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Life Cycle Analysis of a Ceramic Three-Way Cataly@lonverter
Elizabeth Lynn Belcastro

ABSTRACT

The life cycle analysis compares the environmantphcts of catalytic converters and the
effects of not using these devices. To environalgnévaluate the catalytic converter, the
emissions during extraction, processing, use optbduct are considered. All relevant materials
and energy supplies are evaluated for the catatgtiwerter. The goal of this life cycle is to
compare the pollutants of a car with and withooaglytic converter. Pollutants examined are
carbon monoxide (CO), carbon dioxide (§§ydrocarbons (HC), and nitrogen oxides (NO
The main finding is that even considering matergild processing, a catalytic converter
decreases the CO, HC and N@»llutant emissions. The G@missions are increased with a
catalytic converter, but this increase is smaktieé to the overall C@emissions. The majority

of catalytic converter pollutants are caused byuge phase, not extraction or processing. The
life cycle analysis indicates that a catalytic cemer decreases damage to human health by
almost half, and the ecosystem quality damagedesedsed by more than half. There is no
damage to resources without a converter, as tmenecamaterials or energy required; the
damages with a converter are so small that thepatra significant factor. Overall, catalytic
converters can be seen as worthwhile environmentalucts when considering short term
effects like human health effects of smog, whiahtaeir design intent. If broader
environmental perspectives that include climatengeaare considered, then the benefits depend
on the weighting of these different environmentapacts.
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1.0Introduction

Air pollution is a very important topic in curresbciety as it affects the quality of human
life and the environment. Any substance that i©ohiced into the atmosphere that has
damaging effects on the environment and living sgseis considered air pollution [1]. The
sources of air pollution include, but are not limitto, transportation, power plants, and human
activities that involve the burning of fossil fugtsh example of a human activity that causes air
pollution is heating and cooling a home or workplft]. The emissions created by an
individual vehicle are generally low, compared tany other pollutant sources; however,
emissions from millions of vehicles add up. Thespeal vehicle is the single greatest

contributor to air pollution, by mass, in the UxitStates [2].

1.1 The Catalytic Converter

In order to move a car, power is generated in tigene by burning fuel. The combustion
of fuel creates emissions. Gasoline, which istie¢ source for 98 percent of passenger cars, is
a mixture of hydrocarbons (HC) [3]. These are coumals that contain hydrogen and carbon
atoms. In a “perfect” engine, all of the hydrogerd carbon in the fuel would be converted to
water vapor and carbon dioxide, respectively, yloastion with the oxygen from the air. The
nitrogen from the air would not be affected in toenbustion process [2]. This can be seen in
Equation 1.1 below. However, engines are not gu#tf and the combustion process creates
other chemical byproducts which contribute to aitygion. This can be seen in Equation 1.2

below [Environmental Protection Agency, EPA National Véiand Fuel Emissions Laboratory. (n.d.).
Automobile emissions: An overviéaPA 400-F-92-007). Retrieved from Office of MabBources website:

http://www.epa.gov/otag/consumer/05-autos|p@Jsed under fair use, 2012).



“Perfect” Engine: (1.1)
Fuel (hydrocarbons) + Air (0and N) — Carbon Dioxide (Cg) + Water Vapor (KHO) +
Unchanged Nitrogen ()

Typical Engine: (1.2)
Fuel (hydrocarbons) + Air (£and N) — Unburned Hydrocarbons (gases and solid particulate
matter) + Carbon Dioxide (G

+ Water Vapor (HO) + Nitrogen Oxides (NQ + Carbon Monoxide (CO)

1.1.1 Exhaust pollutants

When fuel molecules do not burn, or partially bduming the combustion process,
hydrocarbon emissions are created [2]. Reactitigarpresence of NG@nd sunlight,
hydrocarbons form ground-level ozone OA major contributor to smog, ozone is the most
widespread and hard to control urban air polluposblem. It can be an eye irritant, cause lung
damage, and aggravate respiratory problems. Hgdroos themselves can be toxic and
potentially carcinogenic. Benzenest) is an example of a hazardous hydrocarbon. This
pollutant can prevent proper production of red Hloells and the loss of white blood cells [4].
Toluene (GHs) is another common hydrocarbon emission that ease asthma [5].

Due to high pressures and temperatures occurritigeicombustion process, oxygen and
nitrogen react to form various nitrogen oxides [RIO, contributes to the formation of ozone
and acid rain. Ozone is the primary componentaig and therefore NQreates similar
impacts to hydrocarbons. Nitrogen oxides are pi@kntoxic to plants, as they can reduce
growth and damage leaves [6]. These pollutantalaceknown to irritate lungs and cause
respiratory infections.

Carbon monoxide is created when carbon only pgrixidizes [2]. CO is dangerous to

health as it decreases the flow of oxygen in tbeddtream. It can impair several sites within



the body, but has the greatest effect on the orgggthghe highest oxygen requirements (brain,
heart, etc) [7].

Carbon dioxide is the largest emission by mass footh perfect and real engines.
Historically, it has not been considered an envitental impact and there are currently no
emission standards for it. However, in the pastdecades, C&£has been viewed as a greater
environmental concern. While G@& not a short term threat to human and envirortaten
health, it is a greenhouse gas. This means i ttagpheat from the earth and is a contributor to

global warming potential [2].

1.1.2 Environmental Protection Agency Requlationtbty

The Environmental Protection Agency (EPA) estaleltsthe Clean Air Act, which was
first enacted in 1970, to set vehicle air emisstamdards throughout the years [2,3]. Table 1.1
below provides the emission standards for a ligisspnger car from 1968 to 1994. The
standards set in 1994 are the current emissiodatds for an individual light passenger car.
The values are given in grams per mile. Theseagaduwe different for trucks and sport utility

vehicles.



Table 1.1: American emission standards (gram/rsg¢ )y federal legislatiombggobert, P.
(1995).Automobiles and pollutior(2 ed., pp. 124-129). Warrendale, PA: Societuatomotive Engineers, Ink.

(Used under fair use, 2012).

Carbon Nitrogen
Year monoxide Hydrocarbons oxides
Light Passenger Cars
1968-69 51 6.3 -
1970-71 34 4.1 -
1972 28 3.0 -
1973-74 28 3.0 3.1
1975-76 15 1.5 3.1
1977-79 15 1.5 2.0
1980 7.0 0.41 2.0
1983 3.4 0.41 1.0
1994 3.4 0.25 0.4

The Clean Air Act of 1970 set strict emission regiains that would be enforced starting
in 1975 [2]. The emission regulations can be sedrable 1.1 above. From 1968 to 1972, the
nitrogen oxide emissions were not measured, antharefore represented by a dash. From
1970 to 1974, car manufacturers attempted to deer€é® and HC emissions; however, despite
these attempts to meet the regulations by adjustm@ngine alone, the catalytic converter was
introduced in order to reach the standards. Trisedieneration was known as two-way catalytic
converters because they converted hydrocarbonsaabdn monoxide into water vapor and
carbon dioxide.

The introduction of the catalytic converter alsditactly decreased ambient lead levels

[2]. Because the catalysts in catalytic converdéeespoisoned and inactivated by lead, unleaded

4



gasoline was widely introduced across the UnitedeSt This helped to lessen human health and
environmental concerns due to lead pollution. Cambeman ingests lead, it distributes
throughout the body, in the blood, and accumuletéise bones [9]. The most common health
effects from lead are neurological effects in ald@fdand cardiovascular effects in adults, such as
high blood pressure and heart disease. In the@maent lead accumulates in soils and
sediments. Ecosystems near point sources of bratiave adverse effects, such as losses in
biodiversity, changes in community composition,réases in plant and animal growth and
reproduction rates, and neurological effects inelmates [9].

In 1977, the Clean Air Act was amended to moretiyrregulate emissions [10]. As per
the request of automakers, the standards wereeatklaytil 1980 and 1981. The emission
regulations for the amendment can also be seenhieTl.1 above. The new HC and CO
standard was put into effect in 1980. A new stathdaregulate NQalso went into effect in
1981; this can be seen in Table 1.1 by the yeaB.198e second generation technology was
known as the three-way catalytic converter becéusanaged all three primary vehicle

emissions (HC, CO and ND

1.1.3 Design and Materials

Figure 1.1 below depicts two ceramic monoliths,chihare the key to the catalytic
converter; the first monolith contains the reductoatalyst [11]. The second monolith contains
the oxidation catalyst. A two-way converter ontgmoyed the second monolith, while both
make up the three-way converter. The Lambda pn@seanother improvement to the catalytic
converter that came about with the three-way cdevgtl]. A control system monitors the

exhaust stream by the way of the oxygen sensot,ahdda probe. The system controls the



fuel injection system, which allows the engineua as efficiently as possible while producing

the least emissions.

Expanding mat
Insulates, seals and
provides an unbreakable
enclosure for

Stainless steel
housing

Ceramic monolith

Substrate for the
Lambda catalytic noble A
robe ;
:“m the e Catalytic layer of
residual oxygen . noble metal
content in the Washcoat
exhaust gas Ceramic substrate

Figure 1.1: Schematic of a catalytic convertestpr vehicle emission controls: Technologigsd.).

Retrieved from http://www.air-quality.org.uk/25.ghfUsed under fair use, 2012).

Figure 1.2 below provides the typical process ffomthe creation of a catalytic
converter. In the production, the catalytic coteeis processed in three phases. The boxes

outlined in red indicate the processes that wiltbesidered in scope for this analysis.
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Figure 1.2: Process flow diagram



The ceramic component of the catalytic convertéorsed from a honeycomb structure
made of extruded cordierite, as seen in Figurd&l8w [12]. Cordierite (2MgO-2A0D3-5Si0,)
is appropriate for application in automotive exthidnecause it has a relatively low thermal
expansion, which is needed for thermal shock @st&t. The coefficients of thermal expansion
generally fall in the range of 0.7 — 1.0 per degrees Celsius from 25° — 1000° C [12]. \&ith
melting point of 1500 — 1700 °C, this material isoaa refractory; this allows cordierite to
operate at high temperatures [12, 13]. Cordigsiteert to the catalysts and coatings that are
used. This material can also be engineered tagemther features, such as, open porosity and
good mechanical strength [12]. The tensile stieagd fracture toughness of cordierite is 48 —

53 MPa and 2 — 3 MPa"®, respectively [13].

Figure 1.3: Cordierite honeycomb structunesiiman, I., Bagley, R., & Lewis, R. (1981). Thetma
expansion of extruded cordierite cerami¢sramic Bulletin60(2), 202-209. (Used under fair use, 2012).

Each ceramic monolith is coated with a washcoataacatalyst coating made with a
precious metal. The washcoat is made of alumidéoasilica and a rare earth metal oxide such
as cerium oxide [14]. The cerium oxide can releassapture oxygen in the exhaust [15]. It can

also work with the other catalytic materials to igdmission conversion. It is applied in order



to coat the smooth ceramic substrate walls. Threhe@at helps to provide a much larger surface
area by forming a rough and irregular surface. gieater surface area allows for a larger
number of sites for the precious metals to coft4¢. Precious metals are used for the catalytic
coating; platinum and/or palladium are used fordkiglizing catalyst, and rhodium is used for
the reducing catalyst. The platinum and/or palladare responsible for dissociating the
hydrocarbons and carbon monoxide molecules [16heMthe hot gases encounter the platinum
or palladium patrticles, they react to form wated aarbon dioxide molecules. The platinum
and/or palladium molecules lower the energy bathat slows down the conversion of the
emissions.

