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Figure 3-5 Sub-index, Economy, and its clusters
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Figure 3-6 Sub-index, Environment, and its clusters

Figure 3-7 Sub-index, Society, and its clusters

The complete set of product sustainability metrics is a large system, it is difficult to show
it in a table with all individual metrics. Detailed individual metrics under each sub-cluster

are provided in a written form as follows.
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For the sub-index of economy, under the cluster of initial investment, the sub-clusters
are: capital cost, research and development cost; equipment cost and employee training.
Under the cluster of direct/indirect cost and overheads, the sub-clusters are: labor cost;
material cost; energy cost; logistics cost; product operational; cost and legal cost. Under

the cluster of benefits and losses, the sub-clusters are market value; quality losses.

For the sub-index of environment, under the cluster of material use and efficiency, the
sub-clusters are product material content; material utilization; regulations and
certification. Under the cluster of energy use and efficiency, the sub-clusters are energy
from renewable sources; energy from non-renewable sources; energy regulations and
certification; energy efficiency. Under the cluster of other resources use and efficiency,
the sub-clusters are: water use; recycled water use; other natural resources; natural
resource regulations and certification. Under the cluster of waste and emissions, the sub-
clusters are gaseous emissions; solid waste; liquid waste; other waste and emissions;
waste management regulations and certification. Under the cluster of product end-of-life
(EOL), the sub-clusters are EOL product/material recovery; EOL product reuse, EOL
product remanufacturing; EOL recycling, product EOL regulations and certification.

For the sub-index of society, under the cluster of product quality and durability, the sub-
clusters are product repair and maintenance, product reliability, return, recall and
warranty. Under the cluster of functionality, the sub-clusters are major product
specifications, product customizability, product functional effectiveness, ease of
operation. Under the cluster of product EOL management, the sub-clusters are ease of
disposal, product EOL societal impact. Under the cluster of product safety and health
impact, the sub-clusters are safety and health. Under the cluster of product societal
impact regulations and certification, the sub-clusters are product EOL regulation

compliance, product EOL certification.
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3.2.2 Product Sustainability Index (ProdSI) Methodology

The product sustainability index is an established comprehensive methodology that
assesses sustainability performance of all manufactured products. The ProdSlI structure is
five-leveled and its index value is computed based on the product sustainability metrics
introduced from the previous section. The five-level hierarchal configuration includes
individual metrics, sub-clusters, clusters, sub-index, and the ProdSl. Figure 3-8 shows the

five-leveled structure and the assessment methods applied (Zhang et al., 2012).

Metrics L
Normalization ;T\./._——

_ Sub-cluster

A 4 ~ Weighting
Cluster

Aggregation = h 4
Sub-index |_

e

h 4
_ ProdS/

Figure 3-8 The hierarchical structure of the ProdSI methodology and the assessment
methods applied

By generating the final ProdSl score, the overall performance of a particular
manufactured product can be obtained, thus ultimately can be analyzed. The generation
of ProdSI requires a series of procedures - data normalization, weighting, and score
aggregation - as shown in Figure 3-9.

Individual e .
m L m

Figure 3-9 The five-step hierarchical ProdSI evaluation process
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Concepts and methodologies applied to each procedure for generating the ProdSl are

introduced as follows.

The ProdSI methodology aims to assess the sustainability content of a product without
being limited by a generally accepted practice or certain current technology. When the
measured data are to be normalized on to a 0 to 10 scale, the score of 10 representing the
best case is assigned only when a theoretically perfect case is achieved. Conversely, a

score of zero is given only when the worst conditions occur for a product.

Data Normalization

Physical measurement collected for each individual metric could have inconsistent units
so that they cannot be summed up together directly. Even for the same individual
measurement, data collected may vary largely due to industrial areas. Therefore, finding a
way to compare the performance for each impact category is essential. Normalization
allows results of the indicator to be compared by a referenced/controlled value. For the
referenced values, quantities for reference region or country during a time period can be
usable. For example, the overall emission of CO, in the US for a year, and the CO,-
equivalents per capita in Europe per year. As a result, by dividing the reference values,
normalized scores become non-dimensional quantities that allow comparisons between
different impact categories, even though normalization approaches vary among different
impact assessment methods. Physical wunits are avoided after normalization.
Normalization reveals the effects that are large or small in relative terms. It does not tell

comparative importance of these effects.

The normalization method developed reflects the physical data on a 0 to 10 scale. Each
individual metric is normalized independently. In general, a score of eight and above is
assigned to ‘excellent’ status, a score of 6 represents ‘good’ condition, a score of 4 means
‘average’, and a core of 2 and below shows an “unacceptable’ stage that needs efforts for
an improvement. Normalization scores can be generated according to following

scenarios.
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Objective Normalization

Regulation and/or standard-guided scenario

Established regulations and standards usually set a single allowable value according to
the impact of the subject to be measured. In addition, the overall physical range is
separated into two segments, (a) regulation- or standards-compliant, and (b) non-
compliant. Different scaling should be considered for each of the segments. Mass of
hazardous material use, for instance, is a good example that belongs to this normalization

condition.

Purely best and worst case scenario

When a purely best/worst case scenario is considered, normalization scores are assigned
based on seriousness of the impact, for example, product material content and energy

consumption.

Subjective Normalization

In some cases, it is difficult to quantify some measurements - such as human health
impact and societal impact - because of the lack of understanding of the problem. In such
cases, subjective normalization approaches can be applied. In general, normalization
scores can be generated from subjective surveys or questionnaires for opinions from
industrial experts, customers, academic researchers and/or governmental/non-
governmental organizations. Unlike the objective normalizations, subjective

normalization scores can be sometimes discrete or stepwise.
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Scaling Methods and The Range of Physical Data

Results of the measurements after normalization can be represented via different
mathematical curves. A linear relationship between the data of a measurement and its
impact can be expressed by a linear scaling curve. The data range should be bounded.
Several non-linear scaling curves can be used to address relations that are more complex,
for example, exponential growth, exponential decay, or stair-wise curves. The data range
for non-linear relations can be unbounded. Different scaling methods can be applied for
one measurement, depending on the situation or a certain part of the data range that needs

can be taken into consideration.

Weighting

A weighting factor is assigned to each of the normalized scores for the sake of further
scaling the results in a sense of seriousness and/or importance. Different impact

assessment methods follow their own approaches of assigning weightings.

