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Abstract: Industries are nowadays not only expected to produce goods and provide services, but
also to do this sustainably. What qualifies a company as sustainable implies that its activities must be
defined according to the social and ecological responsibilities that are meant to protect the society
and the environment in which they operate. From now on, it will be necessary to consider and
measure the impact of industrial activities on the environment, and to do so, one key parameter is the
carbon footprint. This paper demonstrates the utility of the LCI as a tool for immediate application
in industries. Its application shall facilitate decision making in industries while choosing amongst
different scenarios to industrialize a certain product with the lowest environmental impact possible.
To achieve this, the carbon footprint of a given product was calculated by applying the LCI method
to several scenarios that differed from each other only in the supply-chain model. As a result of
this LCI calculation, the impact of the globalization of a good’s production was quantified not only
financially, but also environmentally. Finally, it was concluded that the LCI/LCA methodology
can be considered as a fundamental factor in the new decision-making strategy that sustainable
companies must implement while deciding on the business and industrial plan for their new products
and services.

Keywords: life cycle inventory; life cycle assessment; carbon footprint; environment; ecological
responsibility; social responsibility; impact

1. Introduction

In rapidly changing industries, making the right decisions at the right time may
establish the difference between a successful and a disastrous enterprise. In this regard, one
of the crucial decisions of the moment concerns the role of every industry in environmental
preservation [1]. With climate change threating our current society [2] and the generations
to come, and the pressure that industries are facing in order to decrease their impacts
on the environment [3], diverse opportunities and directions must be deeply analyzed to
properly decide not only which business plan will provide the biggest turnover, but also
what environmental cost will need to be afforded. The challenge for industries starts with
the estimation of the environmental impact of their daily activities [4]. With the habit of just
basing their strategy on pure financial figures, adopting another vision and understanding,
evaluating, and measuring the cost also in terms of environmental degradation might
not be as simple as expected. Thus, suitable tools must be provided to industries by the
scientific community in order to facilitate the appropriate collection of facts and data, as
well as to accelerate the analysis of different production alternatives to understand not
only the financial, but also the environmental risk of a certain decision [5].

This paper shows on the one hand the potential of the life cycle inventory (LCI) [6,7]
methodology once applied to the industrialization of a product, and on the other hand
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it represents, through the analysis of a simple practical case, the different outcomes that
the carbon footprint (CF) [8] of a product may have, depending on the chosen industrial
supply-chain concept and the reliability of the selected LCI database [6]. Moreover, despite
the complexity that collecting, analysing, contrasting, and optimizing an LCI demands, it
is evinced that its application to industrial cases provides a very detailed output, analysing
every material and energy flow, considering the contribution of automation [9], globaliza-
tion [10], management of the process waste, and product end of life [11], amongst others.

1.1. Motivation to Research and Create This Paper

The current revolution that society needs to face demands the full involvement of
the scientific community, as well as the leaders of the industries that are impacting the
environment the most. Thus, looking for new applications for the LCA [12] to properly
assess the impact of the supply chain and providing real facts and data to prove the
different impacts that a good industrialization strategy implies towards the nature, was the
main motivation that triggered the creation of this paper. In addition, the need to be useful
as an engineer and to produce not at any cost, but sustainably, triggered the necessary
drive to investigate in this regard.

1.2. Main Hypothesis, Assumptions and Considerations of the Article

For an analysis of this magnitude, it is fundamental to define, as accurately as pos-
sible, the different features (Table 1) of the case or cases to be considered in the LCI and
subsequent life cycle assessment (LCA) [13].

In the absence of reliable and precise data linked to a certain product or a service study
that already has been performed, different hypotheses, assumptions, and considerations
must be selected and clearly stated so that they show the reliability of the outcome of this
paper’s LCI.

It is important to emphasize that the cases that are analyzed in this paper (Table 2)
are just fictitious examples of production or industrial scenarios that may be part of metal-
forming industrial activities, such as those carried out by automotive official equipment
manufacturers (OEMs) and automotive component suppliers [14].

For each and every case described in Table 2, there was a considerable amount of
data to be collected, analyzed, and deployed in the paper so that it could be used for the
necessary calculations aimed at estimating the CF. In particular, this data will be split into
the fields and subfields represented in Table 1 in such a way that it will thoroughly describe
the industrial scenarios to be evaluated.

Once the necessary data is at the concerned industry´s disposal, the LCI process [13,15]
shall move on to the next stage, which in this paper consists of the pertinent calculations
that lead to estimating the CF [16] of the scenarios at stake (Table 2).

Within each field represented in Table 1, there will be information easily accessible
and data that will be assumed due to lack of reliable sources and in order to have a first
estimation of the CF for each scenario within a reasonable time so that it meets the general
project milestones considered. In any case, each assumption will be clearly identified, as
well as the expected uncertainty for the values stated in the document so that the scientific
community is also aware of the potential risks or deviations once the full data is available.

1.3. Article Structure

The structure of the paper will be the following. First, the methodology, as well as the
assumptions and main data needed to obtain the expected results and conclusions, will
be meticulously explained. Afterward, there will be a detailed explanation of how these
different sorts of data combined and treated in various equations (Appendix A) provide
complete CF results.

Once these results are properly explained, it will also be emphasized which future
applications [17] the results may have in the industry, as well as in other papers of a similar
kind. The first section of the paper is the introduction to the main research subject. This
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section is composed of five main subsections, namely the motivation that lead to creating
this paper; the explanation of the main hypothesis, assumptions, and considerations of the
article; an explanation of the article’s structure, a remark concerning the importance of the
veracity of the databases used; and finally a brief explanation of the anticipated results.

The next section consists of a brief but necessary literature review in which other ref-
erences related to the main topic of this article, the LCA methodology applied to assessing
the impact of the globalization of a product; are analyzed to provide a good foundation to
the sections and subsections to come in the article.

Table 1. Crucial information to create the life cycle inventory. Linked to Figure 1.

1. General Features (Stages 0 and 1—Figure 1)

Production duration (years) Production volume (parts) Line capacity (parts/hour)
Operator availability Sales market Plant opening time (days/year)
Production footprint Product description Product bill of material

2. Material Production and Consumption (Stages 0, 1, and partially 2—Figure 1)

Extracted raw material (kg) Treated raw material (final) (kg) Amount of intermediate parts (kg)
Amount of final parts (kg) Material extraction efficiency (%) Material treatment efficiency (%)
Material extraction energy

consumption (kWh) Material extraction energy efficiency (%) Extraction and treatment energy GHG
emissions (kg CO2e/kg material)

3. Logistics Impact (Boundary Condition—Figure 1)

Number of involved countries Distance between logistic targets (km) Transport mean used
Transport load capacity (t) Amount to be loaded (t/year) Number of trips per year
CO2e generated (kg/km) Transport mean power (kW) Main power source type

Mean average speed (km/h) Number of operators (-) Operator average weight (kg)

4. Product Manufacturing Features (Stage 1—Figure 1)

Amount of used machinery (-) Machinery energy supply (-) Machinery energy consumption (kWh)
Automation level (-) Machine efficiency (%) Emitted GHG (kg CO2e/kWh)

Number of operators (-) Machine operating time (h) Machine power (kW)

5. Energy Production and Consumption (Boundary Condition—Figure 1)

Energy type (-) Energy production efficiency (%) Energy mix per considered country (%
each source, non-RE vs. RE *)

Energy production GHG generation
(kg CO2e/kWh)

Energy consumption (kWh/km; kg
Diesel/km; kWh/Kg; etc.) Energy generation origin (-)

6. Energy Transport and Storage (Boundary Condition—Figure 1)

Energy transport and storage
efficiency (%) Energy transport and storage system (-) Sort and amount of transported and

stored energy (-) (kW, l, kg, etc.)