Surrounding the coated ceramic monoliths is an edipg mat. This mat insulates and
protects the ceramic monoliths. Finally, the rensitructure is encased by a stainless steel
housing [11]. Type 409 ferritic stainless steetasnmonly used for this structure because it
provides corrosion and oxidation resistance witeesf fabrication [17, 18].

The two-way converter is also known as an oxidati@aalyst [18]. The metal catalyst
(platinum and/or palladium and rhodium) is useduper heat the HC and CO gases. The heat
converts the HC and CO gases by oxidizing them wxtygen. Equations 1.3 and 1.4 below
give the oxidation equations for CO and HC gasexeShere are various forms of
hydrocarbons, Equation 1.5 below gives the oxidagiquation for benzene {ds), which is a

very common form of hydrocarbon [19].

2C0 + 0, - 2C0, (1.3)
4HxCy + 50, —» 2xH,0 + 4yCO, (1.4)
2C¢H¢; + 150, » 12C0, + 6H,0 (1.5)



The three-way catalytic converter is also knowthasreduction-oxidation converter
[11]. Since catalytic converter technology, upiltthis point, did not regulate NQan
additional reduction catalyst was created; this wsesd with the oxidation catalyst in the two-
way converter. The reduction catalyst uses theigpue metals to help reduce N@missions.
Rhodium is responsible for dissociating the nitroggide molecules. In the same manner as
platinum and palladium, when the hot gas encoutitershodium molecules, the nitrogen and
oxygen atoms separate on the metal’s surface. Tdteses recombine into nitrogen and oxygen

molecules [16]. Equations 1.6 and 1.7 below giessible reduction equations of NO

2NO > N, + 0, (1.6)

2NO, > N, + 20, (1.7)

In the creation of a catalytic converter, many stest be taken, including raw material
gathering and various forms of processing. Afterconverter is created, it goes through a
period of use, in which pollutants are convertetess harmful substances. Once the converter is
no longer in use, it is disposed of. Parts ofdélytic converter can be recycled, such as the
metals, and the other parts are landfilled, sudh@geramic monoliths. In each of these steps,
materials, energies and wastes are necessarye Wibkiluse and recycling phases offer positive
environmental impacts, the raw materials, procegsaind disposal steps create negative impacts.
In order to determine the environmental impachef ¢atalytic converter over its whole life
cycle, a life cycle analysis (LCA) is used. Thimabysis will compare the positive to the negative
environmental impacts of a catalytic converter dherwhole life cycle in order to better assess

this product from an environmental perspective.

10



1.2 Life Cycle Analysis

Life cycle analysis (LCA) is a method of assesshmgenvironmental impact of a product
over its lifetime [20]. The lifetime of most prodsdypically includes four phases: extraction of
raw materials, manufacturing/processing of the maaterials, use and disposal of the product.
Environmental impacts from each phase can be etgtihta provide an overall impact of the
product’s life. This evaluation provides a morelwaate depiction of the environmental trade-
offs that come with the selection and design ofcalpct. Figure 1.4 below depicts the phases
and the inputs and outputs that are associatedanittCA [20]. The inputs are the raw
materials and energies that are used in the valifeusycle phases. The outputs are any
emissions or byproducts created from any of thes@haThe system boundary is the box around
the life cycle phases. It defines the limitati@hsnalysis, including what will and will not be

considered [20].

Extractior Emissions
to Air
Raw
Materials — Manufact
anutactur Emissions
to Water
Use
—> Byproducts
Energy S
Disposa
—> Other

Figure 1.4: Life cycle analysis phases and inpntsa@utputs urran, M. A. U.S. Environmental
Protection Agency, Office of Research and Develapm@006) Life cycle assessment: Principles and practice

(EPA/600/R-06/060). Reston: Scientific Applicatidngernational Corporation (SAIQ).(Used under fair use,

2012).
11



1.2.1 Life Cycle Inventory

A life cycle inventory (LCI) is a collection of quétative inputs and outputs for the
entire life cycle of a product. This step of théA.is basically an inventory of all relevant
energies, materials, emissions and wastes [20]L@&ris an important part of an LCA because
it provides the evaluation basis for comparing ewnental impacts or potential improvements.
The LCI can help to compare products or process$de wonsidering environmental factors
during material selection and design. The resflen LCI provide a quantitative list of
pollutants released to the environment as welhaddtal amount of energy and raw materials
consumed. There are four basic steps of a lifeedggentory defined by the EPA [20]. In the
first step of an LCI, a flow diagram of the prodbeting evaluated is developed. This diagram
will define the inputs and outputs in the systefine system is defined by the system
boundaries. The more complex the flow diagrampntioee accurate the results will be;
conversely, the more complex the flow diagram,rtioee time and resources will be required.
The second step of an LCl is to develop a dat&cwdin plan and acquire the necessary data.
This step ensures that the data collection is gdnarganized and of the quality and accuracy
desired. The collection must include any and alhdequired for the entire LCA. It should
correspond to the flow diagram developed. Thealtkiep of the LCA is the impact assessment
(LCIA) which translates LCI input and outputs tesjiic environmental impacts based on the
best available science. The final step of an L&l#fe evaluation and documentation of the LCI
results. The explanation of the LCA should exgialefine the system, assumptions, inputs,

and resulting outputs.

12



1.2.2 Goal

The goal of the thesis is to gather and assesBrexdata that will be used to develop a
model of the life cycle of a ceramic three-way baia converter. More specifically, the goal is
to compare the embodied energy and production laitpats developed during extraction,
manufacturing and disposal to prevention of potitgaluring use. The research will compare
the pollutants phase by phase; for example, thetpoks of materials can be compared to those
of manufacturing to show which phase contributesento the overall pollution. This
comparison can also provide insight on which pltasgd use the most improving if trying to
decrease the pollution to the environment. The saaneébe done within each phase to show

which portion or step of the phase can use the mgzbving.

1.2.3 Tasks
In order to accomplish the goal stated abovefdihewing key tasks that must be
completed:

1. Determine and set a boundary for the researchs Adundary will set what will
and what will not be included in the analysis.

2. Collect information on the materials and processeuyired to create a catalytic
converter. Information is also needed on the eomnssduring use for both a car
with and without a catalytic converter.

3. Create and develop two life cycle models; onelierdntire life of a catalytic
converter, and one for the use phase of a car utith@atalytic converter.

4. Run model and analyze results to determine the@mwiental impact of a car

with a catalytic converter compared to a car witrebaatalytic converter.

13



The first life cycle model is a car without a cgted converter. In this model, only the
emissions during the use phase will be analyzdte second life cycle model is a car with a
catalytic converter. This model will analyze theéraction and processing of raw materials,
manufacturing of the catalytic converter and théssians during the use phase. The car itself is
not included in this analysis since all of its @owimental impacts are the same except for the

catalytic converter and emissions.

1.2.4 Scope

The scope of this project is defined by the funttid a catalytic converter, the functional
unit, and the system boundaries. The function@idtalytic converter is to convert engine
exhaust from hazardous to less hazardous chemi€aks functional unit, which serves as the
basis of comparison, is the average lifetime cditalgtic converter for a typical light passenger
car. The guaranteed service lifetime of thislgitaconverter is 80,000 miles [21]. A specific
vehicle was chosen in the research for ease annlaaycof data; however, this methodology
could be applied to any vehicle to obtain simiksuits.

The system boundaries include the inputs and ositfénergy, materials, and
transportation for all phases of the LCI. The eroiss that will be primarily analyzed in this
study are carbon monoxide, carbon dioxide, nitragddes, and hydrocarbons. The system
boundaries exclude all capital goods (such asxistimg manufacturing equipment), human
labor and incidentals. These categories are dgdlbecause over time and divided between all
of the components created, their effect becomekgitdg. The Society of Environmental
Toxicology and Chemistry (SETAC) guidelines foelifycle assessment state that inputs of a

process do not need to be included in the LC) iy are less than 1% of the total mass of the

14



processed materials or product; (ii) they do netticbute significantly to a toxic emissions; and
(iif) they do not have a significant associatedrggeonsumption [22]. Similarly, the organic
binders used during ceramic processing are outafdes The binders are not included because
they are highly proprietary and likely fall withthe SETAC guidelines. To include them would
require unreliable information and estimation, &iere compromising the integrity of this

report. The oxygen sensor is not considered agbdine catalytic converter. While it functions
in conjunction with a catalytic converter, it istram integral part of the component, and is
manufactured separately. The energy necessargltbthe stainless steel canister is negligible.
Compared to the rest of processing, there is vely €nergy used during welding since the area
welded is very small. The plastic used during paakg is negligible. Only a small amount of
plastic is used during packaging for an entire tba,divided between the multiple components,
even less is required. Fuel mileage and car pednce will also be excluded from the research,
due to the lack of impact the catalytic convertas bn them (Dr. Al Kornhauser, Virginia Tech,
personal communication) [23]. The expanding mat lies between the ceramic monolith and
the stainless steel casing will be left out of gcofphe composition of the mat is proprietary, and
therefore any estimation would also be inaccutging manufacturing, the processing
energies associated with applying the metal wastanwhcatalysts are not included in this
analysis. The methodology and energies assoondtbdhese processing steps are proprietary
and no acceptable estimates could be found intdrature. The plastic packaging materials and
the paper filler are left out of scope as they haary small masses compared to the cardboard
box, and can be considered insignificant. Finatyything that falls into the aforementioned
categories is depicted in the scope and boundguyefibelow. Everything in the outside box is

excluded in the scope of the project, while theempox is included in the study.

15



Out of Scop

Incidentals In Scope — Life Cycle Inventory Fuel Mileage

Ceramic raw Emissions Car Performance

materials and :
Capital Goods matera Catalytic _
Expanding Mat
Converter .
. Raw materials
Raw materials for

Human Labor and processing .
metal catalyst for stainless sted  WWelding energy

Energy canister
Processing Packaging
for Metal materials other
Catalyst Organic binders Oxygen sensor  han cardboard

Figure 1.5: Schematic of project scope

1.2.5 Assumptions

It is important to list any and all assumptionsda LCA since they strongly influence
the results. This helps to make processes andidesiexplicit to the reader. Below is a list of
the assumptions used in this life cycle.

» The catalytic converter is manufactured in southwaginia. To allow for accurate
production energy mix, all of the electricity edrinto SimaPro will use the southwest
Virginia energy mix provided by American Electriower.

* The catalytic converter is manufactured in threagels at different manufacturers
(ceramic, catalyst coating, and steel housing).

* The cordierite processing energies are the averbile magnesia brick processing
energies. This assumption will be tested with ety analysis by taking 50% and 75%
of the average drying and firing energies. Magmesfired at higher temperatures than

cordierite. Magnesia brick is fired between 1508°C750°C, while cordierite is usually
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fired around 1400°C [12, 24]. This suggests thaOMpes greater energy; therefore the
analysis will look at decreasing the energy.

Platinum is solely used for the oxidation cataly$te use of palladium or a mix of the
two metals will be tested with a sensitivity anays

The precious metal coating is a mix of platinungdinm and lanthanum oxide, and it
will be used on both substrates according to P&entber 4,624,941 [25].

Alumina is solely used as the bulk of the washc@&ilica and a mix of the two materials
will be tested with a sensitivity analysis.

Microwave drying is used to draw water out of thet @xtruded ceramic (confidential,
ceramic manufacturing company, verbal communicatidris assumption will be tested
with a sensitivity analysis of using conventionafidg instead.