Three weighting methods are commonly accepted and used: equal weighting, subjective
weighting, and weighting followed by analytical approaches. An equal weight is assigned
to all measurements within a cluster to assume that all elements are equally important.
Equal weighting method can be used when the relative importance of each individual
metrics is not sensitive or importance of the metrics is not the focus. Subjective weights,
associated with subjective judgment towards a value and the importance of an element,
can be drawn from statistics and/or from surveys and questionnaires. Typically, opinions
considered can be from engagers, customers, industrial peers, experts, original equipment
manufacturers, government officials, and so on. For analytical approaches such as
analytic hierarchy process (AHP), problems are decomposed into sub-problems, from
which their importance is analyzed separately and the result is compared to one another at
a time. Finally, the overall weighting factors are generated according to the comparison.
Analytic approach might be relatively more objective than the other two; but it is fairly

time-consuming and it needs a lot of work force.
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When the ProdSl is used to compare the sustainability performance of multiple similar
products, the comparison should be based on the same normalization and weighting
methods. It should be noted that weighting itself is a subjective step, thus weighting
scores may not be used for the case of public comparisons among products, according to
ISO standards (1SO14040 2006). Weighting is commonly used in life-cycle assessment
and product sustainability evaluation; however, it is the least developed, thus it can be

one of the most challenging steps among the impact assessment procedures.
Score Aggregation

A comprehensive sustainability index score can finally be generated based on the
normalized data and weighting factors applied. The correlations can be expressed by
equation (3-1) (Zhang et al., 2012).

1 1
ProdSI =2 (E; + E, + S0) = (BLy wiCi + ZioawiCi + LiZowiC) (3-1)

SCq = X Mw'Vj

where,
Ec Sub-index score for economic impact
Ev - Sub-index score for environmental impact

So - Sub-index score for societal impact

c

w;~ - Weighting factor for the ith cluster

sC

w;> - Weighting factor for the jth sub-cluster

m

Wi - Weighting factor for the kth metric
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Interpretation of evaluated results

After the results are obtained, it is essential to interpret them for transparency. Two major
objectives are defined in this step, one of which is to analyze the results, draw
conclusions, and address limitations and challenges, and to provide recommendations
according to the results gained from the previous step. The other goal is to present the
complete and consistent result outcomes, in accordance with the scope and boundary of

the case. Two key steps are included:

(a) Compare alternative product EOL strategies

By comparing alternatives, the most potentially sustainable product prototype
can be selected for developing the next product generations, when the LCA, in

conjunction with the ProdSI evaluation, is integrated into product design.

(b) Draw conclusions, limitations and challenges, recommendations, and to present

a report.

3.3.2 Most Commonly Used LCA Methods

Some of the most commonly used LCA methods are listed in Table 3-3. Descriptions for
each method are given below. In this research study, SimaPro 7.3 software is used, and
Eco-indicator 99 (H) is applied as the default assessment method for LCA.
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Table 3-3 Commonly used LCA impact assessment methods and tools

Region Method Region Method
CML Baseline 2000 EDIP 2003
Eco-indicator 99 (E/H/) EPD 2008
North
European Impact 2002 + TRACT (USA EPA)
American
ReCiPe Midpoint (E/H/I/E) BEES (NIST)
EPS 2000

Eco-indicator 99

Developed by PRé Consultants B.V., Eco-indicator 99 (Eco-indicator, 1999) is a life-

cycle impact assessment tool that helps designers to evaluate a product’s environmental
impacts by computing eco-indicator scores for materials and processes used. The
resulting scores provide indication to the areas of strength and weaknesses of that
product. The Eco-Indicator impact assessment is carried out via three sections:
production of raw materials, manufacturing processes; transportation of product, energy
use, and consumables used for repair and maintenance; and final disposal. The method is
damage-oriented that the weighted damage impacts include human health, ecosystem
quality, and resources. It goes through three phases before the final score aggregation.
The first phase is to calculate resources used, land used, and emissions as an inventory.
The second phase is to model and to analyze damages to human health and to ecosystem
caused by the usage. Finally, weak area(s) are assessed, thus improvements are indicated

by use of weightings (Eco-indicator, 2000).
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EPS 2000

EPS 2000 is a systematic approach to Environmental Priority Strategies (EPS). It is also
considered as the default methodology for EPS in the stage of product design. The EPS
system is primarily used as a tool for a company's internal product development. Its
assessments include characterization, damage assessment and evaluation. The impact
categories are identified from five areas - human health, ecosystem production capacity,

abiotic stock resource, biodiversity and cultural and recreational values. (Steen, 1999)

CML 2 Baseline 2000

The CML 2 baseline is a problem-oriented approach that their indicators are categorized
at a mid-point level. Based on the principle of best available practice, a baseline indicator
is selected if several methods are available for obligatory impact. It is a simplified
method for impact assessment. Therefore, for detailed and extended studies, it provides

guidelines for inclusion of other methods and impact category indicators (CMLCA 2001).

Impact 2002 +

The life-cycle impact assessment methodology IMPACT 2002+ is mainly a combination
approach that interrelates all life-cycle inventory results among IMPACT 2002, Eco-
indicator 99, CML 2000, It considers several midpoint categories, including human
toxicity carcinogenic effects, human toxicity, respiratory effects, ionizing radiation,
ozone layer depletion, photochemical oxidation, aquatic acidification, terrestrial
acidification/nitrification, land occupation, turbined water, global warming, non-
renewable energy consumption, mineral extraction, water withdrawal and water
consumption. All midpoint scores are grouped into four damage categories: human
health, ecosystem quality, climate change, and resources. Normalization can be
performed either at midpoint level or at damage level. The IMPACT 2002+ methodology
provides characterization, damage assessment, normalization and evaluation (Jolliet et al.,
2003).
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ReCiPe Midpoint

The ReCiPe is another midpoint method that primarily transforms the long list of life-
cycle inventory results into a limited number of, and easy to understand, indicator scores.
These indicator scores express the relative severity on an environmental impact category.
Two levels of indicators are determined within ReCiPe: eighteen (18) midpoint
indicators; and three (3) endpoint indicators. By having these two-level indicator system,
it allows the users to choose the certain level results they would like to have. Certain
level of damages created by combination of a series of environmental effects can be of
threat to human health or ecosystems. Its impact assessments include damages to human

health, ecosystem, and resource availability (Goedkoop et al., 2009).