7. Process Waste and Final Product EOL (Stages 1 and 3—Figure 1)

Amount of process waste (kg) Amount of wasted final products (EOL
waste) (kg) Waste management procedures split (%)

Incineration process used (-) Recycling process used (-) Waste-to-Energy process (WtE) used (-)

Landfilling process used (-) Incineration process GHG generation
(kg CO2e/kg of waste)

Recycling process GHG generation (kg
CO2e/kg of waste)

WtE GHG generation (kg CO2e/kg
of waste)

Landfilling GHG generation (kg CO2e/kg
of waste) Proportion of carbon in MSW (%)

MSW oxidation factor (%)

8. Product Final Use (Stage 2—Figure 1)

Where product will be assembled (-) GHG of final utilization product (kg
CO2e/Year) Final utilization product weight (kg)

Final utilization product life
expectancy (years)

GHG of final utilization product applied
only to the weight of the “son item”

analyzed (kg CO2e/kg)

* RE = renewable energy.
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Figure 1. LCA flow diagram.

Table 2. Main scenarios that compose the LCI and subsequent LCA.

Main Features Scenario 1 Scenario 2 Scenario 3

Final good (FG) delivery management Germany Germany Germany
Final good (FG) production Germany Germany India

Raw material extraction Germany India and China India and China
Raw material production Germany India and China India and China

Sales market EU EU EU
Sales volume (parts/year) 2 × 105 2 × 105 2 × 105

Production lifetime (years) 5 5 5

Energy production Germany Germany, China, and India
(average)

Germany, China, and India
(average)

Electrical supply (RE) (% of total) 37.5% 25% 12%
Electrical supply (non-RE) (% of total) 53.9% 43% 56%
Number of operators (total—including

all lines and cells) 5 11 14

Automation level High (83%) Medium (50%) Low (33%)
Number of robots 9 5 2

Number of electrical machines 5 5 5
Number of hydraulic machines 1 1 1

Main used transport means Road Sea/road/air Sea/road/air
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Following the literature review, there is the section named “Materials and Methods”.
As subsections, there is first the “Goal and Scope Definition” regarding the LCA flow
diagram. Second of all, there is the “Inventory Analysis”, in which the all the variables and
information necessary to calculate the carbon footprint (CF) of the analyzed product will be
presented. Finally, there is a subsection named “Functional Unit”, which is indispensable
for every LCA applied.

To continue, once the LCI is complete, the next section consists of presenting the total
results. These results will be split into four subsections according to the LCA flow diagram
stages mentioned in the “Materials and Methods” section. The first subsection will cover
the results linked to the product boundary conditions, the second will represent the CF
of “Stages 0 and 1: Raw Material and Final Good Production” and the third and fourth
sections will include the results linked to “Stage 2: Product Lifetime Usage” and “Stage 3:
Waste Management”.

Close to the end of the article, the results will be interpreted and discussed to compre-
hend their environmental impact in a section named “Results Interpretation and Discus-
sion”, which in turn is divided into three subsections: the analysis of the fields with the
highest GHG emissions, the consideration of the complexity of the LCI methodology, and
finally the potential further application of the LCI method.

To finalize the research, the conclusions are deployed, followed by Appendix A, in
which the main equations used to estimate the CF of the LCI are presented.

1.4. Veracity of the Database amd Countermeasures: Uncertainty Assessment

In a paper of this kind, the need to treat many different sorts of data from a great
variety of sources (Table 1) may lead to an accumulation of smaller or larger calculation
errors, which at the end of the day will impact the results and thereby the conclusions of
this research document.

Thus, in order to provide reliable results, it is also important to consider the veracity
of each source of information, as well as the assumptions. In this particular case, it will be
communicated which sort of reliability level is considered for each kind of data and factors.
For instance, a certain GHG assigned to a certain source (materials, energy, waste, etc.) may
be accompanied by a reliability factor of “X”% [18], which means that the results might vary
within a certain range (X–100%), and this must be considered by the scientific community
in order to make the right decisions while also pushing to have the lowest uncertainty
for this objective. These uncertainties, for most of the LCAs, and in particular for the one
deployed in this paper, are linked to the fact of making assumptions to fill “gaps” in the
LCI creation, which are a crucial step to provide final and complete results [19].

1.5. Anticipated Results

It must be mentioned that for the products analyzed, we calculated a difference
of +30.1% comparing the most polluting scenario (“3B”, considering there are different
sub-scenarios that are also analyzed: A, B, and C) with the least globalized and thereby
“greenest” scenario (“1”). We took this “Scenario 1” as reference for the ratio Equation (1):

Ratio =
Carbon f ootprint Case 3B
Carbon f ootprint Case 1

, (1)

The methodology and procedure to obtain the above result will be explained in the
following article sections.

2. Literature Review

The LCA methodology is a standardized procedure (ISO 14,040 [12] and ISO
14,044 [12]) [20] that offers a tool to properly assess the impact of an entire product life cycle
on a certain factor generally linked to the environment [21]. It has been already applied to
different products and branches [15,22,23]; however, there is still some lack of knowledge
within the industry for what the LCA utility concerns [24].
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Its success as a methodology to provide a full environmental assessment of every
variable embedded in a product’s life is based on the consideration of everything linked
to the product itself [22], starting from the extraction of the raw material that composes it
down to the processes for handling the product at its end of life (EOL) [22].

The Sustainable Development Goals urge the decarbonization of industrial activi-
ties [25,26], particularly for sectors as crucial as energy production and transportation [27].
Thus, it is indispensable to analyze the impact of every stage of the life cycle of the products
manufactured and services provided by those sectors. Thereby, the scientific community
shall be able to advise the industry so that it makes the right decisions in the right fields
and with the appropriate efforts so that decarbonization comes at the expected pace.

Every manufactured good, especially those for which production and sales are glob-
alized and that are pressed by highly demanding customers, especially for what the
manufacturing cost of every good concerns [28], is playing a crucial role in climate change
and the global CF. The reason is that the supply chain reaches further locations seeking
lower material and production costs [29], often forgetting the environmental impact of
such a strategy [30].

The need to rapidly industrialize new goods to come in a certain industry prevents the
proper assessment of the entire business plan that the company commits to follow. Thus, a
tool like the LCA needs to be more easily usable for the industry [31], providing a quick
and reliable outcome for items such as supply panel impact, logistics footprint [32,33], and
transport mean utilization impact [34], amongst others.

Although globalization cannot be easily prevented, and while from an economic
growth and even social perspective it would not be desirable, it has to be applied in
accordance with sustainability principles. Thus, its overall environmental footprint (envi-
ronmental footprint families [35]) needs to be always considered so that the least-polluting
and harmful option is the one always selected by those in charge of industrializing the
product or service production.

3. Materials and Methods

The main method that is used in this analysis consists of the application of the LCA [36]
standards to define the CF [37] of the different production scenarios (Table 2) for the same
product life stages.

The basis of every LCA consists of creating the best LCI possible [38], with this being
the main target of the investigation and results deployed in this scientific article.

3.1. Goal and Scope Definition

The main goal of this LCA consists of analyzing the production of a certain prod-
uct (Figure 2) considering a series of scenarios whose main difference consists of the
supply-chain definition (Table 2). The scenarios vary from a centralized production with
considerably short distances between suppliers, the main production factory, and the
customer nodes; to a very wide production footprint where the material and components
suppliers are based in Asia, for instance, and the distribution or dispatch center and the
sales market are located in Europe.

The outcome of the LCI will be the determination of the CF for each of the scenarios.
This CF will be measured in kg of CO2e. Once the CF is properly calculated for all the
different product life cycle stages represented in the Figure 1, the production will be
evaluated from an environmental point of view as well, differentiating the amount of
production cases considered and concluding which one of those would provoke the lowest
damage to the environment. It is also important to emphasize that the LCA scope will
cover the entire product life customized for each scenario following the different stages
described in Figure 1.
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Figure 2. Physical appearance of the concerned product: (a) Product composed by a steel body tube
and two polymer protections; (b) Product composed by a steel body tube.

LCA Process Flow Diagram

The LCI will be carried out following the diagram represented in Figure 1. For more
details linked to the specifics of every stage or boundary condition, Table 1 provides all
necessary information.

The same diagram will be followed and applied to every scenario analyzed (Table 2). The
difference between all three scenarios will be made by the variation on the boundary conditions.

3.2. Inventory Analysis

The necessary data that will constitute the LCI applied and that will be customized
to every scenario will be divided into the following fields (Table 3), which represent a
synthetized version of Table 1.

Table 3. LCI fields of analysis.