Conventional firing is used (confidential, ceramanufacturing company, verbal
communication). Microwave firing will be tested tia sensitivity analysis.

Twelve ceramic substrates are placed in a carddmacdor shipping (at the ceramic and
catalyst coating facilities) (confidential, ceramm@anufacturing company, verbal
communication).

One catalytic converter is placed in a cardboardfboshipping (at the steel housing
facility) (Matthew Bentel, Harrisonburg Honda, vatisommunication).

The converted nitrogen, oxygen and water vaporalgase a risk to the environment
compared to carbon dioxide, carbon monoxide, hyattmans and nitrogen oxides and are
therefore not modeled as emissions.

The catalytic converter is not broken or does nalfumction over time.
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2.0 Life Cycle Analysis Method
In order to complete the life cycle analysis, alemlon of all materials, energies,

emissions and other data is required. The lifdeci& conducted using the software program
SimaPro 7.3. SimaPro, developed by PRé Consultenésleading life cycle analysis software
[26]. This program offers standardization but affxibility when modeling or designing.
SimaPro is used for various applications, including

» Carbon footprint calculation

* Product design and eco-design

» Environmental Product Declarations (EPD)

* Environmental impact of products or services

» Environmental reporting (GRI)

» Determining of key performance indicators
This thesis will utilize many of these featureomder to model and compare passenger cars with

and without a catalytic converter.

2.1 Assessment Methodologies

Within SimaPro, two analysis methodologies willused: Eco-indicator 99 (hierarchist)
and Cumulative Energy Demand. Eco-indicator 98 c@ommonly used European model with a
damage-oriented approach [27]. Eco-indicator $@sses the type of damage caused by various
impact categories. The damage points are spliintgp three categories: Damage to Human
Health, Damage to Ecosystem Quality, and Damadetmurces. Damage to Human Health is
the number of years life lost and the number ofydised disabled. The combination of these

two numbers is also known as Disability AdjusteteLYears (DALYsS). Damage to Ecosystem

18



Quiality is the loss of species over a certain time certain area. Damage to Resources is the
surplus energy required for future extractions afierals and fossil fuels [27]. The hierarchist
perspective of Eco-indicator 99 is used in thislgsia. This version is moderate, assuming no
extremes. The assumptions of this version include:

» Long-term time perspective

» Damages are avoidable by good management

Fossil fuels are not substituted easily

» Age is not a factor in determining the Damage tanidn Health (or DALYS)
The hierarchist perspective is the default methddEoo-indicator 99. In general, the
assumptions made in this perspective are scieattifiand politically accepted [27].

Cumulative Energy Demand is a single issue arslysthodology that combines all of
the energy used throughout the life cycle of a pobd Single issue means that the analysis only
evaluates one subject, such as energy in this da@seiulative Energy Demand divides energy
resources into five impact categories [27]:

1. Non-renewable, fossil

2. Non-renewable, nuclear

3. Renewable, biomass

4. Renewable, wind, solar, geothermal
5. Renewable, water

In order to assess the relative contribution ® dkerall environmental impact based on
assumptions, such as the precious metal used docdtalyst, sensitivity analysis will be used.
This technique tests the original assumption bynghmg it to another possibility and

recalculating the entire LCA. Sensitivity analydistermines how large of an effect a change to
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an input can have on the output [27]. The sensitanalysis tests will analyze the emissions
required during extraction and/or manufacture. sThethod will not assess the monetary cost of

a material or product.

2.2 Materials
Figure 2.1 below is a picture of a disassembledpsacatalytic converter from a typical

passenger car under investigation in this LCA.

Figure 2.1: Cut-apart catalytic converter. (Phot@abthor, 2012).

The ceramic substrates are the three pieces dbphef the picture while the stainless
steel casing is the four pieces at the bottom @fibture. Unlike many catalytic converters, this
sample has two smaller reduction catalysts inste&darge one, like the oxidation catalyst. The
flow of pollutants goes from left to right; thisrcde seen by how much dirtier the reduction
catalysts are versus the oxidation catalyst. Taklegives the weighed masses of the major

components seen in Figure 2.1.
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Table 2.1: Materials weighed from sample catalgtinverter

Component Mass (grams)
Ceramic substrates 832.3
Stainless steel casing 3865

As explained in the introduction, there are manytemals that are necessary for the
creation of a catalytic converter. There are asailiary materials, such as cardboard and
plastic, used for the transportation of parts.

The exact mass of the ceramic substrate is depende¢he manufacturer, car model and
engine. The total weight of the test ceramic galbss is 832.3 grams. Using the following
weight percentages in Table 2.2, found frohermal Expansion of Extruded Cordierite
Ceramicsby Lachman, Bagley, & Lewis, the amount of eachemal was found, and entered
into the SimaPro model.

Table 2.2: Extruded ceramic cordierite batch contjmws[Lachman, I., Bagley, R., & Lewis, R. (1981).
Thermal expansion of extruded cordierite ceran@esamic Bulletin60(2), 202-205. (Used under fair use,

2012).

Raw Material Amount in composition (wt%)
Kaolin, Al (Si,0s)(OH), 21.74
Talc, raw,Mgs(Si,0s),(OH), 39.24
Alumina, Al,0, 11.23
Aluminum hydroxide Al(OH); 17.80
Silica, Sio; 9.99
Totals 100.0

These raw materials will form into cordierite affgncessing. Equation 2.1 below

provides the transformation of raw materials inbodeerite
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Al 2(SI205)(OH)4 + Mgg(S|205)2(OH)2 + AlLOs + A|(OH)3 + SiO, — Cordierite + Waterr (21)

As seen from this equation, cordierite is a coratian of alumina (AlOs), magnesia
(MgO), and silica (SiQ); the water is dried out during multiple process&ke energy for the
water is accounted for in the materials in the $imamodel. For ease of calculation, it is
assumed that there is a 100 gram sample. Thdgegillbe scaled up to correlate to the actual
data. The balanced form of Equation 2.1 for a d@®n sample can be seen in Equation 2.2

below. The calculations and work for these numbarsbe seen in Appendix A.1 on page 61.

0.08 Ab(Si,Os)(OH)s + 0.10 Mg@(Si,0s)2(OH), + 0.11 AbOs + 0.23 AI(OH} + 0.17 SiQ —

0.31 ALO; + 0.75 SiQ + 0.31 MgO + 0.61 bD (2.2)

The output moles of each compound can be convaertedutput masses by multiplying these
moles by the molecular weight of each compounds Wil determine the masses of cordierite
and water for the 100 gram sample. The mass diaxite for the sample in the experiment was
determined to be 832.3 grams. The masses of alymagnesia, silica and water can be found
by scaling the 100 gram sample to the experimelati@. Once the output data is known for the
experimental data, the input masses can be detedmifihe work all of these numbers can also
be seen in Appendix A.1 on page 61. Table 2.3vbgives the input and output masses for the
experimental data. The input and output masssteta@ slightly different due to rounding
throughout the calculation. The input masses fotikatalc, alumina, aluminum hydroxide and

silica are entered into SimaPro.
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Table 2.3: Masses for all inputs and outputs ferdbrdierite substrate

Material Mass (grams)
Kaolin 194
Talc 357
Inputs Alumina 102
Aluminum Hydroxide 172
Silica 96
Alumina 300
Outputs Silica 416
Magnesia 117
Water 103

The output masses can be used to determine thenpdeat of this composition on a

ternary phase diagram. Figure 2.2 below givesdhmeary system for MgO- ADs- SiO, [28].

In this system, there is a cordierite phase sectiorthis phase there are varying compositions of
cordierite that are stable. The composition ofieaite used in this analysis, see Table 2.2 for

the batch mixture, can be pinpointed on this systé&ie black ‘o’ indicates the location of this

composition of cordierite. Found by using the atitpeight percent of silica, magnesia and

alumina, this location is the placement of 2@4— 2 MgO — 5 Si@ There is a total of

approximately 833 grams of cordierite in the analgample. From Table 2.3, the cordierite

composition is about 50 weight percent silica; ¢fiere, the placement is determined by going

five arrow notches down from the silica peak. Theposition is about 36 weight percent

alumina; in the same manner, a line is drawn sikahalf arrow notches away from the alumina

peak. The composition is about 14 weight perceagmesia; the line placement is about nine
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and a half arrow notches away from the magnesik. p€laree lines can be drawn from these

placements, and where they intersect the cordieoit@position can be seen.

Figure 2.2: The ternary system MgO-8k-SiO, (in weight percent)denito, J.M., Turrillas, X.,

Cuello, G.J., De Aza, A.H., De Aza, S., RodrigudZA. (2012). Cordierite synthesis. A time-resolveslitron

diffraction study.Journal of the European Ceramic Socje&%(2), 371-379, Retrieved from

http://www.sciencedirect.com/science/article/piS8221911004746 (Used under fair use, 2012)

The catalyst is applied to the ceramic substrate/msteps. First, a washcoat is applied
to the bare monolith. This coating was found taghveapproximately 278.5 grams. This
calculation can be seen in Appendix A.2 on pagelé@.washcoat is made by mixing 100 parts

by weight of fine-grained alumina with 4 parts bgight of one or more fine-grained powders of

24



a rare earth metal oxide, such as cerium oxide [ZB]js mixture is then suspended in 250 parts
by weight of water.

Second, a metal catalyst coating is applied tamaghcoated ceramic substrate. A
composite powder of 5 parts platinum, 1 part rhogiand 60 parts lanthanum oxide is mixed
together. In a similar manner as the washcoateh@mic substrate is dipped into a mixture of 1
part composite powder and 50 parts water. Thetsabss dipped until 1.5 grams of noble
metals have been applied on the substrate pepfithie volume of the substrate [25]. The
geometric volume of the substrates is estimatdutd.2 liters; this volume is found by
measuring the geometry of the substrate and céailecgltne volume. This equates to a total of
3.3 grams of noble metal. The components are glate a canister made of type 409 stainless
steel. The canister used for the study weighedoxjppately 3865 grams.

Auxiliary materials are those required during theduction of the product, but are not an
actual material in the product. The packaging se@ey for shipping and transporting a catalytic
converter from manufacturers are auxiliary matsrialVhen the ceramic monolith leaves the
first manufacturer, six to twenty-four are placedicardboard box with low density
polyethylene (LDPE) plastic supporting the tops bottoms. The same kind of packaging is
used once the ceramic monolith has been coatetbanes the second manufacturer. After the
third manufacturer, where the stainless steel Imgusifitted, a single converter is placed in a
plastic bag in a cardboard box, and filled withkpag paper. The packaging materials are
assumed to be small since in the first two stepdtipte substrates were in each box. The plastic
and paper filler are left out of the analysis beeathere is so little used per converter. Using a
packaging calculator, the weight of a box 24 indhdsength, 12 inches in width and 12 inches in

height, is 628.2 grams [29]. Assuming twelve cacasnbstrates are in each box, and two are
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used per converter, the combined weight of the $dxethe first and second manufacturer is
209.4 grams. The third manufacturer uses an dmtixe628.2 grams, for one converter. The
material required for all three manufacturers ig.83rams.