TRACI (US EPA)

Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts
(TRACI), developed by EPA, is aimed at achieving long-term environmental results by
assessing the impact for a consistent set of metrics and decision-making framework. It
examines the potential impacts associated with the raw material usage and chemical
releases from the processes of producing a product. TRACI enables the examination of
potential impacts for not only a single life-cycle stage, but also the entire life-cycle
stages; and further comparison of results between products or processes. Based on
available impact categories - ecosystem analysis, human health impact, and resource,
energy and land usage, this method can preliminarily determine or to compare among
multiple options. Results from the impact assessments are valuable for product life-cycle
assessment, industrial ecology, process design, and pollution prevention. This
methodology was specifically developed for the input parameters in the United States. Its
modular design has the capability of using various simulations to determine the most

appropriate characterization factors to represent the various conditions. (TRACI, (EPA))
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BEES (NIST)

Developed by the National Institute of Standards and Technology (NIST) Engineering
Laboratory, the BEES (Building for Environmental and Economic Sustainability) is a
powerful tool that helps to select cost-effective and environmentally preferable building
products. The software is developed and designed based on consensus standards. For
evaluating the environmental performance of building products, the LCA approach
specified in the I1ISO 14040 is applied. All stages in the life-cycle of a product are
analyzed: raw material acquisition, manufacturing, transportation, installation, use, and
recycling as well as waste management. For measuring the economic performance of
products, LCC method that is standardized in the standard system of American Society
for Testing and Materials (ASTM) is used. The measurements cover the costs of initial
investment, replacement, operation, maintenance and repair, and disposal. Finally,
environmental and economic performance evaluated is combined into an overall

performance analysis (BEES, Descripion/Summary).

3.4 Summary

A new methodology was presented in this chapter for assessing the sustainability
performance of metallic automotive components. Based on the comprehensive metrics
for the product sustainability, the sustainability performance of a manufactured product
can be comprehensively evaluated via using the ProdSI methodology. The 6R
methodology can be applied throughout the entire life-cycle of the product.
Improvements of the overall sustainability can be achieved with the use of the 6R
methodology. The improvements can be quantitatively assessed by calculating the ProdSl

score.

In the next chapter, the proposed methodology will be demonstrates systematically via

modeling of the total life-cycle stages for metallic automotive components.
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CHAPTER 4
LIFE-CYCLE MODELING OF METALLIC AUTOMOTIVE COMPONENTS AND

MATHEMATICAL MODEL FOR PRODUCT SUSTAINABILITY METRICS

In this chapter, the new methodology discussed in the previous chapter is demonstrated.
LCA models for metallic automotive components are built with the consideration of total
life-cycle of the product. Different product EOL scenarios are analyzed. As a result of
applying the 6R methodology, the overall product sustainability shows improvements.
The first part of this chapter presents the modeling work and the results for various
product EOL scenarios. The second part of this chapter presents a mathematical model
that aims to find an optimum percentage mix for the product EOL activities. An ultimate

closed-loop material flow can be achieved.

According to the 6R methodology, reduce and recovery are involved throughout the
entire life-cycle stages of a product. Reduce focuses on reducing the use of raw materials
and resources, and reducing wastes and emission. Product recovery includes the
processes that are aimed at promoting the reuse of materials/components, such as EOL
product collection, sorting, and cleaning. The recovered materials/components are further
utilized in the subsequent life-cycle of the same or other products. Therefore,
emphasizing the EOL product reuse, remanufacturing, and recycling becomes the focus
of the section for modeling the product’s life-cycle. Quantities of the selected metrics
(mass of hazardous material use, energy use, water use, greenhouse gas emission, and
mass of waste disposed) are expected to change, regardless of whether the EOL
components are reused, remanufactured, or whether the EOL components are recovered

through material recycling.

Several assumptions are made for the LCA product models.

e The chosen product is a stand-alone manufactured component from a single

material.
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* It is assumed that all outputs of 6R activities within this research are used for

producing the same components, not for other products.

* Because the components are made of alloy steel, the percentage of component
reused, remanufactured, and the percentage of material recycled are assumed to
be unanimous with the ratio of reused, remanufactured, and recycled EOL product

respectively.

To analyze the effects of applying different EOL activities on the sustainability behavior
of the chosen product, four life-cycle stages of the product are modeled in SimaPro. Data
received from a case study at an automotive manufacturer are adjusted slightly and used
for the M stage. Values for the U stage are normalized per weight of a vehicle. Input
parameters obtained based on the industrial practices and process equipment
manufacturers for the PM and PU stages are provided in Table 4-1.
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Table 4-1 Input parameters to the LCA software

Inventory

Categories Inputs (per component) Amount | Unit
Metallic automotive component raw piece 26.55 Kg
Steel, billet, at plant/US 26.55 Kg
Induction heating 26.55 Kg
Press hammering 26.55 Kg
" Truck 16t 0.13 tkm
S
% Metal Metallic automotive component finished product 21.92 Kg
= Metallic automotive component raw piece 26.55 Kg
Water, unspecified natural origin, US (in ground) 10.41 Kg
Electricity, production mix US/US U 58.82 Kg
Truck 16t 0.13 tkm
Metallic automotive component chips recycling 4.63 Kg
Induction heating (Induction billet heater) 26.55 Kg
Water, unspecified natural origin, US (in ground) 533.20 L
Electricity, production mix US/US U 44.00 kWh
g) . Press hammering (Forging press hammer) 26.55 Kg
g Chlpl_ess
§ Shaping Electricity, production mix US/US U 6.68 kWh
Metallic automotive component smelting (Smelter) 21.92 Kg
Water, unspecified natural origin, US (in ground) 394.56 L
Electricity, production mix US/US U 13.59 kWh
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Inventory

Categories Inputs (per component) Amount | Unit
Metallic automotive component shredding (Shredder) 21.92 Kg
Chipping
Electricity, production mix US/US U 121 kWh
Metallic automotive component plasma thermal powder 463 K
coating, steel/RER U ' g
. Water, unspecified natural origin, US (in ground) 617.28 L
Coating
Electricity, production mix US/US U 67.52 kWh
Steel powder, billets, at plant/US 4.63 Kg
Metallic automotive component magnetic particle inspection 21.92 Kg
Electricity, production mix US/US U 1.00 kWh
Metallic automotive component steam spray cleaning (Steam
Others spray cleaning system) 21.92 Kg
Water, unspecified natural origin, US (in ground) 208.20 L
Electricity, production mix US/US U 1.50 kWh
Truck 16t 0.0430 | tkm
Truck 16t 0.1300 | tkm
Truck 16t 0.0081 | tkm
Transport
Metallic automotive component sorting (Material handler 21.9200 | Kg
excavator)
Electricity, production mix US/US U 0.0008 | kWh
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Inventory

Categories Inputs (per component) Amount | Unit
Metallic automotive component chips disposal, steel, to inert 463 K
material landfill/Kg/CH ' g
Steel waste 4.63 Kg
Truck 16t 0.0081 | tkm
Metallic automotive component disposal, steel, to inert material 21.92 K
landfill/Kg/CH ' g
Waste Steel waste 21.92 Kg
P Treatment
Truck 16t 0.0430 | tkm
r
0 Metallic automotive chips recycling 4.63 Kg
¢ Steel, billet, at plant/US 458 Kg
e
S Truck 16t 0.0081 | tkm
si Slags and ashes 0.0463 | Kg
n
g Metallic automotive recycling 21.92 Kg
Steel, billet, at plant/US 21.70 Kg
Truck 16t 0.0430 | tkm
Waste
Treatment Slags and ashes 0.2200 Kg
Metallic automotive component sorting 21.92 Kg
Metallic automotive component shredding 21.92 Kg
Metallic automotive component smelting 21.92 Kg
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4.1 Life-Cycle Modeling of Metallic Automotive Components

4.1.1 Modeling the Reused EOL Product

4.1.1.1 Description

Figure 4-1 illustrates the decision flow for reusing the products at their EOL. Figure 4-2

shows all involved processes for reusing EOL products across four life-cycle stages.