Fields of Analysis

Goods and staff transport
Energy production and consumption

Energy transport and storage
Raw material, intermediate and final product production

Product end-of-Life management (overall waste treatment)
Final product utilization

3.2.1. Equations Applied for Each Analyzed Field in Order to Calculate Their CF

To be able to gather enough data to feed the CF calculator, it is necessary to understand
how the calculations will need to be done and which input variables will be crucial for
the LCI.

In this regard, all needed and utilized equations to calculate the CF of the concerned
product can be found in Appendix A.

3.2.2. LCI Input Applied to the Scenarios Considered in the Paper

Once the mathematical approach is clearly defined, it is necessary to begin collecting
the necessary data that will be input in the equations (Appendix A) in order to get the CF
results in return.

In the following sections, the concrete data employed for the three different scenarios
that are compared in this paper will be explained. This has a double target. On the one
hand, the main CF driving factors for a certain industrial activity [39] are clearly illustrated;
and on the other hand, the research explains the structure and data size that every LCI
requires [40].



Processes 2021, 9, 1271 8 of 33

Product Features Considered in the LCI: Real Data as Well as Assumptions

The concerned LCI analysis starts by defining the product whose production and
overall industrial impact is analyzed.

In this particular case, the product will consist of a pipe used typically as main
component of the hydraulic or exhaust systems of a certain internal combustion engine
vehicle (ICVE) (Figure 2).

The product body will be made of stainless steel material with a very high CF [41]
and overall impact on nature and climate preservation [42]. Furthermore, there is also a
polymeric material (Figure 2A,B) involved in the packaging (PET) and transport protection
(PP) of the good (Table 4).

Table 4. Material composing the final product. These are common materials used in the automotive
industry [43,44].

Implied Material Quantity (g) Origin

Polymer: polypropylene (PP) 500 Chengdu, China
Polymer: polyethylene
terephthalate (PET) * 200 Chengdu, China

Stainless steel: UNS S31640 2500 Pune, India
* Used for the product packaging.

Goods and Staff Transport

The transport of goods and passengers represents one of the most polluting human
activities [45] to nature. Thus, its role in the CF estimation must be fully understood to
properly quantify the impact on the environment of the raw material, product components,
and final good logistics, as well as the contribution of the staff commuting to the concerned
production and distribution centers.

As a starting point, it is imperative to define where every industrial activity will occur
(Table 5).

Table 5. Geographical areas where the main industrial activities are carried out.

Industrial Activities Scenario 1 Scenario 2 Scenario 3

Raw material extraction and processing Germany India and China India and China
Component production Germany India and China India and China
Final good production Germany Germany India

Final good expedition and distribution center Germany Germany Germany

Once the location of the industrial activities is identified, it is necessary to define the
supply-chain network. To achieve this, the different paths established between the network
nodes involved also must be analyzed in order to define the distance to travel and the sort
of transport mean suitable to cover this distance within the expected time (Table 6).

Once the supply chain is confirmed, it is necessary to specify the main transport
means’ features (Tables 7–10) that will dictate the contribution of the logistic activities to
the overall product CF.

To be precise, the main information that is indispensable for obtaining reliable CF
results using the appropriate equations (Appendix A) are the following: transport mean
type, needed fuel or energy type, mean load capacity, total amount of material to be
transported, CO2e implied in the energy consumption, top and average speed for each
vehicle, maximum and nominal power, vehicle fuel consumption, distance to be driven,
and number of necessary trips to carry the goods and employees either to the delivery
destination or concerned work center.
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• Road transport:
• Air transport:
• Maritime transport:
• Rail transport:

Table 6. Different geographical points that compose the logistic network involved in this product’s production.

Scenario Variant Path Distance (km) Main Features

1 A Chengdu Pune 3330 Air transport
1 B Chengdu Pune 4714.48 Road transport: HDT
2 A Chengdu Munich 7695.67 Air transport
2 B Chengdu Rotterdam 21,742.08 Maritime transport
2 B Rotterdam Munich 839.85 Road transport: HDT
3 A Pune Munich 6451 Air transport
3 B Pune Rotterdam 11,718.22 Maritime transport
3 B Rotterdam Munich 839.85 Road transport: HDT

All All Munich Bilbao 1628 Road transport: HDT
All All Munich Porto 2292.8 Road transport: HDT
All All Munich Milan 497.8 Rail transport: train
All All Munich Prague 381.2 Road transport: HDT
All All Munich Krakow 912.27 Road transport: HDT
All All Munich Oslo 1307.05 Air transport
All All Munich Newcastle 1190.52 Air transport
1 All Cologne Munich 574.5 Road transport: HDT
1 All Hamburg Munich 790.9 Road transport: HDT

Table 7. Road transport used for short and intermediate distance trips for goods and staff transportation [46–48].

Transport Mean Type Load Capacity (t) CO2e (kg/km)

Small and medium-sized LVE 0.5 * 0.135
Large LVE 0.5 * 0.213

Van (small commercial vehicle (CVE)) 1 * 0.252
Light/intermediate-duty truck (IDT) 2 * 0.45

Long-range bus (LRB) 21 * 0.688
Heavy-duty truck (HDT) 43 * 0.678

* Assumption.

Table 8. Air transport used for long-distance goods shipment and passenger transportation [49,50].

Aircraft Model CO2e Unit Load Capacity (t) Energy Used Considered Ground Distance (km)

B777-200 17.8 kg/km 82.9 Kerosene *
B777-200 3.16 kg/kg fuel 82.9 Kerosene *

A330-cargo 24.15 kg/km 33.18 Kerosene 6339
B747-400 17.80 kg/km 82.9 Kerosene *

A380 66.89 kg/km 63.98 Kerosene 888 km
A380 24.15 kg/km 25.88 Kerosene 6339 km

B737-600 20.27 kg/km 13.95 Kerosene 499 km
B747-400 40.64 kg/km 39.08 Kerosene 7500 km
B747-400 36.19 kg/km 31.2 Kerosene 8000 km

* No reliable information found.
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Table 9. Marine transport used for long-distance shipments of goods [51–54].

Mean Features Data Comments

Type of ship Cargo vessel -
Main engine MAN B & W 7S80MC-C (Mark 7) Low-speed engine

Load capacity (t) 3000–5000 -
Average power (kW) 18,620 -

Fuel specific consumption (g/kWh) 160.9 Fully loaded vessel *
CO2e generated (g/kWh) 647 Fully loaded vessel *

Average speed (navigation knots) 15 -
Average speed (km/h) 27.78 -

Energy/fuel used Diesel Marine diesel used *

* Assumption.

Table 10. Rail transport used for intermediate- and short-distance travels for goods and passenger transportation [55].

Main Features
Train Models/Types

IC SPR FT

Energy used Electric Electric Electric
Catenary efficiency (%) 80% 80% 80%

Engine reference VIRM VI SLT VI BR186
Wagons 6 6 28

Empty train weight (kg) 391,000 198,000 2,400,000
Sort of load Passengers Passengers Goods

Maximum load (kg) 15,582 8400 1,614,000
Maximum power (kW) 2157 1755 5600

Maximum traction force (kN) 142.5 150 -
Top speed (km/h) 160 160 95

Energy Production and Consumption

The energy sector is responsible for the most global GHG generation [45]. Thus, it is
imperative to first properly consider the different sorts of energy that are utilized during
all industrial activities (production and manipulation/logistics), and second, the CO2e
embedded in each fuel type.

In the analyzed industrial scenarios, the main sorts of energy were the following:
electricity (Table 11), used in the product production and the rail transport of goods and
passengers; gasoline and diesel (Table 12), used in the road and marine transport; and
finally, kerosene, which is used in air transport (Table 8).

Energy Transport and Storage Efficiency

This section considers the fact of having inefficiencies during energy transport and stor-
age, this being especially important for the transport and storage of electricity (Table 13), as this
is a crucial factor that contributes to increases in GHG emissions during energy utilization.

Table 11. GHGs generated by electricity generation in each concerned country [56–58].

Region Energy Type CO2e Unit Comments

Germany Electricity 686.00 (g/kWh) Considering generation of CF
India Electricity 1413.09 (g/kWh) Considering generation of CF
China Electricity 893.17 (g/kWh) Considering generation of CF
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Table 12. GHGs emitted by different sorts of fuel used during the overall product life management [57,59,60].