Table 2.4 below gives the major materials neces$arythe creation of a catalytic
converter. The table is broken up into five patttg, substrate, the catalyst coating (washcoat),
the catalyst coating (metal), the canister, and ghekaging. The masses are weighed and
estimated from the sample catalytic converter. [Bseécolumn in the table provides details on
the material processes selected in SimaPro. Téefspname of the material is given and the
database where the information came from is irpdrentheses. These processes are essentially
LCA studies of the inputs and outputs requiredxivaet and manufacture these materials which

are then used as inputs in this catalytic convenigdel.
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Table 2.4: Materials used in a catalytic converter

Catalytic converter Material Mass SimaPro selection
component (grams)
. Kaolin, at plant/RER U (fror
Kaolin 194 Ecoinvent)
Talc, in ground (from Ray
Talc, raw 357 materials)
. . Alumina, at plant/US (from U.¢
Ceramic substrate Alumina 102 LCI Database)
. . Aluminum hydroxide, a
Aluminum hydroxide 172 plant/RER U (from Ecoinvent)
- Silica sand, at plant/DE U (fro
Silica 96 Ecoinvent)
. Alumina, at plant/US (from U.¢
. Alumina 268
Catalyst coating LCI Database)
(washcoat) . Ceriunr oxide, at plar S (from
Rare earth oxide 10.7 Ecoinvent)
. Lanthanum oxidt at plant/CN ¢
Lanthanum oxide 3.02 (from Ecoinvent)
Catalyst coating . Platinum, primary, &
(metal) Platinum 025 refinery/RU S (from Ecoinvent
. Rhodium, primary a
Rhodium 0.050 refinery/RU S (from Ecoinvent
Stainless steel hot rolled cc
Canister Stainless steel (type 409 3865 gl’ade 304 RER S (from ELCD
2.0)
Corrugated board boxe
Packaging Cardboard 837.6| technology mix (from ELCD

2.0)

2.3 Processing

Various processing steps are necessary to cotimeeraw materials into the catalytic

converter. Figure 1.2 provides the process flaagdim. The electricity used for processing of
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the ceramic is assumed to be from southwest Viagifihe electricity mix from American

Electric Power for southwest Virginia was used im&ro can be seen in Table 2.5 below [30].

Table 2.5: Electricity fuel mix for southwest Virga per kWh REP’s average fuel mix of electricity

provided to Virginia customers. In (201@p10 Environmental Informatioh.(Used under fair use,

2012).
Electricity type Amount (kWh)
Electricity, hard coal, at power
0.842
plant/US U
Electricity, nuclear, at power
0.12
plant/US U
Electricity, natural gas, at
0.022
power plant/US U
Electricity, hydropower, at
Y. yerop 0.005
power plant/ SE U
Electricity, at wind power
0.011
plant/RER U

The first processing step is the creation of tirarmé& monolith structure. This process is
just one of the various methods used for the cerambstrates. Different manufacturers may
use different methods, including various technigefeshaping, drying and firing. The ceramic
raw materials are received at plant and are measun@ mixed together. Next, the raw
materials, including organic binders, are extrughtd long continuous logs. The ceramic is wet
cut into smaller pieces. The wet ceramic is thé&rawave dried to remove moisture. The dried
ceramic is green cut into the desired size forcttalytic converter. Using a progressive kiln or
tunnel kiln, the ceramic pieces are fired. Duffingg, the organic binders and water are

released from the product and into the air withamlfection; the organic binders are not included
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in this analysis as mentioned previously. Aftenfiy, the ceramic piece goes through inspection
and packaging. This structure is then transpddebde second facility for the addition of the
metal catalyst. Table 2.6 below gives energievdoious processing methods for magnesia
brick refractories [31]. Due to a lack of publish#ata on cordierite processing energies, these
energies will be used in the analysis. To acctmmiariability between the energies for
cordierite compared to magnesia brick, the dryingd fring energies will be tested with
sensitivity analysis. One test will take 50% odfgh energies to provide analysis results for the
event that the cordierite processing energy far tlean that for magnesia brick. The second test
will take 75% of the drying and firing energiespimvide analysis results for the event that the

cordierite processing energy is somewhat smalkgrftr magnesia brick.

Table 2.6: Energy consumption data for the proogssf magnesia refractory bricks
[Reference document on best available techniquégeineramic manufacturing industi§2007). Retrieved from

http://eippch.jrc.es/reference/BREF/cer_bref_080ff.o(Used under fair use, 2012).

Process MJ/kg
Preparation, screening 0.35-0.59
Weighing, dosing, mixing 0.045-0.07p
Shaping 0.13-0.20
Conventional drying and firing 3.0-6.3
Subsequent treatment, packagipg 0.08

The averages of these ranges were used in the RimaRlel for each process. Cutting
and extrusion both fall under the shaping, andetlage two forms of cutting; therefore, this

energy is multiplied times three. The drying,fgiprocess uses the average value, but is

29



modified based on the fact that it is a combinedjeausing conventional methods for drying and
firing. The modifications will divide the energgnge into microwave drying and conventional
drying energies. The microwave energy for refraetocan be found in Table 2.7 below [32].
This table provides the drying and firing enerdasvarious ceramics over a year. This table

will be used along with Table 2.6 to modify the idgyand firing energy.

Table 2.7: Microwave energy savings potential iraogcs manufacturingsheppard, L. (1988).
Manufacturing ceramics with microwaves: the potrftir economical productiofCeramic Bulletin67(10), 1656-

1660].(Used under fair use, 2012).

Conventional | Microwave | Conventional | Microwave | Total energy
drying drying firing firing savings
(x 10° kW-hlyr) | (x 1 kwW-h/yr) | (x 10° kW-h/yr) | (x 10 kW-hiyr) | (x 10P kW-h/yr)
Brick and tile 56.10 28.05 198.90 19.90 207.06
Electrical
) 3.52 1.76 12.48 1.25 12.99
porcelain
Glazes 16.63 8.30 58.97 5.89 61.37
Pottery 1.96 0.98 6.94 0.69 7.23
Refractories 10.87 5.40 38.53 3.85 40.08
Sanitary ware 25.04 12.52 88.76 8.88 92.40
Advanced
: 1.30 0.65 4.60 0.46 4.79
ceramics
Total (x 1¢°
115.42 57.66 409.18 40.92 425.92
KW -h/yr)
(x 10° PJ/yr) 0.42 0.21 1.47 0.15 1.50

The range, from Table 2.6, given for conventionglrdy and firing is 3.0 — 6.3 MJ/kg.
Looking at Table 2.7, the energies for conventiamging and firing of refractories can be used

to determine a total energy, and then the percerdag to conventional drying. Equation 2.3
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provides the total energy for these processes.tteaqua.4 gives the conventional drying as a

percentage of the total energy.

Total conventional energy for a refractory = Refoag conventional drying energy +
Refractory conventional firing energy
Total conventional energy for arefractory = 10.87 x 10 kW - h/yr +

38.53x10° kW - h/y = 49x 10° kW - h/yr (2.3)

10.87x 10% kW-h/yr
49.4x 106 KW-h/yr

Conventional Drying Percentage = X 100% = 22.00% (2.4)

This percentage can be applied to the given ramgerying and firing in Table 2.6 to estimate
how much energy is due to the drying. Applying 2@%the drying, firing range of 3.0 — 6.3
MJ/kg yields a drying range of 0.66 — 1.39 MJ/Kthe remaining 2.34 — 4.91 MJ/Kkg is the range
for conventional firing of a refractory.

Referencing Table 2.7 again, the conventional drgnd microwave drying energies for
a refractory can be compared. Equation 2.5 givesrticrowave drying energy as a percentage
of conventional drying energy.

Microwave drying percentage for a refractory = Refory microwave drying energy /

Refractory conventional drying energy

Microwave Drying Percentage = % X 100% = 49.7% (2.5)

This percentage can be applied to the conventdnyaig range, 0.66 — 1.39 MJ/kg, to

find the microwave drying range. This range isnfdto be 0.328 — 0.689 MJ/kg. Since this
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range is characteristic of refractories, and net#djzally cordierite, the average value, 0.508
MJ/kg, is used in the analysis.

Table 2.8 below provides the energies per weigbtdifor all of the ceramic processing
methods. As stated above, the average value ébrr@aage is used in the SimaPro model. The
last two columns provide the energies used indlesensitivity analysis tests. Only the drying
and firing energies will be tested since the sdregmmixing, shaping and packaging energies are

not expected to vary between the two materials.

Table 2.8: Energy data entered into SimaPro foptbeessing phase [31, 32]

50% of the drying and | 75% of the drying and

Process MJ/kg - -
firing energy MJ/kg firing energy MJ/kg
Preparation, screening 0.42p 0.425 0.425
Weighing, dosing, mixing 0.058 0.058 0.058
Shaping 0.165 0.165 0.165
Microwave Drying 0.508 0.254 0.381
Firing 3.627 1.814 2.720
Subsequent treatment,
_ 0.08 0.08 0.08
packaging
Total 4.863 2.796 3.829

When the ceramic structure arrives at the secarilityait is coated with a washcoat and
metal catalyst. The alumina, rare earth metalepathd water are mixed, and the ceramic
structure is dipped into this mixture and subsetjyasmtered at 500°C in contact with air [25].
In order to create the composite powder of noblalsgechloroplatnic acid (}PtCk), rhodium
nitrate (Rh(NQ)3), and lanthanum nitrate (La(NJg) are sprayed into a reactor with an
atmosphere containing oxygen at approximately 950FKe resulting composite powder is
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again mixed with water. The washcoated ceramicgire is dipped, dried and sintered at
500°C in contact with air. As explained aboves fmocess of dipping, drying and sintering the
catalyst mix is repeated until a desired amoumtatfie metal is reached [25]. Once the catalyst
coated ceramic passes inspection, it is packagedlapped to the third and final manufacturing
facility.

The final processing necessary for a catalytic eoiev is the stainless steel housing.
Made out of type 409 ferritic stainless steel,¢hnister has a tube-like body with one open end
and one end tapered to a reduced diameter to &losvconnection to the exhaust system pipe
[33]. The housing shells are processed by deepidgam which the usual conical ends are
modified to provide the open and tapered ends.aBnmhas a deep drawing process built into
the software that is used in the model for thispss step. Various pressures for deep drawing
were available, but a high pressure of 38000 kN etsen. This decision was based on the fact
that ferritic stainless steels work-harden fadtantcarbon steels, and therefore need higher
pressures to form [34]. The process selectednmaBro is, “deep drawing, steel, 38000 kN
press, automode operation/kg/RER”. The data fptiocess is published luife Cycle
Inventories of Metal Processing and CompressedApplyin 2007 by R. Steine and R.
Frischknecht. The shells are joined together, gdlyedby welding [33]. Once the catalytic

converter is fully constructed, it is packaged ahigbped to the customer.

2.4 Usage

Once the catalytic converter is installed in aioleh it begins its use phase. Itis in this
phase that the product makes a positive enviroreheantribution. In order to examine the

benefits of the catalytic converter in use, a camspa of a vehicle with and without the catalytic
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converter will be used. The emissions for botthete models can be seen in Table 2.9 below.
This data is for an average passenger car takentfre second edition &fir Pollution:
Measurement, Modeling and Mitigatitwy Jeremy Colls [35]. The data has been convérted

grams per kilometer to grams per mile.

Table 2.9: Average passenger car emissions witlwahadut a catalytic convertechplls, J. (2002).
Air pollution: measurement, modelling, and mitigati (Second ed., pp. 127-137). New York, NY: SporsPie
(Used under fair use, 2012).