Reduce

Redesign
(For next generation
el

Figure 4-1 Decision flow diagram across four life-cycle stages for reusing EOL

products
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Figure 4-2 Process map across four life-cycle stages for reusing EOL products

The processes considered for the PM stage include induction heating and press
hammering. The same processes are considered for the PM stage of the other two EOL

product scenarios: EOL product remanufacturing and recycling.

The processes for producing finished products in the M stage involve turning, milling,
drilling, and grinding. The same manufacturing plant is considered for the scenarios of

remanufacturing and recycling the EOL products.

In the U stage, input parameters are normalized by weight of a car.

In the PU stage, since the components are made of alloy steel which can be fully
recovered, they go through a series of EOL processes including a preliminary inspection,
EOL product cleaning, and a precise inspection. For the components that pass the

magnetic particle inspection, they can be directly used to make new products.
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4.1.1.2 Results and analysis

Mass of Hazardous Material Use

Table 4-2 shows the changes of mass of hazardous material use when the ratio of reused
EOL product varies from 0% to 90%. In the PM and M stages, the mass of hazardous

material use decreases linearly as an effect of fewer virgin materials used.

Table 4-2 Mass of hazardous material use for various ratio of reused EOL product

Mass of hazardous material use (mg/unit)
% Re-use
PM M U PU Total
0% 120.20 40,000 0.00 0.00 40,120.20
20% 96.20 32,000 0.00 18.21 32,114.41
40% 72.10 24,000 0.00 17.67 24,089.77
60% 48.20 16,000 0.00 17.03 16,065.23
80% 24.16 8,000 0.00 16.39 8,040.55
90% 12.01 4,000 0.00 15.97 4,027.98

In the M stage, the mass of hazardous material use contains mainly used coolant; it also
includes other forms of hazardous contents, such as fumes and metal debris. The used
coolant is 100% recycled. Value for the U stage stays zero as the components do not
generate any hazardous materials during its U stage. Constant trends apply to all
subsequent individual metrics for both M and the U stages analyzed in this study. In the
PU stage, the amount of hazardous material use increases as the ratio of reused EOL
product increases. This is because more product EOL activities are involved along with
the increase of reusing old products. This trend can be represented by the curve shown in

Figure 4-3, and it can be expressed by Eqn. (4-1), where the mass of hazardous material
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use is expressed as a function of the ratio of reused EOL product (x). The function is

obtained by fitting a curve to the trend line.

Mass of Hazardous Material Use (PU Stage)
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5 &6 3
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% of Re-use at EOL

Figure 4-3 Variation curve for mass of hazardous material use at the PU stage of
reusing EOL products

Ymh,, = —306.67 x* + 696.68x3 — 553.47x% + 174.88 x + 0.05 (4-1)

The total mass of hazardous material use for four life-cycle stages drops linearly when
the ratio of reused EOL product varies from 0% to 90%. This decreasing trend can be

represented by the curve shown in Figure 4-4; and it can be expressed by Eqn. (4-2).

Mass of Hazardous Material Use (Total)
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Figure 4-4 Variation curve for total mass of hazardous material use of reusing EOL
products
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Ymhepr =~ 40108 x + 40129 (4-2)

Energy Use

Table 4-3 shows how the energy use changes when the ratio of reused EOL product
varies from 0% to 90%. In the PM and the M stages the amount of energy use is a
combination for both, due to the fact that less numbers of products are manufactured
when some EOL components are reused. Therefore, reduced need for virgin materials
results to a decrease in the energy use at these two stages. This trend can be represented
by the curve shown in Figure 4-5, and it can be expressed by Eqgn. (4-3).

Table 4-3 Energy use for various ratio of reused EOL product

Energy (MJ/unit)
% Re-use
PM + M ) PU Total
0% 405.00 | 8,913.56 0.00 9,318.56

20% 366.20 | 8,913.56 1.80 9,281.56

40% 274.40 | 8,913.56 3.60 9,191.56

60% 183.60 | 8,913.56 5.40 9,102.56

80% 91.90 8,913.56 7.20 9,012.66

90% 45.70 8,913.56 8.10 8,967.36
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Energy Use (PM + M Stages)
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Figure 4-5 Variation curve for energy use at the PM and M stage of reusing EOL

products

Yeupmsm = —149.4 x2 —278.67 x + 412.54 4-3)

In the PU stage, the energy use increases linearly when the ratio of reused EOL product

increases.

The total energy use for four life-cycle stages decrease as expected when the ratio of
reused EOL product varies from 0% to 90%. This decreasing trend can be represented by

the curve shown in Figure 4-6, and it can be expressed by Eqn. (4-4).

Energy Use (Total)

9,400

5 9,300 K

< 9,200

2 9,100

D

> 9,000

2

S 8,900

L 0% 20% 40% 60% 80% 100%

% of Re-use at EOL

Figure 4-6 Variation curve for total energy use of reusing EOL products
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Yeurgry — —149.4 x% —269.67 x + 9326.1 (4-4)

Water Use

Table 4-4 shows how water use changes when the ratio of reused EOL product varies
from 0% to 90%. In the PM and the M stages, the water use decreases linearly because it

is directly related to the amount of virgin materials used.

Table 4-4 Water use for various ratio of reused EOL product

Water (Kg/unit)
% Re-use

PM M U PU Total
0% 616.59 10.41 0.00 0.00 627.00
20% 493.67 8.33 0.00 357.00 859.00
40% 369.75 6.25 0.00 320.00 696.00
60% 246.84 4.16 0.00 283.00 534.00
80% 123.92 2.08 0.00 245.00 371.00
90% 62.60 1.04 0.00 227.00 290.64

In the PU stage, the water use shows a rapid increase as the ratio of reused EOL product
increases to 20%. The rapid growth in water use is due to the effect of turning on the
entire EOL operating system. And, then it reduces slowly along with the percentage of
reusing EOL products changes from 20% to 90%. This trend is shown in Figure 4-7, and
it can be expressed by Eqgn. (4-5).
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Water Use (PU Stage)
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Figure 4-7 Variation curve for water use at the PU stage of reusing EOL products

Yy, =—63702x*+ 14523 x> — 11566 x2 + 3536 x + 1.05 (4-5)

Total water use for four life-cycle stages increases as the ratio of EOL product recycled
increases to 20%, then it drops as the percentage increases to 90%. This trend can be

represented by the curve shown in Figure 4-8, and it can be expressed by Eqgn. (4-6).