Region Energy Type CO2e Unit Comments

Global/General

Gasoline 2280 (g/L of gasoline) Conventional LVE (gasoline density:
0.720 kg/L) (general combustion)

Disel_1 2620 (g/L of diesel) Conventional LVE (diesel density:
0.850 kg/L) (general combustion)

Diesel_2 3150 (g/L of diesel) Marine diesel (general combustion)
Coal_1 2700 (g/kg of coal) Generation of CF
Coal_2 900 (g/kWh) Generation of CF

Table 13. Electricity storage and transport efficiency [61].

Feature Energy Type Efficiency Factor (%)

Storage Electricity 96
Transport Electricity 94.5

The CF increase is due to the fact that, in order to compensate for the inefficiency
during the electricity transport, as well as during the time the electricity remains stored in
a certain battery, the electricity production at the source needs to be increased by at least
the same percentage as the inefficiency that needs to be covered.

Increasing the energy consumption will thereby increase the GHG generation (CO2e).
In this case, it is expected to be an increase of 9.5% (Figures 3 and 4).

Figure 3. Electricity flow from the source to the equipment supplied considering no compensation of the transport and
storage inefficiency [61].

Figure 4. Electricity flow from the source to the equipment supplied considering overproduction at the source node to
compensate for the transport and storage inefficiency [61].

Raw Material, Intermediate, and Final Product Production

It is important to emphasize that to be able to provide a reliable production CF, the
following items need to be defined with the highest accuracy possible: production vol-
ume (Table 14), production time needed based on the process steps and process flow
defined (Tables 15–17), product manufacturing cycle time (Table 18), equipment involved
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(Tables 18–22), equipment energy consumption (Tables 18–22), number of operators
(Table 23), the production line automation level (Table 24) and the equipment efficiency
(Table 25).

• Product production features

Table 14. Main product industrial scenario—production features for the business case [62–64].

Features Values Unit

Production volume/sales (items) 200,000 * (parts/year)
Production lifetime/duration (years) 5 * (years)

Product manufacturing cycle time 65 * (s)
Production time 3611 (h/year)

Working days (India) 250 (days)
Working days (Germany) 220 (days)

Working days (China) 249 (days)
Shifts a day (India) 2–3 * -

Shifts a day (Germany) 2–3 * -
Shifts a day (China) 2–3 * -

* Assumed value to define the complete production scenario.

• Raw material production

Raw material production has demonstrated to have one of the largest environmental
impacts worldwide [65]. Many of the most common materials used, such as polymers
(Figure 5) or metals (Figure 6), need massive amounts of energy and minerals to be
manufactured and processed [66].

Figure 5. Polymer production process [57]. Necessary for protecting the product during transport (Table 15).

It is also important to emphasize the tough financial targets that many companies
have in terms of material cost decrement and that provoke, under a pure economic assess-
ment, that “greener materials” shall hardly ever defeat conventional ones (e.g., “green vs.
conventional steel” [67]).

Figure 6. Steel production process [68]. Necessary to produce the main product structure/body (Tables 4 and 17).
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Table 15. Polymer injection energy and material consumption data [57].

Process. Machine Specific Energetic Consumption
(SEC) (kWh/kg) Type of Energy Used Cycle Time (s)

Polymer injection BOY 22E 0.9085 Hydraulic/electric 105

Table 16. Steel production energy and material consumption data [69].

Consumption Unity Details

Energy 5555.56 (kWh/t) Fossil fuel combustion
Agua 3300 (dm3/t) -

CF 1.9 (t CO2e/t Steel) -

• Main product manufacturing processes

Within the industrial operations of the concerned company, the production of the
product is one of the main contributors toward climate change, and particularly toward its
CF, currently the third-largest global contributor [45].

To be able to estimate the CF of the product-manufacturing process, the following
items must be considered: different operations, from the raw material supply to the
product packaging (Table 17); types and number of machines used, as well as their energy
consumption (Tables 18–22); and finally the number of operators (Table 23) and robots or
handling systems utilized at any stage of the product lifetime (Table 24).

Table 17. Manufacturing process description for the concerned product (Figure 2).

Process Step Description Picture

1 Raw component supply Steel tubes

2 Laser cutting Adjusting the raw tube length to
the product needs

3 Tube bending Tube adopts the right shape

4 Tube stamping Bent tube acquires necessary
features

5 Tube CNC machining Bent tube acquires necessary
features and quality

6 Polymer protections assembly
Tube protections are assembled to

protect the most important
surfaces during shipment

7 Product quality control and
packaging

Final quality check and packing
prior to dispatching
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Table 18. Laser-cutting equipment’s main features necessary for the CF calculation [70].

Feature Value

Power (kW) (CO2 as source) 4
Electric energy consumed

Cutting operation (kWh) 55.22
Secondary movements (kWh) 4.79

Table 19. Hydraulic bending cell’s main features necessary for the CF calculation [71].

Feature Value

Number of movements 8
Hydraulic flow per machine movement (l/min) 41

Average hydraulic pressure (bar) 120
Power per movement (kW) 8.3

Table 20. Electric press’s main features necessary for the CF calculation [72].

Feature Value

Servo consumption (kWs) 2742.7

Table 21. Five-axis CNC center’s main features necessary for the CF calculation [73].

Feature Value

Electric power (kW) 44
Speed range (RPM) 0–10,000

Maximum torque (Nm) 242

Table 22. Robots’ main features necessary for the CF calculation [74].

Model Payload (kg) Voltage (VAC) Power (kW)

1 Yaskawa
GP165R 165 380–480 4

2 Yaskawa GP50 50 380–480 3.6

3 Yaskawa
AR2010 12 380–480 1.6

Table 23. Number of estimated/assumed operators involved in production.

Scenario Steel
Production

Polymer
Production

Main Product
Production

Main Product
Assembly

Quality Check and
Supervision

Product
Dispatch

Scenario 1 0 0 0 0 4 1
Scenario 2 3 3 0 0 4 1
Scenario 3 3 3 2 1 4 1

Table 24. Number of estimated/assumed robots involved in the manipulation of different elements.

Scenario Steel
Production

Polymer
Production

Main Product
Production

Main Product
Assembly

Quality Check and
Supervision

Product
Dispatch

Scenario 1 2 2 2 2 0 1
Scenario 2 0 0 2 2 0 1
Scenario 3 0 0 1 0 0 1
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Product End-of-Life Management (Overall Waste Treatment)

Waste disposal and treatment represents one of the biggest issues for human soci-
ety [75]. In this regard, waste disposal goes hand-in-hand with the CF of every product’s
production and utilization. The reason is fairly simple: even if the CF of every industrial
production activity linked to the analyzed product had a neutral or even negative result,
there would be still a need to manage the end of life of the product itself. This is a complex
task that, depending on the waste-disposal procedure and technology used, increases the
CF considerably [76].

To properly estimate the overall CF of the total waste generated during the product’s
life, it is necessary to understand and to classify the different sorts of waste that are created
during every stage of the product’s manufacturing and following utilization.

• Process waste

As for most of the analyzed fields (Section 3.2), the efficiency of every utilized process
and machine possesses a crucial role in the CF estimate. Thus, comprehending the impact
of this inefficiency on the treatment of the material is key to defining the amount of waste
generated during the manufacturing process.

Table 25. Process efficiency of the main material-consuming and energy-demanding processes involved in the analyzed
product’s production [77–79].

Process Implied Material Process Efficiency Comments

1 Pellet forming PP and PE 95% * Assumption

2 Plastic injection PP and PE 99.59%
Due to preheating the granulated
plastic, machine adjustments, and

mould defects

3 Mineral extraction Iron, chrome, nickel,
etc. 76% Considering the influence of the acid

degradation using vanadium

4 Steel production Iron 41.7%
For each tonne of raw steel, it is

necessary to invest 2.4 tonnes of iron,
amongst other additives

5 Casting Steel EN 1.4507 95% * Assumption

6 Forming and cutting Steel EN 1.4507 90% *
Assumption: it is considered as 10% of
technical scrap as a consequence of the
different processes and machines used

* Assumption taken to move forward.

This amount of inefficiency represented in Table 25 unleashes an additional overpro-
duction of the necessary materials (Table 26) to be able to guarantee that the final product
will be composed of the expected amount of material regardless of the inefficiencies regis-
tered during the manufacturing processes.

