indicator, this 

one stresses the value of usable exergy produced all through 

the lifecycle, as well as the recycling potential of solid wastes, 

and hence exergy that can be recovered rather than exergy that 

is fully lost. The index evaluates exergetic inefficiencies, yet, 

if an actual system is compared to the most recent technical 

developments or to an ideal Carnot machine, a score 

measuring technology obsolescence may be adopted. About 

the test case, χ confirms that die casting is the most impactful, 

(with the most irreversibility). By arithmetic mean, the overall 

steel corner manufacture is for 60 percent irreversible. 

The Renewability Factor comparable to the ηeco, but since it 

is calculated entirely on SimaPro® using the CExD. The 

metric confirms that diecasting is the least environmentally 

friendly. Still, it is contradictory with ηeco. To aggregate 

results, the overall production process has a low FR of 0.348 

on average, where 1 is the value for an ideal process. 

But, although all indicators concur that the two diecasting 

processes are the less sustainable, if comparing to other 

subprocesses, this concordance is not obvious.  

The most essential point to emphasize in this debate is the 

LCIA implemented in SimaPro®, which is distinguished by 

the selection of a large quantity of background data that 

already have determined pre-set treatment; thus, the findings 

of LCA and EA cannot be compared and contrasted, to the 

point where SimaPro®’s CExD values and the results of pure 

exergetic analysis do not meet the requirement of 

comparability. Everything raises the level of uncertainty in 

drawing conclusions for effective waste reduction and process 

improvement measures. As a result, it would be appropriate to 

compare consistent metrics with one another in terms of 

inventory and process type, such as metrics produced from 

combined EA + LCA approaches, may seem to be a much 

more reliable option. It should be emphasized, though, that 

each metric tries to reflect distinct features, as illustrated in 

Table 2. 

 

 

Table 3. Results of the metrics expressed along the subprocesses 

 

Subprocess 

Metric 

GWP100y 

[kgCO2-eq] 

Exloss 

[MJ] 

ηp 

[%] 

ηeco 

[-] 

χ 

[-] 

FR 

[-] 

Die-casting zamak 0.0731 0.217 11.20 0.137 0.92 0.149 

Die-casting aluminium 0.1674 0.445 12.34 0.114 0.89 0.229 

Flattening and cutting 0.0107 0.133 47.89 0.564 0.74 0.46 

Washing 0.0218 0.085 79.08 0.721 0.65 0.355 

Vibro-tumbling 0.0099 0.178 52.47 0.821 0.24 0.371 

Shot blasting 0.0321 0.186 63.28 0.680 0.58 0.431 

Drilling and threading 0.0036 0.071 88.65 0.873 0.17 0.444 

Overall 0.3186 1.315 50.70* 0.559* 0.60* 0.348* 
*arithmetic mean of the values in that column 

 

 

5. CONCLUSIONS 

 

Sustainable manufacturing is the most crucial component 

that all production engineers must identify, not because it is a 

cultural trend, but because it is a mandate as a duty to the 

environ wherein, we inhabit. The production lifecycle 

evaluation has become a popular tool for determining the 

environmental impact of items, processes, or activities. To 

reach the goal of earth's self-recovery capabilities, the three 

key ideas to be addressed are minimizing the use of resources 

in the process, using environmentally friendly materials, 

reducing all sorts of waste, and reusing and recycling as much 

material as feasible.  

According to the findings of the state of the art and the case 

study, it is not feasible to establish an indicator that 

individually and thoroughly assesses the degree of 

manufacturing sustainability, not one of the steel corner 

production methods. Despite the lack of a defined, thorough, 

and widely used assessment model, Exergy Analysis within 

Life Cycle thinking remains an effective technique for 

optimizing industrial processes. 

The multidimensional nature of the measures described in 

this paper emphasizes how difficult the topic of sustainable 

manufacturing is. A lack of appropriate indicators and a 

consolidated set of equations for a set of sustainable solutions, 

as well as a deficiency of full and always updated data and 

uncertainty analysis, are frequently troublesome, resulting in a 

poor level of scientific accuracy in the evaluation. 
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NOMENCLATURE 

 

CEENE Cumulative Exergy Extracted from Natural 

Environment 

EA  Exergetic Analysis  

Ex  exergetic flow-rate, J.s-1  

FR  nondimensional Renewability Factor  

FU Functional Unit 

CExD  Cumulative Exergy Demand, MJ  

GHG  Greenhouses, CO2-eq  

GWP  Global Warming Potential, kgCO2eq  

IF  nondimensional Impact Factor  

LCA  Life Cycle Assessment  

m  mass flow-rate, kg.s-1  

MCFC Molten Carbonate Fuel Cell 

 

Greek symbols  

 

ε  net use  

η  nondimensional efficiency  

χ  nondimensional technology obsolescence 

index  

ψ  nondimensional lifecycle quality index  

 

Superscripts and subscripts  

 

eco  ecological  

g  general  

i  state-point in 

j  state-point out  

loss  flow-rate loss 

nr  nonrenewable  

r  renewable  

y  years  
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