Carbon monoxide Hydrocarbons| Nitrogen oxides
(g/mi) (9/mi) (g/mi)
Gasoline car without a

_ 43.5 451 2.74
catalytic converter
Gasoline car with a

_ 3.22 0.322 0.644
catalytic converter

The numerical difference between the car withocdtalytic converter and the car with a
catalytic converter is the amount of emissions eot@d to less harmful pollutants. Both carbon
monoxide and hydrocarbons are converted to carlmide by the catalytic converter. Table

2.10 provides the converted emissions.

Table 2.10: Converted emissions for an averagespgss carolls, J. (2002)Air pollution:
measurement, modelling, and mitigati¢8econd ed., pp. 127-137). New York, NY: SporsBie(Used under

fair use, 2012).

Carbon monoxide Hydrocarbons| Nitrogen oxides

(g/mi) (g/mi) (g/mi)
Converted emissior 40.2 4.18 2.09
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Equations 2.6 and 2.7 provide the conversion fadtmcarbon dioxide. The masses of
CO, and CO are based on the balanced equation séguation 1.3. Since there are various
forms of hydrocarbons, the common form of benzenesed in this conversion [19]. The

masses of HC and GQ@re based on the balanced equation seen in Egua&o

mole X molecular weight of CO,
mole X molecular weight of CO

2 X 44.009 g CO,
2 x28.019g CO

CO converted X =40.2Z o x =632Z<co, (2.6)
mi mit

mole X molecular weight of CO, 12 X 44.009 g CO,

2x 78114 g CgH

CsH, converted x = 4.18% CeHg X = 3.38% co, (2.7)

mole x molecular weight of CgHg

According to the EPA, the amount of carbon dioxida gallon of gasoline can be found
by Equation 2.8 below [36]. The average heataann a gallon of gasoline is 0.125
mmbtu/gallon; the average carbon dioxide emisspanheat content of gasoline is 71.35 kg

COy/mmbtu.

mmbtu

kg co kg co
x 71.35 2—2 —ggp I—=2
gallon mmbtu gallon

0.125 (2.8)

From this equation, it is determined that gasodingts approximately 8.92 kilograms of carbon
dioxide per gallon of gasoline [36]. The car medkin this study has a combined city and
highway fuel economy of 24 miles per gallon [3Tjable 2.11 below provides all of the vehicle
emissions for one functional unit (80,000 mileShe work for these numbers can be found in

Appendix A.3 on page 69.
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Table 2.11: Vehicle emissions for one functionat un

Carbon Hvdrocarbons Nitrogen Carbon
monoxide y (ka) oxides dioxide
(kg) ’ (kg) (kg)
Car without a
catalytic 3480 360.8 219.2 29730
converter
Car with a
catalytic 257.6 25.76 51.52 35920
converter

When comparing the car without the converter tocrewith the converter, CO, HC and
NOy emissions are all decreased. The carbon dioxideseons, however, increase when
comparing a car without a converter to a car witomverter. The same amount of gasoline is
used in each car, giving both cars 29730 kg of@aoxide; however, the car with a catalytic
converter also has 6190 kilograms of carbon moreait hydrocarbons converted into carbon

dioxide.

2.5 Disposal

The disposal phase, that is the end of life digjpwsfor the catalytic converter, will not
be modeled in SimaPro. This is because an emissimparison is the primary objective in this
life cycle analysis; while energy consumption isgidered, it is not the major goal of the
analysis. The disposal phase is also not expéatadd any significant emissions. Since these
materials do not break down quickly into hazardmaderials at the landfill, the disposal impacts
are mainly due to the transportation of used gartke landfill. This transportation and
associated emissions are very small compared tiutiogional unit of 80,000 miles. Also, the
energies associated with the reclamation procepseafous metals are not commonly available.

Just because it is not modeled does not meamdtisnportant. Currently about 50% of
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catalytic converters are recycled [38]. When algéat converter is recycled, the stainless steel
canister and precious metals are recycled, ancethaining ceramic is landfilled. In order to
recycle type 409 stainless steel, energy is reduifieable 2.12 provides the energy required to
produce virgin steel versus recycle the steel. &tidd energy is the total of all energy required
for a product throughout its entire product lifeleyf39]. More than three times the energy is

required to process virgin stainless steel instdadcycling it.

Table 2.12: Processing versus recycling energietyfpe 409 stainless steakginless steel, ferritic,

AISI 409, wrought, annealed. In (2010ES EduPack 20]1(Used under fair use, 2012).

Type of Energy Energy (MJ/kg)
Embodied energy, primary production 77.2-85.3
Embodied energy, recycling 21.6 -23.9
Energy savings 55.6-61.4

Catalytic converters utilize about one third o thorld’s supply of platinum, and 87% of
the world’s supply of rhodium [40]. The precioustals are valuable when recycled because of
their resource rarity and monetary value. In #o@e manner as stainless steel, when precious
metals are recycled, energy is required. Tabld Below provides the energy required to

produce platinum and rhodium versus recycle thalngdl, 42].
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Table 2.13: Processing versus recycling energiegléinum and rhodiunmPjatinum, commercial
purity, P04995, annealed. In (201CES EduPack 2015nd Platinum-rhodium alloy, annealed. In (20TIBS
EduPack 201]L (Used under fair use, 2012).

Precious Metal Type of Energy Energy (MJ/kg)
Embodied energy, primary productidn 17108

Platinum Embodied energy, recycling 1.08° - 1.210°

Energy savings 1.1310° - 1.1310°

Embodied energy, primary productidn 122 — 1.3510°

Rhodium Embodied energy, recycling 2:48° - 2.710°

Energy savings 1.2010° — 1.3210°

Tremendous amounts of energy can be saved whes phesious metals are recycled
compared to virgin production. While the energyiisgs are important, the available metal for
reuse is the primary desire. During the reclammatibthe precious metals, 80 to 94 percent of
platinum can be recovered, while 65 to 90 percérmi@dium can be recovered [43]. Comparing
Tables 2.12 and 2.13, it can be seen how much er@ry is required to produce platinum and
rhodium over stainless steel. More energy is megltio extract and process these rare metals
because it is a time and energy intensive process.

According to the United States Bureau of TrangitiStics for 2009, there are over 254
million registered passenger vehicles in the Un8&ates [44]. If only half of these will be
recycled at some point in time, then approximal&ly million catalytic converters will be
landfilled. This number is also assuming only oatlytic converter is used per car, when in
reality this number would be even greater. Theaye landfill is 116 acres [45]. The size of
the catalytic converter is less than two squart &ewl there are 43,560 square feet in one acre.
While there is some land use, the amount of volumspace that would be required for this

many components is not significant.
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3.0 Results of Analysis

Once all of the data was entered into SimaPro,mwwdels, Car with Catalytic Converter
and Car without Catalytic Converter, were comparedthis comparison, the life cycle
inventory was used to determine the total of thedmissions (carbon monoxide, hydrocarbons,
nitrogen oxides and carbon dioxide). The enviromi@empact and total energy usage were

guantified as well.

3.1 Comparison of Key Emissions

Table 3.1 below gives the inventory results faaltearbon monoxide. There is a row
specifically for the emissions occurring during tiee phase, and a row for the emissions during
extraction and processing (labeled manufactureyw Hhe emission is input or output can be
found in the column “Compartment”. The full emasitables for all of the key emissions can be

found in Appendix B on page 73.

Table 3.1: Total emissions for carbon monoxide

Car with Car without
Emission Compartment | Unit Catalytic Catalytic
Converter Converter
Carbon monoxide, _
Air kg 258 3480
usage
Carbon monoxide, _
Air kg 0.192 -
manufacture
Total kg 258 3480
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Table 3.2 below gives the total emissions for hgdrbons. Again, one row is the

hydrocarbons emitted during usage, and the sea@wdsrthe hydrocarbons emitted due to the

creation of a catalytic converter.

Table 3.2: Total emissions for hydrocarbons

Car without
o _ | Car with Catalytic _
Emission Compartment | Unit Catalytic
Converter
Converter
Hydrocarbons, _
Air kg 25.8 360
usage
Hydrocarbons, _
Air and Water kg 0.000158 -
manufacture
Total kg 25.8 360

Table 3.3 below gives the total emissions for igéno oxides. The NQCemitted during

use is in one row while the extraction and processlO; emissions are in a separate row.

Table 3.3: Total emissions for nitrogen oxides

o ) Car with Catalytic Car without Catalytic
Emission Compartment| Unit
Converter Converter
Nitrogen oxide _
Air kg 51.5 219
(NOy) usage

Nitrogen oxide

(NO,) Air kg 0.1 -
manufacturing

Total kg 51.6 219
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Table 3.4 below gives the total emissions for carioxide. The emissions due to usage

and manufacture are again split into two sepames rwith a total C@emission for a car with

and without a catalytic converter.

Table 3.4: Total emissions for carbon dioxide

Car with Car without
Emission Compartment| Unit Catalytic Catalytic
Converter Converter
Carbon dioxide, _
Air kg 35920 29730
Usage
Carbon dioxide,
Air and Raw kg 23.6 -
manufacture
Total kg 35940 29730

Table 3.5 below gives the total emissions for el kmissions. The last column,

“emission differences” gives the increase or desged emissions based on a car without a

catalytic converter compared to a car with a cétaonverter.

Table 3.5: Total emissions for all key emissions

Car without Car with o
o ) _ _ Emission
Emission Unit Catalytic Catalytic _
Differences
Converter Converter
Carbon monoxide kg 480 258 - 222
Hydrocarbons kg 360 25.8 - 334
Nitrogen oxides kg 219 51.6 - 167
Carbon dioxide kg 29730 35940 + 6210
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3.1.1 Sensitivity Analysis

As previously discussed, sensitivity analysis weeduin order to test the effect that

assumptions may have on the outcome of the lifeecfive assumptions were tested:

The

Platinum is solely used as the oxidation catalyst.

Alumina is solely used as the bulk of the washcoat.

The ceramic processing energies are the averagdsefmagnesia brick.
Microwave drying is used.

Conventional firing is used.

assumption that solely platinum was used aexltation catalyst was tested by

changing the assumption to include palladium a®itdation catalyst. Platinum was initially

used as the oxidation catalyst, but was eventsgalifched to palladium because it is cheaper

[40]. In 2000, palladium prices peaked and caremakwitched back to platinum, but they are

now going back to platinum. Since cars currentiytiee road can have platinum or palladium, a

sensitivity tests was run. In this test, 100%auklim was used for the oxidation catalyst. Table

3.6 below gives the total emissions for the inisieénario of 100% platinum and the difference

in emissions for the sensitivity analysis test.

Table 3.6: Sensitivity analysis of platinum

o | Emissions for a car | Emission differences for a
Emission Unit| _ _ )
with 100% platinum | car with 100% palladium
Carbon monoxidg kg 258 - 0.0046
Hydrocarbons kg 25.8 - 0.0000041
Nitrogen oxides kg 51.6 +0
Carbon dioxide kg 35920 -1.11
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The assumption that all alumina was used as tHedfuhe washcoat was tested by
changing the assumption to include silica. Th&t Bensitivity test replaces all alumina with all

silica. The second sensitivity test uses a conpa$i50% alumina and 50% silica. The results

of the sensitivity analysis can be seen in Tabieb&low.