Table 26. Amount of raw material to be treated considering the final product weight and the inefficiencies registered for
each process used (Table 25).

Used Materials Final Amount Needed (g) Compensation Due to the
Process Inefficiency (%) Needed Raw Material (g)

Polypropylene (PP) 500 5.41% 527.06
Polyethylene terephthalate (PET) 200 5.41% 210.82

Stainless steel: UNS S31640 2500 97.30% 4932.5

Scaling the above values (Table 26) up to the final produced volumes (Table 14), it is
possible to estimate the total amount of process waste Equation (2) that must be treated
during the product’s production duration (Table 27).
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Total process waste(kg) = Process ine f f iciency(%)× Treated material during the process(kg/product)
×Product li f e time production (Numbero f items)

(2)

Table 27. Total process waste (kg) per material type by the end of the product lifetime production.

PP PET Stainless Steel

27,050 10,820 2,307,500

• Product End-of-Life (EOL) waste

First of all, the final amount of product waste, once it has been dismissed by the end
user, must be quantified. To achieve that, it is necessary to know the final product sales
(Table 14), as well as the final product weight (Table 4).

Using the above information as input in Equation (3) and breaking it down into the
different materials used, the total generated waste can be deployed as illustrated in Table 28.

Total product EOL waste (kg) = Total product sales × Product weight (kg) (3)

Table 28. Total product EOL waste per material type.

PP PET Stainless Steel

500,000 200,000 2,500,000

• Waste-management location

Due to the fact that the waste-management strategy varies amongst different countries,
it is crucial to understand on one hand where the process waste is caused (Table 4), and on
the other hand, how the product sales are split within the targeted market (Table 29).

Table 29. Waste split according to the sales market and the material that composes the product as well as its packaging [80,81].

Country Population (Millions
of Inhabitants)

Product Market Share
(%)

Product EOL Waste per Country (kg)

PP UNS S31640 PET

Germany 83.1 26% 128,846 644,228 51,538
Spain 47.1 15% 73,028 365,140 29,211

Portugal 10.3 3% 15,970 79,850 6388
Czech 10.7 3% 16,590 82,951 6636
Italy 60.3 19% 93,494 467,472 37,398

Poland 38.4 12% 59,539 297,694 23,816
Norway 5.319 2% 8247 41,235 3299

UK 67.26 21% 104,286 521,429 41,714

It is important to underline that in order to split the product EOL waste amongst a
certain number of countries, it was assumed that the final market was only composed of
several European countries, so the sales and thereby the waste generated by them were
split according to the population of each concerned European country.

• Waste-disposal methodologies considered for this LCI

Once the waste values have been estimated, it is important to consider two facts: the
total waste split into the different management possibilities (landfilling, incineration [75],
recycling [82], reusing, and Waste-to-Energy (WtE) [83], amongst others (Tables 30 and 31)),
and the different methodologies or technologies that are used to treat the split waste
(Tables 32–34).

Considering that there are only three materials whose disposal needs to be managed,
the waste split was evaluated only for the plastics (Table 30) and the steel (Table 31). Due
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to the difficulties encountered during the search of steel waste-management statistics, we
considered the same split as for the municipal solid waste (MSW) (Table 31) in order to still
be able to calculate the full CF of the total waste management.

Table 30. Plastic waste split depending on the country and the management strategy or process chosen [83–85].

Country Pure Incineration No Proper Treatment Recycling Energy Recovery Landfilling

Germany 0% 0% 38.6% 60.6% 0.8%
UK 0% 0% 32.1% 38.3% 29.6%

Italy 0% 0% 29.0% 33.8% 37.2%
Spain 0% 0% 36.5% 17.1% 46.4%

Poland 0% 0% 26.8% 29.1% 44.1%
Czechia 0% 0% 38.0% 23.0% 39.0%
Portugal 0% 0% 37.0% 33.0% 30.0%
Norway 0% 0% 42.0% 56.0% 2.0%
China 12% 17% 29% 0% 42.0%
India 35% 0% 20.0% 0.0% 35.0%

Table 31. Total municipal solid waste (MSW) split depending on the country and the management
strategy or process chosen [66,84,85].

Country Landfilling Incineration WtE Recycling

Germany 13 5 21 61
UK 37 9 6 48

Italy 22 7 5 66
Spain 43.5 0 6.5 50

Poland 31 1 7 61
Czechia 35 0 9 56
Portugal 39.5 0.5 17 43
Norway 31 * 26 * 0 * 43*
China 72.9 15.3 No data No data
India ** ** ** **

* Replaced by the statistics of the EU. Assumed to be comparable and due to lack of specific and convincing data
related to the waste management in Norway. ** Due to unavailability of data, it is assumed that 30% of the steel is
recycled in India, and the rest (70%) is 90% landfilled and 10% incinerated.

Table 32. PP waste-management technologies used [66,82,83].

Waste-Management Strategy
PP

Method GHG Contribution

Incineration Mass burn incineration (MBI)—IPCC calculation Equation (A23) (Appendix A)
Landfilling IPCC method Equation (A24) (Appendix A)

WtE NA NA
Recycling Feedstock of plastic in blast furnace (BF) 0.59 (kg CO2e/kg of PP)

Table 33. PET waste-management technologies used [66,82,86].

Waste-Management Strategy
PET

Method GHG Contribution

Incineration Mass burn incineration (MBI)—IPCC calculation Equation (A23) (Appendix A)
Landfilling IPCC method Equation (A24) (Appendix A)

WtE NA NA
Recycling Feedstock of plastic in blast furnace (BF) 0.46 (kg CO2e/kg of PET)
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Table 34. Stainless steel waste-management technologies used [66,85,86].

Waste-Management Strategy
UNS S31640

Method GHG Contribution

Incineration Mass burn incineration (MBI)—IPCC calculation Equation (A23) (Appendix A)

Landfilling Direct reduced iron (coal)—electric arc furnace
without added steel scrap 3.2 (kg CO2e/kg of steel)

WtE NA NA

Recycling Direct reduced iron (gas)—electric arc furnace
with 400 kg of steel scrap added to the process 1.16 (kg CO2e/kg of steel)

Final Product Utilization (Item Use vs. Production)

To be able to estimate the GHG contribution of the product utilization, it was consid-
ered, as explained in the Section 3, that the produced good (Figure 2) would be assembled
and used in different sorts of vehicles (Table 35).

Table 35. Main features of the analyzed product that are necessary to calculate the CF of the product once assembled and
used in the final assembly/vehicle [46–48,87].

Features
Sort of Vehicle

Small LVE LVE—SUV VAN LCV 1 Long Range Bus HDT 2

Life expectancy (km) 200,000 * 200,000 * 200,000 * 500,000 * 500,000 * 500,000 *
Son element weight (g) 3200 3200 3200 3200 3200 3200

Mother element weight (g) 1,300,000 1,480,000 2,500,000 * 7,500,000 13,210,000 * 18,000,000
GHG emission (mother

element) (kg/km) 135 213 252 450 688 678

Product weight ratio (%) 0.32% 0.21% 0.13% 0.05% 0.03% 0.02%
Total CO2e caused by the use

of the mother element
(=vehicle) (kg of CO2)

27,000 42,600 50,400 225,000 344,000 339,000

* Assumption; 1 light commercial vehicle; 2 heavy-duty truck.

The CF calculation was carried out by computing the information deployed in Table 35
and Equation (A25) (Appendix A).

Understanding the details represented in Table 35, the CF of each vehicle was calcu-
lated by gathering the GHG measured in grams per driven kilometers [48] and assuming
a certain life expectancy for each sort of vehicle, which was measured in kilometers. The
reason why the life expectancy of a passenger vehicle is considered to be shorter than
the one of a commercial vehicle (Table 3) is because the utilization of a truck or a bus is
considered to last longer than that expected of a lighter-utility vehicle.

Another important factor that will dictate the CF results is the weight of the analyzed
item (Table 4), as well as the weight of the system in which it is assembled (Table 35). Due
to the wide variety of vehicles available in the market, their weight needs to be carefully
selected for both light vehicles (LVE) [46] and commercial vehicles (CVE) [48,87].