Water Use (Total)
1000

= 800

3

g 600

8 400

5) \

& 200

©

= 0

0% 20% 40% 60% 80% 100%

% of Re-use at EOL

Figure 4-8 Variation curve for total water use of reusing EOL products

Ywrgrq = 3061.7 x3 —5210.9 x* + 1843.1 x + 637.52 (4-6)
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Greenhouse Gas Emissions

Table 4-5 shows the changes of Greenhouse Gas emission when the ratio of reused EOL
product varies from 0% to 90%. In the PM and the M stages, the Greenhouse Gas

emissions decrease linearly due to the decreasing amount of virgin material used.

It can be observed that the major contribution of the GHG emission comes from the U

stage, because a vehicle consumes a large quantity of energy.

Table 4-5 Greenhouse Gas emission for various ratio of reused EOL product

Greenhouse Gas emission (Kg/unit)
% Re-use
PM M U PU Total
0% 55.52 52.35 |278,370.71 0.00 278,478.58
20% 44.50 41.88 278,370.71 0.33 278,457.42
40% 33.25 31.41 278,370.71 0.27 278,435.64
60% 22.17 20.94 278,370.71 0.21 278,414.03
80% 11.09 10.47 278,370.71 0.14 278,392.41
90% 5.53 5.24 278,370.71 0.11 278,381.59

The Greenhouse Gas emissions in the PU stage shows a rapid increase when the ratio of
reused EOL product increases to 20%, then it drops slowly when the percentage of
reusing EOL products changes from 20% to 90%. This trend can be represented by the

curve shown in Figure 4-9, and it can be expressed by Eqgn. (4-7).
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Figure 4-9 Variation curve for GHG emission at the PU stage of reusing EOL

products

Ygep, = —6.43 x* 4+ 14.63x3 — 11.63x% + 3.42 [

(4-7)

The total Greenhouse Gas emission for four life-cycle stages shows a linear decrease as

shown in Figure 4-10, and it can be expressed by Eqn. (4-8).
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Figure 4-10 Variation curve for total GHG emission of reusing EOL products

ygetotal

= —107.93 x + 278479

61

(4-8)



Direct Cost

Table 4-6 Cost data used in this study

Item Unit Price
Labor cost $ 15/hour
Material cost $2.12/Kg
Electricity cost $ 0.0505/kWh
Water cost $ 1.52/ton

Table 4-6 provides the cost data that are used to calculate all cost related metrics in this
study. For the labor cost, it is directly proportional to the hours of workforce involved in
the processes at each product life-cycle stage. Its values of variation are shown in Table
4-7. All the other economic metrics selected — material cost, energy cost, and water cost -
are directly related to the amount of usage for each metric. Tables 4-8, 4-9, and 4-10
show variations of material, energy, and water costs, respectively. It can be observed that
the material cost, energy cost and water cost all show a decreasing trend as a result of
reducing the use of virgin materials; while only the labor cost increases. This is because
more labor hours are involved at the PU stage when the percentage of reused EOL

product increases.

Table 4-7 Labor cost for various ratio of reused EOL product

% Re- Labor cost ($/unit)

use PM M U PU Total
0% 3.33 3.59 0.00 0.00 6.92
20% 2.67 2.87 0.00 3.38 8.92
40% 2.00 2.15 0.00 6.75 10.90
60% 1.33 1.43 0.00 10.13 12.89
80% 0.67 0.72 0.00 13.50 14.89
90% 0.33 0.36 0.00 15.19 15.88
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Table 4-8 Material cost for various ratio of reused EOL product

%
Re-use

Material cost ($/unit)

PM M U PU Total

0% 45.00 45.00

20% 36.00 36.00

40% 27.00 27.00

60% 18.00 18.00
80% 9.00 9.00
90% 4.50 4.50

Table 4-9 Energy cost for various ratio of reused EOL product

% Energy cost ($/unit)

Re-Use PM & M u PU Total
0% 5.68 125.04 0.00 130.72
20% 5.14 125.04 0.03 130.21
40% 3.85 125.04 0.05 128.94
60% 2.85 125.04 0.08 127.97
80% 1.29 125.04 0.10 126.43
90% 0.64 125.04 0.11 125.79

63




Table 4-10 Water cost for various ratio of reused EOL product

% Water cost ($/unit)

Re-use | py M U PU Total
0% 0.94 0.02 0.00 0.00 0.96
20% 0.75 0.01 0.00 0.54 1.30
40% 0.56 0.01 0.00 0.49 1.06
60% 0.38 0.01 0.00 0.43 0.82
80% 0.19 0.00 0.00 0.37 0.56
90% 0.10 0.00 0.00 0.35 0.45

Total direct cost values can be computed by summing up the costs for each varying ratio
of reused EOL product. From the results shown in Table 4-11, a decreasing trend can be
observed. This trend can be presented by the linear curve shown in Figure 4-11, and it

can be expressed by Eqn. (4-9).

Table 4-11 Total direct cost for various ratio of reused EOL product

Reo_/&se Total direct cost ($/unit)
0% 183.60
20% 176.43
40% 167.90
60% 159.68
80% 150.88
90% 146.62
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Figure 4-11 Variation curve for the total direct cost of reusing EOL products

ycosttotal = _41.51x + 184.19 (4_9)

4.1.1.3 Comparison of Results and Summary

As a result of reusing EOL products and reducing the amount of virgin materials

involved, the selective metrics all show decreases at various degrees.

Producing new products with reused components, compared with using virgin materials,
shows improved product sustainability. Most economic, environmental, and societal
impacts are directly or indirectly related to the use of virgin materials and resources. As
an example, Figure 4-12 illustrates the large difference in the use of hard coal to make
new products. The direction of arrows shows where the impact is from. Thickness of the
red lines represents the seriousness of the impact. The thicker the red line is, the larger
the impact is. Green lines represent how much resources are voided from reusing EOL
products. Simply put, the wider the green lines are, the more sustainable the modeled
product is. It is apparent that the use of hard coal is a lot less, when 90% of EOL products
are reused comparing with the 20% of reusing EOL products.
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Figure 4-12 Comparison for hard coal use at 20% vs. 90% ratio of reusing EOL
product

4.1.2 Modeling the Remanufactured EOL Product

4.1.2.1 Description

Figure 4-13 illustrates the decision flow for remanufacturing the products at their EOL.