Table 3.7 Sensitivity analysis of alumina

Emissions for | Emission differences| Emission differences for
Emission Unit a car with for a car with 100% | a car with 50% alumina
100% alumina silica and 50% silica
Carbon monoxidg kg 258 - 0.001 + 0.020
Hydrocarbons kg 25.8 +0 + 0.000016
Nitrogen oxides kg 51.6 +0 +0
Carbon dioxide kg 35920 -0.35 +2.54

The assumption that the cordierite processing ée®ege the average of the magnesia
brick processing energies (total of 4.863 MJ/kg} wested by changing the assumption to 50%
and 75% of the drying and firing energies. Thstfaensitivity test replaces the average energy
values for drying and firing with half of the avgeenergy values (total of 2.796 MJ/kg). The
second sensitivity test uses three-quarters céveeage energy values for drying and firing

(total of 3.829 MJ/kg). The results of the senmgifianalysis can be seen in Table 3.8 below.
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Table 3.8 Sensitivity analysis of cordierite praieg energy

Emissions for a car| Emission differences | Emission differences
for a car with 50% for a car with 75%

Emission Unit | with average energy
(4.863 MJ/kg) energy (2.796 MJ/kg) | energy (3.829 MJ/kg)
Carbon monoxidg kg 258 - 0.0002 - 0.0009
Hydrocarbons kg 25.8 - 0.000022 - 0.000011
Nitrogen oxides kg 51.6 +0 +0
Carbon dioxide kg 35920 -0.29 -0.15

Sensitivity analysis is conducted on the assumpghahmicrowaves are used during the

drying process of the ceramic substrates. Thengsison is changed so that conventional drying
is used instead of microwave drying. The energydder conventional drying 1.023 MJ/kg.

This is the average of the energy range deternbgdeuations 2.3 and 2.4. The results of the

analysis can be found in Table 3.9 below.

Table 3.9 Sensitivity analysis of microwave drying

Emissions for a car | Emission differences|

Emission Unit with microwave for a car with
drying conventional drying
Carbon monoxide Kg 258 + 0.0011
Hydrocarbons Kg 25.8 - 0.00000051
Nitrogen oxides Kg 51.6 +0
Carbon dioxide Kg 35920 +0.23

Sensitivity analysis is also conducted on the agsiom that conventional furnaces are
used during the firing process of the ceramic sabst. The assumption is changed so that

microwave firing is used instead of conventionahfy. The energy used for microwave firing is
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0.7248 MJ/kg. This is the average of the energgeadetermined by Equations A.11, A.12 and

A.13 Appendix A.4 on page 71. The results of thalgsis can be found in Table 3.10 below.

Table 3.10 Sensitivity analysis of conventionahfiy

Emissions for a car | Emission differences|
Emission Unit with for a car with

conventional firing microwave firing

Carbon monoxide kg 258 - 0.0008
Hydrocarbons kg 25.8 - 0.000043
Nitrogen oxides kg 51.6 +0
Carbon dioxide kg 35920 -0.02

3.2 Eco-indicator 99 (H)

Using Eco-indicator 99 (H), Figure 3.1 below comgsathe damages for human health,
ecosystem quality and resources in terms of peagentEach of the three damage categories
compares the damages for a car with and withoatalytic converter, setting the higher value at

100% for ease of comparison. These values arealized by the total amount of damage in

Europe assigned to an average citizen (per capita).
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Figure 3.1 Eco-indicator 99 damage assessment fonartcar with and

without a catalytic converter

Table 3.11 below corresponds to the figure abor@siging numbers to relate to the

percentages. For example, 0.0125 DALY is about 460273 DALY therefore, the human

health bar for a car without a catalytic conveiset00%, and the bar for a car with a catalytic

converter is approximately 46%. In this table, tinét PDF- m? - yr is the percentage of loss

species, multiplied by the area, multiplied byragiincrement [27].

The unit MJ surplus is the

surplus energy needed for future extractions ofemails and fossil fuels.

Table 3.11 Eco-indicator 99 numerical damage ass®#sfor a car with and

without a catalytic converter

) Car with catalytic | Car without catalytic
Damage category Unit
converter converter
Human Health DALY 0.0125 0.0273
Ecosystem Quality PDFY - yr 304 1250
Resources MJ surplus 19.6 0
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Tables 3.12, 3.13 and 3.14 below provide the togeticontributors to the damages seen
above for a car with a catalytic converter. Inthse of a car without a catalytic converter, &ll o

the environmental points come from the processjssions during use without a converter”.

Table 3.12: Top three contributors to the damadeitoan health

Number Process DALY
1 Emissions during use with converteyr 0.0122
2 Platinum, primary, at refinery 0.000182
3 Rhodium, primary, at refinery 0.00007p6

Table 3.13: Top three contributors to the damagectsystem quality

Number Process PDF m?- yr
Emissions during use with converteyr 294

Platinum, primary, at refinery 4.41

3 Stainless steel 2.85

Table 3.14: Top three contributors to the damagegources

Number Process MJ surplus
1 Stainless steel 6.86
2 Platinum, primary, at refinery 4.77
Rhodium, primary, at refinery 2.09
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3.3 Cumulative Energy Demand

Using Cumulative Energy Demand, Table 3.15 pravithe total energy required to

create a single catalytic converter, including @&stion and manufacturing. A car without a

catalytic converter does not require excess energyeate the component, and therefore does

not have any energy associated with it. The enesrdgivided into six impact categories; these

categories are the various forms of energy usedglextraction and manufacturing.

Table 3.15: Cumulative energy demand characteozaif energy usage

Impact Category Material (MJ) | Processing (MJ)| Usage (MJ)| Total (MJ)
Non-renewable, fossil 195 26.7 0 221.7
Non-renewable, nucleaf 23.4 3.48 0 26.88
Non-renewable, biomass 0.00293 1107P 0 0.0029477
Renewable, biomass 1.08 0.441 0 1.512
Renewable, wind, solar
geothermal 7.12 0.0597 0 7.1797
Renewable, water 2.8 0.33 0 3.13
Total 229.4 31.01 0 260.4
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4.0 Discussion of Analysis Results

The purpose of this life cycle analysis is to daiee whether or not a catalytic converter
is a positive environmental product; so the basestjon is, is it? Overall, the catalytic
converter can be seen as having both positive agdtive environmental impacts. The carbon
monoxide, hydrocarbons and nitrogen oxides arsigtiificantly decreased with the use of a
catalytic converter. On the other hand, resouaceksenergy are utilized, and the carbon dioxide
emissions are increased considerably. While thevith a catalytic converter uses more energy,
resources and outputs more carbon dioxide, ith&tsl a lower environmental impact compared
to a car without a catalytic converter. Whethenot the prevented pollutants outweigh the
resources used is dependent upon the subjectightireg of importance for each category by
individuals, corporations or governments. Thepaifutant reductions lead to better short term
health effects in the current population while ¢thebon dioxide emissions warm the atmosphere

and have more uncertain long term health and etamysffects.

4.1 Key emissions

The use of a catalytic converter decreases thmnanonoxide emission by 222 kg, per
functional unit, which is 80,000 miles. Carbon rogide can disrupt the flow of oxygen in the
bloodstream, causing serious problems with thenbregat and other vital organs. Since carbon
monoxide can be extremely hazardous to human helaéhmore that can be prevented, the
better. The EPA has determined standards forcsaf®on monoxide exposure; any exposure
beyond these limits can be toxic [46]. The stadslare 9 parts per million (ppm) over an 8-
hour time span or 35 ppm over a 1-hour time sphaross the United States, concentrations

above these standards have declined nearly 70% $880 [46].
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In addition to carbon monoxide from the use phasssons, there are some small CO
emissions from the rest of the process includireygnuse. In the model, the majority, or 88%,
of the carbon monoxide produced is from the manufamf stainless steel. Alumina extraction
and processing and deep drawing are the next lazgetibutors. Overall, the carbon monoxide
emissions created from extraction and processiagmaall compared to the use phase. This
indicates that creating the catalytic convertersdogt contribute a substantial amount of carbon
monoxide emissions.

Hydrocarbons are reduced by 334 kg per 80,000smitelarge cities where there is
greater population and vehicles, the preventiomydfocarbons and smog is very important.

Figure 4.1 below shows Los Angeles, California®@7Q versus present day [47, 48].

Figure 4.1: Los Angeles in 1970 versus presenfkayipler, S. NASA, (2011)Amateur guide for air
quality testing Retrieved from website: http://disc.sci.gsfc.ngea/oceancolor/

additional/science-focus/locus/amateur_guide_far gaiality 000.shtml, and (n.dos angeles/Web Photo].
Retrieved from http://www.stratosjets.com/featujeideharter/Jet-Charter-Flights-in-Los-AngdlefUsed under
fair use, 2012).
In 1970, Los Angeles and other large cities actiosation were plagued with smog. Due to the

introduction of the Clean Air Act of 1970, and dgtig converters, large formations of urban

smog have greatly decreased [10]. This can beisdée present day photo of the city.
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Considering a car with a catalytic converter, ligdrocarbons produced from extraction
and processing are negligible. The emissions@sgrgll that they do not even show up in the
total hydrocarbon emissions; the emissions dutiieguse phase completely dominate the
hydrocarbon total.

Nitrogen oxides (NQ) are decreased by 167 kg, per functional unity wie use of a
catalytic converter. Decreasing the amount of, l[d@lluted into the air also decreases the
negative environmental and health effects. Thec&ffthat can be prevented include acid rain,
smog, lung irritation and respiratory problems.eThore NQ converted to less harmful
emissions, the smaller the potential for acid eaid ozone formation. Again, there are very
little emissions of N@during the extraction and processing of creaticgtalytic converter.

The NQ emissions are mostly due to the use phase obéytiatconverter.

Unlike the other key emissions, carbon dioxideeseased with the use of a catalytic
converter. This result is expected. Referring tadkquation 1.2 on page 2, carbon dioxide is
an output, along with carbon monoxide, from a tgpegngine. This is a key point because
carbon dioxide is expected to be emitted by thenenglone, but the catalytic converter
increases the carbon dioxide further becausectinserting the carbon monoxide and
hydrocarbons to carbon dioxide [2]. Carbon dioxglby far the largest emission output to the
environment compared to the three other emissidisile carbon dioxide is a gas monitored by
the EPA voluntarily, it does not pose a direct sierm threat to human health; however, carbon
dioxide may pose a threat to long term human hedltitaling 35,940 kg per catalytic converter,
the carbon dioxide emissions are 6,210 kg greh#ar those for a car without a catalytic
converter. The use of gasoline is the primary Beapfo this large emission total. As explained

before, 8.92 kilograms of carbon dioxide are erdittae to one gallon of gasoline used. For a
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functional unit of 80,000 miles and a car with aerage of 24 miles per gallon, this equates to a
total of 3334 gallons of gasoline over the conu&stifetime. This yields an approximate total
of 29,730 kg of carbon dioxide; this is the tot@ {&mission for the car without a catalytic
converter. In addition to this amount, a totab®83 kg of CQ are converted from CO. The
extraction and processing of the catalytic conventeate an additional 23.6 kg of carbon
dioxide. Like the other key emissions, carbon @lexemissions are the greatest during the use
phase of the catalytic converter.

Carbon monoxide, hydrocarbons and nitrogen oxadeissions are all greatly lessened
by the use of a catalytic converter. While thsuteis expected, the life cycle analysis provides
evidence for this claim. Carbon dioxide emissiaresincreased because of a catalytic converter.
This is also expected, but the life cycle analgbisws that most all of the emissions are due to
the use of gasoline, not due to carbon monoxidehgddocarbons converted or to the creation of

the catalytic converter.

4.1.1 Sensitivity Analysis

Sensitivity analysis is used in this LCA to showether or not an assumptions have a
large effect on the outcome. The results of tHiegetests show that some assumptions have no
effect, while some assumptions have small effeGgerall, this life cycle model is not very
sensitive to the tested assumptions. This resaltie to the fact that the life cycle is dominated
by the use phase, and is therefore very sensditiesat.