3.3. Functional Unit

As the standard ISO 14,040 mandates [12], for every LCA, it is crucial to define a
functional unit that will allow the comparison of the different scenarios analyzed. In
this particular case, the functional unit consists of the product composition (Table 4),
manufacturing process steps (Table 17), and the sales amount and market (Table 14). Thus,
in every scenario the same product volumes are produced following the same process
steps, regardless of the variables that are selected. All the other parameters, such as energy
use, amount of operators, level of automation, logistics footprint, or waste-management
strategy, are dependent on the scenario to be treated. Due to this, they are defined as the
input variables that, when applied to the functional unit, provide a different but comparable
outcome for every scenario (CF).
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4. Results

The results were obtained once the information contained in Section 3.2.2 was prop-
erly input in the equations illustrated in Appendix A. After compiling the equations
output and splitting it into the different fields described throughout the paper (goods and
staff transport, energy consumption linked to the product manufacturing process, energy
transport and storage efficiency, product lifetime usage, and product and process waste
management), the results of the LCI applied to the CF calculation can be presented.

The task that comes directly after collecting and treating the information in the appro-
priate equations consists of analyzing the output data in two steps:

1. Data analysis as a whole. This means that the CF results for every single equation,
applied to all scenarios, will be summed and represented in a single graph (Figure 7)
to compare the scenarios with each other and to demonstrate which one possesses
or provokes the biggest CF, and thereby the highest pollution and harm toward
the environment.

2. Once the overall CF for each scenario is calculated, it must be broken down into its
different contributors in order to classify them according to the percentage of the
overall CF for which they are responsible. This allows finding the main contributor or
driver of the GHG generation per analyzed scenario.
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4.1. Total LCI Results: Environmental Impact Assessment

In Figure 7, the total CO2e generation per scenario is represented. It is important
to emphasize that within each scenario, different variations of the same industrial case
have been considered (e.g., A, B, C, and D). The variations themselves correspond to the
different transport means that could be considered, especially for goods shipment during
the logistics scenario definition. For instance, in Case 3B, part of the goods transport,
specifically the raw material (polymer) shipment from China to Germany, was done by
airplane, whereas in Case 3D, it was carried out by marine transport.

Comparing the different values represented in Figure 7, the most important takeaway
is that the scenario with the widest supply chain (Scenario 3B) would pollute 30.1% more
than the industrial case that prioritizes having the suppliers as close as possible to the
dispatch area and the sales units (Case 1A) (Table 36).

Table 36. Most centralized production compared to the most globalized scenario. CF measured in CO2e.

Simplified LCA Assessment—CO2e Generation (CF)

Best case 1 Base
Worst case 3B +30.1%
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4.1.1. Boundary Conditions

• Goods and Staff Transportation

To understand how and where to start reducing GHG generation, aiming at mitigating
the effects of the climate change [88,89], it is indispensable to break down the overall CF
per scenario represented in Figure 7 into the different CF sources.

Starting with the influence of the staff and the goods transportation, by comprehending
the information illustrated in Figure 8, it is shown that for Case 1 (smallest supply chain—
suppliers remaining in a single country), the highest GHG contribution is linked to the
final goods dispatch, downstream from the product-manufacturing activities. However,
for Scenario 3A, the largest contributor is the raw material (RM), which occurs upstream
the final goods production process.

Figure 8. Total CO2e generated due to the product logistics system, split into the different sorts of goods shipped and the
staff commuting.

• Energy consumption linked to the raw material and part-manufacturing process

Considering that the main energy source used in the production of both the raw
material and the final good is electricity, the CF of its production dictates the CF of the total
manufacturing process.

As illustrated in Figure 9, although the amount of robots used for Case 1 was higher
than those utilized in Scenarios 2 and 3 (Table 24), the total CF for each case remained
considerably similar. The root cause of such fact is that the CF of the electricity production
in Germany is much lower than that in India (Table 11), and considering that in the third
scenario most of the production activities are undertaken in India (Table 5), despite a much
lower automation level, the CF of the third scenario’s manufacturing process was higher
than the two first cases considered.

Figure 9. CF generated during the product-manufacturing process for every scenario/case considered.
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• Energy transport and storage efficiency

As represented in Figure 10, even if the transport and storage efficiency of the elec-
tricity used is assumed to be the same for every machine or process, the energy intensity
of the raw material production (polymer and stainless steel) means that the highest GHG
contribution in this case is also associated with this field (Figure 10).

Figure 10. Total CO2e generated depending on the analyzed scenario and on the concerned machine due to the transport
and storage of the electricity used (t of CO2e).

4.1.2. Stage 0 and 1: Raw Material and Final Good Production

Besides the information provided above concerning the energy consumption involved
in the production of the raw material and final good, it was important to split this CF so
that the impact that both may have on the environment could be properly presented and
understood. As represented in Table 37, the CF embedded in the raw material production
massively exceeded that of the final good.

Table 37. CF differentiating the raw material production from the production of the good.

Raw Material Production
(kt of CO2e)

Final Good Production
(kt of CO2e)

Case 1 12.68 1.67
Case 2 12.78 1.49
Case 3 12.78 2.90

4.1.3. Stage 2: Product Lifetime Usage

The results represented in Figure 11 clearly explain and justify the current regulations
that led the automotive manufacturers to decrease the CF of the vehicles’ utilization [90].

In contrast to the production of the good considered in this paper, its use in the
different sorts of vehicles analyzed generated between 1.9 and 3.9 times more CO2e
(Figure 11).

4.1.4. Stage 3: Waste Management

In Figure 12, it is illustrated how the CF varied depending on the waste origin (raw
material (“Rmaterial (RM)”), final good manufacturing process (“Mprocess (FG)”) and
final good end-of-life (“EOLife FG”)), as well as on the scenario constraints considered.
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Figure 12. Total CO2e generated due to waste management (t of CO2e).

Due to the larger amount of waste generated during the raw material production
compared to that found during the final good manufacturing process (Table 25), the
CF of the raw material waste management was substantially higher than that of the
manufacturing process (Figure 12).

However, the management of the good itself, once reached its end of life, contained
the highest CF overall (Figure 12).

5. Results Interpretation and Discussion

There are three different takeaways or conclusions out of this research that must be
emphasized and discussed:

1. Data analytics: extracting the main CF sources responsible for at least 80% of the GHG
emissions and clearing out the influence of the product logistics globalization;

2. Complexity of the LCI calculations;
3. Further application of the approach followed in this paper.
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5.1. Fields with the Highest GHG Emissions

A very important milestone consisted of extracting, out of the LCI results, the fields
whose contribution to the overall CF was the highest. Thus, the total environmental impact
of the concerned product industrialization could be mitigated by making the right decisions
in the necessary fields.

In this particular case, as represented in Table 38, the biggest contributors to the LCI
in terms of CF were first the raw material production, and second the waste disposal.

Table 38. Segregation and classification of the overall CF into the different industrial fields that compose every item
in production.

Product Production and
Energy use (Boundary, Stages

0 and 1)

Energy Transport and
Storage (Boundary

Condition)
Waste Disposal (Stage 3) Transport (Boundary

Condition)

Raw Material Final Good Transport Storage EOL Production Goods Staff

Case 1 49.53% 8.00% 3.176% 0.008% 23.511% 14.224% 1.191% 0.36%
Case 2A 42.70% 6.64% 2.738% 0.018% 20.270% 19.880% 6.894% 0.87%
Case 3A 41.27% 11.11% 2.913% 0.024% 19.593% 19.216% 4.689% 1.18%
Case 2B 39.26% 6.10% 2.518% 0.017% 18.639% 18.281% 14.385% 0.80%
Case 3B 38.08% 10.25% 2.688% 0.022% 18.075% 17.728% 12.071% 1.09%
Case 3D 41.77% 11.24% 2.949% 0.024% 19.831% 19.450% 3.530% 1.20%
Case 3C 38.50% 10.36% 2.718% 0.022% 18.278% 17.927% 11.085% 1.10%

As one of the main goals of the research, the role of the globalization as a main
contributor to the environmental degradation was clearly demonstrated in Case 1, which
had the smallest logistics footprint, and generated 30.1% less CO2 than Case 3B (Table 36),
for which a wider supply chain was chosen.

The substantial difference between both cases’ logistics contribution toward the CF
can be seen in Table 39.