Figure 4-14 shows all involved processes for remanufacturing EOL products across four
life-cycle stages.
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Figure 4-14 Process map across four life-cycle stages for remanufacturing EOL

In the PU stage, the processes of remanufacturing the EOL components include

preliminary inspection, cleaning, magnetic particle inspection, and material deposition.
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4.1.2.2 Results and analysis

Mass of Hazardous Material Use

Table 4-12 shows the changes of mass of hazardous material use when the ratio of
remanufactured EOL product varies from 0% to 90%. In the PM and the M stages, the
mass of hazardous material use shows a linear decreasing trend as a result of using fewer

virgin materials.

Table 4-12 Mass of hazardous use for various ratio of remanufactured EOL product

% Re- Mass of hazardous material use (mg/unit)
manufacturing oM M U oU Total
0% 120.20 40,000 | 0.00 | 0.00 40,120.20
20% 96.20 32,000 | 0.00 | 34.90 32,131.10
40% 72.10 24,000 | 0.00 | 50.90 24,123.00
60% 48.20 16,000 | 0.00 | 66.90 16,115.10
80% 24.16 8,000 0.00 | 82.80 8,106.96
90% 12.01 4,000 0.00 | 90.80 4,102.81

In the PU stage, the amount of hazardous material use shows a large increase when the
ratio of remanufactured EOL product increases. The slope of increase is larger than the
one of the scenario for reusing the old products. This is because one additional EOL
process is needed for remanufacturing, which is material deposition for powered steel.
This trend can be represented by the curve shown in Figure 4-15, and it can be expressed
by linear Eqn. (4-10).
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Ymhyy = —53.64x% + 144.05 x + 2.73 (4-10)

The total hazardous material used for four life-cycle stages shows a linear decrease when

the ratio of remanufactured EOL product varies from 0% to 90%. This trend can be

represented by the curve shown in Figure 4-16, and it can be expressed by Eqn. (4-11).
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Ymheprr =~ 40025 x + 40129 (4-12)

Energy Use

Table 4-13 shows how the energy use changes when the ratio of remanufactured EOL
product varies from 0% to 90%. In the PM stage, the energy use shows a decreasing
trend, which can represented by the curve shown in Figure 4-17, and it can be expressed
by Eqn. (4-12).

Table 4-13 Energy use for various ratio of remanufactured EOL product

% Re- Energy (MJ/unit)
manufacturing oM Ny U U Total

0% 193.25 | 211.75 8,913.56 0.00 9,318.56
20% 154.60 | 169.40 8,913.56 274.00 | 9,511.56
40% 92.76 | 127.05 8,913.56 519.19 | 9,652.56
60% 37.10 | 84.70 8,913.56 757.20 | 9,792.56
80% 742 | 42.35 8,913.56 970.23 | 9,933.56
90% 0.74 | 21.18 8,913.56 1068.08 | 10,003.56
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Figure 4-17 Variation curve for energy use at the PM stage of remanufacturing
EOL products

Yeupm = 88.58x% —307.94 x + 200.14 (4-12)

In the M stage, the amount of energy use decreases linearly because fewer virgin

materials are involved when EOL products are remanufactured.

In the PU stage, more remanufacturing activities are involved, and this leads to a rapid
increase in energy use when the ratio of remanufactured EOL product increases. This is
especially due to the process of thermal spray for powered material. This trend can be
represented by the curve shown in Figure 4-18, and it can be expressed by Eqn. (4-13).
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Figure 4-18 Variation curve for energy use at the PU stage of remanufacturing EOL
products

Yeup, =—237.28x%+1188.8x +0.675 (4-13)

The total energy use for four life-cycle stages increases tremendously when the ratio of
remanufactured EOL product varies from 0% to 90%. This increasing trend can be

represented by the curve shown in Figure 4-19, and it can be expressed by Eqn. (4-14).
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Figure 4-19 Variation curve for total energy use of remanufacturing EOL products
Veugpe = —148.7 x* — 880.85 x + 9326.1 (4-14)
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Water Use
Table 4-14 shows how water use changes when the ratio of remanufactured EOL product
varies from 0% to 90%. In the PM and the M stages, the water use decreases linearly as a

result of remanufacturing old products.

Table 4-14 Water use for various ratio of remanufactured EOL product

% Re- Water (Kg/unit)
manufacturing oM M U oU Total
0% 616.59 | 10.41 | 0.00 0.00 627.00
20% 493.67 8.33 | 0.00 942.00 1,444.00
40% 369.75 6.25 | 0.00 | 1490.00 1,866.00
60% 246.84 416 | 0.00 | 2040.00 2,291.00
80% 123.92 2.08 | 0.00 | 2580.00 2,706.00
90% 62.60 1.04 | 0.00 | 2860.00 2,923.64

In the PU stage, the water use shows a tremendous increase as the ratio of
remanufactured EOL product increases, since large quantity of water is needed for the
cleaning process. This trend can be represented by the curve shown in Figure 4-20, and it

can be expressed by Eqn. (4-15).
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Figure 4-20 Variation curve for water use at the PU stage of remanufacturing EOL
products

Ywup, =—1118.9x% +4075.7 x +56.9 (4-15)

Total water use for four life-cycle stages increases when the ratio of remanufactured EOL
product varies from 0% to 90. This variation can be represented by the curve shown in

Figure 4-21, and it can be expressed by Eqn. (4-16).
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Figure 4-21 Variation curve for total water use of remanufacturing EOL products
Vwuggrgy = —1116.7 x? + 3447.5 x + 684.07 (4-16)
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Greenhouse Gas Emissions

Table 4-15 shows the changes of Greenhouse Gas emission when the ratio of
remanufactured EOL product varies from 0% to 90%. In the PM and the M stages, the
Greenhouse Gas emissions decrease linearly because of less involvement of the virgin

materials.

Table 4-15 Greenhouse Gas emission for various ratio of remanufactured EOL

product
% Re- Greenhouse Gas emission (Kg/unit)
manufacturing PM M U PU Total
0% 55.52 | 52.35 278,370.71 | 0.00 | 278,478.58
20% 4450 | 41.88 278,370.71 | 2.08 | 278,459.17
40% 33.25 | 3141 278,370.71 | 3.59 | 278,438.96
60% 22.17 | 2094 278,370.71 | 5.18 | 278,418.99
80% 11.09 | 10.47 278,370.71 | 6.77 | 278,399.03
90% 553 | 524 278,370.71 | 7.57 | 278,389.04

In the PU stage, the Greenhouse Gas emission shows a slight increase. This trend can be
represented by the curve shown Figure 4-22, and it can be expressed by Eqn. (4-17).
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Figure 4-22 Variation curve for Greenhouse Gas emission at the PU stage of
remanufacturing EOL products

Ygep, =—1.21x%+9.34x +0.082 (4-17)

The total Greenhouse Gas emission for four life-cycle stages decreases when the ratio of
remanufactured EOL product varies from 0% to 90%. This trend can be represented by

the linear curve shown in Figure 4-23, and it can be expressed by Eqn. (4-18).
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Figure 4-23 Variation curve for total Greenhouse Gas emission of remanufacturing
EOL products
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Voewpss = —99:7 X + 278479 (4-18)

Direct Cost

The labor cost is directly related to the hours of labor involved at each product life-cycle
stage. Its values of variation are shown in Table 4-16. Costs for other selective individual
metrics are proportional to the usage. Tables 4-17, 4-18 and 4-19 show variations of
material, energy, and water costs, respectively. Unlike the scenario of reusing EOL
products, only material procurement price shows a linear decrease; all other costs — labor,
energy, and water costs — show increasing trend. Reduced material cost is a result of
remanufacturing the old components. Consequently, less virgin materials are needed to
make new products. More labor is involved at the PU stage, and this leads to the increase
in the labor cost. The increased cost of energy and water is the consequence of

tremendous cleaning and the material deposition processes.