Platinum and palladium are both used as an oxidatialyst. Sometimes it is made
with one or the other, and sometimes it is madhb fdtth. The driving force for the selection of

the material used is the cost [40]. This sensjtighalysis compares the use of all platinum and
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all palladium to determine the environmental edodm manufacturing and processing the raw
material. The results of the analysis show thatelare no significant emission differences
between the two tests. The changes in the emssi@nso slight that the total emission is not
even changed significantly. This is a good sigoduse the assumption of using all platinum
does not have any impact on the life cycle. Thesalts allow for platinum, palladium, to be
interchanged without an influence on the emissions.

The second sensitivity analysis tests the assompfialumina as the bulk of the
washcoat. The results of this analysis indicad¢ tiis assumption does have a slight impact on
the emission totals; hydrocarbon, nitrogen oxide @rbon monoxide emissions are not
significantly affected by the changing of materia@omparing all silica to half silica, half
alumina, the carbon dioxide emissions are increbgetl5 kg. The slight increases in emissions
may be due to the fact that there are two extra@itd manufacturing processes to account for;
there may also be rounding errors within SimaPrsicey the increases in emissions.

The cordierite processing energies were assumiee tioe average processing energies of
magnesia refractory brick. Sensitivity analysissed to show whether or not taking 50% or
75% of the drying and firing processing energielé méve an influence on the emissions
produces. The results of this analysis show tieretare slight decreases associated with
halving these energies. There are also very stigbteases associated with taking 75% of the
drying and firing energies. The results from tiglysis indicates that since the use phase
emissions are dominating the life cycle, only miaorission decreases are possible with
changing the processing energies.

This life cycle assumed that microwave dryingsediduring the creation of the ceramic

substrate. Sensitivity analysis is used to deteerifiusing conventional drying will have an
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influence on the emissions produced. The resitilisi®analysis show that there is a very small
increase when using conventional drying insteashiofowave drying. This result is expected
because conventional drying is a longer processegures more energy.

The last sensitivity analysis test is comparirggeémissions produced from conventional
firing to microwave firing. The assumption is tltanventional firing methods are used. The
results from this analysis show that there is § genall decrease in emissions between the two

options. This is an expected result because maveiring requires less energy.

4.2 Eco-indicator 99 (H)

Eco-indicator 99 (H) is a life cycle analysis tosked to show the damages caused to
human health, ecosystem quality and resources.daimage comparisons can be seen in Figure
3.1. In this figure and the subsequent table, dachage category is compared side by side.
Table 3.11 provides the actual damage in each @atsgunit. These numbers show that human
health damage is decreased over 50%, and thatsteosguality is decreased over 75% when a
catalytic converter is used. The damage to ressurcincreased by 100% with a catalytic
converter since the other model uses no resouides.decrease in human health damage
directly correlates to less human lives lost arsédblied. In the same manner, the decrease in
ecosystem quality damage relates to less spe@goleer an area, in a timespan. The increase
in resource damage means that more energy wikdpgined to acquire the resource in the future.

Tables 3.12, 3.13 and 3.14 provide the top thregribaitors to the human health
damage, ecosystem quality damage and resource darsapectively, for a car with a catalytic
converter. For the human health damage cateduytpp three contributors are: emissions

during use with the converter, platinum, and rhodiurhe emissions during use with the
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converter are the majority, or 97.6%, of the hurnaalth damage. The platinum and rhodium
have a combined 2.1% of the human health damabe.tdp three contributors to ecosystem
quality are: emissions during use with the convepkatinum, and stainless steel. Like human
health, emissions during use are 96.7% of the darttagcosystem quality. The platinum and
stainless steel have a combined ecosystem qualibyade total of 2.4%. The top three
contributors to resource damage are: stainlesg ptagnum and rhodium. The stainless steel
makes up 35.2% of the resources damage. The ytatimas 24.5% of the resources damage,
while the rhodium has 10.7% of the damage. Thesetmaterials make up 70.4% of the
damages to resources. These results indicatenfiasions during use are the dominant damage

to human health and resources, while the damagestarces is spread out over various sources.

4.3 Cumulative Energy Demand

This single score analysis method is utilizedet® exactly how much energy is being
used to create a catalytic converter. The reshlbsv that about 260 MJ are used to create a
single catalytic converter. The bulk of the ene2®9 MJ, comes from extraction and
processing of the necessary materials. Almost 86#&iis energy is due to stainless steel,
platinum, rhodium, and corrugated board boxes. stamless steel itself makes of 45.2% of the
total material energy. While the loss of precimetals is important, the energy demand for the
stainless steel resources is greater than theguieonetals due to its larger mass. The other three
materials make up 49.3% of the total material epef@nly 11.9% of the total energy is
attributed to the processing of a catalytic corefert

Of the 260 MJ of total energy, 221 MJ is from a-menewable, fossil energy source.

Like the materials energy, the majority of the fbesergy is created from stainless steel,
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platinum, rhodium and corrugated board boxes. &g sources make up 82.7% of the total
fossil energy. Overall, stainless steel, platiramd rhodium are the top three contributors to
total energy usage. These three materials mak® 396 of all energy used to produce a
catalytic converter. It should be noted that #sutts are indicative of no recycling. The
energies are assuming all virgin materials, bulhwetycling, these energies and the total energy
could be reduced, as explained in section 2.5 B&lporhis is especially true since platinum and

rhodium are large energy producers in the virgatest
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5.0 Conclusions

A life cycle analysis was used to determine tharenmental impact of creating and
using a catalytic converter in a car compared tausng a catalytic converter in a car. Two
models were created in SimaPro so allow for acjfele comparison of a car with and without a
catalytic converter. These models were run antiyaed; they lead to the conclusion that a car
with a catalytic converter impacts the environmess than a car without a catalytic converter in
certain areas. The life cycle inventory showed tha carbon monoxide, hydrocarbon and
nitrogen oxide emissions were decreased signifigamusing a catalytic converter. Only
carbon dioxide emissions were increased with tieeofig catalytic converter, but this result was
expected. The carbon dioxide emissions can beaean environmental issue because this
pollutant is a greenhouse gas; it contributes abalwarming potential, and has unknown long-
term health effects. However, this result is amiremmental benefit if considering that short
term local atmospheric impacts, such as smog, are important than long term global
environmental impacts, such as global warming gakeiWithin the car with a catalytic
converter, the emissions due to the use phasedaeded the emissions due to the extraction
and manufacturing phase. The life cycle analysssilts showed that the damages to human
health and ecosystem quality were significantlyrdased with the use of the catalytic converter.
Resource damage and energy required are two cegegomwhich a car with a catalytic
converter surpasses a car without a converter.rayvthis life cycle analysis concludes that a

catalytic converter is a worthwhile environmentedguct for short term atmospheric benefits.
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6.0 Future Work
Life cycle analysis has the potential to indioatesther or not a product is or is not
environmentally friendly. This LCA showed that dgtie converters can be seen as a beneficial
environmental product; however, future work cardbee to improve this project. As a project
continuation, this research suggests work in thHeviing areas:
* Metal used for the substrate rather than cordiegtamic.
While ceramic substrates have been more populieipast, metal substrates are starting to
emerge. An analysis could be done to compare metalis ceramic as the material used for
the substrate.
* Replace processing energies estimates.
The processing energies used in this analysis emmpiled and estimated from various
sources. This analysis could be greatly improvéd actual energy usage data from the
manufacturers.
» Processing of the metal catalyst.
The processing of the metal catalyst was left dstope in this research. The addition of
catalyst processing details would help to moreyfaiicompass processing of the catalytic
converter.
» Diesel or another form of fuel to power the vehicle
It was assumed that the passenger car was fuelgdgnjine in this research. Diesel
catalytic converters are different from gasolinwabaic converters. Diesel converters also
include a filter for particulate matter. An anaysould be done to show the similarities and
differences between diesel and gasoline conver#liso, an analysis could include other

forms of fueling such as biodiesel, electric anbrid/cars.
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Appendix A: Calculations

A.1 — Cordierite composition work:

The unbalanced equation of cordierite is:

Al 2(SI205)(OH)4 + Mgg(S|205)2(OH)2 + AlLOs + A|(OH)3 + SiO, — Cordierite + Waterr (Al)

where the inputs are: kaolin (A5i,05)(OH)y), talc (Mgs(SizOs)2(OH),), alumina (AbOs),
aluminum hydroxide (Al(OH), and silica (SiQ). The weight percent of each input is known,
from Table 2.2. For ease of calculation, it isuassd that there is a 100 gram sample. The
results will be scaled up to correlate to the dafiaga. Table A.1 below gives the mass of each

input compound for a 100 gram sample.

Table A.1: Masses of inputs for a 100 gram sample

Input Material Mass (gram)
Kaolin 21.74
Talc 39.24
Alumina 11.23
Aluminum hydroxide 17.80
Silica 9.99
Total 100.0

These masses must be converted to moles. Thimeslay dividing the mass of the material by

the molecular weight of the material. Table A.Doledetermines the moles for each material.

63



Table A.2: Moles of material inputs for a 100 greample

Material Mass (gram) Molecular weight (g/mol) Moles (mol)
Kaolin 21.74 258.157 0.084212
Talc 39.24 379.259 0.103465
Alumina 11.23 divided by 101.961 equals 0.11014
Aluminum
_ 17.80 78.003 0.228196
hydroxide
Silica 9.99 60.083 0.16627

These moles can then be used to determine the snafssach input element. To find these

masses, the moles of the element (in the compodaodiwila) are multiplied by the moles of the

compound material, which is then multiplied by thelecular weight of the element.

Table A.3: Masses of element inputs for a 100 gsample

Material Element Moles of Moles of Molecular weight Mass of
element (mol) | compound (mol) | of element (g/mol) | element (g)
Aluminum 2 0.084212 26.982 4.54
_ Silicon 2 0.084212 28.085 4.73
Kaolin
Oxygen 9 0.084212 15.999 12.13
Hydrogen 4 0.084212 1.008 0.34
Magnesium 3 0.103465 24.305 7.54
Talc Silicon 4 0.103465 28.085 11.62
Oxygen 12 0.103465 15.999 19.86
Hydrogen 2 0.103465 1.008 0.21
i Aluminum 2 0.11014 26.982 5.94
Alumina
Oxygen 3 0.11014 15.999 5.29
| Aluminum 1 0.228196 26.982 6.16
Aluminum
hydroxide Oxygen 3 0.228196 15.999 10.95
Hydrogen 3 0.228196 1.008 0.69
Silica Silicon 1 0.16627 28.085 4.67
Oxygen 2 0.16627 15.999 5.32
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The totals for each element were found to be:

* Silicon =21.02 grams

Aluminum = 16.64 grams

* Magnesium = 7.54 grams

* Oxygen = 53.55 grams

* Hydrogen = 1.24 grams

These total input masses must be the same in tpatourhe masses are converted by taking the

mass of the element, and dividing it by the molaculeight of the element. Table A.4 below

gives the output moles of each element.

Table A.4: Moles of output elements for a 100 gssample

Element Mass (gram)
Aluminum 16.64
Silicon 21.02
Magnesium 7.54
Oxygen 53.55
Hydrogen 1.24

divided by

Molecular weight (g/mol)

26.982

28.085

24.305

15.999

1.008

equals

Moles (mol)

0.6169

0.7486

0.3104

3.347

1.228

The right side of equation A.1 can be broken dowta output compounds. Equation A.2

provides this breakdown.