Table 39. Logistics CF of Case/Scenario 1 vs. Case/Scenario 3B.

Transport (t CO2)

Case Short Description Goods Employees

Case 1 Smallest logistics footprint 297.02 89.68
Case 3B Widest supply chain 3916.93 354.57

With all that said, it was clearly proven that the supply chain of a product must
be carefully selected, and global logistics might show profitability in terms of pure cost
per piece, but once the full environmental impact of the good’s production was taken
into account, the negative effect of long-distance shipments was demonstrated. Thus,
the supplier panel of a certain industry must not be only based on a cost-effectiveness
principle, but also on environmental concerns as well. This means that for a certain project’s
industrialization, the project manager must consider the supplier panel based on shipment
distance and frequency reduction, as well as on the sustainability actions that the supplier
is undertaking (such as improving the transport means used, electrification, etc.).

5.2. Complexity of the LCI Methodology

The major difficulty that such a study presents is in the data collection. In most cases,
it is not the size of the data belonging to a certain field, but the immense variety of data
sources that need to be managed. Thus, the first immediate finding that the study shows is
that even the most accurate LCI will demand certain assumptions.

As a matter of fact, the need to make certain assumptions does not discredit the overall
results, as long as it is clearly represented what the level of reliability of the assumptions is.
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In this particular paper, there were up to 24 assumptions that were key to providing the
results represented in the previous section (Section 4). Each of them was linked to a certain
reliability percentage (Table 40). This reliability includes, for instance, considering the
assumption of the van weight (Table 40) used to calculate the CF of the product utilization
once it is installed in this particular vehicle (Table 35). A 50% reliability implies that the
van weight could be 50% higher or lower than the assumption, and thereby the CF of the
product use would vary accordingly.

Table 40. Main assumptions used to complete the CF estimate linked to the expected reliability level presumed. Important
to consider that the Reliability (%) is just a rough estimate based on the sort of missing data and/or the data sources found.

Field Assumption Reliability

Transport of goods
If the total weight to be shipped is lower than the transport mean capacity,

the CF calculated only considers the CO2e linked to the weight of the goods
shipped and not the CF of the full vehicle

80%

Transport of goods The return for each transport mean is not considered as a source of CO2e 75%

Transport of staff Average speed of a train = 130 km/h 75%

Energy transport and storage
It is considered that the energy is stored in a machine as long as there is a

battery. Thus, for regular electrical machines, it is considered only the
electrical energy performance (95%)

75%

Energy transport and storage Efficiency considered the same for all sorts of machines used 50%

Lifetime product use Weight of a VAN is assumed to be 2.5 tonnes 60%

Lifetime product use Life expectancy of each vehicle (certain amount of km per transport mean) 75%

RM production Polymer is produced in China for Cases 2 and 3 50%

RM production Steel is produced in India for Cases 2 and 3 50%

Manufacturing processes It is considered that the main energy source is electricity 80%

Cargo train If the max speed is 95 km/h, the average speed is considered to be 80 km/h 75%

Minerals extraction for steel
production Efficiency considered to be around 76% 90%

Casting (steel) and plastic pellet
production It is considered that the efficiency of these two processes is 95% 60%

Metal forming and cutting It is considered to have an efficiency of 90%, which leaves 10% of the
material as waste 60%

Pressing and stamping Process/machine considered to be electric 75%

Press used Power considered to be 50 kW 40%

Product-cleaning process Considered to be a manual process—no energy implied during the action 50%

Plastic incineration CF Proportion of carbon in MSW (FCF) considered to be 1 80%

Landfilling CF Degradable organic carbon (DOC) is considered to be 0.15 (kg of C/kg SW) 95%

Landfilling CF Fraction of DOC (DOCF) dissimilated is considered to be 0.77 95%

Steel waste management in the
European market

In absence of data, it is considered that the steel waste-management split is
according to the overall MSW split in the concerned country 35%

Waste management—India It is assumed that 30% of the steel is recycled in India and the rest is 90% to
landfilling and 10% to energy recovery/incineration 20%

Steel CF calculation

If the steel is not recycled, the waste-management process used is the “direct
reduced iron (coal)—electric arc furnace” with a CF of (3.2 kg CO2e/kg

material) without scrap added. However, if the steel is recycled, the process
used is the “direct reduced iron (gas)—electric arc furnace with 400 kg of scrap

steel added to the process”, this having a CF of 1.16 kg CO2e/kg of product

30%

MSW in Norway Waste-management split assumed to be the same as the average in the EU 60%
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5.3. Further Application of the LCI Method: Life Cycle Assessment (LCA) and
Estimate Automation

As stated in the LCA methodology and the related standards [12], once the LCI is
available, it must be assessed so that the main purpose, which is to serve as a decision-
making tool for the industry [91], is fulfilled.

In this case, the assessment to be done must provide an insight into the items that
must be improved in order to reduce the CF, as mandated by the Sustainable Development
Goals (SDGs) [85,92,93], and it should also give clear alternatives to the items or features
included in the LCI presented in this paper so that a variety of the so-called “greener
scenarios” can be added to Table 2.

Moreover, the “greener scenarios” should go hand-in-hand with an economical as-
sessment. Especially considering the initiatives linked to the CO2 prizing [94], the viability
of an alternative green technology must be economically assessed so that the cost of the
improvement is compared to the environmental cost, as well as to the economic cost of
polluting (CO2 taxation).

It goes without saying that the industry demands quick reactions, and therefore the
LCI and LCA must be provided on time and with the expected quality. Thus, the entire
calculator used for this paper needs to be automated by choosing a suitable software so that
the time spent looking for reliable databases, structuring the entire business and industrial
case, etc., is reduced to the minimum possible.

6. Conclusions

It has been proven that the search for strategies and new technologies to meet the
Sustainable Development Goals requires an understanding of the real impact that the
production of industrial goods and services causes to the well-being of the environment
and living beings [95].

To achieve this level of comprehension within the industry, companies are in need of
a suitable methodology that can be easily applied to their day-to-day business, helping to
boost sustainable initiatives [96] that will reduce their overall manufacturing footprint and
mitigate the impact of CO2 emissions on the environment wherever it is most efficient and
effective [97].

In particular, the environmental impact of the globalization of a product also has
been demonstrated, and therefore the application of the LCI method can be considered
key to defining the supply chain of a business case while also taking into account what
the data that the transportation of goods and employees will mean in terms of product
sustainability [98].

Furthermore, the sustainability strategies that most companies commit to follow
nowadays [99–102] also challenge the industry to analyze the viability of a product due to its
negative contribution toward the global nature and living beings’ well-being. This analysis
aimed to help companies decide which strategy will provide both profit and sustainability.

Thus, this paper serves as an example of the methodology that any company may follow
to analyze a CF by focusing on the fields represented in Table 37, and in particular, on the
impact of the supply-chain selection on the environment. It is also important to highlight the
data that it provides demonstrating the usefulness of the LCA to compare different scenarios
in which the same product, along with its life stages, is assessed only by varying the boundary
conditions for the concerned scenarios, amongst which the LCA user intends to choose the
one that provides the lowest negative environmental impact (Figure 7).

It goes without saying that even if the LCI shows great effectiveness as a decision
tool within the industry, there is still much to be improved in order to accelerate the data
collection and compilation, as well as to refine the data quality, to be able to obtain the
highest reliability in the LCI results, which goes hand-in-hand with having the best LCA.
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Appendix A

Goods transport CF calculations

• Considering utilization of an internal combustion engine vehicle (ICEV):

CF (kg CO2e) = Distance (km)× GHG f actor
(

kg CO2e
km

)
× Trips number (–) (A1)

Number of trips = 2 × Full load to be transported
Vehicle load capacity

(A2)

• Considering the utilization of BEV public transport or another smaller private vehicle:

CF (kg CO2e) = GHG f actor
(

kg CO2e
kWh

)
× Journey consumption(kWh)× Number o f trips (A3)

Number o f trips ∗ = 2 × Full load to be transported
Vehicle load capacity

(A4)

Journey consumption (kwh) = Mean power(kW)× trip duration(h)
= Mean power(kw)× Trip distance(km)

Average mean speed( km
h )

(A5)

* Important to consider the implication of the round trip if the vehicle comes back to
the dispatch center empty.