Table 4-16 Labor cost for various ratio of remanufactured EOL product

% Re- Labor cost ($/unit)
manufacturing PM M U PU Total
0% 3.33 3.59 0.00 0.00 6.92
20% 2.67 2.87 0.00 6.38 11.92
40% 2.00 2.15 0.00 12.75 16.90
60% 1.33 1.43 0.00 19.13 21.89
80% 0.67 0.72 0.00 25.50 26.89
90% 0.33 0.36 0.00 28.69 29.38
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Table 4-17 Material cost for various ratio of remanufactured EOL product

% Re- Material cost ($/unit)
manufacturing PM M U PU Total
0% 45.00 45.00
20% 36.00 36.00
40% 27.00 27.00
60% 18.00 18.00
80% 9.00 9.00
90% 4.50 4.50

Table 4-18 Energy cost for various ratio of remanufactured EOL product

% Re- Energy cost ($/unit)
manufacturing PM M U PU Total
0% 2.71 2.97 125.04 0.00 130.72
20% 2.17 2.38 125.04 3.84 133.43
40% 1.30 1.78 125.04 7.28 135.40
60% 0.52 1.19 125.04 10.62 137.37
80% 0.10 0.59 125.04 13.61 139.34
90% 0.01 0.30 125.04 14.98 140.33
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Table 4-19 Water cost for various ratio of remanufactured EOL product

% Re- Water cost ($/unit)
manufacturing PM M U PU Total
0% 0.94 0.02 0.00 0.00 0.96
20% 0.75 0.01 0.00 1.43 2.19
40% 0.56 0.01 0.00 2.26 2.83
60% 0.37 0.01 0.00 3.10 3.48
80% 0.19 0.00 0.00 3.92 411
90% 0.10 0.00 0.00 4.35 4.45

Even most cost related items show increases; when aggregating them to the total, the total
value still shows a slight drop. The results are shown in Table 4-20. This decreasing trend
can be represented by the curve shown in Figure 4-24, and it can be expressed by Eqn.
(4-19).

Table 4-20 Total direct cost for various ratio of remanufactured EOL product

mancl)JA:‘aFi(tal;ring Total direct cost ($/unit)
0% 183.60
20% 183.54
40% 182.13
60% 180.74
80% 179.34
90% 178.66
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Figure 4-24 Variation curve for the total direct cost of remanufacturing EOL
products

= —3.77x% — 2.46 x + 183.94 (4-19)

yCOStL’OL‘al

4.1.2.3 Comparison of Results and Summary

Even the energy use, water use, and their related costs increase when the percentage of
EOL product remanufacturing gets larger, all other environmental impacts and the total

direct cost show decreases. This is due to the outcome of applying the 6R activities.

From comparing the water use of remanufacturing 20% EOL products with 90%, it is
obvious that the increase of water use is caused by the cleaning process at the PU stage,
as shown in Figure 4-25. It shows that at the ratio of 20% of EOL product
remanufactured at the PM stage contributes 34.8% of the total water use, while at the
ratio of 90% of EOL product remanufactured 95.4% of the total water use is consumed
by PU stage. Furthermore, measured water use in the PM stage contributes to get reduced

from remanufacturing 90% of EOL products.
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Figure 4-25 Comparison for water use at 20% vs. 90%o ratio of remanufacturing
EOL product

4.1.3 Modeling the Recycled EOL Product

4.1.3.1 Description

Figure 4-26 illustrates the decision flow for recycling the products at their EOL. Figure
4-27 shows all involved processes for recycling EOL products across four life-cycle

stages.
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Figure 4-26 Decision flow diagram across four life-cycle stages for recycling EOL

products
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Figure 4-27 Process map across four life-cycle stages for recycling EOL products

In order to analyze the effects of recycling EOL products at the PU stage, it is assumed
that all EOL products are qualified for neither reuse, nor remanufacturing. In this stage,
EOL products can be recovered from material recovery eventually. It should be noted that

most regulations related to end-of-life vehicles (ELV) require the OEMs to recycle more
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than 95% of automobiles by weight at their EOL before year 2015. Thus, the varying

ratio of this scenario is increased to 95% instead of 90% of previous two.

4.1.3.2 Results and analysis

Mass of Hazardous Material Use

Table 4-21 shows how the mass of hazardous material use changes when the ratio of
recycled EOL product varies from 0% to 95%. In the PM stage, a decrease in the usage of
hazardous material can be observed as less virgin material is used with increased material
recycling. This trend can be represented by the curve shown in Figure 4-28, and it can be

expressed by Eqn. (4-20).

Table 4-21 Mass of hazardous material use for various ratio of recycled EOL

product
% Mass of hazardous material use (mg/unit)

Recyeling PM M U PU Total
0% 119.50 40,000 0.00 0.00 40,119.50
20% 110.50 40,000 0.00 16.15 40,126.65
40% 100.90 40,000 0.00 16.85 40,117.75
60% 91.20 40,000 0.00 17.55 40,108.75
80% 81.40 40,000 0.00 18.75 40,100.15
90% 76.60 40,000 0.00 18.50 40,095.10
95% 74.20 40,000 0.00 18.77 40,092.97
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Figure 4-28 Variation curve for mass of hazardous material use at the PM stage of
recycling EOL products

Ymhyp = —1.97 x% — 46.02 x + 119.6 (4-20)

In the M stage, the mass of hazardous material use stays constant as the manufacturing
processes stay unchanged regardless the percentage of recycled materials involved. In the
PU stage, it shows a rapid increase when the ratio of recycled EOL product decreases to
20%; then it decreases slowly. This trend can be represented by the curve shown in

Figure 4-29, and it can be expressed by Eqn. (4-21).
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Figure 4-29 Variation curve for mass of hazardous material use at the PU stage of
recycling EOL products
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Vmn.. = —231.39x* + 539.41x3 — 437.96 x% + 146.97 x + 0.056 (4-21)
pu

The total hazardous material used for four life-cycle stages increases slightly at 20%
recycling ratio, then it decreases tremendously along with the percentage of recycling
EOL product goes to 95%. This is because of the rapid rate of decrease in the PM stage
when compared with the rate of increase in PU stage. This trend can be represented by
the curve shown in Figure 4-30, and it can be expressed by Eqgn. (4-22).
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Figure 4-30 Variation curve for total mass of hazardous material use of recycling
EOL products

Ymhyppey =~ 40.63 X2 + 6.42 x + 40122 (4-22)

Energy Use

Table 4-22 shows how the energy use changes when the ratio of recycled EOL product
varies from 0% to 95%. In the PM stage, energy use decreases when the amount of virgin
material used decreases. This trend can be represented by the curve shown in Figure 4-31,
and it can be expressed by Eqn. (4-23).