The moles of each element, seen in Table A.4, earsbd to determine the moles of each output

Cordierite + Water— Al,03; + SiG, + MgO + HO

(A.2)

compound. Referencing Equation A.2, there arerhates of aluminum in alumina; therefore,

the moles of alumina are half of the moles of ahwmi. This means that there are
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approximately 0.31 moles of alumina in a 100 gramge. In the same manner, there is one
mole of silicon in silica; therefore, the molessdica are equal to the moles of silicon. This
means that there is 0.75 moles of silica in a I@dhgsample. There is one mole of magnesium
in magnesia, so there are equal moles of magnedianagnesium. From this, it is known that
there is 0.31 moles of magnesia in a 100 gram sanfghally, there are two moles of hydrogen
in water. The moles of water are half of the malesydrogen; this is 0.61 moles of water in a
100 gram sample. All of these numbers can be @tebl verifying the moles of the oxygen.
Equation A.3 below shows this verification. Theuk of Equation A.3 matches the oxygen

mole value found in Table A.4 above

(mol Al;,O3 x mol O) + (mol SiQ x mol O) + (mol MgOx mol O) + (mol HO x mol O)

(0.31x 3) + (0.75% 2) + (0.31x 1) + (0.61x 1) = 3.35 (A.3)

Equation A.2 can now be modified to include theabhakd mole count. This can be seen

in Equation A.4 below.
Cordierite + Water— 0.31Al,05 + 0.75 SiQ + 0.31 MgO + 0.61 kD (A.4)
This equation can be modified by dividing all cogénts 0.31 to give the following equation:
Cordierite + Water— Al,0O3 + 2.5 SiQ + MgO + 2.03 HO (A.5)

This equation can again be modified by multiplyaligcoefficients 2 to give the following

equation:

Cordierite + Water— 2 Al,03 + 5 SiQ + 2 MgO + 4.07 KO (A.6)
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Equation A.6 shows that the composition found ibl&a 2.2 and A.1 provides the expected
cordierite composition, seen in section 1.1.3waf parts alumina, two parts magnesia and five

parts silica.
The moles calculated from the data in Table A.4lmansed to determine the masses of

each output compound. This is done in Table Albvoe

Table A.5: Masses of output compounds for a 10thggample

Material Moles (mol) Molecular weight (g/mol) Mass (gram)
Alumina 0.31 101.961 31.6
_ multiplied
Silica 0.75 o 40.304 equals 12.5
- y
Magnesia 0.31 60.083 45.0
Water 0.61 18.015 10.9

From this table, it is determined that of the adit00 gram sample, cordierite is 89.1 grams, and
water is 10.9 grams.

This data must be scaled up to be used with thererental data in this analysis. The
output cordierite was measured to be 832.3 grarhss number and Table A.5 can be used to
determine the output water. Equation A.7 belovedsines the total output mass, where ‘X’ is

the total output mass.
832.3 grams of cordierite + 10.9% (x) = x (A.7)

Solving for ‘x’, the total output mass is foundlde 935.169 grams. From this, the amount of
output water is determined in Equation A.8 beldWihe percent of water is multiplied by the

total output mass.

10.9% (935.169 grams) = 102.768 grams (A.8)

67



The remaining output compounds are scaled up tesxtperimental data by dividing the
mass of each compound by the total cordierite ftagte 100 gram sample. This number is
then multiplied by the total cordierite mass foe #xperimental data. Table A.6 below gives the

conversion for the 100 gram sample to the experiahelata.

Table A.6: Masses of output compounds for expertaietata

) o Experimental Cordierite Experimental mass of
Material Percent contribution
mass (grams) output compound (grams)
Alumina (%) = 0.36 x 100% = 35.5% 832.2 295.431
. 45.0
Silica (m) = 0.50 x 100% = 50.5% 832.2 420.261
. 12.5

Magnesia (m) =0.14 x 100% = 14% 832.2 116.508

These masses can be converted back to moles tondetethe moles of the inputs. Table A.7

below determines the moles of output compoundg®experimental data.

Table A.7: Moles of output compounds for experinaédata

Material Mass (gram) Molecular weight (g/mol) Moles (mol)

Alumina 295.431 101.961 2.9
Silica 420.261 | divided by 60.083 equals 6.9

Magnesia 116.508 40.304 2.9
Water 102.768 18.015 5.7

The output moles for the experimental data are 8®@&5 times greater than the output moles for

the 100 gram sample. This factor can be appligdg¢anput moles for the 100 gram sample to
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determine the input moles for the experimental d&quation A.9 below gives the balanced

equation for the 100 gram sample.

0.08 Ab(Si,05)(OH)s + 0.10 Mg(Si,Os),(OH), + 0.11 AbOz + 0.23 Al(OH) + 0.17 SiQ —

0.31 AbO3 + 0.75 SiQ + 0.31 MgO + 0.61 KD

(A.9)

This equation can be scaled up for the experimeiatial by the multiplying the mole of each

compound by the factor determined above, 9.35s Tamn be seen in equation A.10 below.

0.75 Ab(Si,Os)(OH); + 0.94 Mg(Siz0s)2(OH), + 1.0 AbOs + 2.2 Al(OH) + 1.6 SiIQ —

2.9 ALbO3z + 7.0 SiIQ + 2.9 MgO + 5.7 KO

(A.10)

The moles of the input compounds can be conventedmnasses by multiplying the moles by the

molecular weight of the input compounds. This @sion can be seen in Table A.8 below.

These masses will be input into SimaPro for theagtr a catalytic converter model.

Table A.8: Masses of input compounds for experigletéata

Material Moles (mol)
Kaolin 0.75
Talc 0.94
Alumina 1.0
Aluminum
_ 2.2
hydroxide
Silica 1.6

multiplied
by

Molecular weight (g/mol)

258.157

379.259

101.961

78.003

60.083

equals

Mass (gram)

193.62

356.50

101.96

171.61

96.13
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A.2 — Washcoat mass calculation

The washcoat is 100 parts by weight alumina andrés oy weight rare earth element
oxide are suspended in 250 parts by weight of wakbe washcoat is 25 weight percent of the
cordierite substrate. The sample substrate waghediat 1114.04 grams; therefore, the

washcoat is 278.51 or 25 weight percent of thetsaies
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A.3 — Vehicle emission calculations

Table A.9 below gives the vehicle emissions in grg@r mile. The emissions converted
are also included. As stated in the assumptitvesnitrogen oxides converted are negligible in

this study.

Table A.9: Vehicle emissions

Carbon monoxide | Hydrocarbons | Nitrogen oxides
(9/mi) (9/mi) (9/mi)
Car without a catalytic
converter 43.5 4.5 2.74
Car with a catalytic
converter 3.22 0.3 0.644
Emissions converted 40.2 4.2 2.09

Table A.10 below determines the carbon dioxide simis due to gasoline. This
emission amount is the total carbon dioxide emissia the car without a catalytic converter.
The car with a catalytic converter will add thisission amount, plus the converted amounts

from Table A.9, plus any carbon dioxide emissiasf extraction and processing.

Table A.10: Carbon dioxide emissions due to gasolin

Carbon dioxide emissions
8.92 kilograms CO2 per gallon of gasoline
divided by
24 miles per gallon

Equals
0.371667 kilograms CO2 per mile
Times
80000 miles (functional unit)
Equals
29733.33 kilograms of CO2
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Table A.11 below provides the vehicle emissiongraams per mile for carbon dioxide.
This table has the converted hydrocarbon and carmroxide emissions as well as the

emissions due to gasoline.

Table A.11: Carbon dioxide emissions

Carbon dioxide (g/mi)
CO emissions converted| 63.162
HC emissions converted 14.130
Gasoline 371.667
Total 448.958

Table A.12 below calculates the emissions for thi&upants for a car with and without a
catalytic converter. The emission in grams peengimultiplied by the functional unit, giving a

total in grams. The grams are then convertedltgiams.

Table A.12: Pollutant emission calculations

Pollutant Emission | Unit Functional Unit Pollutant Emission Unit

CO 43.5 g/mi CoO 3480 kg

HC 4.5 g/mi HC 360.8 kg

NOx 2.74 g/mi NOXx 219.2 kg

CcoO 3.22 g/mi| * 80000 miles = CO 257.6 kg

HC 0.3 g/mi HC 25.76 kg

NOXx 0.644 g/mi NOXx 51.52 kg
CO converte( . CO converte(

to CO?2 63.162 g/mi to CO?2 5052.943 kg
HC convertec . CO conveled

to CO2 14.130 g/mi to CO2 1130.395 kg
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A.4 — Microwave firing calculations:

The range given for conventional drying and firin@.0 — 6.3 MJ/kg. Using the
energies for conventional drying and firing of eftories, a total energy can be found. Equation
A.11 provides the total energy for these procedsgsation A.12 gives the conventional drying

as a percentage of the total energy.

Total conventional energy for a refractory = Refoag conventional drying energy +
Refractory conventional firing energy
Total conventional energy for arefractory = 10.87 x 10 kW - h/yr +

38.53x 106 kW - h/y = 49x 10° kW - h/yr (A.11)

10.87x 10 kW-h/yr
49.4x 106 KW-h/yr

Conventional Drying Percentage = X 100% = 22.00% (A.12)

This percentage can be applied to the given ramgérying and firing to show how much is the
drying itself. Applying 22% to the drying, firingange of 3.0 — 6.3 MJ/kg yields a drying range
of 0.66 — 1.386 MJ/kg. The remaining 2.34 — 4. MiMkg is the range for conventional firing of
a refractory.

Referencing Table 2.7 on page 30, the conventiimrad) and microwave firing can be
compared. Equation A.13 gives the microwave fiengrgy as a percentage of conventional
firing energy.

3.85x 10 kW-h/yr
38.53x10% KW'h/yr

Microwave Firing Percentage = X 100% = 9.992% (A.13)
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This percentage can be applied to the conventionay range, 2.34 — 4.914 MJ/kg, to
find the microwave firing range. This range isriduo be 0.2338 — 0.4910 MJ/kg. Since this
range is characteristic of refractories, and netgjally cordierite, the average value, 0.7248

MJ/kg, is used in the analysis.
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Appendix B

Table B.1: Emission Totals

Carbon dioxide (kg)
Use 35920
CO2 biogenic 0.546
CO2 fossil 763
Manufacturing CO2 in air 1.49
CO2 land transformatior 14
Total 23.666
Carbon monoxide (kg)
Use 258
CO2 biogenic 0.147
Manufacturing CO2 fossil 0.0447
Total 0.1917
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Hydrocarbons (kg)

Use 25.8
Hydrocarbons, aliphatic, alkanes, cyclic 0.000000131

Hydrocarbons, aliphatic, alkanes,
unspecified, air 0.0000275

Hydrocarbons, aliphatic, alkanes,
unspecified, water 0.00000281

Hydrocarbons, aliphatic, unsaturated, ai

Manufacturing onati SRR
Hydrocarbons, aliphatic, unsaturated, Wa"ero.OOOOOOZSE
Hydrocarbons, aromatic, air 0.0000531
Hydrocarbons, aromatic, water 0.0000121
Hydrocarbons, chlorinated 0.000000413
Hydrocarbons, unspecified, water 0.0000924
Total 0.000158012

Nitrogen Oxides (kg)
Use 51.5

Manufacturing 0.1
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