Staff transport CF calculations

• Considering utilization of an internal combustion engine vehicle (ICEV):

CF(kg CO2e) = Distance(km)× GHG f actor
(

kg CO2e
km

)
× Numbero f trips(−)× Numbero f operators (A6)

Number o f trips = 2 × Amount o f working hours needed
Shi f t duration

(A7)

• Considering the utilization of BEV public transport or another smaller private vehicle:

CF(kg CO2e) = GHG f actor
(

kg CO2e
kWh

)
× Journey consumption (kWh)× Number o f trips (−)

×Number o f operators × Operator weight ratio(%)/1000
(A8)

Number o f trips = 2 × Amount o f working hours needed
Shi f t duration

(A9)

Operator weight ratio (%) =
Operator average weight

Transport mean load capacity
(A10)

Operator weight ratio (%) =
Operator average weight

Transport mean load capacity
(A11)

* Considering the round trip (from and to the working place) which every operator
needs to do every shift.

Energy production and consumption CF calculations
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• Energy consumption:

CF (kg CO2e) = Consumed energy (kwh)× GHG energy production
(

kg CO2e
kWh

)
(A12)

• Energy production:

CF (kg CO2e) = Produced energy (kw)× GHG utilized f ossil f uel
(

kg CO2e
kW

)
(A13)

Energy transport and storage CF calculations

• Electricity transport (ET):

CF(kg CO2e) = Item consumption(kwh)×
(

1 − ET e f f iciency
100

)
×GHG electricity production ∗

(
kg CO2e

kWh

) (A14)

• Electricity storage (ES):

CF(kg CO2e) = Item consumption(kwh)×
(

1 − ES e f f iciency
100

)
×GHG electricity production ∗

(
kg CO2e

kWh

) (A15)

Raw material, intermediate, and final product production CF calculations

• Raw material production

CF (kg CO2e) = Number o f parts
(

−
year

)
× Produced material (kg/part)

×GHG f actor
(

kg CO2e
kg o f raw material

) (A16)

• Process/machine consumption

CF (kg CO2e) = Machine or process power (kw)× Operating time (h)× GHG f actor
(

kg CO2e
kwh

)
(A17)

Waste-management CF calculations

• Manufacturing process waste (final and intermediate good):

CF (kg CO2e) = Number o f parts
(

−
year

)
× Wasted material during the process (kg/part)

×GHG f actor ∗
(

kg CO2e
kg o f wasted material

) (A18)

Wasted material (kg) = Produced material (kg)× Process ine f f iciency (%) (A19)

• Raw material production waste:

CF (kg CO2e) = Number o f parts
(

−
year

)
× Wasted material (kg/part)× GHG f actor

∗
(

kg CO2e
kg o f wasted material

) (A20)

Wasted material(kg/part)

=
i

∑
0

Processes waste = Produced raw material(kg)

×(Extraction Process ine f f iciency (%) + Treatment process ine f f iciency (%))

(A21)

• Final good end-of-life waste:
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CF (t o f CO2e) =
i

∑
0

CO2e linked to wasted components = Number o f f inal products
(

−
year

)
×[1st Component weight (kg)× GHG f actor ∗

(
kg CO2e

kg o f wasted material

)
+2nd Component weight (kg)× GHG f actor ∗

(
kg CO2e

kg o f wasted material

)
+ [. . .]

(A22)

It is crucial to consider each waste-management procedure and the material treated.

• Waste-management procedures considered

First, there is the incineration process, which is especially focused on incinerating
municipal solid waste (MSW) Equation (A23), (Table A1)) [66].

CF (kg CO2e) = IW × CCW × FCF × EF × 44
12

(A23)

Table A1. Variables/factors needed to calculate the GHG generated linked to incineration [93].

Variable Description Value

IW Incinerated MSW volume (kg)
CCW Proportion of carbon in MSW
FCF Proportion of mineral carbon content in MSW

EF Complete combustion intensity of the waste
incinerator from MSW (95–99%) 0.975

44/12 CO2/C molecular weight 3.67

As a second waste-management procedure, there is the so-called “Waste-to-Energy
(WtE)”, which basically consists of the incineration of MSW with the intention of recovering
energy [83]. The main factors involved in this process are represented in Figure A1.

Figure A1. WtE process description. The graph is based on reference [75].

The third method that was considered was the recycling of every material utilized for
the production of the final product.

This particular procedure has shown its utility to be able to use the waste as raw
material for manufacturing a new series of product, either of the same kind as the original
waste or of a completely different one.

Table A2 highlights the different GHG emissions that the production of raw material
provides versus the utilization of recycled waste as renewed raw material for the same aim.
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Table A2. Differences between the embodied carbon in the raw material vs. the carbon contained in the recyclable material [82].

Material
Embodied Carbon in

Raw Material (kg
CO2e/kg)

Carbon in
Recyclable

Material

Carbon Emission
Reduction by

Recycling
In %

General 2.82 0.57 2.25 79.8%
ABS 3.715 0.23 3.485 93.8%

High-density polyethylene (HDPE) 1.31 0.39 0.92 70.2%
LDPE 1.4 0.25 1.15 82.1%

Nylon 6 16.66 0.05 16.61 99.7%
Polypropylene (PP) 5.66 0.59 5.07 89.6%

Expanded polystyrene 2.93 2.55 0.38 13.0%
General-purpose polystyrene 3.25 2.82 0.43 13.2%

Polyurethane 5.45 0.57 4.88 89.5%
Polyethylene terephthalate (PET) 5.7 0.46 5.24 91.9%

PVC (general) 2.23 0.47 1.76 78.9%
PVC pipe 2.5 0.04 2.46 98.4%

Rubber (general) 1.79 0.38 1.41 78.8%

Moreover, there is the process known as landfilling, especially landfilling of MSW,
which basically consists of depositing the waste in a certain area, the so-called landfill, in
which the waste will remain accumulated and thereby produce CH4 and CO2 during its
decomposition [98]. The main features and parameters that allow the proper CF estimate
(Equation (A24)) of the CH4 GHG contribution can be seen in Table A3.

CH4 (t per year or li f etime) = [(MSWt × MSW f × Lo)− R]× (1 − OX) (A24)

Table A3. Variables/factors needed to calculate the GHG generated linked to landfilling [83].

Variable Description

MSWt Total MSW generated
MSWF Fraction of MSW disposed at the landfill

Lo Methane generation potential
F Fraction by volume of CH4 in landfill gas
R Recovered CH4 (Gg/year)

OX Oxidation factor (fraction)

Final product utilization (item use vs. production) CF calculations
The intention of this analysis consists of comprehending the difference between

the GHG emissions embedded in a certain product or component production and those
generated during the utilization of the same component.

It goes without saying that the procedure needed for obtaining the CF of the product
utilization (Equation (A25)) depends thoroughly on the final use that the product possesses,
and whether it will be used on its own or integrated into another system (“mother item”).

In this particular case, the analyzed product is assumed to be a component of a major
transport system. For instance: light vehicles (LVEs), heavy-duty transport (HDT), and
commercial vehicles (CVEs), amongst others. Thus, the main parameters required to
estimate the CF of this component once integrated in the concerned transport system can
be observed in Table A4.

To be able to compare the CF of the product production and its use, it is necessary
to establish a weight ratio (E) (Table A4) so that the CO2e per kg of component versus
the CO2e per kg of the automobile in which the component is assembled and carries its
function out can be compared.

CF embedded in the product utilization (t o f CO2e) = E = A× D× E = A× D× B
C

(A25)
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Table A4. Variables needed to estimate the CF of the concerned product utilization.

Features Sort of Vehicle

Life expectancy (km) (A) LVE, HDT, Light CVE, etc.
Son element weight (g) (B) LVE, HDT, Light CVE, etc.

Mother element weight (g) (C) LVE, HDT, Light CVE, etc.
GHG emission (mother element) (kg/km) * (D) LVE, HDT, Light CVE, etc.

Product weight ratio (%) (E) LVE, HDT, Light CVE, etc.
Total CO2e caused by the use of the “mother

element” (=vehicle) (kg of CO2) (F) LVE, HDT, Light CVE, etc.

* Dependent on the fuel utilized by each selected transport mean.
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