85



Table 4-22 Energy use for various ratio of recycled EOL product

% Energy (MJ/unit)
Recycling
PM M U PU Total
0% 183.25 211.75 | 8,913.56 0.00 9,308.56

20% 163.12 211.75 | 8,913.56 10.12 9,298.56

40% 134.00 211.75 | 8,913.56 20.25 9,279.56

60% 103.88 211.75 | 8,913.56 30.37 9,259.56

80% 74.76 211.75 | 8,913.56 40.49 9,240.56
90% 59.69 211.75 | 8,913.56 45.55 9,230.56
95% 49.63 211.75 | 8,913.56 50.62 9,225.56
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Figure 4-31 Variation curve for energy use at the PM stage of recycling EOL
products

Yeup = —28.93 x% —114.03 x + 184.52 (4-23)

In the PU stage, energy use increases linearly as the ratio of recycled EOL product

increases, because more EOL product recycling activities are involved.
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The total energy use for four life-cycle stages shows a dramatic decrease when the ratio
of recycled EOL product varies from 0% to 95% because of the rapid decrease in the PM
stage. This trend can be represented by the curve shown in Figure 4-32, and it can be
expressed by Eqn. (4-24).
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Figure 4-32 Variation curve for total energy use of recycling EOL products

Yeurgry — —24-39 x% —66.63 x +9310.1 (4-24)

Water Use

Table 4-23 shows how water use changes when the ratio of recycled EOL product varies
from 0% to 95%. In the PM stage, the water use decreases is a result of using more
recycled materials to make new products. This trend can be represented by the curve

shown in Figure 4-33, and it can be expressed by Eqgn. (4-25).
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Table 4-23 Water use for various ratio of recycled EOL product

% Water (Kg/unit)
Recycling PM M U PU Total
0% 533.59 10.41 0.00 0.00 544.00
20% 528.59 10.41 0.00 78.90 617.90
40% 440.59 10.41 0.00 158.00 609.00
60% 352.59 10.41 0.00 237.00 600.00
80% 264.59 10.41 0.00 316.00 591.00
90% 220.59 10.41 0.00 355.00 586.00
95% 196.59 10.41 0.00 375.00 582.00
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Figure 4-33 Variation curve for water use at the PM stage of recycling EOL
products

Ywrpm = —209.49 x* —176.86 x + 546.88 (4-25)

In the PU stage, more recycling activities involved results in a linear increase in the use

of water.
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Total water use for four life-cycle stages increases when the ratio of recycled EOL
product increases to 20%, then it drops as the percentage of recycling EOL products

increases to 95% as shown in Figure 4-34. This trend can be expressed by Eqn. (4-26).
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Figure 4-34 Variation curve for total water use of recycling EOL products

Vwrgory = —1200.5x* +2821.4 x3 — 2314.4 x% + 720.27 x + 544.3 (4-26)

Greenhouse Gas Emissions

Table 4-24 shows how Greenhouse Gas emission changes when the ratio of recycled
EOL product varies from 0% to 95%. In the PM stage, the Greenhouse Gas emission
shows a slight decrease. This trend can be represented by the curve shown in Figure 4-35,

and it can be expressed by Eqn. (4-27).
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Table 4-24 Greenhouse Gas emission for various ratio of recycled EOL product

% Greenhouse Gas emission (Kg/unit)

Recycling | py M U PU Total
0% 55.46 52.35 278,370.71 0.00 278,478.52
20% 55.28 52.35 278,370.71 0.09 278,478.43
40% 54.88 52.35 278,370.71 0.17 278,478.11
60% 54.67 52.35 278,370.71 0.24 278,477.98
80% 54.44 52.35 278,370.71 0.32 278,477.82
90% 54.33 52.35 278,370.71 0.36 278,477.75
95% 54.28 52.35 278,370.71 0.38 278,477.72
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Figure 4-35 Variation curve for Greenhouse Gas emission at the PM stage of
recycling EOL products

Ygepm = 0223 x% +1.49 x + 55.49 (4-27)

More recycling activities lead to a slight increase in the amount of emissions in the PU
stage.
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The total Greenhouse Gas emission for four life-cycle stages decreases slightly as the
percentage of recycling EOL products increases from 0% to 95%. This trend can be

represented by the curve shown in Figure 4-36, and it can be expressed by Eqn. (4-28).
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Figure 4-36 Variation curve for total Greenhouse Gas emission of recycling EOL
products

Ygerpa = —0-877 x + 278479 (4-28)

Mass of Waste Disposed

Table 4-25 shows how mass of waste disposed changes when the ratio of recycled EOL
product varies from 0% to 95%. In the PM, M, and the U stages, all values remain zero. It
is assumed that steel scraps generated from manufacturing processes are 100% recycled:;
thus there is no waste disposed to landfill. In the PU stage, 20% of total mass of the
product is assumed to be disposed each time to landfill or another storage place other
than getting recovered.
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Table 4-25 Mass of waste disposed for various ratio of recycled EOL product

% Mass of waste disposed (Kg/unit)

Recycling | p M U PU Total
0% 0.00 0.00 0.00 21.92 21.92
20% 0.00 0.00 0.00 17.54 17.54
40% 0.00 0.00 0.00 13.15 13.15
60% 0.00 0.00 0.00 8.77 8.77
80% 0.00 0.00 0.00 4.38 4.38
90% 0.00 0.00 0.00 2.19 2.19
95% 0.00 0.00 0.00 1.10 1.10

Direct Cost

Variations of the labor cost are shown in Table 4-26. It is directly proportional to the
labor hours spent at each product life-cycle stage to make the products. Costs for other
selected metrics are directly proportional to the amount of usage. Tables 4-27, 4-28, and
4-29 show variations of material, energy, and water costs, respectively. Both energy cost
and water cost show decreases. The material purchasing price keeps constant as the
market price is not affected by the amount of recycled material used. There is an increase
in the labor cost, which is caused from more labor hours spent on the EOL product
recycling activity.
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